
„ PtrSa Centratl.ibrarp
I

PILANl f
I

• J
\ C(u*No;- 67/ I
i BooIcno .vVe?8Af t

I Accewion Nc s"^ /^OSSTf f
^ 4







MATERIALSENGINEERING

of Metil Products

By

NORMA^ E. WOLDMAN, Ph.D.

ConsuitinMetaliurgical Engineer

Alsorflember of Faculty:

The Cooper Ur»n School of Engineering, and
Stevens Institute f Technology Graduate School

REINHOLD PUBLISHING CORPORATION
330 WEST FORTY-SECOND STREET. NEW YORK, U.S.A.



Copyright, 1949, b/i

REINHOLD PUBLISHING Cc|)RPORATION

All rights reserved

Printed in U.S.A. by

Norwood Press, Norwood, Moss.



Preface

This volume was written as a companion book to "'Metal Process

Engineering, published early in 1948. The latter book was concerned with
the different metallurgical and mechanical processes for fabricating metal
parts such as casting, forging, rolling, powder metallurgy, joining of

metals, heat treatment, machining of metals, etc.

This volume presents the materials used in various types of industries

and different applications in an attempt to correlate the metallurgy of the

material with engineering design and service applications. It has been writ-

ten to meet the needs of engineering students, professional engineers and
production engineers who can use the correlated and interpreted informa-
tion in part or as a whole with their professional work.

To the production and manufacturing engineers processing problems are

very closely related to materials selection. The relation between the design

of a product and the materials of which it is made is close, and designers

and materials engineers are coming to recognize the relationship more and
more. "Materials engineering” is the broad technical function of applying
engineering materials to product manufacture. Sound materials engineering

includes and correlates (1) applicability of materials in the finished prod-
uct, (2) processing behavior (workability, weldability, hardenability,

machinability, etc.) of the materials to be used, and (3) best fabricating

and processing methods for each material.

This book is divided into five main sections: (1) Materials for Light-

weight Construction, such as aluminum alloys, magnesium alloys, high

strength-low alloy steels and stainless steels; (2) Materials for Mechanical
Products, such as gears, springs, bearings and threaded fasteners; (3) Mate-
rials for Electrical Industries, such as magnetic materials, electrical con-

tacts, thermostat metals, and electrical resistance alloys; (4) Materials

for Special and Severe Service, such as corrosion-resistant materials and
high-temperature alloys; and (5) Testing of Materials, such as mechanical
testing and non-destructive testing. An Appendix of tabulated properties

and characteristics of materials is included.

Free use of manufacturers' bulletins, standard books, and published litera-

ture was made to obtain the necessary information, and thanks are due to

their authors. In some cases items or even whole paragraphs have been
copied verbatim from these references. Where a record was kept of the

original references or sources of information, due acknowledgment has

been made in the text. However, owing to the many sources from which de-

tailed information was obtained, a complete acknowledgment has been

difficult. In these cases the author may be accused of plagiarism. But for-
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IV PREFACE

giveness is requested of these unacknowledged authors, since one does not

always keep a record of the original sources of all the information obtained

through readings and studies made. Actually, since this text covers so many
different and specialized fields of activity in engineering, it would have

been unwise for the author not to have taken advantage of the knowledge

and experience of manufacturers and recognized authorities in each field

covered. No one individual can be a true authority on all the phases of

metallurgical and design engineering.

More detailed information on any particular subject may be obtained

from the list of references at the end of each chapter. For more specific

information regarding any particular metal or alloy it is recommended

that the reader refer to the manufacturers of said material.

The author wishes gratefully to acknowledge the assistance rendered by

several of his former associates in writing parts of certain chapters. These

men concentrated in these different fields under the author’s supervision

while working for the same corporation. Due credit is to be given to the

following: to Mr. David Sinizer for assistance in writing the chapter on

Bearing Materials; to Mr. Albert Merwin for assistance in writing the

chapter on Corrosion and Its Prevention; and to Mr. Fred Barrett for

assistance in writing the chapter on Magnetic Materials.

In addition, due acknowledgment should be made to the following

engineers and companies for proof-reading the chapter on their particular

specialty and offering their comments, criticisms, corrections and addi-

tions. The original manuscript was greatly improved by incorporating

their suggestions.

The mention of alloys by their trade-names or trade-marks, whether reg-

istered or unregistered, is not to be understood by such presentation herein

to denote generic or descriptive names and words for general use.

Aluminum Alloys: Aluminum Company of America
Corrosion and Its Prevention: F. L. LaQue, Head of Corrosion Engineering Division,

International Nickel Co.
Electrical Contact Materials: E. I. Larsen, Chief Metallurgical Engineer, P. R.

Mallory & Co.
Electrical Resistance Alloys: F. E. Bash, A.ss’t. Vice President, Drivcr-Harris Co.
High-nickel Alloys: International Nickel Co.
High-temperature Alloys: Howard Avery, Research Metallurgical Engineer, Ameri-

can Brake Shoe Co.
Low Alloy-High Strength Steels: H. H. Smith, Manager of High Strength Steels,

Youngstown Sheet & Tube Co.
Magnesium Alloys: Dow Chemical Co.
Magnetic Materials: Bell Telephone Laboratories

Spring Materials : F. P. Zimmerli, Chief Engineer, Bames-Gibson-Raymond, Inc.

Threaded Fasteners: W. C. Stewart, Technical Adviser, American Institute of Bolt,

Nut and Rivet Manufacturers.

N. E. WOLDMAN
New York, N.Y.

March 15, 1949
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Section I

Materials for Light-weight Construction





Chapter I

Material For Light-weight Structures

The constant demand throughout the development of the aircraft in-

dustries has been for stronger and lighter alloys. This has become more ap-

parent as airplanes have been built larger and heavier. The efficiency of an

airplane, at least from a commercial viewpoint, is measured by its pay load

or the useful weight which it can lift and transport. The lower the dead

weight of a plane of a given design the more passengers and freight it

can carry. The efficiency and ease of maneuvering planes are affected by

the total weight. For the same horsepower rating, the lighter the plane

the greater the maneuverability.

Railway companies are confronted constantly with the problem of lower-

ing the costs of transportation. Light-weight cars decrease the operating

cost and increase the pay load. Steamship companies are likewise con-

cerned with reduction of operating costs, and so are the bus and truck

companies. Light-weight construction allows more cargo and therefore

increased revenue.

There are three classes of materials suitable for light-weight structures:

(A) Light metals such as aluminum and magnesium alloys.

(B) High strength-low alloy steels.

(C) Austenitic stainless steels.

The relative densities of these materials to various other metals are

shown in Table 1.

Table 1 . Relative Densities

Specific
gravity

Lb. per
cu. in.

Magnesium 1.74 0.063

Aluminum 2.71 0.098

Zinc 7.1 0.258

Cast Iron 7.2 0.260

Steel 7.6-7.9 0.276-0.282

Stainless Steel 7.92 0.283

Brass 8.4-8.8 0.302-0.319

Bronze 8.8 0.318

Monel 8.9 0.323

Copper 8.94

3

0.322



4 MATERIALS ENGINEERING OF METAL PRODUCTS

Magnesium alloys are the lightest structural materials yet developed,

being two-thirds the weight of aluminum and one-fourth the weight of

iron and steel. Both aluminum and magnesium alloys in the wrought and

heat-treated conditions have high strength-weight ratio, which means

that on equal weight basis their strength is equal or superior to that of most

other metals.

Aluminum alloys were introduced extensively during the early stages of

the aircraft industry. Owing to their density, high mechanical strength

and great durability, great savings in weight resulted. The fuselage, the

wings, the tail, the rudder, the propeller and many of the engine parts

are made from rolled, drawn, forged and cast aluminum alloys. Later there

were introduced the alloys of magnesium which were lighter than aluminum

and just as strong in the cast condition, but not as strong in the wrought

and heat-treated condition.

High strength-low alloy steels were put into effective use in the construc-

tion of railway cars, ships and buses. Their higher strength and greater

resistance to corrosion than standard carbon steels enables thinner sections

to be used, thus decreasing overall weight.

Stainless steels of the austenitic 18-8 type are used extensively in con-

struction of railway, bus and truck bodies, and also to a certain extent in

the fuselage and wings of airplanes. The greater stiffness, strength and

corrosion resistance of austenitic stainless steel permits decreasing the

thickness of the sheets and plates to such an extent as to equal the gross

weight of similar construction in aluminum alloys.

Thus in all forms of transportation every pound saved without sacrificing

strength and endurance means increased pay load, increased speed or

performance, quicker starting, easier braking, reduced inertia and friction

or wear, savings in fuel or power, or combinations of these.

Factors which affect the selection of the alloy are original cost of mate-

rial, ease of fabrication, such as machining, forming, welding, etc., and final

physical properties to enable the part to withstand service operation.

The suitability of materials for structural purposes has been judged

mostly by the tensile properties, largely because of convenience and

precedent. This practice is satisfactory as long as the material is structurally

isotropic. However, the demand for light-weight structure is causing the

increased use of cold-reduced metals in which the tensile and compressive

properties are often unequal, and also variable relative to the rolling direc-

tion of the material.

The properties which affect the life and performance of structures and
machinery are strength, ductility, resistance to sudden shock or impact,

rigidity, resistance to wear and abrasion, and resistance to heat and cor-

rosion.
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Most machinery, equipment and structures are subject to periods of

overstressing, at least occasionally, throughout their life. For this reason a

material should not be selected solely on the basis of strength. Rigidity or

stiffness is one property that is not improved by the use of alloying elements

in the base metal, since it is a function of the modulus of elasticity, which

is approximately the same for all compositions of the same base metal.

Regardless of the inherent capabilities of the metal, the price of lightness

is ingenuity of design. The extent and nature of the stresses having once

been determined, the design of the structures becomes a process of selecting

appropriate sections. These are closed members, designed for the dual pur-

pose of utilizing thin material and efficient joining within the structure. One
very important development in design is the evaluation of thin metal used

in compression members.

Another expedient is to provide flat plates with corrugations running

parallel to the principal compression or shear stresses. This also stiffens

the panel against loads normal to the surface. For instance, the metal in the

roof covering of certain automobiles is only 0.022 inch thick, yet no damage
results when a man walks on it.

The design of light-weight structures is mainly concerned with the

strength of compression members, which are inherently less strong than

tension members due to (1) secondary failure by local instability of thin

sections, and (2) primary column failure in general.

Weight saved in the structure reduces bending moment and this, in turn,

permits further reduction of structure; the cumulative effect then relieves

the load on the body, and here too, additional pounds may be saved.

When weight is an important factor developments in new designs repre-

sent different methods of attacking and solving the problem of procuring

light weight and strength. In one design the engineer may resort to light

metals such as aluminum or magnesium alloys, in another to corrosion-re-

sisting steels, and lastly to high strength-low alloy steels.

The biggest factor that adds weight to ordinary steel railroad equip-

ment is the necessity of providing additional thickness to sheets and struc-

tural members to compensate for the loss of thickness due to corrosion.

By the use of better corrosion-resistant material this extra thickness is not

required.

As stated by H. Knerr, when using a metal for structural purposes the

designer is interested mainly in how many pounds of it will be required

to do the job, that is, to withstand a certain load in tension, compression,

bending, etc. If the metal is weak, more of it will be required to withstand

the load. If a so-called ''light'' metal, of low specific gravity, is weak, it

will in effect be a heavy material of construction. Conversely, a "heavy"

metal may truly be light if it is strong. Plainly then, design materials can-
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not be compared on the basis of specific gravity (density) or strength

alone: both factors must be taken concurrently. The inherent lightness of a

material depends upon its strength for a given weight. A simple means of

evaluation is a number obtained by dividing the strength in pounds per

square inch by the specific gravity of the metal. This number is called

the '"strength-weight** factor (S.W.F.) or ratio. As previously stated, the

four materials that are considered as important light metals of construc-

tion are magnesium alloy, aluminum alloy, high strength-low alloy steel

and stainless steel.

Methods of joining have an important influence on the overall lightness

of a fabricated structure. Here steel takes the lead over its non-ferrous

competitors, because alloy steel structures are commonly joined by welding,

affording a light, rigid joint, whereas high-strength magnesium and alumi-

num alloys must be riveted, which necessitates overlapping of metal with

consequent excess weight.

It is interesting to note that when a material is made stronger, as by

alloying or by heat treatment or both, the effect is actually to make it

lighter, since less of the metal is required to do the job. The strength-

weight factors of some typical metals are given in Table 2. Note that pure

Table 2. A Few Characteristic Strength-Weight Factors

(Strength-weight factor (S.W.F.) equals ultimate strength in pounds per square inch

divided by specific gravity) *

Tensile
strength

8p.
gr.

S.W.F.

Commercial aluminum 2S alloy annealed 13,000 2.7 4.8

Armco iron, annealed 40,000 7.8 5.1

Mild steel, rolled, A.I.S.I. 1025 60,000 7.8 7.7

High strength-low alloy steel 80,000 7.8 10.3

Magnesium alloy, M-1 alloy, annealed 34,000 1.8 18.8

Alloy steel, heat-treated, medium strength, A.I.S.I. 3130 150,000 7.8 19.3

Aluminum alloy, 24S-T4, rolled 62,000 2.8 22.1

Alloy steel, heat-treated, high strength, A.I.S.I. 3140 180,000 7.8 23.0

Stainless steel, 18-8 type, rolled 200,000 7.9 25.3

Magnesium alloy, AZ80, rolled 50,000 1.8 27.7

Aluminum alloy, 75S-T6, rolled ' 82,000 2.8 29.2

* Typical mechanical properties.
* Values given for sheet. Extrusions will have strengths about 8-10 per cent higher.

commercial aluminum, in the annealed state, is actually a heavy material

of construction, having a strength-weight factor of only 4.8. Soft iron, hav-

ing a strength-weight factor of 5.1, is also heavy, but definitely lighter

than the annealed aluminum.

An interesting case is presented by the three important light metals of

construction: magnesium alloy, aluminum alloy and stainless steel. Al-

though their specific gravities are approximately 1.8, 2.85 and 7.9, respec-
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lively, these metals are almost equally light, their strength-weight factors

all lying between 23 and 29 . Characteristic tensile strength values of the

various metals are used in Table 2. All alloys are in the heat-treated state.

Obviously, some design value other than tensile strength might be used,

such as the yield point or yield strength, the endurance limit, etc. The

materials can be compared equally well on such a basis, provided that

the same character is used throughout.

If the fatigue or endurance limit of the metals of low specific gravity,

such as magnesium or aluminum alloy, is used for comparison, they are

shown to be decidedly heavier than steel because the ratio of endurance

limit to ultimate strength of such metals is lower than with heat-treated

alloy steels.

Naturally many factors enter into the choice of a construction material

besides its strength-weight value, such as modulus of elasticity, machining

or fabricating characteristics, first cost of the raw material, resistance to cor-

rosion, etc. The problem of choice is a complicated one, but where lightness

of structure is important, strength-weight factor should be given primary

consideration.



Chapter II

Aluminum Alloys

Light weight, ease of fabrication, high resistance to atmospheric cor-

rosion, good thermal conductivity, and high metallic luster are character-

istics which have helped make aluminum a commonly used structural

material. Aluminum weighs only about one-third as much as most of the

common metals, but is one and a half times as heavy as magnesium.

Commercially pure aluminum, in the annealed condition, is very ductile

when cold and can be drawn to greater depths than can copper, brass or

steel. Although commercially pure aluminum in the annealed condition

has a tensile strength only about one-fourth that of structural steel, the

strength can be markedly increased by cold-working the metal. This gain in

strength is accompanied by a loss in ductility, and as a result the ease

of forming is decreased as the amount of cold-working is increased.

There are two types of wrought aluminum-base alloys.’' In one type the

harder tempers with increased tensile properties are produced only by cold-

working, i.e., strain-hardening. In the second type the higher strengths

are produced by heat-treatment processes, or by a combination of heat

treatment and strain-hardening. Several alloys of these types, covering

a wide range of physical properties and forming qualities, are commercially

available in the forms into which metals are usually fabricated.

Hard tempers of the common, non-heat-treatable aluminum-base alloys

are produced by cold-working. Of these alloys, commercially pure alumi-

num alloy 2S is the most easily worked. For many purposes the strengths

of the non-heat-treatable alloys in the cold-worked condition are entirely

adequate, and their use offers the advantage of lower cost and greater ease

of fabrication than do the heat-treatable alloys.

Normal use of the strong heat-treatable alloys is in the heat-treated con-

dition, as in the annealed condition they have mechanical properties com-
parable with those of certain of the common alloys. Their maximum prop-

erties are obtained by heating at 860 to 980° F. and quenching in cold

water, after which they are allowed to age for several days at room tempera-

ture or several hours at 250 to 375°F. Hardening of heat-treatable alloys

produced by cold-working is accompanied by a loss of ductility.

8
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In all the heat-treatable alloys, plasticity and workability are better

directly after the solution heat-treatment than after age-hardening. The
annealed temper of these alloys is best for severe cold-working operations,

such as bending, drawing and forming.

Many of the wrought aluminum alloys are heat-treatable and can be

obtained in different hardnesses and tempers. A valuable combination

known as “Alclad'' consists of a strong aluminum alloy clad with about

5 per cent of high purity, corrosion-resistant aluminum or aluminum alloy

on each side. The wrought alloys range in tensile strength from 13,000 psi

for the annealed commercially pure aluminum to over 82,000 psi for the

best heat-treated alloy. Cold-working readily doubles the strength of com-

mercial aluminum, and the addition of alloying elements together with

utilization of certain thermal treatments increases the strength of aluminum

more than six times, so that it competes with steel structurally.

Hard temper material, obtained by strain-hardening, is a very stiff,

springy, cold-rolled product intended for flatwork only. It is not suitable

for bending with or against the grain. Half-hard temper is a moderately

stiff cold-rolled product suitable for easy bending, capable of being bent to

a 90° angle across the grain around a radius equal to the thickness of the

material. Quarter-hard temper is a medium soft, cold-rolled product, suit-

able for forming, bending and easy drawing. It is capable of being bent

flat upon itself across the grain, and of being bent with the grain to a 90°

angle around a radius equal to the thickness of the material, but not less

than 0.010 inch. Soft temper is a soft, ductile, cold-rolled product, suitable

for fairly deep drawing where no sign of surface disturbance such as draw-

ing strain is permissible. It is capable of being bent flat upon itself with

or across the grain. It is also called the annealed temper.

In the second group of alloys depending on heat treatment for final

hardening and strength, maximum physical properties are produced by a

solution heat treatment followed by aging. The annealed temper is desig-

nated by "O" and the fully hardened by 'T"; for example 24SO and 24ST.

The number after the ‘T" indicates the type of heat treatment. The inter-

mediate temper, after solution treatment, is designated by “W,” and it is

necessary then to artificially age this alloy at elevated temperatures to ob-

tain 'T'' temper. However, several aluminum alloys are capable of natural

aging at room temperature. Artificial aging at elevated temperatures will

result in full hardness and strength in a shorter time than natural aging

at room temperature.

Alloying Elements

Of the elements used in the production of commercial wrought aluminum

alloys, copper, silicon, iron manganese, magnesium, zinc, chromium, and
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nickel are the most common. They may.be used singly or in combination.

Some of the high-strength alloys are quite complex and contain as many as

six intentionally added elements, as well as silicon and iron which may
be present in controlled amounts as impurities.

Copper up to 5.5 per cent improves dynamic fatigue and elastic prop-

erties. It increases the strength and hardness but impairs the ductility. It

improves machinability and castability, but decreases corrosion resistance.

It helps maintain properties at elevated temperature, and most of all it

makes the resulting alloy respond to age-hardening heat treatment for

optimum physical properties.

Magnesium up to 3 per cent increases strength, hardness and machin-

ability. It may increase corrosion resistance to salt spray and mild alkaline

solutions slightly, but lowers resistance to dilute acids. Aluminum-mag-

nesium alloys have poorer castability than other aluminum alloys, but are

better in this respect than pure aluminum.

Manganese up to 1.5 per cent increases mechanical properties without

impairing corrosion resistance. It is a mild hardener, increasing strength

but decreasing ductility. It improves properties at elevated temperatures

and improves machinability.

Zinc up to 6 per cent is added always in combination with copper or

magnesium. It increases strength and hardness with little loss of ductility.

Nickel up to 2.5 per cent increases strength and hardness, but lowers

ductility. It impairs corrosion resistance but aids in maintaining strength

at elevated temperatures. Nickel is never used except with copper. It is

found only in several grades of casting and forging alloys in high-tempera-

ture service.

Chromium is used up to 0.3 per cent. It acts as a grain refiner, increases

physical properties at elevated temperatures, and improves corrosion resist-

ance.

Bismuth and lead up to 0.5 per cent each improve machinability. They
are found only in the free-cutting bar stock used in the automatics.

Titanium improves response to heat treatment for the casting alloys.

Silicon up to 1 per cent in conjunction with copper and magnesium im-

proves the alloy's response to heat treatment.

Alloys

The common alloys^ derive their increased strength in the annealed

condition from the alloying elements employed. Further increases in the

strengths of these alloys can be obtained only through the introduction of

cold work, such as cold-rolling, cold swaging, tube drawing and the like.

They are not amenable to hardening by thermal treatments. Examples of

these alloys in general use are 2S, 3S, and 52S.
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The high-strength alloys respond to heat treatment for great increases in

hardness and strength properties. These alloys are hardened by a solution

heat treatment followed by an aging treatment at a lower temperature. Ex-

amples are 14S, 24S, 61S, 75S, R301 and R303.* The 17S alloy (the original

heat-treatable alloy) has been practically replaced by the 24S and 61

S

alloys due to their superior properties.

Table 3 shows the nominal chemical composition of the commercial

wrought aluminum alloys.

Table 3. Nominal* Chemical Composition

Alloy Cu Si Mn Mg Zn Cr Al

2S 0.2 max. t 0.05 max. — 0.1 max. — 99.0 min.

3S 0.2 max. 0.6 max. 1.0-1.

5

— 0.1 max. — Bal.

24S 4.5 — 0.6 1.5 — — Bal.

52S — — — 2.5 — 0.25 Bal.

61S 0.25 0.6 — 1.0 — 0.25 Bal.

75S 1.6 — — 2.5 5.6 0.3 Bal.

R301 (core) 4.5 1.0 0.8 0.4 — — Bal.

R303 1.3 — — 2.5 6.5 0.25 (0.1 Ni) Bal.

* Unless otherwise specified,

t Iron plus silicon—1.0 per cent max.

Alloys 2S and 3S are inexpensive, and are generally used where work-

ability or finish is important and tensile strength is of little or no concern.

These alloys are readily drawn, easily finished and very weldable. They also

have excellent resistance to corrosion. Alloy 3S has slightly higher strength

than 2S, but has similar welding characteristics.

Alloy 52S is used where greater strength is required than can be obtained

from alloy 3S. The tensile and yield strengths are about double those of

3S in corresponding tempers. It also has high resistance to corrosion,

especially to sea water. This alloy is readily drawn, but work-hardens more

rapidly than 3S, and therefore requires more frequent intermediate anneals

during cold reduction.

Alloys 24S and R301 are high-strength materials and have been primarily

used for aircraft and surface transportation construction where excellent

workability and high strength are required.

Alloy 61S is a general-purpose product for structural application and is

the least expensive of the heat-treated alloys. The mechanical properties

are intermediate between those of the common alloys (2S, 3S and 52S) and

the heat-treated, high-strength alloys 24ST and 75ST. Alloy 61S is char-

acterized by a high yield strength, yet it is fairly workable, readily welded

and has excellent corrosion resistance.

* All numbered alloys followed by the letter “S'' are those of the Aluminum Company
of America, while those numbered alloys preceded by the letter “R" are those of the

Reynolds Metals Company.
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Alloys 75S and R303 are the highest-strength aluminum alloys com-

mercially available. They are finding increased use where maximum
strength, hardness, and wear resistance are important.

Due to their poorer forming characteristics in the fully hardened condi-

tion, alloys 24S, 75S, R301 and R303 must be formed in the annealed

condition and the parts heat-treated after forming. In order to improve

corrosion resistance, these alloys are generally used for sheet in the clad

form. The “Alclad” products are characterized by their superior resistance

to perforation by corrosion. They consist of a surface layer of one alumi-

num alloy metallurgically bonded to another possessing the desired me-

chanical properties. The surface coating, which is applied to either one or

both sides of sheet products, is chosen so that it will be anodic to the core.

In this manner cathodic protection is provided at the metal surface and

the structural integrity of the core material is maintained. The "'Alclad"'

products now available are 3S (sheet and tubing), 14S, 24S, 75S plate and

sheet, and 56S wire. The clad R301 and R303 are also available.

Standard clad sheet products are fabricated with each film thickness

amounting to approximately 5 per cent of the total thickness of the sheet.

As a result the tensile and yield strengths are approximately 10 per cent

lower than corresponding values for the uncoated alloys. The actual clad-

ding thickness varies with the gage.

Properties

All aluminum alloys have rather low strength values in the cast or

annealed condition. Cold-working the non-heat-treatable alloys increases

the tensile strengths from an average low of 13,000 psi for the soft 2S alloy

to an average high of 41,000 psi for the hard-drawn 52S alloy, with a

corresponding decrease in ductility from 35 to 7 per cent elongation. The

Table 4. Typical Physical Properties of Non^heat-ireatahle Alloys

.\lloy

and
temper

Tensile
strength

(psi)

Yield
strenf^th

Klonff&tion

(% m 2")
(Sheet He" thick)

Shearing
strength

(r«)

Brinell
hardness

2S-0 13,000 5,000 35 9,500 23
2S-H12(34H) 15,500 14,000 12 10,000 28
2S-H14(HH) 17,500 16,000 9 11,000 32
2S-H16(JiH) 20,000 18,000 6 12,000 38
2S-H18(H) 24,000 22,000 5 13,000 44
3S-4) 16,000 6,000 30 11,000 28
3S-H12(JiH) 19,000 17.000

19.000

10 12,000 35
3S-H14(HH) 21,000 8 14,000 40
3S-H16(JiH) 25.000

29.000

22,000

26,000

5 15,000 47
3S~H 18(H) 4 16,000 55
52S-0 27,000 12,000 25 18,000 45
52S-H32(KH) 34,000 27,000 12 20,000 62
52S-H34(HH) 37,000 31,000 10 21,000 67
52S-H36(JiH) 39,000 34,000 8 23,000 74
52S-H38(H) 41,000 36,000 7 24,000 85
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yield strength, shearing strength and hardness increases with increase in

tensile strength. Age-hardening of the heat-treatable alloys will increase

the tensile strengths from an average low of 18,000 psi for the soft-an-

nealed 61 S alloy to an average high of 82,000 psi for the fully hardened

75S-T6(T) alloy in sheet form.

Typical physical properties of the important wrought aluminum alloys

in the various tempers are shown in Tables 4 and 5. It is to be noted

that the yield strengths of the 75S-T and the R303-T alloys are higher

than those of normal structural steels.

Table 5. Typical Physical Properties of HeairTreaUMe AUoys

Tensile Yield Elongation Shearing
Brinell

Alloy and treatment strength strength (% inm strength hardesH
(psi) (psi) (Sheet He" thick) (psi)

248-0 27,OCX) 11,000 19 18,000 47

24S-T3(T) 70,000 50,000 16 41,000 120

24S-T4(T) 68,000 48,000 20 41,000 120

24S-T36(RT) 73,000 57,000 13 42,000 130

“Alclad” 24S-0 26,000 11,000 19 18,000 —
“Alclud” 24S-T3(T) 64,000 44,000 15 40,000 —
“Alclad” 24S-T4(T) 64,000 42,000 19 40,000 —
“Alclad” 24S-T36(RT) 67,000 53,000 11 41,000 —
618-0 18,000 8,000 22 12,500 30

61S-T4(W) 35,000 21,000 22 24,000 65

6lS-T6(T) 45,000 40,000 12 30,000 95

758-0 33,000 15,000 17 22,000 60

75S-T6(T) 82,000 72,000 11 49,000 150

“Alclad” 758-0 32,000 14,000 17 22,000 —
“Alclad” 75S-T6(T) 76,000 67,000 11 46,000 —
R 301-0 25,000 10,000 22 18,000 —
R 301-W 62,000 41,000 19 40,000 —
R301-T 68,000 60,000 10 43,000 —
R 303-0 30,000 15,000 24 — —
R 303-T 77,000 71,000 14 47,500 150

Values for R303 alloy are for bar stock.

Elongation values for R301 alloys are diameter rod.

The typical shear and fatigue properties of these wrought alloys are

shown in Table 6 as follows:

Table 6 . Typical Shear and Fatigue Properties

Alloy and temper
Shear strength

(psi)

Fatigue strei\gth

(psi)

2S-Oto 2S-H18(H)
3S-Oto 3S-H18(H)
52S-0 to 52S-H38(H)
24S-0 to 24S-T36(RT)
618-0 to 61S-T6(T)
768-0 to 758-T6(T)

R303-O to R303-T
R301-O to R301-T

9.500-

13,000

11,000-16,000

18.000-

24,000

18.000-

42,000

12.500-

30,000

22.000-

49,000

47,500

43,000

5.000- 8,500

7.000-

10,000

17.000-

19,000

13.000-

18,000

9.000-

13,500

21,000

22,500
12.500
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The endurance (fatigue) limit varies from about 5,000 psi for the

common 2S--0 alloy to more than 21,000 psi for the high-strength 75S-

T6(T) alloy; the shear strength varies from an average of 9,500 to 49,000

psi.

The compressive yield strengths of the aluminum alloys are slightly less

than the corresponding tensile yield strengths for products that are straight-

ened or flattened by stretching. Otherwise, they are substantially the same.

Table 7 is a tabulation of the guaranteed physical property specifica-

tions® for sheet and plate of 2S, 3S and 52S wrought alloys in various

tempers and gauges.

Table 7. Guaranteed Physical Property Specifications Sheet and Plate

(eS, SS, and SSS)*

Grade and
temper

Tensile
strength

(psi minimum) 0.013-
0.019

2S-0 15,500 t 15

2S-H12(KH) 14,000 3

2S-H14(MH) 16,000 2

2S-H16(JiH) 19,000 1

2S-H18(H) 22,000 1

3S-0 19,000 t 20

3S-H12(KH) 17,000 3

3S-H14(HH) 19,500 2

3S-H16(JiH) 24,000 1

3S-H18(H) 27,000 1

52S-0 31,000 t 15

52S-H32(JiH) 31,000 4

52S-H34(J^H) 34,000 3

52S-H36(JiH) 37,000 3

52S-H38(H) 39,000 3

Elongation in 2
"

( % minimum)
(Thickness Hfl")

0.020- 0.032- 0.051- 0.114- 0.162-

0.031 0.050 0.113 0.161 0.249

20 25 30 30 30
4 6 8 9 9

3 4 5 6 6

2 3 4 4 —
2 3 4 4 —

20 23 25 25 25
4 5 6 7 8

3 4 5 6 7

2 3 4 4 —
2 3 4 4 —
18 20 20 20 20
5 5 7 9 9

4 4 6 7 7

3 4 4 4

3 4 4 4

* Physical properties for plates in the annealed (O) temper will be substantially the

same as for the heavier sheet gauges. The physical properties for “as rolled” (H temper)

plates will vary somewhat, and are not guaranteed,

t Maximum.

The modulus of elasticity of aluminum alloys ^ varies somewhat, depend-

ing on the composition of the material; in general it increases with in-

creasing percentages of alloying elements from about 10,000,000 to about

10,800,000 psi. For practical purposes, however, the modulus may be

taken as 10,300,000 psi.

The modulus of rigidity is 3,900,000 psi corresponding to a value of

0.33 for Poisson's Ratio. The modulus of resilience varies with the square

of the elastic strength of the alloy, and therefore differs for different

aluminum alloys, as well as for similar alloys in different tempers.

The increase^ in strength obtained by alloying other elements with

aluminum, and by heat-treatment and cold work is accompanied by changes
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in Other properties of the metal. These changes, other than strength, fre-

quently are very important and require careful consideration in design.

The increased deflection of the aluminum alloys, caused by lower

modulus of elasticity, is offset by their increased ability to resist impact

without permanent set, and to reduce stresses produced by fixed deflections.

Their ability to resist energy from dynamic loads is even greater. As an

example, for equal elastic strengths, the strong aluminum alloys on a

weight basis will resist approximately eight times as much energy as steel.

By volume, the energy resistance of aluminum is three times as great as

that of steel.

Aluminum alloys,^ like other metals, when subjected to elevated tempera-

tures, have lower tensile strengths, yield strengths, and moduli of elasticity,

and higher per cent elongations. When exposed to sub-zero temperatures,

the mechanical properties, including the per cent elongation of aluminum,

increase.

Overaging or improper aging of the heat-treatable alloys may occur

on prolonged exposure to elevated temperatures, resulting in impaired re-

sistance to corrosion of some of the alloys or changes in mechanical and

physical properties.

Table 8 shows the typical changes in tensile properties of two aluminum
wrought alloys^ after prolonged heating at testing temperature.

Table 8. Typical Tensile Properties of Aluminum Alloys at Elevated Temperatures,

Alloy Property 75®F. 300®F. 400®F. 600®F. 600®F.

T.S. (psi) 16,000 11,000 8,000 6,000 4,000
38-0 Yield strength 6,000 5,000 4,500 3,500 2,500

Elongation (%) 40 47 50 60 60

3SH14 or T.S. (psi) 21,500 17,500 14,000 10,000 5,000

3SH24 Yield strength 19,000 12,500 8,000 4,000 3,500

(3S-HH) Elongation (%) 16 17 22 25 40

3SH18 or T.S. (psi) 29,000 22,500 16,500 10,000 4,000

3SH28 Yield strength 26,000 14,500 6,500 4,000 2,500

(3S-H) Elongation (%) 10 12 15 25 55

T.S. (psi) 27,000 20,000 15,000 11,000 7,500

52S-0 Yield strength 12,000 10,500 9,000 7,000 4,500

Elongation (%) 30 55 65 100 105

52SH36 T.S. (psi) 39,000 32,000 24,000 12,000 8,000

(528-JiH) Yield strength 34,000 27,000 11,000 8,000 4,500

Elongation (%) 10 16 35 80 100

The new age-hardenable high-strength aluminum alloys are character-

ized by relatively low elongations, reduced impact resistance, increased

notch sensitivity, increased ultimate strength, and a yield strength that
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is much more nearly equal to the ultimate strength than is true with the

conventional unaged aluminum alloys.

Working

The wrought alloys can be hot- or cold-worked by rolling, forging, press-

ing, extruding and drawing. Structural shapes, such as I-beams, H-beams,

channels and angles may be either rolled or extruded.

An extruded shape is produced by forcing hot metal through a die in

which there is an opening corresponding in shape to the desired cross-section.

This process frequently provides more efficient utilization of metal than

rolled shapes, and it permits production of many shapes that cannot be

rolled.

Cold-rolling is performed to accomplish any or all of the following

purposes: (1) to improve surface; (2) to obtain dimensional accuracy

relative to thickness; (3) to produce degrees of temper.

During cold-rolling, commercial aluminum (2S) can be reduced 90 to

95 per cent without damage to the material, but the alloys of aluminum

can be reduced only 50 to 75 per cent, when they must be softened by

heating before further cold reduction can be performed. Cold-working

results in strain-hardening the metal, but by proper annealing the

metal can be softened again.

Relative ease of cold-forming the various grades and tempers, as well

as the amount of work that can be done, varies with the nature of the

operation and the equipment employed. In general, the forming character-

istics of these materials are very good in the annealed condition, fair to

good after solution heat treatment, but poor to very poor in the aged condi-

tions.

Aluminum alloys having a wide range between the tensile and yield

strengths generally have a larger capacity for cold work than those with

a narrow range. Those with high elongation values can be given deeper

draws than those with low elongations if the strength values are sufficiently

high to prevent rupture.

The 52S alloy work-hardens (strain-hardens) more rapidly than either

2S to 3S alloys, and as a result can be given a less drastic reduction and

must also receive more intermediate anneals.

The chief requirement for successful cold-forming is that the tools shall

permit a suitable radius for bending and drawing operations. The required

radius depends on the alloy, temper, and thickness of the material. Usually

somewhat more liberal radii are required for the strong aluminum alloys

than those necessary for drawing steel.

For the ultra-strong aluminum alloys such as 75S and R303, the bend
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radius is to 3 times the sheet thickness for annealed stock and 2 to 10

times the sheet thickness for solution-treated and aged stock. The minimum
bend radius will naturally be determined by the alloy composition, temper

and sheet thickness.

In general, '‘Alclad'' 75S-T sheet is less workable than “Alclad"’ 24S-T

sheet, and this is reflected in certain changes in working procedure. The
bend radii must be increased by at least IT and possibly 2T (T = thick-

ness) over those used for ''Alclad" 24S-T. Also a different allowance for

springback is required for 75S-T than for 24S-T.

Hot-forming* has only limited application among the alloys whose

tempers are produced by definite amounts of strain-hardening, as by cold

work. In the soft tempers all the alloys have good forming qualities; if they

are heated in the harder tempers, care must be taken to avoid heating to

the annealing temperature. At temperatures above 600® F. they are quite

plastic, but on cooling to room temperature they are practically in the an-

nealed state. Much improvement in bending and forming qualities is

obtained when working at 300 to 400® F., in which temperature range

there is little loss in strength and hardness on cooling.

By heating the material to 250 to 300® F. for the bending operation, the

minimum bend radii may be substantially reduced without any appreciable

reduction in mechanical properties.

Forming and reworking of materials® are shop problems, but they

also merit careful consideration by designers. The introduction of aged

super-alloys has made these problems more acute when forming of any

kind is necessary after the final heat treatment. The aging heat treatment

greatly increases the yield strength, so that the amount of springback from

forming and similar operations is larger, and greater loads and better

tools are required to do the work. The aging treatment increases the yield

strength more than it does the ultimate strength, so that the gap between

the two is sharply reduced. As the forces required in these forming opera-

tions must necessarily stress the material past its yield strength—indeed

almost to its ultimate strength—there is great danger of failure in the

form of cracked parts. In some cases the ratio of yield strength to ultimate

strength can be as high as 95 per cent.

Wherever possible, forming of the age-hardenable alloys should be done

on material in the fully heat-treated and aged condition. When this is not

possible, it should be done promptly after heat-treating, when the metal

is in a more workable condition than it is after aging. The parts can then

be aged to obtain full strength and hardness.

Much of the forming and blanking work ^ is done on hydraulic presses

fitted with a rubber pad on the ram. Drop hammers use zinc alloy dies
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and lead punches cast in the die cavity. Sheet panels having a very slight

double curvature are sometimes formed by stretching them over a metal

or hardwood form. Rough spots or poor lubrication can cause particles

of aluminum to tear out of the work and build up on the tool surface.

This condition is cumulative and, once started, becomes progressively worse.

In addition to marring the surface of the metal, it may even cause frac-

ture because the metal is unable to slip easily over the tool surfaces.

Soluble oils are sometimes used as lubricants, but more often a mineral

oil, tallow, paraffin or a mixture of tallow and paraffin is better for the

more severe forming operations.

Heat Treatment

All the heat-treatable wrought alloys require two stages in the harden-

ing process.^ First, a high-temperature solution treatment, followed by a

drastic quench in a cooling medium; and secondly, an aging treatment at a

lower temperature than that of the solution treatment. Some alloys are

capable of aging rapidly at room temperature, but the time required for

aging can be decreased by increasing the temperature.

The solution heat treatment of aluminum alloys involves bringing

the material to a prescribed temperature, holding it there for a prescribed

length of time, and then promptly quenching it. Either a fused salt bath

or an air furnace is used. It is important that the specified temperature

limits be maintained. When the temperature is too low, optimum mechan-

ical properties are not attained, and when it is too high, the quality of the

material is impaired by melting at the grain boundaries. A rapid cold

water quench is essential to produce material with highest resistance to

corrosion. This is true for 24S and 75S alloys, but not for 61 S alloy.

The purpose of the solution treatment ^ is to bring about solid solution of

the alloying constituents in the aluminum at the elevated temperature and

to prevent its precipitation in accordance with the lower solubility at room
temperature by very rapid cooling. The strength and hardness are thus

increased over those of the annealed material.

After the alloy has remained at room temperature following solution heat

treatment, aging occurs by a gradual precipitation of the insoluble con-

stituents from the supersaturated solid solution, with a resulting further

increase in strength and hardness, accompanied by loss in ductility and
corrosion resistance. This precipitation and corresponding strengthening

effect can be accelerated by heating the material to an elevated temperature

below the previous quenching temperature. In general, the tensile properties

and the hardness increase to values substantially higher than those de-

veloped by aging at room temperature.

The rate of increase in mechanical properties on aging depends not only
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on the time and temperature of aging but also on the composition and the

method of fabrication of the alloy prior to heat treatment. Some alloys

are more responsive to age-hardening heat treatments than others; and in

addition, some alloys are affected in their response to aging heat treatment

by the amount of cold work to which they have been subjected. The me-
chanical properties of 24S and R301 alloys, in most cases, are greatly im-

proved by cold work prior to the aging heat treatment; while the properties

of 75S and R303 alloys are not affected. Table 9 shows the recommended
heat treatments for the soft-annealed 24S, 61 S and 75S alloys.

Table 9. Heat Treatment of Aluminum Alloys

Solution treatment Precipitation (aging) treatment

Annealed Heat to Quench Resulting Heat to Hold for Resulting
temper ®F. temper op. hours temper

24S-0 910-930 cold 24S-T4 * 375 t 11-13 24S-T81
water 375 t 8-10 24S-T84

24S-T86
61S-0 960-980 cold 61S-T4 315-325 16-20 61S-T6

water 345-355 6-10 61S-T6
75S-0 870 X cold 75S-W 245-255 § 22-26 75S-T6

water

Note: In heat-treating clad 24S and 75S alloys, hold at temperature for shortest

period of time.

In quenching, submerge in cold water as quickly as possible after removal from
furnace.

* For extrusions, the correct temper designation is T42.

t Cold-working subsequent to the solution heat treatment and prior to the precipita-

tion treatment is necessary to secure the required prop)erties.

t Sheet may also be heat-treated at higher temperatures (up to 925° F.) if desired.

§ A two-stage treatment comprising 4 to 6 hours at 210° F. followed by 8 to 10 hours
at 315° F. may be used for sheet, but anyone using it may wish to consult his patent
counsel regarding U.S. Patent No. 1,858,092.

The newer high-strength alloys, such as R303 and 75S, require three

steps in the thermal hardening process: first a high-temperature solution

heat treatment, and then a drastic quench; second, a two-stage aging

process. If it is desirable to maintain the workability to aid in forming,

the material is held at a low temperature after quenching, since lower

temperatures will retard the rate of aging.

The strain-hardening,' which results from cold-working aluminum alloys,

may be removed by annealing, i.e., by heating to allow recrystallization to

take place. The rate at which recrystalHzation occurs is greater, the higher

the temperature and the more severely the metal has been worked

before annealing. Complete softening is practically instantaneous for 2S

and 52S at temperatures over 650° F., and for 3S at temperatures over

750° F. Heating for longer times at somewhat lower temperatures will ac-

complish similar results.
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Since the greater the degree of cold-working the lower the recrystalliza-

tion temperature, it becomes evident that the harder the temper the lower

the annealing temperature.

In the case of heat-treatable alloys, the metal must be raised to a tempera-

ture which will permit recrystallization (annealing) to remove the strain-

hardening; but at the same time the temperature must be maintained as

low as possible to avoid heat-treatment effects which would prevent com-

plete softening of the alloy. Heating these alloys to 650® F. is sufficient to

remove the strain-hardening which results from cold-working.

Machining

Wrought aluminum alloys generally have good machining character-

istics. In general, tools for machining aluminum should have appreciably

more side rake and top rake than are required for cutting steel. High speeds

and fine to medium feeds are desirable. The cutting edges of the tools must

be keen, smooth and free from grinding scratches. The finer the feed, the

higher the speed.

These alloys can be machined without a lubricant with high-carbon

steels, high-speed steel or cemented carbide. However, the application of

a cutting lubricant is always recommended at the point of cutting. Mineral-

base lubricant oils thinned with kerosene frequently are used for most

machining operations.

Some aluminum alloys tend to form a built-up edge^ on the cutting lip

of the tool, consisting of welded particles which have been partially melted

under the heat generated in cutting. This is most pronounced with the

softer alloys, though it may arise with the harder ones also. It may be

minimized by use of proper coolants and cutting compounds and by atten-

tion to the quality of tool surfaces.

The non-heat-treatable alloys give continuous chips which may be di-

rected away from the stock by generous side and top tool rake angles.

These alloys offer little resistance to cutting, and tool pressure in machin-

ing is low. However, they are inclined to be gummy in the soft-annealed

condition and their machinability is improved by cold-working to their

hard temp)ers.

The strong heat-treatable alloys can be machined to a good finish with

or without a lubricant, although the use of a good lubricant is recom-

mended for most operations. Since they have higher physical properties

than the non-heat-treatable alloys, the resistance to tool penetration is

greater and the resulting chips are long, continuous curls. More power is

required to machine these alloys in the fully age-hardened condition than

in the annealed condition, although a better surface finish is obtained in

the fully age-hardened condition.



ALUMINUM ALLOYS 21

Welding

One of the two most critical factors in the welding ^ of aluminum is oxida-

tion. Though aluminum derives its corrosion-resistant qualities from this

oxide, it must be removed before sound welds can be made. Its removal is

complicated by the fact that it has a higher melting point than the base

metal. In the various forms of fusion welding, this difficulty is overcome

by the use of fluxes, which combine chemically with the oxide to form a

fusible slag. The other critical factor is the apparent weakness of aluminum

alloys at high temperatures. Many are partially molten over wide ranges

of temperature, and when temperatures at which partial melting occurs

are reached in welding, the alloys show a tendency to collapse.

Aluminum alloys may be welded by the torch, electric arc or electrical

resistance methods. In fusion welding the equipment is the same as that

used for welding steel, but in electrical resistance welding, machines of

slightly different design and greater electrical capacity are required. The
metal arc method generally makes stronger welds than the torch method.

In the latter the neutral flame of either oxyhydrogen or oxyacetylene may
be used. The oxyhydrogen flame generally produces a cleaner and more

satisfactory joint than the oxyacetylene.

The metallic arc welding process is particularly applicable in certain

classes of work, since there is less buckling and warping. Temper of the

sheet is less affected during arc welding than during torch welding, since

the heat is more concentrated and the weld is made more rapidly. It is not

considered good practice, however, to use the metal arc on thicknesses less

than % 4
".

For metal arc electrodes, and filler rods for torch welds of the strong

alloys, a flux-coated 5 per cent silicon-aluminum alloy is used. For torch

welds of the common alloys such as 2S and 3S, especially if a polished sur-

face is desired, commercial aluminum (2S alloy) filler rod is used. Gen-

erally the same alloy is recommended for filler rod as the parent metal to

be welded.

A flux is used in all fusion welding. In the metal arc process, the flux is

best applied as a heavy coating on the electrodes.

A particularly interesting method of joining aluminum employs an

argon-shielded tungsten arc. No flux is utilized when this type of welding

is used on aluminum. Therefore, considerably more latitude is allowable in

designing joints, since there is no danger of entrapping corrosive flux in

faying surfaces. Welds can be made in any position and weld bead is

smooth, sound and free from spatter.

Surfaces must be cleaned for spot welding, especially the oxide coating,

to avoid surface heating when contact is made with the welding electrode.
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A welded joint, except in fully annealed material, will have somewhat

lower mechanical properties than those of the unwelded metal. The heat of

welding has an annealing effect on the alloys. In some cases, it also affects

the corrosion resistance adversely. Heat treatment of the strong alloy welds

will partially recover these losses of properties.

Riveting
*

Riveting^ is a common method of assembling aluminum structural mem-
bers. Standard rivet alloys are A17ST, 17ST and 24ST. Rivets of A17ST

alloy are more widely used than of the other two alloys, and are regularly

driven in the fully heat-treated and aged condition. Joints requiring greater

strength are made with 17ST or 24ST rivets, in which case the rivets are

usually solution heat-treated so that they can be driven before age-harden-

ing has progressed very far. Rivets of 53S alloy are used more generally in

structures other than aircraft.

Satisfactory driving characteristics are maintained at room temperature

(70° F.) for about an hour after quenching in the case of the 17ST rivets,

and for about ten minutes in the case of the 24ST rivets. To avoid the

necessity for continually heat-treating fresh material, 17ST rivets may be

driven after about 24 hours if they are held at the temperature of melting

ice (32° F.). Packing in Dry Ice (COg) is recommended, especially for

24ST rivets, as lower temperatures will retard age-hardening still more.

When the rivets are returned to room temperature age-hardening proceeds

in the normal manner.

For rivets over diameter, A17S-T4 rivets are driven cold by squeeze

riveters, or 53S rivets are driven Hot where pneumatic hammers must be

used.

The riveting operation ordinarily is done cold. The spacing of rivets

in any joint depends upon the proportions of the members joined. Three

times the nominal rivet diameter is the recommended minimum spac-

ing.

Riveting as a method of joining is usually desired for the strong age-

hardened aluminum alloys, since these materials cannot be welded without

sacrifice in strength. However, care must be exercised in riveting the aged

75S-T and R303T alloys since the increased notch sensitivity of these

materials may result in cracks when riveting is done near deep scratches

or notches.

Failure of a rivet may occur in either of two ways: by shearing on one

or more planes, or by crushing the metal at the point where the rivet bears

against the plate.

Excerpts from “Riveting Aluminum,” a copyrighted booklet of the Aluminum
Company of America.
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Corrosion Protection *

All aluminum alloys are relatively resistant to ordinary exposure to

industrial atmospheres. Alloys 2S, 3S and 52S are more resistant to corro-

sion than other aluminum alloys. Alloy 52S, however, is more resistant to

salt water, both from the standpoint of appearance and retention of me-
chanical properties. Alloy 61 S compares favorably with 2S, although the

surface will exhibit more superficial pitting action in some corrosive at-

mospheres. The clad high-strength alloys, 24ST and 75ST, have nearly the

same corrosion resistance as 2S, but the bare material is inferior to it.

Although all aluminum alloys exhibit relatively good resistance to cor-

rosion, some of the high-copper, heat-treated and aged, strong alloys are

considerably less resistant to corrosion than aluminum of high purity. To
combine the great strength of these strong alloys with the excellent corro-

sion resistance of the pure metal, the clad products, called ''Alclad*' or

'‘Pureclad,’' were developed.

In contact with moist air, aluminum quickly acquires a thin, impervious

film of aluminum oxide which serves as a protective barrier against further

attack. A thicker oxide film can be formed electrolytically where greater

resistance to corrosion is required. This process is referred to as anodic

oxidisation or anodising.

Anodic oxidation provides a hard, adherent oxide surface film having

excellent corrosion resistance and abrasion resistance. It also provides an

excellent paint base.

There are two recognized methods commonly used today for electrolytic

anodic oxidation (anodizing) of aluminum: the chromic acid anodizing

process and the sulphuric acid (Alumilite) anodizing process. The process

using chromic acid electrolyte can be used on aluminum alloys containing

less than 5 per cent copper; while the process using sulphuric acid electrolyte

can be used on all aluminum alloys. Both processes, including the sealing

process described in the following paragraph, are included in the patented

Alumilite procedure.

The porous aluminum oxide film produced by both processes can be sealed

by immersion in boiling water or in a 5 per cent potassium dichromate solu-

tion for 30 minutes. This additional treatment increases the film's resistance

to corrosion still further.

Where aluminum alloys are assembled in wet contact with other metals

there is danger of galvanic attack of the aluminum. To prevent this elec-

trolytic action, it is best to insulate the dissimilar metals with bituminous

paint, fiber strips, or asphalt-saturated felt.

* Excerpts from “Finishes for Aluminum,” a copyrighted booklet of the Aluminum

Company of America,
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Since aluminum is anodic to a large number of alloys, special care should

be taken to avoid contact with dissimilar metals or alloys. Where these

must be used in connection with aluminum, however, both the dissimilar

metal and the « adjacent faying surface of the aluminum alloy should be

coated thoroughly with zinc chromate primer before assembly. Insertion

at the faying surface of a non-hygroscopic insulating material is advanta-

geous under severe conditions.

Almost any kind of paint can be used on aluminum, although the mate-

rials more commonly employed are synthetic lacquers, synthetic enamels

and aluminum paints.^

Many aircraft structures have been made of unprotected '‘Alclad” mate-

rial and after several years of active service, it was found to be in excellent

condition. Thus the material may generally be used without paint protec-

tion as far as the maintenance of structural integrity is concerned.

Design

Because of the lower value of the modulus of elasticity compared with

that of steel, it is desirable to use deeper sections in aluminum alloys where

it is necessary to maintain the same deflection characteristics when they are

loaded as beams. Such redesign can be made to produce a structure having

the same deflection under load and possible higher ultimate strength than

would be obtained with structural steel, and at the same time to bring

about substantial saving in weight.

The lower modulus of elasticity is an asset when impact loads are to be

resisted since, other things being equal, the lower the modulus, the greater

the ability to resist energy without permanent set. The lower modulus is

also advantageous in reducing stresses produced by misalignment, settle-

ment of supports, or other fixed deflections.

Rigidity is an important factor in converting from steel to aluminum.

For structural applications, it is impractical to make direct size substitu-

tions of aluminum for steel in many instances. To provide an equivalent

structure, it is necessary to increase the thickness of the aluminum flat sheet

and plate from 20 to 40 per cent. By proper selection of the alloy, the

aluminum part will have greater strength and resistance to local denting

than the steel part, and will weigh 50 to 60 per cent less.

If tensile strength is the primary consideration, any thickness increase

will depend upon the aluminum alloy chosen.

In using aluminum for design where it occurs together with steel, it

must be borne in mind that the coefficient of thermal expansion is slightly

more than twice that of steel.

There is very little to choose between the strength-weight ratios of the

high-tensile steels and light aluminum alloys, but there are many cases in

* See von Fischer, Paint and Varnish Technology,’* Reinhold Publishing Corp., 1948.
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which the full advantage of steel cannot be realized, because the steel section

would be so thin that it would fail by local crippling before the full

strength of the material could be utilized.

The high tensile yield strength of the new high-strength aluminum alloy

products generally cannot be used in members designed for tension loads,

as the ratio of yield to tension exceeds the two-thirds value. But since the

compressive yield strength is approximately equal to the tensile yield

strength, these products are admirably suited for compression members.

Sheet aluminum, corrugated and V-crimp, has been marketed with a

typical tensile strength of 37,000 psi, a yield strength of 35,000 psi, and an

elongation in 2 inches of 4 per cent. A low-cost utility sheet aluminum for

general sheet-metal work, ventilating, heating and air-conditioning ducts,

hoods, gutters and down spouts, has a typical tensile strength of 21,000 psi,

a yield strength of 19,000 psi, and an elongation in 2 inches of 6 per cent.

Figure 1 shows a lOO-foot aluminum bridge span which was installed

late in 1946 on the Grasse River Bridge at Massena, New York. This bridge

Figure 1. Aluminum bridge span.
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is constructed primarily of aluminum plate and rolled stock, although the

flange angles, 8" X 6" X as well as the T-sections used for lateral

bracing, were extruded.
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Chapter III

Magnesium Alloys

Because of their great chemical stability, ease of fabrication, and good

strength-weight ratio magnesium alloys have become strong contenders in

the highly competitive field of structural alloys.

Magnesium-base alloys have characteristics which place them in a sepa-

rate class from other base alloys. They are the lightest structural alloys yet

known, being two-thirds the weight of aluminum and one-fourth the weight

of iron and steel. Some of the cast and wrought alloys respond to age-

hardening heat treatment, which gives them greater physical strength. They
also possess excellent machinability, toughness and fatigue endurance. They
have a high strength-weight ratio, which means that on an equal weight

basis their strength is equal or superior to that of most other structural

metals.

Magnesium alloys are available in a number of commercial wrought

forms. A variety of these alloys have been developed to meet specific de-

mands for strength, ease of fabrication, workability, corrosion resistance,

welding properties and other factors of importance.

These alloys are well adapted for use in structures which can be easily

fabricated from extrusions, plates, sheet, castings, and forgings. Their ultra-

light weight permits the design of structures which have equal stiffness and

strength with lower weight than is obtainable with other metals.

Replacement of heavier metals with magnesium alloys may involve cer-

tain changes in design. Where steel has been used because of its greater

strength, a part made from magnesium alloy must provide a greater cross-

section. Strength increases in direct ratio to any increase in thickness, as-

suming constant width, but stiffness increases as the cube of the increase in

thickness. Consequently, weight may be reduced, strength maintained and

stiffness increased with greater resistance to bending, buckling, and elastic

deformation and stress.

The weight-strength ratio favors certain magnesium alloys, as do the

ratios of weight-stiffness, weight fatigue resistance, and other pertinent

ratios in which light weight is the essential component.

There are a number of alloys of varying physical characteristics in sheets,

27
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both in annealed and hard-rolled tempers. The annealed material is used

for parts requiring some forming and subject to little or no load, while the

rolled material is used for parts with moderate or no forming and requiring

higher yield strength.

Wrought magnesium alloys provide a very light structural metal for use

in such applications as oil and fuel tanks, aircraft wings, bus and trailer

bodies. In the form of sheets and plates these alloys are used for parts, such

as cover plates, engine cowling, bus trailer and truck roofs, and side panels,

aircraft wings and ailerons, floor plates, seats, conveyors and other applica-

tions. Magnesium extrusions are used for applications such as floor beams,

moldings, stiffener elements in aircraft structures and frame sections, bus

and trailer body frames and other structural members.

Since wrought magnesium alloys
* have excellent strength-weight ratios

they are used in many highly stressed structures. In castings, tensile

strengths of 35,000 to 45,000 psi are reached, and in the wrought condition

the tensile strengths may be 45,000 to 55,000 psi. In many cases weight

savings up to about one-third can, therefore, be realized by changing from

aluminum to magnesium alloys. Compared to most ferrous alloys, the

weight saving may be about one-half, or even higher.

Alloying Elements

Alloying elements such as aluminum, manganese and zinc are added to

give magnesium strength, corrosion resistance, weldability and formability.

Aluminum is the most important alloying element in magnesium-base

alloys. It imparts hardness and increases tensile, yield and compressive

strengths. With increasing content of aluminum, the grain structure becomes

more refined, the strength and hardness increase, and the ductility dimin-

ishes. Alloys with more than 13 per cent of aluminum are too brittle for

structural uses. Those containing 6 to 10 per cent of aluminum can be age-

hardened with corresponding great increase in strength and hardness.

Manganese has little effect on the mechanical properties. It does increase

resistance to corrosion and tends to improve weldability of the magnesium

alloys. It is sometimes added alone, at other times together with aluminum.

Zinc, usually 1 to 3 per cent, primarily adds to the corrosion resistance

of the alloy under saline conditions. It is an important alloying element for

products which are to possess high strength, although in practice it is not

used alone but in combination with aluminum.

Alloys

Table 10 lists the typical chemical composition of wrought magnesium

alloys used in structures.

The AZ31X alloy is used for extrusions, plates, sheets and strips; AZ80X
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Table 10. Typical Chemical Composition of Magnesium Alloys

ASTM
Alloy * Aluminum Zinc Manganese Magnesium

AZ31X 3.0 1.0 0.3 bal.

AZ61X 6.5 1.0 0.2 bal.

AZ80X 8.5 0.5 0.2 bal.

Ml — — 1.5 bal.

* All alloy designations not under the ASTM system of numbering are those of the
Dow Chemical Company.

for heat-treated extrusions and forgings; AZ61X for extrusions and forg-

ings; and Ml for extrusions, forgings, plate, sheet and strip.

Magnesium sheet is currently available in two commercial alloys : ASTM
alloy Ml and ASTM alloy AZ31X. The former, also known as M alloy, is

used where good weldability, maximum formability, low cost and moderate

strength are required. ASTM alloy AZ31X, also known as FS-1 alloy, has

better formability than J 1 or MI alloy, and also has good shear and tensile

strength. This alloy has maximum impact resistance.

Magnesium sheet in the hard-rolled condition will have maximum yield

strength at the expense of some ductility. Annealed material will have a

lower yield strength but greater ductility than hard-rolled sheet. Conse-

quently annealed sheet is used for applications requiring maximum forma-

bility.

1‘he Ml alloy is usually used in the annealed condition and only in

special cases is it used in the hard-rolled condition. The FS-1 alloy has

superior bendability and slightly inferior drawability than Ml alloy sheet.

In addition, the FS-I alloy sheet is not generally used for welded as-

semblies except where stress-relieving treatment may be given after welding,

owing to its tendency to crack from welding stresses set up in restricted

joints. I'he hard-rolled sheet is used where high strength combined with

toughness is required.

All magnesium structural shapes are produced by the extrusion press.

Fxtrusion permits the use of shapes that are impossible to make by rolling.

Of the four extrusion alloys ASTM alloy Ml is the cheapest and is used

for general purposes where strength is secondary and shape is the major

consideration. ASTM alloy AZ31X has the best combination of cost and

properties and is the general-purpose structural alloy. It combines maxi-

mum strength and toughness. ASTM alloy AZ6IX is slighlly stronger but

more expensive than the AZ31X alloy. ASTM alloy AZSOX (also known

as 0-1 alloy) is the strongest magnesium structural alloy, particularly in

the extruded and aged condition. It is used where maximum strength is

required but is not recommended for applications subjected to excessive

shock or rough handling.

The 0-1 alloy is the only wrought magnesium alloy that reacts to heat
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treatment, and it is commercially furnished in the as-extruded or as-forged

condition and in the aged condition. Tensile strength in the as-worked con-

dition will be about 50,000 psi with a yield strength of about 30,000 psi.

After aging 10 hours at 350° F. following working, the tensile strength in-

creases slightly and the yield strength will approach 35,000 psi.

Properties

Unlike steel, but similar to aluminum alloys in this respect, magnesium

alloys do not exhibit sharp yield points when subjected to the usual tensile

tests. There is a very gradual breaking away from the modulus line. Yield

strength in these alloys is accepted as the point where the stress-strain curve

deviates 0.2 per cent from the modulus line.

The modulus of elasticity of magnesium alloys is 6,500,000 psi, a value

much lower than that of other structural metals. In spite of this, a magne-

sium sheet is over twice as stiff in flexure as an aluminum sheet of the same

weight, and eighteen times as stiff as a steel sheet of the same weight. In

resiliency, or capacity for elastic shock absorption, magnesium alloys excel

because of their lower modulus of elasticity.

The modulus of rigidity or modulus of shear is about 2,400,000 psi, and

the value of Poisson's Ratio is approximately 0.35.

Typical mechanical properties of sheets are shown in Tables 11 and 12.

The properties, of course, will vary with the thickness and temper of the

sheet.

Table 11. Typical Mechanical Properties of Magnesium Alloys

ASTM
Alloy

Tensile Yield Elongation Brincll
Condition strength

(psi)

strength
(psi)

( % in 2 in.) hardness

AZ31X Annealed 37,000 22,000 21 56
AZ31X Hard-rolled 43,000 33,000 11 73

Ml Annealed 33,000 15,000 17 48
Ml Hard-rolled 37,000 29,000 8 56

Table 12. Typical Mechanical Properties of Magnesium Alloys

ASTM
Alloy

Condition
Compression
yield strength

(psi)

Shear
strength

(psi)

Fatigue
strength
(psO

AZ31X Annealed 16,000 21,000 12,000

AZ31X Hard-rolled 26,000 23,000 14,000

Ml Annealed 12,000 17,000 9,000
Ml f Hard-rolled 20,000 17,000 1,000

Typical mechanical properties of extruded products are shown in Tables

13 and 14. The mechanical properties of extrusions vary not only with the

alloy composition, but also with the shape and size of the extrusions.

The AZ80X alloy (or 0-1 alloy) can be strengthened by aging after ex-

trusion. In this condition (designated as 0-1 HTA) minimum tensile prop-'
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Table 13. Typical Meckanical Properties of Extruded Products

ASTM
Alloy

Tensile
strength

(psi)

Elongation Brinell

(psO (% in 2 inches) hardness

Bars and Rods

AZ31X 40,000 30,000 15 49
AZ61X 45,000 32,000 15 58
AZ80X 49,000 33,000 11 65
Ml 38,000 26,000 10 42

Shapes

AZ31X 38,000 26,000 15 50
AZ61X 44,000 28,000 16 64
AZ80X 46,000 29,000 9 67
Ml 34,000 20,000 9 46

Tubing

AZ31X 36,000 21,000 16 46
AZ61X 40,000 21,000 9 50
Ml 33,000 21,000 9 42

Table 14. Typical Mechanical Properties of Extruded Products

ASTM
Alloy

Compressive
yield

strength
(psi)

' Shear
strength

(psi)

Fatigue
strength

(psi)

Bars and Rods

AZ31X 17,000 19,000 14,000
AZ61X 10,000 19,000 18,000
AZ80X 22,000 20,000 18,000
Ml 14,000 16,000 9,000

Shapes

AZ31X 15,000

AZ61X 19,000

AZ80X 22,000

Ml 11,000

Tubing

AZ31X 15,000

AZ61X 15,000

Ml 9,000

erties of 48,000 psi strength and 33,000 psi yield are obtained in bars.

Typical properties for this grade of material are a tensile strength of 54,000

psi, a tensile yield of 39,000 psi, a compressive yield strength of 36,000 psi

and an elongation of 8 per cent.

Heating will reduce tensile and yield strengths and increase ductility;

therefore, proper design factors must be used at elevated temperatures. At

temperatures over 400® F., magnesium alloys for structural purposes are

not recommended. At subnormal temperatures magnesium alloys undergo

only negligible changes of strength.
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The curves in Figure 2 show how tensile strength and elongation vary

with temperature for 0.040 to 0.060-inch sheets in the annealed condition.®

The FSa alloy is equivalent to ASTM alloy AZ31X, the Ja alloy is equiva-

Temperwturc,®F

Figure 2. Curves showing how tensile strength and elongation vary with

Temperature for "Dowmetal" sheets

lent to ASTM alloy AZ51X, and the Ma alloy is equivalent to ASTM
alloy Ml, all being in the annealed condition as indicated by the “a” after

the alloy identification letter.

The curves in Figure 3 show how tensile strength and elongation vary

with temperature for 0.040 to 0.060-inch sheets in the hard-rolled condition.®

The “h” after the alloy identification letter indicates the hard-rolled con-

dition.
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All magnesium alloys, whether cast or wrought, have higher damping
capacities than any of the aluminum alloys. This property is particularly

pertinent to applications involving reciprocating motion or moving parts.

Tempenifure.'F

Figure 3. Curves showing how tensile strength and elongation vary with

temperature for "Dowmetal" sheets.

as the stresses on adjacent equipment or parts through vibration are smaller

with magnesium alloys than with aluminum and its alloys. Magnesium al-

loys are very resilient and possess a high resistance to shock loads. Resili-

ence of a material for a given applied stress is inversely proportional to its

modulus of elasticity. Owing to its low modulus, magnesium alloys within

their elastic range possess greater resilience than aluminum or steel, and as

a consequence can absorb more shock by energy loads without undergoing

damage.
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Heat Treatment

The heat treatments to which magnesium alloys are subjected include

annealing, quenching, solution treatment, aging and stabilizing.

Sheet and plate are annealed at the rolling mill. Annealing gives a lower

yield strength but greater ductility than is obtained in hard-rolled sheet.

The solution heat treatment is given for the purpose of putting into solid

solution as much of the alloying ingredients as possible. It results in high

tensile strength and maximum ductility. Aluminum and zinc are much more

soluble in magnesium at elevated temperatures than at room temperature,

and it is this fact which makes magnesium alloys (the same is true of cer-

tain aluminum alloys) susceptible to heat treatment. The properties of the

alloys may be changed by controlling the quantities of solid solution and

constituents precipitated at the grain boundaries. The solution heat treat-

ment involves treatment at temperatures in the range of 700 to 800° F., de-

pending on the exact alloy composition.

Working

Magnesium alloys have been developed which can be mechanically

worked, rolled, extruded and drawn, thereby causing marked improvement

in their physical properties. Rolled sheet can be made in thicknesses down
to 0.005 inch.

Sheet rolling methods employ an initial breakdown of rather large cast

ingots or extruded slabs at elevated temperatures (about 750 to 900° F.),

followed by the cold-rolling operations necessary to impart the desired

physical properties and surface finish to the alloy. It is necessary to anneal

the sheet quite frequently during cold-rolling operations.

Magnesium alloy sheet plate and extrusions can be fabricated in much

the same way as other metals, with one important provision: the work

usually must be done at elevated temperatures. The crystal structure is

such that the alloys work-harden rapidly at room temperature. Therefore,

working is usually done from 450 to 600° F.

Extrusions can be made in a wide variety of plain and intricate shapes

(Figure 4). Extrusions are relatively inexpensive since the operation and

necessary dies are low in cost.

Magnesium alloys have less favorable cold-forming properties than such

metals as iron, copper and aluminum. They work-harden rapidly when

formed at room temperature; hence their cold-working possibilities are

limited. Cold-forming should be done slowly and, in designing forming

tools, the relatively high springback must be taken into account. However,

there is no springback during hot-forming.

Cold-working is usually confined to bending. Sheet stock is used in this
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operation and the predominant stress is tensile. Since cold magnesium sheet

is incapable of even a moderate elongation without rupture, any attempt

to deep draws, sharp bends, or severe pressing and spinning on cold sheet

{Courtesy Dow Chemical Co., Midland, Mich.)

Figure 4. ^'Dowmetal'' extrusions.

would result in failure. A limited amount of cold-working is possible, but

liberal radii should be allowed.

Minimum cold-bending radius for sheet alloys in the soft temper is ap-

proximately four to five times the sheet thickness; in the hard tempers,

eight to ten times. When hot-bent, the minimum bending radius is reduced

to approximately twice the thickness. Radii of bends are determined by the

alloy composition, its temper and the temperature of working. However,

by heating the materials to elevated temperatures their workability is

greatly improved.

Working magnesium metals at elevated temperatures and at speeds coin-

cident with the recrystallization rate has several advantages over cold-

working. The parts can often be formed, shaped or drawn in one operation

without the necessity of drawing, annealing and redrawing, thus reducing

not only the time involved for making the part, but also eliminating the
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necessity of additional die equipment for deep-drawn parts. Another advan-

tage is that the allowance for ‘‘springback'' is not required.

With proper equipment, magnesium alloy sheets can be formed at ele-

vated temperature to nearly any shape commonly formed in aluminum

alloy. Hard-forming, press-forming, rubber-forming or roll-forming utilize

equipment and methods of the same types as are used for other metals.

Perhaps the most widely used process for working magnesium alloy sheet

into shapes requiring only comparatively shallow forming and slight draw-

ing action is the Guerin process, which has found much favor in pressings,

etc. In adapting this process to magnesium alloy forming, it is customary

to use heated dies. This is accomplished by placing the dies on a heated

platen or hot plate or, for more complicated dies, by inserting heating ele-

ments in the die itself. Materials for very large parts should be preheated

before being placed into position on the dies.

When parts are to be made in large quantities or where extreme accuracy

is required, steel die equipment should be used.

When the temperature relation of sheet and dies is properly maintained,

magnesium can be as readily drop hammer-formed as aluminum. Parts

must be hot-formed perfectly on the form block to avoid the necessity of

cold-forming afterward. Hard-rolled alloys should be used only where form-

ing is moderate.

The top limit for single draws is given in Figure 5 as a function of tem-

perature.^ The drawability factor D-d/D is the ratio obtained by dividing

the blank diameter minus the draw diameter by the blank diameter. The M

1

alloy has better drawability than the FS-1, while the Jla alloy has the

lowest drawability. Lubricants are employed for all drawing operations.

Room BOO 400 600,

Temperature,

Figure 5. Limits for hot-

drawing magnesium alloy

sheet in a single operation.
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Most successful forming of magnesium alloys is accomplished at ele-

vated temperatures between 300 and 650'' F., depending on the alloy used,

gauge of material, temper of material and severity of forming. Slow forming

produces better results than rapid forming. The slower the rate of forming

and the more accurate the tools, the better the results.

Machining

Magnesium cast and wrought parts have excellent machining character-

istics. There is no tendency toward dragging or tearing, and the metal

readily takes a smooth surface and finish. Chips readily clear the work and

the cutting tool. Magnesium alloys allow higher cutting speeds, greater feeds

and deeper cuts than any other metal. For equal volumes of metal removed,

the power consumption in machining magnesium is lower than that of any

other metal. Power requirements for magnesium alloys are about one-sixth

those for mild steel.

Magnesium can be machined without a lubricant because of the ease of

cutting and the small amount of frictional heat generated with sharp and

properly designed tools. Cutting tools should have smooth faces, large rake

angles, small areas of tool in contact with the work, and large chip spaces.

It is very important to keep the cutting edges as sharp and smooth as pos-

sible, and free from grinding wheel scratches. Tools should be designed to

dispose of the chip rapidly and smoothly without jamming and developing

frictional heat. Under any frictional conditions, the low heat capacity of

the metal will produce higher temperatures in the tool, chips and work than

will other metals.

Magnesium chips can be ignited if frictional heat developed during cut-

ting rises too high. This sometimes occurs when fine chips are produced in

light finishing cuts at high speeds, or when the cutting tools become dull.

If such light cuts cannot be avoided it may be desirable to use a mineral

oil coolant for such operations.

Welding

Magnesium alloy parts can be joined by arc welding, gas welding, and

electrical resistance seam and spot welding. All these methods are applicable

to magnesium structural assemblies, although each has its particular ad-

vantage for certain classes of work.

The most satisfactory method of welding magnesium is by means of the

electric arc with tungsten electrodes in helium or argon gas atmosphere. A
standard d-c arc-welding generator is used to strike an arc between the work

and tungsten electrode. The molten metal area is shielded during welding

by means of a small cup which surrounds the tungsten electrode. No flux is

needed, and substantially complete protection is obtained against oxidation
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of the metal. The magnesium alloy filler rod used should be of approxi-

mately the same composition as the material being welded.

Alternating-current welding using superimposed high frequency and

argon shield is becoming more and more popular and will probably be used

almost exclusively on plate over Ys to inches thick.

Because the flux used in gas welding is likely to cause corrosion if it is

entrapped in the weld, all gas welding on magnesium alloys is limited to

butt joints. Oxyacetylene, oxyhydrogen, or oxycarbohydrogen gas can be

used, but the latter is preferable. Depending on the thickness of the mate-

rial being welded, the work should be tack-welded at intervals of 1J4 to

6 inches, the closest spacing of tacks being required for thin materials.

Resistance welding offers advantages of economy and freedom from cor-

rosion possibilities, but it is not recommended for heavily stressed joints.

Spacing of spot welds is important. The minimum spacing varies from

to 2 inches with the sheet thickness and nature of the joint. Different

magnesium alloys can be welded to each other but not to other metals.

In preparing for the welding operation, the area to be welded should be

carefully cleaned free of oxides and non-metallic inclusions, so that the

weld metal and the parent metal coalesce to form a sound weld.

The use of arc welding ® in preference to gas welding is often dictated by

the type of joint required. While gas welding must be limited to butt-type

joints to insure removal of the corrosive flux used, arc welding which

utilizes an inert gas shield to prevent oxidation of the material instead of

a flux, can be used on lap joints, fillet joints and all other joints such as

those commonly used in steel welding. As multipass welds are permissible,

there is no top limit on the material thickness which may be welded as

there is in gas welding. Generally, arc welding is preferred to gas welding

in material over 0.1 inch thick because of the faster welding rate obtainable.

It is very difficult to weld the Ml alloy to the aluminum-containing alloys,

although the latter alloys can be welded to each other.

When fastening with screws, coarse threads are preferred to the finer

types. Thread length in the magnesium part should be two to three times

the diameter of the screw. To insure most favorable stress distribution,

screws should be more closely spaced than in similar assemblies using fer-

rous alloys. To hold galvanic corrosion to a minimum, steel screws should

be either zinc- or cadmium-plated. Under vigorous corroding conditions,

screws should be dipped in zinc chromate primer or in a joint-sealing

compound.

Corrosion Resistance

Years ago the objection to magnesium alloys was their lack of stability

in sea water, and even to some extent in fresh water. Magnesium alloys cdr-
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roded very rapidly, developing pits and a grayish-white incrustation. The
current magnesium alloys are reasonably stable under most atmospheric

conditions. This has been attained by careful purification and the addition

of manganese and zinc. However, in saline atmospheres, they are somewhat
subject to pitting and roughening. Nevertheless, where corrosion does occur

during protracted exposure, the slight loss in strength is equivalent to the

loss in area. There is no loss in ductility or strength that can be attributed

to intercrystalline corrosion in present commercial alloys.

It is interesting to note that the corrodibility of magnesium in dry air is

much less than the corrosion of carbon steel in the same atmosphere, and

that magnesium is highly resistant to alkalies. One of the important factors

contributing to magnesium corrosion has been entrapped flux that was used

in melting or casting operations. Dry air at room temperature has little

effect on magnesium, but the rate of attack increases materially as the rela-

tive humidity increases.

Surface attack occurs as a uniform etching, the metal gradually darken-

ing and acquiring a thin film of magnesium oxide, hydroxide or carbonate.

The film retards rather than prevents subsequent attack.

While the best of the present commercial magnesium alloys have satis-

factory corrosion resistance under ordinary inland atmospheric conditions,

it is advisable to give magnesium parts a protective treatment. These pro-

tective films, in addition to fulfilling their prime purpose of resistance to

corrosion, also provide an excellent surface for painting.

Chemical treatments and certain recommended paint systems are used to

protect magnesium alloys against the corrosive effects of weathering and

many corrosive atmospheres. Chemical treatments provide a passive surface

layer which inhibits corrosion. Most chemical treatments do not furnish

complete protection, but serve primarily as paint bases. For the majority

of structural uses paints, covering a suitable primer coating, supply ample

surface protection.

Parts are usually given an anticorrosive treatment known commercially

as a ‘‘chrome pickle.” This is nothing more than a quick dip (20 to 60

seconds) in a solution of sodium dichromate, nitric acid and water. This

produces an iridescent, yellow coating of sparingly soluble chromic chro-

mates on the surface, which is intimately bonded to the metal. It also pro-

vides a good base for subsequent painting and has definite anti-corrosive

properties.

The nature of the recommended system of paint protection will vary with

the corrosive conditions and alloys. Generally, the success of a paint coating

will depend on: (1) the application of one of the chemical treatments, (2)

the preparatory cleaning treatment, and (3) the use of a correct priming

coat. For chloride-containing atmospheres or media zinc chromate pig-
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mented primers provide the best protection. But for general use a variety

of pigmented systems may be used.

Under conditions where magnesium is assembled with dissimilar metals

and where moisture is likely to penetrate into the joint, care must be taken

to insulate the contacting surfaces to prevent galvanic corrosion by using

primers, sealing compounds, and gasket materials.

Galvanic corrosion can be very damaging to magnesium under severe

exposure conditions, inasmuch as it is the least noble of all structural alloys.

Proper design to prevent electrolytic retention and careful selection of

materials in galvanic contact is essential where exposure conditions are

severe.

The treatment that provides the most resistance to salt water is immer-

sion for 5 minutes in a 15 to 20 per cent solution of hydrofluoric acid fol-

lowed by immersion for 30 minutes in a boiling 10 to 15 per cent sodium

dichromate solution saturated with magnesium fluoride or calcium fluoride.

Parts can be galvanically oxidized (anodized) in a sodium dichromate-

ammonium sulphate solution at 120-140° F. The oxide coating thus pro-

duced by anodic oxidation is an excellent dielectric; hence it is effective as

an insulator in preventing galvanic corrosion when magnesium parts are

brought into contact with dissimilar metals. Flowever, this process has not

been used commercially to any extent.

Design

The design of structural parts is not as simple as with castings, nor are

the weight savings obtained quite as large, for two fundamental reasons:

(1) the mechanical properties of wrought magnesium alloys do not com-

pare as favorably with aluminum or steel as do the properties of castings;

and (2) the low modulus of elasticity becomes a significant factor, because

structural components are, as a class, much more slender and less stocky

than castings. Thus the effect of the low modulus must be considered, not

only to limit deflections to a reasonable magnitude but because allowable

stresses, particularly in compression members, are greatly influenced by the

stability of the member as a unit as well as locally.

When magnesium *
is used instead of other structural metals for struc-

tures built up from extruded shapes, sheet, plate and tubing, the amount
of weight saving which can be effected depends to a large extent on the

loading conditions. When magnesium members are used in bending, and

space limitations are not stringent, substantial weight savings can be ef-

fected. When stressed in direct tension, magnesium members are little or no

lighter than those of other suitable structural materials. The same applies

to very short columns.

Although allowable design stresses may vary greatly with the type of



MAGNESIUM ALLOYS 41

design and application, a good general rule is to select a design stress equal

to one-half the minimum yield strength. For repeated loads the fatigue

strength of the material may govern the selection of design stress, and for

columns the column strength of each particular member will govern. Thus,

for structural shapes of all magnesium alloys except the Ml grade, design

stresses in static tension vary from 1 1,500 to 15,000 psi, and design stresses

in static compression and flexure from 8,000 to 12,000 psi, depending on the

yield strength of the particular alloy used.

In shear, a design stress of one-quarter of the typical ultimate shear

strength has in many cases been found satisfactory. A value of one-third

to one-half the tensile strength is usually adequate for the bearing design

stress. If the structure is subjected to heavy impact loading, all design stress

values for static loading should be reduced by one-half. At elevated tem-

peratures, they must be further reduced in accordance with the decrease in

mechanical properties with increase in temperature.

Since the mechanical properties of structural magnesium alloys vary

with the method of fabrication, different design stresses are used for ex-

truded shapes, tubing and sheet.

Magnesium members with thin sections, such as webs and outstanding

flanges, are more subject to failure by elastic local buckling than are iden-

tical sections of a material with a higher modulus of elasticity—a considera-

tion which may make additional strengthening of such members necessary

and which in turn makes larger weight savings possible.

Since both the modulus of elasticity and the compressive yield strength

are lower in structural magnesium alloys than in other structural metals, the

strength of magnesium columns is proportionately lower. Available data

indicate that the compressive yield strengths for magnesium alloys used for

structural purposes vary from 11,000 to 27,000 psi, depending upon the

alloy, heat treatment, cross-section, and method of fabrication.

The yield strength in compression of most wrought magnesium alloys is

about 60 to 70 per cent of the yield strength in tension. However, the aged

0-1 alloy has a yield strength in compression nearly equal to that in ten-

sion. This fact is important in the design of members which depend on the

yield strength in compression, such as short columns and compression

flanges or beams.

If yield strength alone is the determining factor, a nominal gain results

from substituting magnesium for some other metal.^ However, in members

subjected to bending, substantial weight saving results because a deeper

section can be used with magnesium.

While the weight increases as the first power, the strength increases as

the square, and the rigidity as the cube. Thus the somewhat lower me-

chanical properties and the considerably lower modulus of elasticity are
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simultaneously accounted for, and an equal strength member obtained with

an appreciable weight saving.

Table 15 illustrates the comparative yield strengths of some commonly

used materials.

Table 15. Comparative Yield Strengths of Metals

Yield
strength

(psi)

Specific yield strength
(Y.S./Sp.Gr.)

(psi)

Magnesium FS-1 hard 33.000

39.000

18,330

Magnesium 0-1 HTA 21,670

Aluminum 24ST 41,000 15,180

Aluminum 75ST
High strength-low alloy steel

72,000 26,670

(hot-rolled) 55,000 7,000

(heat-treated)

Austenitic stainless steel

125,000 15,840

(hard-rolled) 150,000 19,000

Wherever rigidity is the controlling factor in a structural magnesium

member, either in some of its parts or in its entirety, an increase in section

depth is the most efficient way of increasing stiffness to compensate for the

low modulus of elasticity, since stiffness in bending is proportional to the

modulus of elasticity and to the moment of inertia of the section.

Other properties and conditions of interest to the designer which are in-

fluenced by the low modulus of elasticity of magnesium are: resilience, col-

umn strength, collapsing strength of tubing, straightening characteristics,

springback in forming, and deflection in machining.

Magnesium alloys have good resistance to fatigue but—in common with

other metals, but to a higher degree in some forms and to some notches

—

are sensitive to the effect of notches and other stress-raising factors, which

reduce their endurance limits considerably.

Notches, sharp corners, abrupt changes and similar conditions, all of

which cause concentration of stresses, should be avoided in the design of

magnesium structures. Magnesium alloys are sensitive to stress concentra-

tion, hence conditions tending to cause such should be avoided.

In practice,^ necessary fabrication methods frequently will not permit

attainment of ideal stress distribution in a given part. Absence of sharp

corners and notches, generous fillets, beading of holes, rounding of sharp

comers, careful blending of joints of sections and carefully driven rivets

are the factors necessary if stress concentrations are to be avoided and the

structure is to have maximum fatigue strength.

Magnesium alloys for sheet, plate and strip can be obtained in the an-

nealed or in the hard-worked condition. In selecting a suitable alloy for a

specific purpose, the correct temper must be considered.
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High Strength properties are obtained in magnesium sheet by cold-

working it in the rolling process at the mill. When hard-rolled sheet is used

in highly stressed parts, the parts must be designed to permit forming at

temperatures which do not result in excessive annealing. Parts which are

not highly stressed or which require severe deformation are made in an-

nealed sheet, which may be heated to high temperatures without affecting

inherent metal properties.

The minimum cold-bend radius to which sheet may be subjected varies

with alloy, temper, thickness, the type of bending equipment employed, the

rate of bending, and the relation of the axis of the bend to the grain of the

sheet. In making 90° bends, a bending radius of 4 to 5 times the sheet

thickness for annealed stock 0.040 to 0.064 inch thick appears to be satis-

factory. In the hard temper the minimum bending radii should be at least

doubled.

The light weight of magnesium-base alloys makes possible the use of

stiffeners, large fillets or thicker webs without undue weight penalty.

The low modulus of elasticity can easily be compensated for by increas-

ing depth of sections, inasmuch as the stiffness of sections increases as the

cube of the depth.

Magnesium alloys are slightly softer than other structural alloys, and are

therefore more susceptible to mechanical injury. Where parts are subjected

to abrasive wear, the surface affected should be protected by a harder metal,

leather, fiber, rubber, etc., depending on the nature of the application.

Complete structures ® can be built from magnesium alloy with a consid-

erable saving in weight and an increase in stiffness if 0-1 magnesium

alloy extrusions in the heat-treated and aged conditions are used for con-

centrated members instead of aluminum. However, there is some question

as to whether the weight saving in severely formed members is sufficient

to balance the extra expense and complications required for hot-forming.

Consideration can be given, then, to the use of aluminum alloy for ribs

and other severely formed members, with magnesium alloy sheet covering

them.

Riveting

Riveting* is widely used for joining magnesium alloys where particu-

larly high strength of the joints is required. In order to minimize the pos-

sibility of galvanic corrosion in the joints, rivets of aluminum alloy 56S

are used, because the electrolytic potential between alloy 56S and mag-

nesium is comparatively low. Magnesium alloy rivets have not been found

satisfactory because of their low shear strength and the necessity for driving

hot, even in small sizes.

Other aluminum rivet compositions, namely, A17ST, 53S and 3S can be
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(Courtesy Dow Chemical Co., Midland, Mich.)

Figure 6. Rolling magnesium alloy sheet.

used, but with danger of contact corrosion. All rivets should be anodized.

The possibility of contact corrosion when using other than 56S alloy may
be reduced by coating rivets with zinc chromate primer.

Proper design ^ of riveted joints is essential if maximum strength is to be

obtained. The bearing strength of magnesium alloy sheet is 60,000 to 70,000

psi. Based on a single shear value of 8,000 psi for alloy 56S rivets, a rivet

diameter of 2^ times the sheet thickness will give a balanced design. To
avoid local stressing of the sheet, rivets should not be placed too close to-

gether; minimum spacing between rivets should be three times rivet

diameter.

Rivet holes should be drilled rather than punched, especially when ex-

posed to water or sea air.

Satisfactory joints or connections can be made in magnesium ^ with

bolts, studs or screws. Washers should be used under nuts at all times and

under bolt or stud heads when the bolt or stud is under tensile loading.

Bolts, studs and washers made from anodized aluminum alloy and zinc- or

cadmium-plated steel are preferred. The use of brass or nickel alloys is not

recommended because of the possibility of galvanic corrosion.

Figure 6 shows the rolling of magnesium alloy sheet in a two-high mill,

and Figure 7 shows the magnesium alloy sheet as it comes from the roller.



MAGNESIUM ALLOYS 45

(Courteay Dow Chemical Co., Midland, Mich.)

Figure 7. Rolling magnesium alloy sheet.
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Chapter IV

High Strength-Low Alloy Steels

High Strength-low alloy steels are used where light weight is desirable,

as in busses, trucks, trailers, street cars, road machinery, mine cars, railroad

equipment, ships, and other transportation units. As such equipment is

subjected to severe stresses and sudden shocks, whether used for railroads

or on the highways, ductility in the materials used for its construction is

essential. To permit the safe use of thin sections in stressed members, steel

with a high degree of corrosion resistance is necessary; otherwise the loss of

strength due to corrosion would be critical.

High strength-low alloy steels are proving economical also in applications

which are difficult to keep protected by paint coatings, such as coal-hopper

cars, coal-mine cars, parts of truck bodies and some industrial structures

and roofing. They are used extensively in bridges, buildings and other steel

structures; in the oil and chemical industries, and in power generation.

High strength-low alloy steels are a specific class of steels, in which en-

hanced mechanical properties and, in most cases, good resistance to at-

mospheric corrosion are obtained by incorporating moderate proportions

of one or more alloying elements, other than carbon. These steels are gen-

erally intended for applications where savings in weight can be effected by

their greater strength, and where better durability is obtained because of

their other desirable characteristics.

These steels are supplied to minimum mechanical properties and are nor-

mally furnished as-rolled, as-annealed, as-normalized, or as-stress-relieved.

They are intended for use without further heat treatment except for pre-

heating, postheating or stress-relieving operations, which are sometimes

used in conjunction with welding.

Some of the elements which impart strength to steel also increase cor-

rosion resistance, as for example copper, nickel, phosphorus, silicon, chro-

mium and molybdenum. Two or more of these elements in small percent-

ages, combined with low carbon and various proportions of manganese,

constitute the chemical compositions of the principal steels now included

in this group.

46
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Requirements

Requirements for lighter and more efficient structures are:

(a) Greater strength to permit a substantial increase in unit stresses, and
thereby make possible a proportionate decrease in section modulus. This

means the employment of lighter gauges.

(b) Greater degree of resistance to corrosion so that the rate of attack

will be retarded sufficiently to warrant the reductions made in the sections

employed.

(c) A composition that can be formed easily, hot or cold, readily welded

without heat treatment, and generally without the need of subsequent

annealing or stress-relieving.

(d) The above properties to be provided in the as-rolled condition of the

steel, because obviously large structures such as railroad freight and pas-

senger cars cannot be subjected to heat treatment after fabrication.

(e) All these improved properties to be integrated in a steel of relatively

low cost, because structures built from them must be comparable in cost to

ordinary steel.

The main requirements^ of a high strength-low alloy steel are high yield

and ultimate strengths; high elastic ratio (ratio of yield strength to tensile

strength) without undue loss of ductility; high resistance to fatigue and

impact; good weldability with standard equipment; better atmospheric cor-

rosion resistance than mild carbon steel; and low air-hardening properties

when welded or gas-cut.

These special steels provide engineers and production men with ductile,

low-alloy materials that do not necessitate radical changes in part or equip-

ment design, in shop equipment, or in shop methods. They can be easily

worked, either hot or cold, do not change characteristics during normal

cooling, but can be heat-treated if desired. They are high-strength steels

that are easily welded, sawed, sheared, punched, drilled, reamed and ma-

chined.

Alloying Elements

Copper, The copper content of an ordinary steel determines its degree

of resistance to atmospheric corrosion, and as the proportion of copper in-

creases to about 0.25 per cent, a progressive improvement is shown; 0.25 per

cent of copper in steel is sufficient to increase its resistance to atmospheric

corrosion to twice that of carbon steel containing no copper. In most high-

strength steels the copper content ranges up to 1.0 per cent, however, be-

cause the value of copper as a strengthening alloy is not effective below

0.7 per cent.

In copper steels only about 0.35 per cent of copper is held in solid solu-



48 MATERIALS ENGINEERING OF METAL PRODUCTS

tion at room temperature if the steel is slowly cooled, and the copper in

excess of this amount may precipitate from solution, unless other elements,

such as nickel or molybdenum, are present to hold it in solution. When the

copper content is greater than 070 per cent and the steel is heated to

about 900 to 1000® F. for 1 to 4 hours and cooled, the yield and ultimate

strengths of the steel are greatly increased, but with a decrease in impact

strength.

It has been established ^ that in the same atmosphere steels of 0.20 per

cent minimum copper content have approximately double the resistance

to corrosion of ordinary carbon steels containing no copper. The more re-

sistant high-strength steels have from 4 to 6 times the corrosion resistance

of ordinary steel.

Nickel also has been used extensively as an alloying element in steel to

impart corrosion resistance, to improve the physical properties and to refine

the grain structure. For most atmospheric corrosion resistance purposes,

nickel contents up to 2 per cent are generally used in the commercial high

strength-low alloy steels, together with other elements such as copper and

chromium.

The influences of both nickel and copper in a steel are additive, and are

beneficial to both the physical properties and the corrosion resistance.

Phosphorus up to as much as 0. 1 5 per cent has been observed to exert a

considerable effect in improving atmospheric corrosion resistance, particu-

larly in steels containing small amounts of other elements, such as copper,

chromium and nickel. The addition of phosphorus alone is not always prac-

tical from the standpoint of the physical properties desired in many ap-

plications, but it is successfully employed in some of the proprietary high

strength-low alloy steels, in addition to other elements.

Silicon has a somewhat beneficial effect on atmospheric corrosion re-

sistance up to about 1 per cent. Like phosphorus, however, silicon is not

commonly used alone for this purpose, but is employed in the high strength-

low alloy steels. At temperatures of from 1200 to 1500° F., silicon up to

4 per cent greatly increases the oxidation resistance of low-carbon steels,

especially when used as a supplement to chromium.

Chromium in small proportions toughens steel and increases its strength,

elastic limit and impact resistance. In larger percentages it forms hard car-

bides, giving greater wear resistance. It is generally used with nickel or

copper.

Molybdenum, usually associated with nickel, increases resistance to shock

and impact. It also raises the ultimate strength, hardness and toughness.

Molybdenum goes into solid solution in the iron, but when other elements

are present it forms hard carbides which increase wear resistance.
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Carbon. The carbon content is generally kept low, ranging from 0.08

to 0.25 per cent. Naturally, the higher carbon content produces steel of in-

creased yield and ultimate strengths, but as carbon is a most active harden-

ing element, it affects the air-hardening quality markedly. The lower the

carbon content the greater the ductility, weldability and corrosion resist-

ance of the steel. However, higher carbon contents give greater resistance

to abrasion.

The atmospheric corrosion resistance of high-strength steels varies with

the combination and content of those alloying elements most effective in

building up this resistance.

Alloys

The commercial high strength-low alloy compositions are marketed by

their manufacturers under various proprietary names and trade marks.

The chemical compositions of some of these alloys are shown in Table 16.

It is to be noted that in all cases the carbon content is not over 0.25 per

cent and the total alloy content in each is less than 4 per cent.

Table 16 . High Strength-Low Alloy Compositions

Alloying Elements (%)

.\lloy

Typo c Mn V Si Cu Ni Cr Mo Zr A 1

1 0.12 0 . 15- 0 .08 - 0 .35- 0 .35- — — 0 . 16- — —
max. 0.40 0.15 0.75 0.60 0.28

2 0.12 0 .20- 0 .07- 0 .25- 0 .25- 0.65 0 .50- — — —
max. 0.50 0.15 0.75 0.55 max. 1.25

3 0.12 0 .50- 0.04 — 0 .50- 0 .50- — 0.10 — —
max. 1.00 max. 1.00 1.10 min.

4 0.20 1.25 0.100 0.30 0.60 1.00 — 0.10 — —
max. max. max. max. max. max. max.

0.12 0.75 0.080 0.05 0.40 0.60 — 0.08 — —
avg. avg. avg. avg. avg. avg. avg.

5 0.12 0 .50 - 0 .05- 0.15 0 .95- 0 .45- — 0 .08- — 0 . 12-

max. 0.90 0.12 max. 1.30 0.75 0.18 0.27

6 0.25 1.40 0.045 0.25 0 .30- 0 .50- — — — —
max. max. max. max. 0.60 1.00

7 0.12 0 .50- 0 .08- 0 . 10- 0 .50- 0 .25- 0 .40- — — —
max. 1.00 0.12 0.50 0.70 0.75 1.00

8 0 .08- 0 .50- 0.04 0 .60- 0.25 0 . 10- 0 .50- 0.15 0 .05- —
0.15 0.75 max. 0.90 max. 0.25 0.65 max. 0.15

9 0.15 0 .90- 0 .08- 0.10 0.30 Re- Re- — — —
max. 1.40 0.13 max. min. sid. sid.

JO 0.15 0.75 0.10 0.30 0 .75- 1 .50- — — — —
max. max. max. max. 1.25 2.00

11 0.12 0 .50- 0 . 10- 0.30 0 .90- 0 .45- — — — —
max. 0.70 0.15 max. 1.25 0.65

12 0.25 1 . 10- 0.045 0.30 0.^ — — — — —
max. 1.60 max. max. min.
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Properties

Typical tensile properties for the alloys shown in Table 16 are given in

Table 17. The data given are for plate inch thick in the hot-rolled con-

dition.

Table 17, Typical Mechanical Properties

Alloy Yield pt., Ten. str., Min. elong.

Type min. (psi) min. (psi) in 2''

1 50,000 70,000 22

2 50,000 70,000 23

3 50,000 70,000 22

4 50,000 65,000 25

5 50,000 70,000 22

6 50,000 70,000 22

7 50,000 70,000 22

8 50,000 70,000 23

9 50,000 70,000 25

10 50,000 70,000 22

11 55,000 70,000 20
12 50,000 75,000 20

Two English alloys analyzing 0.30 carbon, 1.0 manganese, 1.1 chro-

mium, 0.5 copper and 0.20 carbon, 1.35 manganese, 0.47 chromium, 0.9 sili-

con show tensile strengths of 83,000 to 97,000 psi, yield strengths of 51,000

to 65,000 psi, elongations of 17 to 21 per cent and reductions of area of

40 to 54 per cent. They are used in trams, busses, railroad cars, and ship

deck and side plating.

Characteristics

These high-strength steels ^ are better than ordinary steels in notch tough-

ness; this superiority is reflected in superior performance in actual service.

A structure built of high-strength steel, as compared with a similar and

correspondingly heavier one of ordinary steel, will exhibit higher resistance

to fracture under overload at notches, re-entrant angles, or under other

conditions of restraint.

Wherever elastic buckling is objectionable from the standpoint of ap-

pearance, the flat sheets are commonly stiffened with corrugations or re-

inforced with light stiffening agents to prevent the formation of buckles.

These stiffening agents are usually cold-formed angles, zees, channels or

hat sections, and in many instances it is possible to utilize them as integral

parts of the stress-carrying members.

This material also has remarkable resistance to fatigue. The importance

of fatigue corrosion resistance cannot be overemphasized when designing

light-weight construction parts which are subject to vibration or repeated

reversals of stress. Truck-body panel sheets, railroad-car side sheets, and
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Other types of steel sheets and sections do not need the excessive weight

necessary for stiffness when made from such highly fatigue-resistant steels.

Another advantage in using these steels for weight saving is that their

ratios between yield strength and ultimate strength are very high—about

70 per cent instead of 60 per cent, as in straight-carbon steels. They also

possess a ratio of proportional limit—yield strength of around 90 per cent.

These two features allow the designer to use much higher working stresses,

and thus take greater advantage of the alloy's tensile strength in reducing

weight in the various types of construction where weight saving is of prime

importance.

One of the popular alloys is No. 10 (called 'Toloy" by the manufac-
turer). The following discussion of this material is indicative of the char-

acteristics and properties of the other proprietary steels being used for light-

weight construction. The improved properties of this alloy* are obtained by
the addition of nickel and copper and are due to the grain-refining influence

of these elements. They appear to best advantage when compared to those

of plain-carbon steels.

'Toloy" has 50 per cent greater tensile strength than plain-carbon steels

of the same carbon content, and 65 to 75 per cent greater yield strength.

Its ductility is better, hardness is the same, and impact strength is 20 to

30 per cent greater than the corresponding values of carbon steels of the

same strength. 'Toloy” has a typical Charpy impact value of 120 foot-

pounds and a typical endurance limit of 45,000 psi. In addition, it has re-

markable impact properties at low temperatures, as indicated in Table 18,

Table 18

Tens. Htr. Charpy impact strength in ft.-lbs. at

(psi) 70° F. 32® F. 0® -25® F. -50® F. -75® F. -100® F.

79.000 55 44 25 15 10 8 5

78.000 130 130 128 125 115 95 70

comparing the Charpy impact value at various temperatures with those

obtained for SAE-1035. This high resistance to shock greatly increases the

usefulness of this steel in applications involving high strength and re-

sistance to shock, in widely varying temperature ranges.

“Yoloy” steels are generally furnished for use in the rolled condition to

meet the minimum physical properties shown in Table 19. A normalizing

treatment improves its strength and hardness, and an annealing operation

its ductility. “Yoloy” sheets can be furnished by special arrangements with

the producer to meet physical properties higher than those shown in

Table 19. For these applications higher-carbon grades with or without

modified heat treatments are also furnished. An increase of approximately

1 5,000 to 20,000 psi in both yield strength and ultimate strength may be

Alloy

SAE-1035
Alloy No. 10
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Table 19. Physical Properties of Hot-rolled Yoloy”

{Alloy No. 10)

Per
cent

carbon

Size of

rolled
material

Size of

test

specimen

Yield
point
(psi)

Tensile
strength

(psi)

Elongation
per cent

Reduc-
tion of

area
(per
cent)

Impact
Charpy

(ft.-

Ibs.)

Rock-
well
hard-
ness
"B”2 in. 8 in.

Round Full Section 58,000 71,000 — 28.5 58 — —
Round 0.505" Round 61,000 75,000 32.0 — 60 43 84

Vs" Plate IH" X K" 53,000 70,000 — 27.0 — — —
0.08 Plate IH" X 58,000 71,000 — 24.0 — — —

14" Strip H" X Vs" 63,000 76,000 24.0 — — —
14 Ga. Strip H” X 14 Ga. 68,000 78,000 26.0 — — —

Round Full Section 60,000 77,000 — 25.5 60

0.15 Round 0.505" Round 64,000 82,000 28.5 60 41 85

H" Plate 1H"X Vs" 61,000 80,000 — 22.0 — — —
H" Plate 1^"X 1^" 65,000 83,000 — 23.0 — — —
8 Ga. Strip X 8 Ga. 65,000 84,000 26.0 — — — —

Round Full Section 64,000 91,000 — 24.5 27 90

H" Round 0.505" Round 68,000 93,000 27.0 — 57 — 89
0.22 H" Plate 1H"X H" 66,000 90,000 — 22.0 — —

Plate m'XVs" 69,000 95,000 — 22.5 — — —
H" Plate VA" X H" 69,000 94,000 — 21.5 — — __

H" Strip A" X yi” 71,000 98,000 20.0 — — — —
_,J

14 Ga. Strip Vi' X 0.074"
i 81,000 100,000 19.5 — — — —

Table 20, Typical Physical Properties of N~A~X Steel

Property Plate iJie" Plate
as-rolled as-rolled

; 1 4-ga. Hheet
as-rolled

20-ga. Sheet
cold-rolled

and annealed

Tensile strength (psi) 75,500 76,500 78,000 75,330
Yield strength (psi) 52,000 53,000 56,000 50,500

% Elongation in 8" 27 25 25 23

16 Gauge Hard Cold-rolled Sheets

Tensile strength 129,900

Yield strength 125,700

% Elongation in 2" 8

% P]longation in 8" 4

Physical properties of 1" round bar heat-treated by quenching from 1630° F. and
tempering at indicated temperatures:

Temper
400® F.

Temper
800® F.

Temper
1100^ F.

Tensile strength (psi) 170,000 140,000 104,000
Yield strength (psi) 127,000 105,000 85,000

% Elongation in 2" 12 16 26
Reduction of area 36 54 67
Izod impact 38 53 98
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obtained by heating to 900-950° F. for 4 to hours, followed by air-

cooling. Although the lower-carbon grades of “Yoloy” are not generally

heat-treated by quenching and tempering, the higher-carbon grades may be

made to produce still better physical properties by quenching from 1550° F.

and tempering.

Another manufacturer’s grade of high strength-low alloy steel (Alloy

No. 8 in Table 16) contains about 0.5 per cent chromium and about 0.1

per cent zirconium. Claims for the properties® of this material known as

'‘N-A-X High Tensile” are shown in Table 20.

Alloy No. 11 (Table 21), known commercially as “Hi-Steel,” shows the

following properties as compared to ordinary structural steels.

Inland “Hi-Steel” has a working stress nearly twice that of ordinary

structural steel, a fatigue strength approximately one-third greater, four to

five times the resistance to corrosion, and high abrasion resistance. An even

higher yield point can be achieved in many applications by precipitation-

hardening, a simple low-temperature heat treatment.

Table 21. Tensile Properties (34” Plate)

Inland " Ili-Steel”
Ordinary

structural steel

Yield strength (psi) 62,000 37,000
Ultimate strength (psi) 74,000 66,000

Klongation in 8" 24 24

% Reduction in area 60 53

Endurance Limit

Fatigue strength 49,000 33,000

Charpy Impact Resistance

Temperature
r K)

Inland " Hi-Steel”
(ft.-lbs.)

Ordinary
structural steel

(ft.-lbs.)

80 55.3 36
32 43.1 33

15 39.5 29

0 36.3 26
-10 36.8 16

-25 33.7 6

-50 30.4 2

Physical Properties for Rivet Design

Inland " Hi-Steel”
Ordinary

structural steel

Shear strength (psi) 66,000 44,000

Bearing strength (psi) 115,000 95,000

"Mayari-R” corresponds in composition to Alloy No. 7 in Table 16.

Typical properties • of this alloy in sheets and plates are given in Table 22.

“Dynalloy," “Otiscoloy,” ‘‘Cor-Ten’’ and "Man-Ten" are other com-
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Table 22. Properties of
** Mayari-R”

SiEe
Yield
point
(psi)

Tensile
strength

(psi)

Elongation
(% in 8 in.)

Brinell
number

Bend
test

14 ga. 52,600 70,400 23.3 145 flat

in. 57,600 71,900 28.0 137 Hat

H in. 58,200 78,400 28.0 156 flat

J4in. 54,900 78,400 25.5 152 flat

mercial alloys of this type. “Dynalloy’' corresponds to Alloy No. 4 in

Table 16, while “Otiscoloy” corresponds to Alloy No. 9, “Cor-Ten’' to

Alloy No. 2, and ‘"Man-Ten” to Alloy No. 12.

U.S.S. “Cor-Ten” is sold to minimum mechanical properties^ as shown

in Table 23.

Table 23. Properties of ‘

‘

Cor-Ten'"

Property
and Over Vi" to

under l"inol.

Yield strength (psi)

Tensile strength (psi)

% Elong. in 2"

% Elong. in 8" (Jfe" and heavier)

Cold bend

50.000

70.000

22
1,500,000

T.S.

180^ D = \t

47.000

67.000

1,500,000

T.S.

180° D = 2/

Over 1" to
2" incl.

45.000

65.000
22

1,500,000

T.S.

180° D =

U.S.S. “Man-Ten” is a manganese-copper high-strength steel ^ and is sold

to minimum mechanical properties as shown in Table 24.

Table 24. Properties of Man-Ten**

Property H" and Over to
under 1" incl.

Yield strength (psi)

Tensile strength (psi)

% Elong. in 2"

% Elong. in 8" (Jf e” and heavier)

Cold bend

50.000

75.000

20

1,500,000

T.S.
'

180° D = U

47.000

72.000

1,500,000
" TS\

180° D = 2(

Over 1" to
2" incl.

45.000

70.000

20

1,500,000

T.S.

180° D = 3/

Forming

Despite their high yield points these alloys can be satisfactorily cold-

formed and cold-worked. However, because of their greater strength they

generally require more force to produce a given amount of permanent set

in sections of equal thickness. When working with high-strength steel,

somewhat greater allowance for springback must be provided in the form-

ing dies.

The changes in practice necessary for cold-forming high-strength steel

consist chiefly in making provision for more liberal radii of bends, slightly

increasing die clearances, and allowing for more back spring. It is recom-
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mended that, for cold-forming, the inside radius of the bend be at least

equal to the thickness of the material up to inch inclusive; at least twice

the thickness of material for thicknesses over to 34 inch inclusive, and

three times the thickness of material for thickness over 34 inch to ^ inch

inclusive. High-strength steels of drawing quality can be worked with

somewhat smaller radii than those recommended above.

High-strength steels^ are readily hot-formed, and this practice is uni-

versally recommended for all thicknesses in excess of 34 inch. Temperatures

of 1450 to 1600° F. at the dies usually give most satisfactory results. Be-

cause of their low alloy content, these steels do not harden appreciably

upon cooling from hot-forming temperatures, either in air or by the quench-

ing action of the cold die surfaces. The mechanical properties of these steels

are only slightly affected by hot-forming; hence, no subsequent heat treat-

ment is necessary to restore their original properties.

Corrosion Resistance

The constructional high strength-low alloy steels, by virtue of the pres-

ence of relatively small amounts of a number of elements, have superior

strength and clastic properties and better atmospheric corrosion resistance

than either mild-carbon steel or ordinary steels containing residual copper.

Service experience and an exhaustive testing of samples in various at-

mospheres have demonstrated clearly that the superior atmospheric cor-

rosion resistance of certain high-strength steels is due to the more dense,

tightly adherent, and highly protective rust coat, or oxide film which forms

on their surfaces. This film is uniform and is particularly free from spalling

and the formation of tubercules which aggravate pitting and cause cor-

rosion to progress steadily. This oxide film is harder than that on carbon

steel and adheres more tenaciously to the base metal.

Paints and other protective coatings ^ possessing good atmospheric cor-

rosion resistance, such as zinc and certain enamels, adhere better to high-

strength steels than to ordinary steels. Galvanized high-strength steels are

sometimes required in special applications where corrosion is severe, as

when chlorides are present. These steels, when galvanized, are much more

resistant to salt conditions than galvanized copper-steel, which in turn is

superior to galvanized ordinary steel.

Figure 8 shows time-corrosion curves® for steels typical of their classes

after exposure to industrial atmospheres. The higher the copper content of

the Steel, the lower the corrosion rate. The commercial high strength-low

alloy steels show remarkably greater corrosion resistance than ordinary car-

bon structural steels containing no copper or just residual copper.

The Inland Steel Company® has published a series of corrosion-time

charts as shown in Figure 9. Curves A and B show the per cent loss in
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Figure 8. Time-corrosion curves for steels typical of their classes after exposure
to industrial atmosphere.

strength and in weight due to corrosive action on “Hi-Steel/’ copper-bearing

steel, and ordinary structural steel, while curves C record corrosion of coal

containers and show that the advantage of “Hi-SteeK' increases with dura-

tion of exposure.

Welding

High strength-low alloy steels are as readily weldable as mild carbon

steels, and may be welded by the electric arc, resistance or gas processes with

a minimum of hardening or embrittlement. They can readily be welded to

each other and to ordinary steel. Though their weldability is excellent,

variations may result from differences in chemical composition, metallurgi-

cal characteristics, physical properties, type of electrode and welding tech-

nique employed, treatment prior to welding, and treatment after welding.

Low-carbon steels, in general, are relatively easy to weld.

All these alloys undergo structural changes as a result of the welding

operation. These changes are a function of the chemical composition of

the material, the temperature obtained during the welding operation, and

the rate of cooling from the molten state.

For good weldability high strength steels should have a carbon content

below 0.20 per cent. As a result they do not air-harden, are easily welded,

and the resulting welds have good physical properties in the ''as-welded*'

conditions. Steels with carbon content over 0.20 per cent should be pre-
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heated before welding and subsequently heat-treated for most satisfactory

results.

Shielded-arc electrodes of the same alloy as the base metal are generally

used to weld these materials. The resulting welds have physical properties

very close to those of the annealed base metal.

Design

High strength and corrosion resistance^ make possible three different

approaches to the problem of light weight construction
: (1) to design the

structure to have the same life as one built of ordinary copper steel but

with a substantial weight saving; (2) to design for the least dead weight

to secure the greatest economic advantages, but at the risk of a somewhat

shorter service life; and (3) to use the same thickness of sections as in

ordinary steel and secure greater strength and longer service life.

Because of their greater strength, toughness, fatigue limit and corrosion

resistance, the high tensile-low alloy steels ordinarily permit reduction in

sectional thickness of as much as 25 per cent. This means 33}^ per cent

more units per ton of steel, with actual improvement in the strength and

durability of the finished products; and because they have exceptional

ductility for high-strength steels, they can be deep-drawn and formed into

intricate shapes.

In applications * where reduction in weight is important the high strength

of these alloys permits weight savings proportional to the comparative

strengths of the alloy and mild steel, provided due consideration is given

the engineering principles involved. Where the stresses are in tension only,

direct reduction of sections can be made in proportion to the increased

strength of the alloy over that of mild steel.

Where a combination of stresses resolving themselves into bending are

involved, load-carrying capacity can be increased, but deflections will in-

crease directly. Direct substitution of thinner or lighter sections must be

attended by a certain amount of caution, because only certain applications

exist where weight can be saved proportional to the increase in strength

without risk of buckling or crumpling. These dangers may be overcome by

redesigning the section so that full weight-saving advantage of the alloy's

high strength can be realized. A more efficient distribution of the metal

in a section will allow a reduction in weight and increase its load capacity

without sacrificing rigidity.

High strength-low alloy steels® offer two great advantages to designers

and users of mobile steel equipment and steel structures: (1) their re-

markable resistance to corrosion and (2) their great strength combined

with high ductility, which permits either lighter weight construction without

sacrifice of strength and safety, or increased strength without added weight.
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Designers realize that the factors ® governing allowable working stresses

in a material are the yield point and the endurance or fatigue limit, rather

than the ultimate tensile strength. These alloys have been developed with

{Courtesy Bethlehem Steel Co., Bethlehem, Pa.)

Figure 10. Suspension bridge.

a high yield strength and a correspondingly high endurance limit—almost

double that of common low-carbon steel. As a result, they permit high work-

ing stresses.

Figure 10 shows the Orleans suspension bridge on highway 96 spanning

the Klamath River, Humboldt county, California. The two girders for

the 360-ft. span are made of 30-in., 108-lb. “Mayari R” sections. These
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girders were fabricated as chords of the dead-load camber curve and were

fully spliced at 36-ft. lengths. The total weight of these girders is 87,000

pounds. Girders of equivalent strength fabricated from ordinary structural

steel would have weighed 1 19,000 pounds, or 27 per cent more than those

iCourteay Camegie-Illinoia Steel Co., Fitteburgh, Fa.)

Figure 1 1 . Air dump car.

of "Mayari R.” The bridge was designed by the State of California and
was fabricated by the J udson-Pacific Company.

Figure 1 1 shows an air dump car where appreciable reduction in weight

without loss in strength is attained by the U.S.S. "Man-Ten” steel.

The proprietary names indicated in this section for the various com-
mercial high strength-low alloy steels are registered trade marks of the fol-

lowing manufacturers:

"Aldecor": Republic Steel Corp., Cleveland, Ohio

"Cor-Ten”: Carnegie-Illinois Steel Corp., Pittsburgh, Pa.

"Dynalloy": Alan Wood Steel Co., Conshohocken, Pa.

"Hi-Steel”; Inland Steel Co., Indiana Harbor, Indiana

"Man-Ten”: Carnegie-Illinois Steel Co., Pittsburgh, Pa.

"Mayari R”: Bethlehem Steel Co., Bethlehem, Pa.

"N-A-X High Tensile”: Great Lakes Steel Corp., Detroit, Mich.

"Otiscoloy”: Jones and Laughlin Steel Co., Pittsburgh, Pa.

“Yoloy": Youngstown Sheet and Tube Co., Youngstown, Ohio
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Chapter V

Stainless Steel

Of the many possible elements which may be alloyed with iron or steel,

chromium is the only one yet found that has the unique property of im-

parting to them remarkable resistance to corrosion and oxidation at *a

reasonable cost. It fortifies the entire body of metal against attack by de-

structive agents.

The amount of chromium required to produce true stainless characteris-

tics is determined largely by the analysis of the iron or steel to which it is

added, especially with respect to the carbon content. Theoretically, slightly

more than 10 per cent of chromium will give definite stainless properties to

pure iron; for maximum corrosion resistance with minimum chromium, a

low carbon content is desirable. However, where the nature of the applica-

tion demands greater hardenability, a higher carbon content is essential.

Gradual increases in chromium yield progressive though not proportional

increases in corrosion and heat resistance, and also cause fundamental

changes in the physical characteristics and structure of the steel.

In combination with chromium, other elements may be alloyed with iron

to obtain special characteristics. The most important of these elements is

nickel. When both nickel and chromium are added, the resulting alloy, of

which the well-known 18-8 is a type, is extremely ductile, highly resistant

to corrosion and particularly well adapted to cold-forming operations. Ele-

ments such as molybdenum and sulphur impart special characteristics.

Variation of the combination and proportion of the alloying elements re-

sults in the many different grades of stainless steel.

Classification

Stainless steels may be divided into two classes: (1) chromium-nickel

grades and (2) straight-chromium grades. Most types of chromium-nickel

stainless steels are essentially austenitic in grain structure, non-magnetic,

and non-hardenable by heat treatment, but hardenable by cold-working.

Straight-chromium stainless steels may be subdivided into two groups:

those ferritic in grain structure, magnetic, and non-hardenable by heat
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treatment; and those martensitic in grain structure, and hardenable by heat

treatment.

Although many different grades of stainless steel have been developed

for various purposes, those best suited for cold-rolling to produce high

strength are the austenitic chromium-nickel compositions. Only the non-

hardenable austenitic steels are used extensively for light weight, high

strength construction owing to their superior resistance to corrosion, good

workability and excellent weldability, combined with high strength and

excellent ductility.

The stainless steels are designated by American Iron and Steel Institute

(AISI) type numbers in accordance with their chemical composition, as

shown in Table 25. The austenitic grades are typed in the 300 series, the

Table 25. Chemical Composition of Some Wrought Stainless Steels

Alloy
type

Carbon Chromium Nickel Manganese Silicon Other elements

301 0.08/0.20 16.0/18.0 6.0/8.0 2.0 max. 0.75 max.
302 0.08/0.20 17.0/19.0 8.0/10.0 2.0 max. 0.75 max.
302B 0.08/0.20 17.0/19.0 8.0/10.0 2.0 max. 2.0/3.0 f

P or S or Se 0.07

303 0.15 max. 17.0/19.0 8.0/10.0 2.0 max. 2.0 /3.0 — <
! min.

304 0.08 max. 18.0/20.0 8.0/10.0 2.0 max. 2.0/3.0 i

[
Ti or Mo0.60max.

308 0.08 max. 19.0/21.0 10.0/12.0 2.0 max. 2.0/3.0

309 0.20 max. 22.0/24.0 12.0/15.0 2.0 max. 2.0/3.0

310 0.25 max. 24.0/26.0 19.0/22.0 2.0 max. 1.50 max.
316 0,10 max. 16.0/18.0 10.0/14.0 2.0 max. 0.75 max. Mo- 2.0/3.0

317 0.10 max. 18.0/20.0 11.0/14.0 2.0 max. 0.75 max. Mo 3.0/4.0

321 0.10 max. 17.0/19.0 8.0/11.0 2.0 max. 0.75 max. Ti 5 X C min.

329 0.20 max. 23.0/28.0 2.5/5.0 2.0 max. 0.75 max. Mo 1.0/2.0

347 0.08 max. 17.0/19.0 9.0/12.0 2.0 max. 0.75 max. Cb 10 X C min.

403 0,15 max. 11.5/13.0 1.0 max. 1 .00 max.
405 0.08 max. 11.5/13.5 1.0 max. 1.00 max. A1 0.10/0.30

410 0.15 max. 11.5/13.5 1.0 max. 0.75 max.
416 0.15 max. 12.0/14.0 1.0 max. * 0.75 max. Same as type 303
420 over 0.15 12.0/14.0 1.0 max. 0.75 max.
430 0.12 max. 14.0/18.0 1.0 max. 0.75 max.
430F 0.12 max. 14.0/18,0 1.0 max. 0.75 max. Same as type 303
431 0.20 max. 15.0/17.0 1.25/2.50 1.0 max. 0.75 max.
440A 0.60/0.75 16.0/18.0 1.0 max. 0.75 max. Mo .75 max.
440B 0.75/0.95 16.0/18.0 1.0 max. 0.75 max. Mo .75 max.
440C 0.95/1.20 16.0/18.0 1.0 max. 0.75 max. Mo .75 max.
442 0.35 max. 18.0/23.0 1.0 max. 0.75 max.
443 0.20 max. 18.0/23.0 1.0 max. 0.75 max. Cu 0.90/1.25

446 0.35 max. 23.0/27.0 1.5 max. 0.75 max.
501 over 0.10 4.0/6.0 1.0 max. 0.75 max.

502 0.10 max. 4.0/6.0 1.0 max. 0.75 max.
414 0.15 max. 11.5/13.5 2.5 max. 1.0 max. 0.75 max.
431 0.20 max. 15.0/17.0 2.5 max. 1 .0 max. 0.75 max.

straight-chromium grades (above 11.5 per cent chromium) are typed in

the 400 series, while the low-chromium grades (betweei^ 4 and 6 per cent

chromium) are typed in the 500 series for differentiation and designation.
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Alloying Elements

In both the straight-chromium and chromium-nickel compositions, ad-

ditive elements ® are included to modify the properties of the original stain-

less steel composition. Thus such elements as silicon, copper, manganese,

molybdenum, selenium, sulphur, titanium, columbium, tungsten, etc., are

added in varying percentages, the amount depending upon the effective-

ness of the alloying component and the desired properties of the composi-

tion. The effects of these elements in a regular stainless steel composition

may be enumerated as follows;

(1) Both tungsten and molybdenum increase the strength at high tem-

peratures. Tungsten may be added up to 3 per cent, and molybdenum up

to 4 per cent.

(2) Silicon and aluminum improve the resistance to scaling. Silicon can

be added up to 3 per cent and aluminum to from 3 to 4.5 per cent.

(3) Columbium or titanium stabilizes the austenitic stainless steels

against carbide precipitation and minimizes the tendency toward inter-

granular corrosion. Columbium, being a carbide former, is added to the

minimum amount of 10 times the carbon content, while titanium, also a

carbide former but a more effective one, is added in the amount of 4 to

6 times the carbon content.

(4) Sulphur or selenium improves the machinability of both the straight-

chromium steels and the austenitic 18-8 type. They are added with either

manganese or molybdenum as the balancing component.

(5) Other elemental additive agents are either manganese, copper or

nickel. Manganese is added up to 2.0 per cent to improve the hot-working

characteristics of the austenitic alloys; the copper additions may vary from

I to 4 per cent to improve the resistance to corrosion from chlorides; and

nickel up to 2 per cent to certain grades of straight-chromium steels to im-

prove hardenability and also resistance to salt-water corrosion.

Straight-Chromium Steels

The straight-chromium steels are classified according to their harden-

ability; thus those compositions that are hardenable when subjected to a

normal heating and quenching cycle are known as the martensitic stainless

steels, because of the normal martensitic structure that is obtained in

hardening; the non-hardenable types are termed ferritic stainless steels,

since the normal structure obtained upon any type of heating and cooling

is ferritic.

The degree of hardenability is dependent upon the chromium and the

carbon content. In the hardenable grades the former may be as high as

16 per cent. The ferritic types of straight-chromium steels usually have a
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higher chromium content—over 16 per cent—accompanied by a carbon

range of from 0.12 to 0.35 per cent.

The two grades of straight-chromium steels which may be used for mem-
bers in certain types of structures are less weldable and less corrosion-

resistant than the austenitic chromium-nickel steels. Type 410, containing

1 1.5 to 13.5 per cent chromium, can be hardened by heat treatment to high

physical properties. It is suitable for use where good physical properties are

desirable and exacting corrosion problems, such as stain resistance, are not

paramount. The best corrosion resistance is obtained in the heat-treated

condition. Type 430, containing 14 to 18 per cent chromium, cannot be

hardened by heat treatment. This alloy can be welded, which leads to grain

growth with some loss in ductility and toughness. For this reason, it is not

recommended for welded sections which will be exposed to shock or vibra-

tion in service.

The 12 per cent chromium alloys in normal atmosphere will become

slightly discolored by the formation of a visible film on the surface of the

metal, but this film will protect the metal from any further attack. Thus, the

12 per cent chromium steels find wide application for resisting service con-

ditions which are not too severe, and where a slight discoloration of the

surface during service can be tolerated.

The addition of 16 to 18 per cent chromium to iron produces a steel

which under atmospheric conditions forms a sufficiently protective film

without any discoloration of the surface of the metal. The addition of nickel

improves the stability of this film and renders its formation easier. About

2 per cent nickel in a 16 per cent chromium steel makes the alloy respond

to a hardening heat treatment.

Chromium-NickerSteels

When added in sufficient quantity to the ferritic straight-chromium steels,

nickel changes the structure from ferrite to austenite; and with this change

increased ductility, toughness and strength at normal and elevated tempera-

tures are obtained. Over the range of composition from 16 to 20 per cent

chromium and 6 to 12 per cent nickel a wide variety of different types of

austenitic stainless steels can be obtained by properly proportioning the

amounts of carbon, chromium and nickel. These vary from material with

a high rate of work-hardening, which can be cold-rolled into high-tensile

sheets, to steels with a very low rate of work-hardening that lend them-

selves readily to spinning and deep-drawing operations. The commercial

classific*ations do not take this variation in mechanical properties with com-

position into account, and therefore where specific compositions are neces-

sary to obtain desired results, restricted composition under a given type

must be used. Thus, more than one grade is made under some of the types
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of stainless steel, in order to obtain the composition best suited for various

applications, such as drawing or spinning stock or high-tensile cold-rolled

sheet.

The austenitic steels are therefore iron-chromium-nickel steels in which

nickel exceeds about 6 per cent, and nickel plus chromium exceeds about

24 per cent, with or without moderate additions of other elements. These

steels in the annealed condition are normally non-magnetic. While they

cannot be hardened by quenching, they may be hardened materially by

cold-working and in such case become slightly magnetic. In the annealed

condition they possess greater ductility and toughness than ordinary steels.

Included in this group are the 17-7, 18-8, 16-12 Mo, 18-8 Ti, 18-10 Cb,

25-12 and 25-20 grades.

Grade 17-7 (Type 301) is an austenitic chromium-nickel stainless steel

used for both inside and outside trim and for structural purposes where no

welding or other heating will involve the effects of the precipitation of

intergranular carbides. It is a general utility stainless steel that is easily

cold-worked and meets the requirements of a number of forming and draw-

ing operations where good corrosion resistance, combined with ductility, is

required. Its relatively high carbon content makes it sensitive to carbide

precipitation.

Grade 18-8 (Type 302) possesses the best combination of resistance to

corrosion and desirable mechanical properties. The composition is so pro-

portioned that the steel has the proper degree of work-hardening to make
what is considered to be the best deep-drawing steel of all the stainless

grades. Because of its great ductility and exceptional toughness, it can be

severely drawn, spun, rolled, machined or otherwise worked in the cold

state.

Grade 18-8, Type 303, is similar to Type 302. The only difference is that

elements which aid machinability have been added to the regular Type 302

composition. These additions detract to some extent from the corrosion

resistance. Type 303 is known as the 'Tree-machining^' or "free-cutting"

grade of austenitic stainless steel.

Grade 19-9 (Type 304) is similar to Type 302 except that the carbon

content is held at a maximum of 0.08 per cent. This grade is weldable with

less danger of intercrystalline corrosion or embrittlement. The lower carbon

content minimizes the susceptibility to intergranular corrosion, which may
result from the carbide precipitation that takes place in the higher carbon

18-8 alloys when the metal is heated within the temperature range of 800

to 1600® F. This low-carbon grade is not ordinarily required for welded

construction subject only to atmospheric conditions.

Grade 16-12-2 (Type 316) has superior resistance to chemical corrosion.

The addition of 2 per cent molybdenum to "18-8" combats pit type cor-
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rosion owing to aqueous solutions containing chloride ions. The molyb-

denum also acts somewhat as a stabilizing agent, thereby slightly decreas-

ing the tendency toward carbide precipitation and susceptibility to inter-

granular corrosion. In this composition the addition of molybdenum to-

gether with the slight increase in nickel over the Type 304 grade improves

the strength and corrosion resistance.

Grade 18-12-3 (Type 317) has higher alloy content than Type 316 for

increased strength and corrosion resistance.

Grade 18-8 Ti (Type 321) is an ''18-8'" type stabilized against inter-

crystalline corrosion and embrittlement due to welding. The alloy is sta-

bilized with a minimum percentage of titanium equal to four times the

carbon content to prevent carbide precipitation at the grain boundaries.

Grade 18-10 Cb (Type 347) is a stabilized '‘18-8'' stainless steel for

welded structures. The alloy is stabilized with a minimum amount of

columbium equal to ten times the carbon content to render it immune to

intergranular corrosion and to weld decay. The addition of columbium
prevents harmful carbide precipitation. It is used principally for welded

equipment which cannot be annealed and quenched after welding and

where service conditions are severe.

Grade 20-10 (Type 308) has a higher content of chromium and nickel

than standard 18-8 stainless steel. It is used when a greater corrosion re-

sistance than “18-8” metal is needed.

Grade 25-12 (Type 309) combines high scaling resistance and good

strength. It is used for elevated temperature applications. A special grade

of Type 309 with lower carbon content permits welded fabrication with a

minimum of carbide precipitation. Both grades are ductile, easily welded,

machinable, and have excellent corrosion resistance.

Grade 25-20 (Type 310) is similar to “25-12” stainless, but with higher

nickel content for greater resistance at welding temperatures. Types 308,

309 and 310 are primarily heat resistant grades in which the chromium con-

tent is usually high enough to obtain resistance to scaling up to approxi-

mately 2000° F., with sufficient nickel to keep the alloy in an austenitic

condition. Type 310 is the most stable of these three grades.

All austenitic chromium-nickel stainless steels of the 18-8 type, when

heated in the temperature range from approximately 800 to 1600° F. pre-

cipitate chromium carbides at the grain boundaries and, as a result of this

depletion of the chromium, are susceptible to rapid disintegration by inter-

granular corrosion when they come into contact with certain liquid cor-

rosive media. To avoid this, the regular austenitic alloys must be given a

heat treatment which consists of rapid cooling from a sufficiently high tem-

perature to put the carbides into solid solution and prevent them from

precipitating during cooling. When these stainless steels are properly al-
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loyed with either columbium or titaniuiri, they are no longer susceptible

to intergranular corrosion since the carbides are stabilized.

Properties

The non-hardenable austenitic stainless steels in general have a tensile

strength of 80,000 to 100,000 psi in the annealed condition and excellent

ductility. This strength cannot be increased by heat treatment, but can be

materially increased by the cold-working of thin sections. It is possible to

secure as high as 200,000 psi in cold-rolled sheet and strip, and as high

as 300,000 psi in cold-drawn wire. They do not suffer any great loss in

impact strength or ductility at very low temperatures.

These steels, being susceptible to work-hardening, develop excellent re-

sistance to abrasion or surface rubbing. They are capable of taking a

ground and polished surface in a wide variety of finishes and lusters, rang-

ing from a dull gray or silvery pickled finish, through the popular ground

satin finish up to the highly polished mirror finish.

in Table 26 are given the typical physical and mechanical properties of

annealed 18-8 Type 302 stainless steel.

Table 26. Physical Properties
^
Annealed 18~S Steel

Tensile strength (pai)

Yield point (psi)

Elongation in 2" ( %)
Reduction of area ( %)
Brinell

Charpy
Izod impact strength (ft.-lb.)

Thermal conductivity (Btu/sq. ft. /hr./'’ F.

200° F.

1000° F.

Specific gravity

Specific heat

Melting point (° F.) (begins to melt)

Specific electrical resistance (microhms per
70° F.

210° F.

930° F.

1470° F.

Coefficient of linear expansion (per ° F.)

0-200° F.

0-600° F.

0-1000° F.

0-1500° F.

Modulus of elasticity

75.000 to 95,000

30.000 to 40,000
55 to 60

65 to 75

130 to 170

100

75 to 115

in.)

113

150

7.94

0.118

2,550
cu. in.)

29
35

41

44

0.000009

0.000009
0.000010

0.000011

28,000,000 to 30,000,000

The mechanical properties of 18-8 stainless steel in the various cold-

worked tempers are described in various specifications, of which a typical

example* is shown in Table 27.
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Table 27. Physical Properties of 18-8 Stainless Steel

Elongation in 2 inches (min.)

Class and
physical Tensile strength

Yield strength
at 0.2% set

Thick- Thick- Thick-

condition (psi)
(psi)

ness up
to 0.015

in.

ness
0.016 to
0.030 in.

ness
0.031 in.

and over

Class 1

(Low Ductility)
Min. Max. Min. (%) (%) (%)

(A) Annealed 75,000-100,000 30,000 40 40 40
(B) Hard 125,000 — 75,000 12 12 12

(C) M Hard 150,000 — 110,000 7 8 8
(D) H Hard 175,000 — 135,000 3 5 7
(E) Hard

Class II
(High Ductility)

185,000 — 140,000 3 4 4

(A) Annealed 75,000-100,000 30,000 40 40 40
(B) M Hard 125,000 — 75,000 25 25 25
(C) H Hard 150,000 — 110,000 15 18 18
(D) H Hard 175,000 — 135,000 10 12 12

(E) Hard 185,000 — 140,000 8 9 9

Test specimens must withstand cold bending in any direction relative to rolling direc-

tion through the angle indicated in the following table and on a diameter equal to n
times the thickness of the specimen without cracking.

BENDING PROPERTIES
Composition

and

Thickness 0.030
inch and under

Thickness 0.030
to 0.050 inch

Thickness 0.050
inch and over

physical
condition

.\ngle in

degrees
n Angle in

degrees
n Angle in

degrees
n

(A) Annealed 180 1 180 1 180 1

(B) M Hard 180 1 180 1 90 2
(C) 3^ Hard 180 2 180 2 90 2

(D) Hard 180 3 90 2^ - -

(E) Hard 180 4 90 3 - -

By permission of the American Rolling Mill Co., Middletown, Ohio.

Table 28 shows the typical range of properties of the grades of austenitic

stainless steels usually used for structural design. The range varies from

the annealed stock to the hard-rolled or hard-drawn stock. The very low

ratio of yield strength to tensile strength of the annealed stock and the high

ratio of yield strength to tensile strength of the hard-rolled stock should

be noted.

Table 28. Typical Range of Properties of Stainless Steels

Type
Tensile
strength

(psi)

Yield
strenffth

(psi)

% Elonga-
tion in 2
inches

Reduction
of area
(%)

,
Izod

impact
Brinell
hardness

302, 304
303

85-300,000 30-280,000 60-5 70-55 115-40 140-425

85-150,000 36-136,000 56-10 65-40 85-60 150-300

309 96-190,000 46-175,000 50-5 65-50 110-75 170-350

316 80-226,000 35-200,000 55-5 70-65 100-40 150-375

321, 347 80-190,000 30-175,000 65-5 70-50 100-40 135-350

410 76-190,000 40-150,000 35-15 70-50 110-25 140-400

430 70-110,000 40-90,000

46-60,000

36-10 70-60 25-15 140-260

446 76-86,000 36-60 60-60 6-2 160-190
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For high strength requirements tensile strengths up to 200,000 psi and

yield strengths up to 1 50,000 psi can be readily obtained. At the same time

the material retains sufficient ductility and toughness to render it fully

suitable for structural designs or other applications requiring a combina-

tion of high strength and toughness.

Working

Austenitic chromium-nickel steels respond readily to rolling, drawing,

forming, bending and shaping. On the other hand they work-harden when

severely cold-worked. In severe drawing work, this necessitates intermedi-

ate anneals when the material has work-hardened to such an extent that

further drawing is impractical. A maximum reduction of about 50 per cent

can be obtained before re-annealing.

In Figures 12, 13 and 13a are shown the effect of cold-working on the

physical properties of various grades of stainless sheet and plate com-

positions.“ In contrast to their high tensile strength, these steels have rela-

tively low elastic properties when in the soft condition. In the initial de-

formation, therefore, the material yields with comparative ease. However,

because of the rapid work-hardening of the material, the elastic properties

also change materially. Hence, increasing degrees of cold deformation re-

quire the application of correspondingly greater forces for forming opera-

tions.

Although austenitic stainless steel is more ductile than ordinary steel,

it is at the same time a stronger material, work-hardens more rapidly, and

accordingly requires more power in forming operations. In general, slower

speeds for drawing are advisable, especially in the case of equipment orig-

inally designed for softer materials. Experience has indicated that the slower

the press speed, the greater the uniformity with which the deformation will

spread over a large area, and therefore the deeper the draw that can be

made in one operation. Clearance between the punch and die should be

greater than for plain steel on account of these differences in behavior be-

tween austenitic and ordinary steels. Frequent practice is to make the

clearance approximately 1 5 per cent over the blank thickness.

Forming and drawing operations demand effective lubricants such as

the so-called water-soluble drawing compounds or linseed oil mixed with

whiting and sulphur. The lubricant must be removed from the articles after

the operation is completed.

Forming operations are best applied to annealed material. Severe draws

are sometimes possible without intermediate annealing, and if annealing

becomes necessary the lubricant must first be removed. If not cleansed the

metal will become contaminated (particularly carburized) by the decom-

posing lubricant, and its final properties and surface appearance may be
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impaired. After annealing, which should consist of heating to 1850-1900® F.

or above, and quenching in water (or air-cooling in thin sections), the

metal should be pickled before continuing with the forming operations.

Pickling is performed at 150® F. by any one of the recommended methods.

One bright pickling solution contains 10 per cent nitric acid and 3 per

cent hydrochloric acid.

The grain structure of the stainless sheet should be of such a nature as

to produce a smooth surface after drawing. A coarse-grained stainless steel

tends to develop an “orange peeP' surface when drawn. Generally, sheets

with a clean, white pickled finish are used. This type of finish tends to give

less die “pickup*' and holds the lubricant better during drawing.

One characteristic of stainless steels that distinguishes them from plain

steel is spring. I'his is due to their high elastic limit in the cold-worked con-

dition. Frequently it can be overcome or corrected by providing a setting

operation followed by a final anneal.

The amount of temper strength imparted to stainless steel depends upon

the extent of cold reduction. The temper of cold-rolled stainless steel is

described, like that of spring steel, copper, aluminum and magnesium, by

the terms ''annealed,*' "quarter-hard," "half-hard," "three-quarter-hard,"

and "full-hard." The harder tempers are used in members requiring high

strength but less forming. When severe forming operations are necessary,

the softer tempers are used. When both strength and workability are

needed, the selection of the temper requires a compromise.

In materials such as austenitic stainless steel, there is seldom, if ever, a

sharp yield point, and ordinarily the proportional limit is considerably

below its yield strength. When such a steel is cold-reduced, the proportional

limit, yield and tensile strengths increase. The yield strength is based on

the stress of 0.2 per cent offset strain and is used as a measure of useful

strength. Heat-treating austenitic stainless steels at 525 to 850° F. after

cold-rolling produces a definite further improvement in yield strength with-

out affecting ductility. This improvement is obtained in tension and in

compression in both directions to rolling, and is of importance to engineers

who are interested in working their designs to the utmost safe limit.

The directional properties make it unwise for the designer to depend on

the simple strength values obtained from ordinary inspection testing in

determining working stresses. Materials that have been cold-reduced do

not exhibit the same compressive and tensile properties, nor are these prop-

erties equal in all directions of the material. Furthermore, the relation be-

tween stress and strain is not linear in the useful range of stress.

As has been pointed out by other investigators, the longitudinal com-

pression strength of highly cold-worked materials is less than the cor-

responding tensile strength, and the transverse compression strength is
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greater than the corresponding tensile strength. Stress-relieving reduces

these differences somewhat.

One of the most important characteristics of the cold-rolled stainless steels

is their relatively high fatigue strength. A steel with a tensile yield strength

of 115,000 psi has a fatigue strength in the cold-rolled condition of about

60.000 psi; after low-temperature heating, the fatigue strength increases to

65.000 psi.

Except when the nickel content is very high, the austenitic alloy begins

to transform slowly as the metal is deformed in any of the various work-

ing operations. The transformation to ferrite makes the material slightly

magnetic.

Heat Treatment: In heat-treating stainless steels, the general methods

do not differ from those used with other steels. However, to take full ad-

vantage of the excellent corrosion-resisting and mechanical properties of

stainless steels, proper attention must be paid to certain heat-treating

variables.

Although all stainless steels are highly resistant to oxidation, they may
be expected to scale lightly at high heat-treating temperatures. They will

show no evidence of oxidation until a temperature range of about 400 to

550° F. is reached. In this range a very thin oxide film is formed which

increases in thickness as the temperature is raised. When completely scale-

free heat treatment is essential, specially prepared atmospheres of dry

cracked ammonia or dry hydrogen are used. Parts finished to a high luster

can be heat-treated without visible trace of discoloration.

Austenitic stainless steels are annealed to obtain maximum softness and

ductility by removal of cold-working stresses. In addition, annealing is

desirable to dissolve any chromium carbides which may have been pre-

cipitated during forging or other hot-working operations; or when the

material has been exposed to temperatures from about 800 to 1600° F., or

slowly cooled through this range. Such carbides, when present in the grain

boundaries, must be re-dissolved by reheating above the carbide pre-

cipitation range and rapid cooling to hold them in solution. Ranges of

annealing temperatures are from 1750 to 2050° F. for jO to 30 minutes,

depending on alloy composition and thickness of section. The lower the

carbon content the lower the annealing temperature within the specified

range.

Rapid cooling from annealing temperatures is essential to keep the car-

bides in solid solution. Very thin sections can be air-cooled with satisfactory

results, but heavier sections must be water-quenched. Air-cooling, of course,

minimizes the distortion in thin sections.

If the austenitic alloys are cold-drawn or otherwise cold-worked to de-

velop high strength, a low draw or stress-relief increases the elastic prop-
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erties. This treatment consists of heating parts within the range of 525 to

850® F. for 30 minutes to two hours, and air-cooling.

Normally, austenitic stainless steels do not undergo critical transforma-

tions during either heating or cooling, and are therefore not hardenable by

any process of heat treatment, as are carbon and low-alloy steels. How-
ever, the addition of 0.7 per cent of titanium and 0.2 per cent of aluminum

to the 17 per cent chromium-7 per cent nickel grade of austenitic stainless

steel has resulted in an age-hardening steel in which a hardness of 38 to

45 Rockwell C can be obtained.

Welding: The welding characteristics of the austenitic stainless steels’

are dependent upon physical properties which differ considerably from those

of mild steel in the following respects:

(1) Greatly reduced thermal conductivity and increased electrical re-

sistance. The thermal conductivity is about 40 to 60 per cent less; the elec-

trical resistance is about six times greater, in the annealed state, and 12

times greater in the extremely cold-worked condition, than that of mild

steel.

(2) Thermal expansion is about 50 per cent greater than that of mild

steel.

(3) Melting point is slightly lower than that of mild steel. To the expe-

rienced welder, the effect of the combination of greater expansion with less

heat conductivity will be evident.

(4) There is a tendency toward carbide precipitation along the grain

boundaries caused by the welding heat.

Because the heat is not rapidly conducted away, the higher temperatures

will be reached in comparatively small areas near the weld joint; and since

the coefficient of expansion is high, there will be a tendency toward greater

distortion. The high electrical resistance of stainless steels is a property

which makes them more suitable to methods employing electric current as

a source of heat.

The straight-chromium steels® have about the same coefficient of expan-

sion as plain steel, about 40 to 70 per cent of the thermal conductivity,

and 4J4 times the electrical resistance. Their melting points are only

slightly less than that of mild steel. In general, they are more stable over

all temperature ranges and therefore not subject to intercrystalline cor-

rosion resulting from carbide precipitation, as are the chromium-nickel

alloys.

The welds of the 11.5 to 14 per cent chromium steels harden because of

rapid air-cooling from the welding heat, and therefore tend to be brittle.

For most applications, however, sufficient ductility can be restored to the

weld deposits by suitable annealing after fabrication.

While alloys containing over 20 per cent chromium do not harden at the
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weld joint during cooling, they may become brittle as a result of either

grain growth when held for a long time above 1750° F., or slow cooling

from above 1200° F. The grain growth cannot be remedied by heat treat-

ment; but the brittleness due to slow cooling from 1200° F. can be removed

by reheating to 1500° F. and rapidly cooling. While annealing restores a

good measure of ductility, the weld deposit will not be as ductile as the

original material.

It is apparent, therefore, that the technique and the results obtained in

welding straight-chromium alloys are not the same as for chromium-nickel

alloys.

The arc method and the gas method are generally used for welding aus-

tenitic stainless steels.^ Flash or resistance welding can also be employed

successfully. The choice of method depends upon two factors: (1) the

thickness of the material to be welded and (2) the equipment available.

Sheets heavier than 16 gauge are generally welded by the electric arc

method. Gas welding lends itself better to light gauges, although there are

several high-frequency electric arc welding machines on the market which

are most adaptable to welding light gauge material. Spot welding and shot

welding have been used with great success. Spot welding is particularly suc-

cessful on hard-rolled 18-8 stainless steel of high tensile properties, as the

time at heat is not sufficient to lower the high tensile induced by cold-

working. Likewise, the time at heat is not sufficient to cause susceptibility

to intergranular corrosion.

While sound, ductile welds may readily be made by either metal-arc or

flame methods, the arc weld is preferable because it is more rapid and there

is less diffusion of heat into the surrounding metal. Arc welding thus re-

duces buckling or warping, holds carbide precipitation to a minimum, and

avoids carbon pickup. Light gauges, however, such as B. & S. No. 18 and

No. 20 (0.0500 to 0.0375 inch) and lighter, are generally better welded with

a gas torch, since more accurate control of temperature is possible. Where
buckling has occurred it may be removed by hammering or peening the

weld itself. This expands the weld metal and relieves the stress that has

caused buckling.

In welding with a metal arc, direct current is used in preference to al-

ternating current. Coated electrodes are necessary to deposit a solid, non-

porous weld metal, to steady the arc, to protect the stream of molten metal

from the atmosphere, and at the same time to form a fusible slag that will

float on and protect the molten metal from oxidation. Welding is accom-

plished with as little disturbance or puddling of the molten metal as pos-

sible. Puddling is avoided because it increases the tendency toward oxida-

tion and removal of valuable elements.

In joining long, tack-welded seams, it may be found helpful to use a
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modified ''back-step'' method to overcome buckling and distortion in the

"unjigged" sheets. This practice involves welding a short section, after

which the rod and flame are advanced a short distance along the unwelded

joint; at this point, welding is begun again and carried back to meet the

previous section of weld. The procedure is repeated along the entire seam.

The proper flame for gas welding is one that is strictly neutral, because

a neutral flame protects the weld metal from reactive welding gases and

from the atmosphere. A flame that is strongly oxidizing causes a porous

weld. A strongly carburizing flame also is undesirable because it modifies

the corrosion resistance and decreases the ductility of the metal.

One^ of the effects of welding on the chrome-nickel steels is that the

chromium is precipitated as chromium carbide at the grain boundaries,

thereby permitting corrosion of the metal at and adjacent to the weld. To
overcome this difficulty the shot-welding process utilizes an extremely high

current for a short period of time, so that the chromium has no opportu-

nity to precipitate carbide. Or if costs allow, the stabilized type of cor-

rosion-resisting steels may be used. This type of steel contains a small

amount of titanium or columbium, which fixes the carbides and prevents

their precipitation during the spot-welding or arc-welding operation.

Welding produces a temperature gradient in the part being welded

ranging from the melting temperature at the weld to room temperature at

some distance from the weld. Therefore, some portion between these two

extremes will have been subjected to the temperature range of 800 to

1600" F.

Depending on conditions, an annealing treatment at 1800" F. or above,

followed by a rapid quench, as in water, will cause the precipitated carbides

to be re-absorbed by the grains making the material homogeneous once

more, and not subject to intergranular attack. However, it is not always

possible or desirable to anneal after fabrication, in which case the stabilized

grade of stainless steel containing columbium or titanium is used. Reduc-

ing the carbon content to 0,07 per cent maximum reduces the amount of

carbide that can be precipitated, which is sufficient precaution against at-

mospheric conditions and rains. But where strong electrolytes are encoun-

tered, this is not enough and titanium, columbium, or some other element

that will produce stable carbides is necessary.

It is possible to decrease the susceptibility of these alloys to intergranular

corrosion by properly proportioning the carbon, chromium, and nickel con-

tents so that short heating operations, such as in welding, can be carried out

on sections up to inch in thickness without precipitation of harmful

carbides.

Columbium- or titanium-bearing stainless steels require no heat treat-

ment after welding, since they retain full corrosion resistance. Ordinarily
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stainless steels in the heavier gauges or for use under severe corrosive con-

ditions require heat treatment for re-establishing the corrosion resistance in

areas affected by the heat of welding.

The titanium and columbium types of austenitic stainless steel ^ are de-

signed to resist intergranular corrosion after or during exposure to the range

800 to 1600° F. If either of these two grades is intended for service in this

range, maximum corrosion resistance is obtained by heating to 1550 to

1650° F., and holding one hour per inch of section thickness, with a mini-

mum holding time of two hours. This long-time period is essential to permit

completion of the stabilizing reaction. For service below 800° F. these two

grades of steel may be given the same heat treatment as that used for

standard 18-8, or the 1550 to 1650° F. stabilizing heat treatment.

Remarks pertaining to the effect of carbide precipitation,^ the use of

stabilized steels and the desirability of annealing after welding, apply

equally to all processes of fusion welding.

The extent to which carbide precipitation takes places depends upon a

number of factors.*^ One of these is the ratio of the combined percentage of

chromium and nickel to the percentage of carbon. The higher this ratio,

the more stable the alloy. This discovery led to the development of the

balanced alloys, or welding quality alloys for welding operations. Another

factor of importance is the length of time the alloy is held within the car-

bon precipitation range. The shorter the time, the less harmful the carbide

precipitation will be.

These two factors explain the importance of employing alloys of stable

character for welding, and the general preference for those methods of

welding which are faster and result in less heat absorption during the weld-

ing operation. Stabilization of the alloy for welding by adjustment of the

carbon, chromium and nickel contents is considered effective only in thick-

nesses up to approximately inch. Therefore, alloys stabilized with

columbium or titanium are used for greater thicknesses.

It is evident that, in the case of multiple-bead welding on the chromium-

nickel alloys, the material laid down in the initial beads may be subjected

to carbide precipitation as a result of the heat incident to the following

beads. This is a factor that should be given consideration when welding

the heavier gauges. In such cases, it is desirable to install the last bead

on that side of the joint which will be exposed to the medium being han-

dled.

To maintain full corrosion resistance of the welds,* welding rods are used

which contain slightly greater percentages of chromium, manganese, and

silicon than does the base metal. The slight excess of these elements allows

for the small oxidation losses that are likely to occur during welding, even

when the molten metal is protected by a neutral flame.
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Columbium-bearing 18-8 stainless steel welding rod is recommended for

all stainless steel welding, regardless of whether or not the base metal con-

tains columbium or titanium. Its melting point is about 2500° F. In arc

welding there is a heavy loss of up to 85 per cent of the titanium in

titanium-bearing welding rods.

Riveting

All low-carbon grades of stainless steel may be successfully riveted,* but

certain differences from the procedure customary for ordinary mild steel

are necessary. While riveting is possible, it is no longer practiced as ex-

tensively as when the stainless steels were first introduced. Welding tech-

nique has advanced so greatly that riveting is employed only in those cases

where, because of structural requirements or the character of the metal,

welding is not suitable.

Rivet stock must be carefully prepared. It should be processed to have a

uniform fine-grained structure with maximum toughness and impact

strength. Only smooth, centerless ground, or cold-drawn stock, which is

free from seams, slivers, splits or other flaws, should be used. Finished

rivet stock should be capable of withstanding without cracking a cold 180°

bend around a mandrel whose diameter is equal to that of the rivet stock.

Rivet holes may be drilled or punched, the former being strongly recom-

mended. If punched, the holes should be reamed true to remove strained or

distorted metal, with an allowance of %4 inch for clearance.

Small rivets, up to about % inch diameter, may be driven cold, but

heavy pressures are necessary, and the head should be finished in one or

two blows. Larger rivets are hot-driven, the correct temperature being

about 1950 to 2050° F. Driving must be completed as rapidly as possible

in order to finish the head before the metal cools to the point where it be-

comes unworkable.

Machining

The successful machining of austenitic stainless steels depends largely

on proper machining practice. Since stainless steels are generally stronger

and tougher than many other metals, they naturally have different ma-
chining characteristics.

Machining these steels requires tools made of high-speed steel, ground

with top rake or lip angle. Tools should always be kept sharp, and it is

helpful to stone the top surface smooth. In general, it is practical to take

fairly heavy cuts, at least heavy enough to prevent the tool from riding

over the surface and "glazing" it. In practically all cases it is necessary to

apply a cutting lubricant, preferably a sulphur-base oil, concentrated or

diluted with paraffin oil.
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All stainless steels machine more freely when their hardness is raised

somewhat above that of the soft-annealed state by moderate cold-working,

that is, when they are used in the moderately cold-drawn condition.

Material that is heavily cold-worked will be found more difficult to

machine.

Free-machining stainless steels contain 0.07 to 0.35 per cent of sulphur

or selenium. About 0.40 per cent of molybdenum is generally added in

combination with sulphur, and about 0.15 per cent of phosphorus with

selenium. These steels have improved machining properties while retaining

the corrosion resistance of the unmodified material.

In machining or forming operations, all high-chromium steels have a

tendency to seize or stick to the tool when under pressure. Austenitic steels

work-harden under pressure, which means that the next cut is rendered

more difficult, especially in fine cuts. To counter work-hardening effects,

only keen cutting tools are used, with slow speeds and heavy, steady cuts.

This rule applies to machining, as well as sawing where a wavy, fine-tooth

saw is used, and to drilling, where a short-twist, sharp-edge drill is neces-

sary.

Chromium-nickel stainless steels do not break through when sheared;

therefore the section must be completely cut. Shear blades must be very

closely adjusted and kept in good sharp condition; otherwise, the metal,

instead of shearing, will tend to drag or pull over the lower blade. The
same is true in blanking, punching and perforating operations.

Cladding

In cladding,® a layer of stainless steel is bonded to a base metal, which is

usually mild steel. The quality of the bond determines the usefulness of the

clad material. Production methods include casting, sandwiching, arc weld-

ing, spot or resistance welding, intermelting and fusion melting. The corro-

sion resistance of clad steel is that of the stainless facing, and the physical

properties are governed by those of the base metal, of the stainless facing

and their relative amounts. Steels are available as 20, 10 or even 5 per cent

clad, single- or double-faced with all the principal types of stainless steel.

A good quality cladding will stand severe deformation without peeling or

separating from the backing. It is claimed that clad steel is easier to fabri-

cate than solid stainless steel; it can be flame-cut (solid stainless cannot be

flame-cut without considerable trouble), welded, fabricated hot and cold,

deep-drawn, and machined. Special techniques are employed in some of the

various fabricating processes. The cost and weight factors determine the

use of clad steel in preference to solid stock. In applications where both

sides of a thin sheet are exposed to corrosive attack, solid stainless will fre-

quently be found more economical than a double-clad grade.
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Surface Condition

The most important factor affecting the service obtained from stainless

steels is the condition of the surface. To obtain the best results and to allow

the formation of a protective film, a clean, smooth surface free from for-

eign material and surface imperfections is necessary.

Oxide scale on stainless steel, whether formed during annealing, or by the

heat of the welding operation, will almost certainly rust, and if not removed

is likely to cause corrosive attack and pitting of the metal itself. Unless the

fabricated piece is to be used in high-temperature service, the removal of

scale is essential. Sandblasting is generally useful for this purpose, but

clean flint rather than metal shot must be used to prevent contamination of

the surface by foreign metal. Sandblasting is not recommended if surfaces

are too polished. After the scale is removed the work should be passivated

if possible by immersion in nitric acid.'

Pickling practice for removing scale is to immerse the steel in a bath

containing 15 per cent of sulphuric acid plus 10 per cent hydrochloric acid

at 170 to 190® F. for 5 to 30 minutes, followed by an immersion in a bath

containing 20 per cent of nitric acid and 1 per cent of hydrofluoric acid at

1 10 to 120® F. for 2 to 4 minutes. To obtain a white pickle the steel is im-

mersed for 3 to 5 minutes in a bath containing 10 to 15 per cent of nitric

acid and 1 to 3 per cent of hydrofluoric acid at 120 to 140® F. For passiva-

tion after fabrication the steel is immersed for 20 to 30 minutes in a 20 per

cent nitric acid solution at 120 to 150® F.

It must be remembered that pickling causes ‘'hydrogen embrittlement.”

If a hard and highly strained part is pickled, it is likely to crack right in

the acid. If the part is merely hard, but not highly strained, it will seldom

crack in the acid, but will be brittle and will easily break if subjected to

stress after the pickling operation is complete. Hence, hardened parts should

receive a thorough low-temperature strain-relieving draw before pickling

and also a baking operation after pickling. Baking consists of heating the

pickled steel to about 250 to 300® F. for an hour or two. This completely

eliminates the hydrogen and all evidence of acid brittleness.

Corrosion Resistance

This is usually, but not always, the most important characteristic, and

it should in general be given primary consideration. Corrosion resistance

is directly proportional to alloy content and inversely proportional to

carbon content: steels which best resist corrosion have the highest alloy and

the lowest carbon content. Corrosion resistance of all types depends to a

varying degree upon the heat treatment, and always to a great extent upon

the surface preparation.

Austenitic stainless steels have remarkable corrosion resistance. They are
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entirely unaffected by nitric acid, cold acetic acid, citric acid, milk, food

products, fruit juices, dyes, and many of the common corrosive agents en-

countered in industry. These steels retain their silvery surface under all

atmospheric conditions.

All corrosion-resistant steels are such because their alloy content allows

a tough, passive oxide film to be built up on the surface. This process can

(Courtesv Budd Manufacturing Co., Philadelphia, Pa.)

Figure 14. Side panel assembly of stainless steel railway car.

be hastened by an immersion in cold 20 per cent nitric acid for 30 minutes

or in 20 per cent nitric acid at about 150® F. This is called passivating, and

it does not affect the appearance of the polished surface. It should always

be used after polishing, grinding, shearing, cutting or machining. It is

good general practice to passivate after fabrication if possible.

These alloys possess their maximum resistance to corrosion when they are
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free from carbides at the grain boundaries. The harmfulness of such pre-

cipitated carbides depends upon the use to which the welded material is to

be put, and also upon the extent to which precipitation has proceeded.

The unique three-fold combination of high strength, light section, and

high corrosion resistance available in austenitic steel makes it a successful

material for fabrication into aircraft units, rail cars, buses and structural

members.
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Chapter VI

Gear Materials

A gear is a metal wheel bored to fit a shaft. Cut or generated in its rim are

cogs or teeth, so shaped that they will engage, or mesh, with the teeth of

another gear. Usual practice divides gearing into two distinct classes; gears

and pinions, the latter term being applied specifically to the driving gear

and the former to the driven gear.

The primary purpose of gears is to transmit power or motion, or to

change its rate of direction. The satisfactory performance of a gear drive “

is fundamentally dependent upon the quality of its parts, which is deter-

mined by the kind of material used, by the heat treatment to which the

gears have been subjected, and by accurate machining. Gears are designed

with such dimensions and with such tooth form as to withstand the wear

and tear of the particular type of service, and also to resist the applied

loads, stresses and shocks. Therefore, the first requirements of a gear are

that it must work in contact with another gear of the same or different

material without undue wear, and must carry the load without crumbling

of the teeth surfaces or fracture.

Since gearing provides the means of transmitting motion and power in a

large percentage of existing mechanical appliances, its practical application

must necessarily be based on a great variety of conditions. Because of these

variations, gears differ greatly, not only as to type, design and size, but in

regard to accuracy, methods of mounting, etc.

Types of Gears

There are many different types of gears, such as spur, helical, spiral, skew,

bevel, miter, herringbone, worm and worm wheel, etc., all have different

physical characteristics and applications. They are used to transmit power

in many types of industrial gear drives and speed-reduction units. The loads

vary from fractional horse-power to more than 30,000 horse-power per unit.

The speeds may exceed 8000 rpm with pitch line velocities as high as 18,000

feet per minute. Lubrication may vary from the most refined automatic-

pressure oiling system to haphazard swabs of a grease brush.

Spur gears are the most commonly used type. They have an average

86
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efficiency of about 78 per cent and are Used to transmit power between

parallel axles. The teeth are cut straight across parallel with the bore. How-

ever, they tend to be noisier than either helical or herringbone gears and are

not equal to the others in tooth strength per inch of face (Figure 15).

{Courtesy Pittsburgh Gear & Machine Co., Pittsburgh, Pa.)

Figure 15. Assorted spur gears.

The motion ^ between the teeth of mating spur gears (gear and pinion)

is a combination of rolling and sliding. While the rolling is always in the

same direction, the sliding is toward the pitch line on the gear tooth and

away from it on the pinion tooth. The action may be summarized as

follows:

Tooth Rolling Sliding

Pinion tooth Root to tip Away from pitch line

Gear tooth Tip to root Toward pitch line

Helical gears have angled teeth cut as a helix angle and are preferred,

since they minimize noise. They mesh progressively and drive a shaft with

an even flow of power rather than with a series of blows or impacts, as is

the case when spur gearing engages. Helical gears are stronger than spur

gears of equal dimensions and have replaced them in many applications,

especially for high-speed operation. End thrusts form the chief objection to

the use of single helical gears. This end thrust is developed as a result of

the angle drive, which imposes a heavy strain and bearing wear at the end

which receives this thrust (Figure 16).

Herringbone gears are double helical gears; they operate very smoothly

with a minimum of noise, backlash and vibration. They have relatively

greater strength because of the double-angle tooth formation and distribu-

tion of load over the full width of the tooth. They are used at high speeds
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{Courtesy Westinyhouse Electric Corp., Pittsburgh, Pa.)

Figure 16. Helical gears.

and high gear ratios like the single helical gears, that is, they are used for

most heavy, high-speed drives. They eliminate shocks and end thrust, and
also represent the most efficient type of geared drives for parallel shafts

(Figure 17).

Bevel gears are used for transmitting power between shafts at an angle.

For best operation it is recommended that bevel gears do not have a ratio

of greater than 6 to 1 (Figure 18). Spiral gears, also called helical gears,

differ from spurs only in that their teeth are helical. They may be used

between parallel shafts, shafts at an angle or shafts askew, accomplished by
varying the angle of the teeth (Figure 31).

Mitre gears are bevel gears of I-to-1 ratio in which both units of a pair

have the same diameter and number of teeth. Their purpose is to transmit

power at right angles where no reduction of speed is required.

Skew bevel gears are those used in connecting shafts which are not par-

allel and do not intersect. They are little used.

Zerol gears are spiral gears cut on a Gleason spiral bevel gear-generating



iCowtety Weitinghowe Electric Corp.^ PitUbwrgh, Pa,)

Figure 17. Large herringbone gears.

iCowrtety Oleaton Workt, Rocheeter, N, Y,)

Figure 18. Straight bevel gears. Figure 19. Spiral bevel gears.

88
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machine with zero spiral angle. They have the advantage over straight-

bevel gears because they localize the tooth load and also permit more error

in deflection of shaft and mounting.

Hypoid gears are spiral bevel gears with offset axis of pinion and gear.

This offset axis permits the shafts to cross each other.

The elliptoid tooth form avoids end bearing as it is thinner at the ends

and thicker at the center. This eliminates load concentration of gear teeth

at one end or the other.

Internal or annular gears have their teeth extending inward toward the

center of the pitch circle. As compared with gears having external teeth,

internal gears offer a number of advantages, as follows: (1) large reduc-

tions may be secured in a comparatively small space; (2) greater strength,

because there are more teeth always in mesh, and the load is more widely

distributed; (3) better rolling action and more intimate contact of teeth,

because the pitch circle of the inner gear follows the pitch circle of the

pinion instead of receding, as in the case of two external gears in mesh;

(4) shorter center distance between gears, allowing a more compact design

and much more efficient drive; (5) quietness in operation because of

greater length of tooth contact and reduction of sliding action; (6) longer

life because of reduced friction and vibration, and more perfect rolling

action. Internal gears are especially adapted for clutches used in the trans-

missions of automobiles, trucks and airplanes (Figure 20).

Figure 20. Internal gear and pinion.

{Courtesy Foote Bros. Gear <fc Machine Corn.,
Chicago, III.)

Worm gearing is employed for transmitting power between shafts at

right angles; it consists of two essential parts, a worm and worm wheel.

The worm is cylindrical in form and has one or more threads cut into it in

the form of a screw or helix. The worm gear is designed to function with

the worm, the teeth of the worm gear being cut to mesh with the worm
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which, when turning, drives the gear with a sliding action. Worm gearing

gives great speed reduction and is the most powerful drive known. It is

subject to considerable heating and abrasion at the point of contact area

and to high tooth pressure (Figure 21). Worm gearing is largely used in

{Courtesy Westinghouse Electric Corp., Pittsburgh, Pa.)

Figure 21. Worm gear set.

places where a great velocity ratio is necessary with as few gears as pos-

sible. It is not well adapted to the transmission of heavy power, as its effi-

ciency is necessarily low.

Figure 22 is a cut-away photograph of a gear reduction unit showing the

assembly of driving and driven gears for increasing or decreasing speed of

a power unit.

Gear Terminology

The actual physical characteristics and common dimensions of a gear

include the following; number of teeth; pitch, either circular or diametral;

pitch diameter; pitch circle; face; bore; outside diameter; diameter of hub;

projection of hub; keyway; backlash; tooth form and materials (Figures

23a and 23b).

All gears have an imaginary circle called the "pitch circle.” This is the
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circle which, if the tops of the teeth were cut off, would roll together with

the same angular velocity as did the gears. That part of the tooth outside

of the pitch circle is called the "‘addendum"' and the portion inside is called

the “land" or “dedendum." That part of the tooth outline outside the pitch

{Courtesy Westinghouse Electric Corp., Pittsburgh, Pa.)

Figure 22. Gear reduction unit.

circle is called the “face,” and that part inside the pitch circle the “flank.”

The “pitch point” is where the “face” and “flank” join at the “pitch circle.”

The “root circle” passes through the bottoms of the teeth and the “adden-

dum circle” passes through the tops of the teeth.

Backlash is the shortest distance between mating teeth whose opposite

sides are in contact.

Gear ratio is the relation between the number of teeth in mating members.

Bore diameter is the diameter of the hole in the gear.
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Circular thickness is the length of the chord subtended by, the circular

thickness arc.

Diametral pitch is the relation between the pitch diameters in inches and

the number of teeth. It indicates the number of teeth in the gear for each

inch of pitch diameter.

(a)

(b)

Figure 23. Gear terminology.

Circular pitch is the distance on the circumference of the pitch circle be-

tween corresponding points of adjacent teeth.

Addendum is the radial distance between the pitch circle and the top of

the teeth.

Pressure angle is the acute angle between a line tangent to the base circles

and a line tangent to the pitch circles intersecting at the pitch point.
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Clearance is the radial distance between the top of a tooth and the bottom

of the mating tooth space.

Pitch circle is the circle through the pitch point having its center at the

axis of the gear.

Root circle is the circle containing the bottoms of the tooth spaces.

Pitch diameter is the diameter of the pitch circle.

Root diameter is the diameter of the root circle.

Tooth bearing is the area of the surface of the tooth which has theoretical

contact with its mating tooth during its arc of action.

Tooth face is the surface between the pitch line element and the top of

the tooth. It is often considered as the total area including the tooth face

and tooth flank.

l^ooth fillet is the curved line joining the tooth flank and the bottom of

the tooth space.

Gear Requirements

Satisfactory gears must transmit power smoothly, with a minimum of

vibration and noise, and must also have a reasonable length of useful life.

To accomplish these ends, several essential requirements must be met; they

are of a varying degree of importance, depending largely upon the service

which the gears are to give. Some of them are requirements of the gears

themselves, others have to do with their mounting and care in operation.

The requirements for gears are often based on the following:

(1) Constant load

:

(a) Intermittent service

(b) Continuous service

(2) Fluctuating load:

(a) Intermittent service

(b) Continuous service

(3) Shock load:

(a) Intermittent service

(b) Continuous service

(4) Severe shock load

:

(a) Intermittent service

(b) Continuous service

It is rather difficult to specify a single material for each of these condi-

tions, since there may be several other factors which should be considered

in the choice of material for a given application. The size of the gear, for

example, should be given serious consideration, since heavier gears require

a greater degree of depth-hardening and therefore a higher alloy content.

Other factors are such items as gear shape, machining practice, expected life,

tooth pressures, cost, etc.
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A satisfactory gear or pinion must have a hard bearing face to enable it

to resist wear; it must be tough enough to resist fracture; and it must have

cohesiveness to resist the tendency of particles of metal to tear out of the

surface. The ideal material, then, for resisting energy loads in service, in

which permanent distortion or plastic deformation must not occur, is one

having a high elastic strength and a high modulus of resilience.

Selection of Material

The selection and treatment of gear materials call for a thorough knowl-

edge of the stresses to which the gears are to be subjected in service, and

also a proper appreciation of the limitations imposed by manufacturing

methods. The latter influences to a large extent the selection of the most

suitable material, since such factors as machinability, distortion in harden-

ing, and practicability of grinding often govern the choice. In other words,

there are two reasons underlying the choice of any material for a specific

gear application
: ( 1 ) the mechanical properties must of necessity be such

that the gear will satisfactorily meet its service requirements; (2) the fabri-

cating characteristics must insure economical machining with adequate

accuracy and response to simple heat treatment (if required) with a mini-

mum distortion and freedom from cracking. Both of these considerations

are heavily dependent upon the costs involved, and naturally the cheapest

material which meets the desired requirements is the best.

Gears are made of various grades and compositions of steel, cast iron and

bronze. They may be fabricated from bar stock, individual forgings or

castings. Concurrently with a decision about physical properties of the

material, the designer must decide on the type of material (forging, rolled

shape, casting or bar stock), its chemical composition, and the heat treat-

ment required.

Gears for silent drives are also made of rawhide, “Bakelite*' and such

plastic-impregnated fabric such as *'Micarta,'’ etc. This substitution of

plastics for metals is often desirable in small pinions to protect larger and

more expensive gears from breaking due to overload.

Assuming that the gear is to be made of steel, one has a choice between

hot- or cold-rolled bars, forgings and castings. Rolled bar stock is limited

to comparatively small sizes. The manufacturing process causes marked

directional properties. Round bar stock or rolled flats formed and welded

into circular rims have the minimum properties in the direction where

maximum loading in bending and shear occurs. This is serious for heavily

loaded pinions or gears.

Forgings include steel pieces shaped by a hammer, press, or upsetting

devices. Forging can shape a piece more closely to dimension, can refine the

grain structure, and can shape the metal to take advantage of the resulting
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directional properties. The most important portion of the forging is the

rim, in which the teeth are cut; consequently the stock should first be upset

to place the fiber in proper position, after which attention may be given to

getting the exact shape desired. The proper arrangement of fiber or flow

lines can be secured only by upsetting the material so that the forging fibers

have a radial direction, thereby securing the maximum resistance to

breakage.

Highly stressed gears are made from forgings with carefully controlled

flow lines in order to secure maximum strength. It has been well established

that steel gears are somewhat weaker under repeated loading and impact

across the forging flow lines than in the direction of the flow lines; hence

gears made of bar stock are not likely to be satisfactory in highly stressed

applications. Some claim that a flat-forged gear is 30 per cent weaker trans-

verse to the direction of working than in the longitudinal direction.

Since the tooth of a gear is loaded as a cantilever beam, the fiber or grain

structure in the raw material should be partially radial, and not directional,

to insure that the working stress at the root of each tooth falls transversely

across the fiber flow of the structure, and not parallel to it. An upset gear

blank is usually preferred because of the uniform grain flow. It is also be-

lieved that less distortion is encountered in an upset forging (Figures 24

and 25).

Furthermore, the resistance to fatigue and impact stresses is greater at

right angles to the fiber than parallel to it. A gear machined from bar stock

does not have the fatigue or impact resistance of an upset forged gear.

Often the act of distributing the grain makes all the difference between suc-

cess and failure. It is estimated that steel is 15 per cent stronger in shear

across the fiber than parallel to it. Its resilience and toughness are also

greater. The steel should be finish-forged at as low a temperature as pos-

sible to avoid grain growth.

Gear Steels

Steel is the most widely used gear material because it can be manu-

factured and processed to a great many different specifications, each of

which has a definite use. In general, there are two types of steel, distin-

guished chiefly by their carbon content as “carburizing ' or “through-

hardening” grades. Nitriding steels (“Nitralloy”) are an exception; these

are surface-hardened by the nitriding process.

For carburized gears the carbon content of the steel usually is within the

range of 0.15 to 0.25 per cent. The lower carbons are used to secure maxi-

mum toughness; the higher carbons give maximum core strength. The

recent trend is toward the upper limits; the gears are then used with shal-

low cases obtained by gas carburizing or activated carburizing baths. This
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trend exactly parallels that in automotive transmissions. Some carburized

gears have been made of steels of approximately 0.30 to 0.35 per cent

carbon.

A carbon content of 0.35 to 0.50 per cent is sufficient to satisfy the hard-

ness requirements of most through-hardening gears and at the same time

insure suitable shock resistance. Raising the carbon content of small gears

is not desirable, because of the detrimental effect on the shock resistance of

the gear teeth.

The ratio of carbon content to the mass of the gears is very important if

the gears are to be used at high hardnesses, thus requiring the use of low

drawing temperatures. Larger gears, heat-treated before machining, have

0.30 to 0.45 per cent carbon range if the steel is to be water-quenched, and

0.40 to 0.60 per cent if oil-quenched. Gears which are to be hardened after

cutting usually have 0.45 to 0.55 per cent carbon. Carbon content should

always approach the upper limit as the size of the section or desired core

hardness increases. Alloy steels may have a lower carbon content, which is

desirable to increase toughness or to promote their machinability, especially

in gears that are cut after heat treatment.

Refinements in gear design and manufacture, in conjunction with better

steel-making practice, have permitted the designer to increase the loadings

on the gears, and thus have promoted the use of lower-alloyed steel, espe-

cially for smaller gears. On the other hand, the trend in steel mill units,

large turbine drives, and crushers is toward the somewhat higher-alloyed

steels. The main purpose of alloys is to facilitate the procedure by which the

desired properties are obtained. Their particular importance in gear steels

is to increase the penetration of hardening and reduce the distortions and

internal stresses resulting from heat treatment. Alloys usually increase the

ratio of yield point to ultimate strength, and also increase the overload

capacity of gears rated on their endurance limit. Alloy gear steels also

have better profile durability and strength, particularly against dynamic

stresses. Durability depends on surface hardness, and some alloys are

available which provide hardness or facilitate heat treatment for maximum
hardness.

Of interest to the gear manufacturer is the fact that maximum hardness

is dependent chiefly upon the carbon content, regardless of moderate

amounts of alloy present. The value of alloying elements, such as chromium,

molybdenum, manganese and others, lies in their ability to produce deep

hardening with less drastic quench, while alloying elements such as nickel

merely toughen the iron matrix.

In general case-hardened gears have been found to withstand higher loads

than through-hardened gears, though the latter are less expensive because

of the simplified heat treatment. Through-hardened gears have a higher
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tooth strength, but offer a lower unit resistance to pitting and less resistance

to shock- than case-hardened gears.

Metallurgically,^^ the choice of the grade of steel and the corresponding

heat treatment for industrial gears is largely influenced by the application

and by the production facilities available in the shop doing the work. For

small gears of light applications, plain-carbon steel is satisfactory. Heavy

loads, high speeds, and excessive shocks demand an alloy steel. Where mini-

mum distortion during hardening is required, alloy steels are usually used.

A carburized grade should be used for heavy duty involving high tooth

pressure and shock stresses.

As the wear resistance of file-hard, carburized plain-carbon steel is just as

good as that of the alloy steels, the purpose of using alloy steels is merely

to supply strength to resist unusually high stresses arising in some instances

from excessive loads and good design, and in others from low loads and poor

design (which allows stress concentration).

Case-hardened steel is generally considered the best material for trans-

mission gears. Usually the reason for substituting through-hardening steels

is for the sake of economy or a desire to secure somewhat quieter operation.

Such gears cannot be hardened to a degree sufficient to offer the highest

wear resistance for heavy-duty service. A case-hardened gear, on the other

hand, permits attainment of maximum hardness and wear resistance at the

surface, while retaining great toughness in the interior to resist shock. If

breakage does occur, the core strength can be increased sufficiently by rais-

ing the carbon content of the steel purchased. In addition, maximum core

strength can be obtained in hardening by a single quench from just above

the critical temperature for the core, instead of a double treatment.

Gear steels are usually specified as 'Tine-grained'" because of the better

dynamic properties and lower distortion during heat treatment. Coarse-

grained steels are given special consideration where maximum harden-

ability or machinability is required.

Effect of Alloying Elements

The increasingly severe requirements demanded of modern engineering

materials impose limitations on the apparent all around utility of the rela-

tively low-cost carbon steels, especially since carbon steels suffer from mass

effect in quenching, making uniformity unlikely throughout parts of a

large mass. Obviously, one possibility of improving the properties of steel

is by alloying it with other metallic elements. The mass effect of hardening

can be overcome by a suitable selection of composition and heat treatment.

Alloying elements used in steels may for convenience be classed in three

groups: (1) those which dissolve completely in the iron base or matrix;

(2) those which combine with carbon to form a carbide; and (3) those
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which partly dissolve in the iron matrix and partly form a carbide. Ele-

ments of group (I) usually enhance the strength and toughness of steel;

elements of group (2) increase the hardness and ultimate strength of the

steel; while those of group (3) have the general tendency to enhance both

the toughness and hardness as well as raise the ultimate strength.

The specific as well as the general effects of alloying elements in steel are

as follows:

Carbon. Although the element carbon is not generally considered an

alloying element, its effects in steel are quite marked. It hardens by forming

iron carbide under heat treatment. Increased carbon content raises the ulti-

mate strength but lowers the ductility and toughness. It reduces dynamic

or shock resistance, increases abrasive or wear resistance, lowers the hard-

ening or quenching temperature, and increases the depth of hardness.

Chromium. Chromium forms hard carbides, giving very deep harden-

ing and great wear resistance. Small percentages toughen steel, increasing

its strength, elastic limit and impact resistance. Chromium decreases hard-

ening range unless balanced with nickel, but also raises the temperature for

hardening or quenching. It also decreases machinability. In general it raises

the ultimate strength, hardness and toughness by virtue of its partial car-

bide formation and solution in the iron matrix. It is usually used with

nickel, molybdenum or vanadium.

Manganese. Manganese is a strong carbide-forming element and conse-

quently raises the ultimate strength, toughness, and wear resistance. It lowers

the quenching temperature and widens the hardening range. Small amounts

increase depth of hardening and decrease tendency to distort under heat

treatment. It partly dissolves in the ferrite and partly forms complex

carbides.

Molybdenum. This element goes into solid solution, but when other ele-

ments are present it forms hard carbides. It gives deep hardening, widens

the hardening range, raises the ultimate strength, hardness and toughness.

It reduces susceptibility to temper brittleness and offers high resistance to

shock impact and alternating stress. It is used to a limited extent as the

single alloying element, but is generally associated with chromium or nickel

or both.

Nickel. Nickel dissolves completely in the iron matrix and does not

form carbides. It raises the ultimate strength without any sacrifice of ductil-

ity. It offers strength and shock or impact resistance in thin sections. By

lowering the hardening temperature it allows simplified heat treatment,

diminished quenching deformation or cracking, and less scaling. In general,

nickel increases strength, hardness, ductility and impact resistance.

Vanadium. Vanadium forms hard carbides and also partly dissolves in

the iron matrix. It refines the grain, thereby toughening and strengthening
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the steels. It increases fatigue resistance and shock resistance, but it does

elevate the hardening or quenching temperature. Vanadium is usually as-

sociated with chromium.

Carbon and Alloy Steels

A review of the records shows that practically all SAE (AISl) analyses

are being used or have been used in the past. This is due to the large num-

ber of gear sizes and gear applications.

Metallurgical practices® on gears with respect to the severity of service

for which they are best suited may be classified as follows:

1. Veiy heavy duty: Carburized low-carbon alloy steel with case depth over 0.060

inch.

2. Heavy duty: Carburized low-carbon alloy steel with case depth 0.040 to 0.060 inch.

3. Heavy duty: Oil-hardened, medium-carbon alloy steel.

4. Medium duty: Carburized low-carbon alloy steel with case depth 0.020 to 0.040

inch.

5. Medium duty: Carburized 0.30 carbon alloy steel with case depth 0.010 to 0.015

inch.

6. Medium duty: Carburized 0.50 carbon alloy steel with case depth 0.005 to 0.010

inch.

7. Medium duty : Cyanide-treated medium-carbon alloy steel with case depth 0.003

to 0.010 inch.

8. Medium duty: Oil-hardened medium-carbon alloy steel.

9. Light duty : Cyanide-treated low-carbon plain-carbon steel with case depth 0.005

to 0.010 inch.

10. Light duty: Medium-carbon, plain-carbon steel, heat-treated to approximately
250 Brinell.

11. Extremely light duty: Free-machining type of steel from cold-finished bar stock.

12. Extremely light duty : Medium or low-carbon, plain-carbon steel, not heat-

treated.

The steels used for these various types of service are listed in the fol-

lowing tables. Table 29 shows the composition of those suitable for car-

burizing in order to obtain great wear resistance and load-carrying capacity.

The hardenability rating of these steels is in the following order, beginning

with the steel of the lowest hardenability and using the hardenability of the

uncarburized core as an index: AlSl A4620, A8620, A8720, A4820, A4320,

A2512 and A3312.’^

Although these are most commonly used, it is generally accepted that

steels having carbon in the range of 0.10 to 0.25 and having sufficient alloy

content to allow hardening in the section sizes in which they are used, are

suitable for gears. Higher-carbon steels with shallower cases are sometimes

used.

The steels shown in Table 30 are suitable for gears requiring medium
wear resistance and load carrying capacity. These steels are the most com-

* See Appendix for composition of all A.I.S.I. and S.A.E. steels.
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monly used types for gears. However, any steel having the proper harden-

ability characteristics, with carbon content in the range of 0.35 to 0.50 per

cent, is suitable for gears of this class. The hardenability rating of these

steels is in the following order, beginning with the steel of lowest harden-

ability; AlSl A1345, A4640, A3140, A5145, A8745, A4145, A9845, A4340,

A3250, A6150, A4350.

The steels “ listed in Table 31 are suitable for gears requiring only a

moderate degree of strength.

Table 31. Chemical Composition of Carbon Steel for Gears

S.A.E.
steel no.

A.I.S.I.
steel no.

Carbon Manganese

1035 C-1035 0.32-0.38 0.60-0.90

1040 01040 0.37-0.44 0.60-0.90

1045 01045 0.43-0.50 0.60-0.90

1050 01050 0.48-0.55 0.60-0.90

1141 01141 0.37-0.45 1.35-1.65

For certain highly stressed services, for example, the following might be

recommended as typical alloy steels but they all would be subject to modifi-

cation in the light of further details regarding service.

(a) Constant load, intermittent service: A.I.S.I. 4640, A.I.S.I. 3140, A.I.S.I. 8640,

oil-quenched, at 1,500-1,550® F. and tempered at 400-450® F.

(b) Constant load, continuous service: A.I.S.I. 2350, A.I.S.I. 3250, A.I.S.I. 4350,

A.I.S.I. 6150, oil-quenched at 1,475-1,575° F., and tempered at 400-450® F.

(c) Fluctuating load, intermittent service: A.I.S.I. 3150, A.I.S.I. 4150, oil-quenched

at 1,425-1,475° F., and tempered at 400-450° F.

(d) Fluctuating load, continuous service: A.I.S.I. 2350, A.I.S.I. 3250, A.I.S.I. 4350,

A.I.S.I. 6150, oil-quenched at 1,475-1,575® F., and tempered at 400-450® F.

(e) Shock load, intermittent or continuous service: S.A.E. 2315, A.I.S.I. 4320,

A.I.S.I. 4620, carburized, oil-quenched and tempered at 275-300® F.

(f) Severe shock loads, intermittent or continuous service: A.I.S.I. 2512, A.I.S.I.

3312, carburized, oil-quenched and tempered at 275-300® F.

A! SI 1141 is suitable for gears in which service is very light and which

can be machined from cold-finished bar stock. This is a free-machining

grade where high cutting speeds are employed.

AISI 1040 or 1050 can be used in the oil or water hardened conditions,

depending on carbon content, for low-cost commercial gearing where speeds

and loads are not too high.

AISI 3115 and 3120 are low-cost alloy steels of excellent properties after

case-hardening for automobile and machine-tool gears. For greater hardness

and penetration the chromium is increased, and for greater toughness the

nickel is increased.

AISI 2512, 4320, 4820 and 3312 have highest resistance to fatigue and

wear. They are used where subjected to continuous heavy duty and abuse.

They have the highest core strength of all the carburizing grades.
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AlSl 2315 is used where the requirements are not as severe as for

AISl 2512, but where excellent wear resistance, high fatigue resistance and
good core strength are required. It is used extensively for ring gears and
pinions.

AISI 4615 and 4620 are popular for automotive gears. The higher carbon

is used for greater core strength.

AISI 5120 and 6120 are also used to give exceedingly high surface hard-

ness when properly case-hardened.

AISI 4640 and 3150 are especially suited for cyaniding to provide skins

of high hardness and improved wear resistance. AISI 3150 is valuable when
a definite improvement over carbon steel is required at low cost, as in

machine-tool gears of moderate section and for small gears of moderate

service.

AISI 3250 and 3450 should be specified when the section is such that a

higher degree of depth-hardening is required, as for gears of heavy sections

or for moderate-size gears requiring better properties than those obtained

with AISI 3150. For medium to large gears of heavy duty AISI 3250 is

preferred, while for very large gears of heavy duty AISI 3450 is desirable.

AISI 2350 is recommended for applications requiring a high-quality gear

of small or medium section, for heavy to moderate duty, and for highest

resistance to shock, such as for automobile, bus and tractor transmission

gears. It has an excellent combination of strength and toughness.

AISI 4640 and 4650 have a good combination of strength and toughness

together with excellent machining characteristics for medium gears of mod-

erate service. They are particularly useful where distortion must be held

to the minimum.

AISI 4340 and 4345 have excellent depth-hardening properties for large

gears of heavy duty, requiring high shock resistance.

AISI 6140 and 6150 have a broad quenching range and good resistance

to shock.

Nitrided steels produce the hardest possible case. The process results in

very low distortion, but requires long treating time and special steel com-

position.

Cast manganese steel gears have been used for driving rolling-mill tables

and are still widely employed for their tough resistance to breaking stresses

and abrasion. Gears made of 13 per cent manganese steel possess remarkable

toughness and wear resistance. The teeth may bend under excessive loads

but will not break; and the tooth face becomes work-hardened and polished

from continuous usage. However, austenitic manganese steel tends to lose

its temper under temperatures higher than 650® F. applied for any con-

siderable period. This can be eliminated by adding about 4 per cent of

nickel to the steel.
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Nickel alloy steels are popular for important gears, combining as they

do dependability and uniformity, low hardening temperatures and re-

sponse to mild quenching with resulting reduction in warping, distortion,

internal stress, scaling, and resistance to grain growth.

It has been found from experience that direct oil-hardening gears in in-

termittent service (AISI 3150 steel) will give a satisfactory wear life if the

maximum compression stress is not over 165,000 to 170,000 psi. In carbur-

ized gears the limiting stress is about 200,000 psi for AISI 2315 steel, or

about 215,000 psi for 2515 steel. Other steels used in gears, depending upon

their relative physical properties, will have limiting stresses falling slightly

above or below those mentioned. These limiting loads apply to intermittent

stresses only and are usually reduced by 25 per cent for constant-load jobs.

Carburized Gears

Carburized and case-hardened gears are best suited for heavy duty serv-

ice, offering the maximum resistance to wear, pitting and to fatigue

failures.

In modern practice almost all transmission gears are case-hardened in

one way or another. Gears of low-carbon alloy steel (AISI 2315, 2512, 31 1 5,

4615, 4815, etc.) are pack or gas carburized, and higher carbon steel gears

(AISI 2345, 3145, 4650, 3250, 4345, etc.) are given a superficial surface-

hardening by cyanide or some similar activated bath. Low-carbon (car-

burized) gears are characterized by a heavy case and a soft core, and

higher carbon (cyanided and heat-treated) gears by a light case and a hard

core.

The case and core characteristics of low-carbon gears usually fall within

the following ranges: case depths, 0.030 to 0.050 inch; case hardness, Rock-

well C-55 to C-62; core hardness, Rockwell 030 to C-40. A rule for depth

of case, which has been found quite satisfactory for low-carbon transmission

gears in a number of instances, specifies “twice as much core as case.“ Cor-

rectly interpreted, this means a case depth equal to one-sixth of the thick-

ness of the tooth at its base. Thus a tooth 0.240 inch thick at the base would

require a case depth of 0.040 inch.

With higher carbon gears,^® the case and core characteristics usually range

as follows: case depth, 0.001 to 0.010 inch; case hardness, Rockwell C-48 to

C-58; core hardness, C-45 to C-55.

The tensile strength of the core of low-carbon alloy steel gears after final

heat treatment varies from about 125,000 to 175,000 psi, while that of

higher carbon alloy steel gears covers a range of approximately 200,000 to

325,000 psi. Fatigue strength is affected seriously by residual stresses from

the quenching operation and has a much lower value than when higher

tempering temperatures are used. A temper of 750® F. has been known to



Table 32. ApproodniaU Core Properties of Case-Hardened Carbon

and Nickel AlloySteels

S.A.E.

Approx,
crit. range,
dea. F. of

Treatment after
carburizing

Core properties

steel Yield Tensile Elong. Red. Izod
Heat,
deg.

Brinell
hard-

no.

Core Case Quench, point,
lb. per

strength,
lb. per

in 2 in.

per
area,
per

im-
pact

F. sq. in. sq. in. cent cent ft. lb.

2315 1,435 1,305 1,375 Oil 57,000 90,000 32 60 190 75
1,375 Water 60,000 95,000 28 55 200 60

1,425 Oil 85,000 115,000 21 51 225 55
1,425 Water 95,000 130,000 17 45 290 40

1,475 Oil 135,000 160,000 11 47 345 35
1,475 Water 150,000 180,000 9 45 390 30

1,525
1,375

Oil 1

Oil 1

60,000 95,000 35 65 195 85

1,525
1,375

Oil
j

Water
j

65,000 100,000 30 60 210 70

2515 1,400 1,285 1,350 Oil 65,000 105,000 28 60 210 65
1,350 Water

1

70,000 115,000 26 55 230 50

1,400 Oil 110,000 140,000 18 55 260 45
1,400 Water 115,000 150,000 15 52 290 35

1,460 Oil 160,000 195,000 14 50 385 30
1,460 Water 165,000 200,000 13 50 390 30

1,500
1,350

Oil
1

Oil ]

70,000 110,000 30 65 220 75

1,500
1,350

Oil

Water
]

, 72,000 120,000 28 60 230 60

1,525
1,400

Oil

Oil 1

115,000 145,000 20 60 270 50

1,525

1,400
1

Oil '

Water
j

120,000 155,000 17 55 295 40

3115 1,460 1,355 1,400 1 Water 85,000 130,000 16 45 260 35
1,400 Oil 80,000 120,000 18 48 250 45

1,475 Water 155,000 180,000 10 30 360 25
1,475 Oil 125,000 155,000 13 43 335 1 30

1,550
1,400

Oil
1

Oil f

85,000 125,000 25 55 255 55

4615 1,515 1,340 1,425 Oil 70,000 105,000 25 55 200 60
1,425 Water 80,000 115,000 22 50 220 40

1,525 Oil 105,000 145,000 17 52 300 35
1,525 Water 110,000 150,000 17 50 300 30

1,550
1,425

Oil

Oil
75,000 110,000 28 57 215 75

1,550
1,425

Oil
Water 85,000 120,000 25 52 230 55

3312 1,430 1,320 1,400 Oil 165,000 195,000 12 40 390 35

1,525
1,400

Oil 1

Oil
j

170,000 200,000 13 42 400 40

4815 1,435 1731^ 1,460 Oil 165,000 200,000
.

54 375 —
105
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improve fatigue resistance greatly, but the lower hardness results in

serious wear.

The nickel carburizing steels ^ are used chiefly where exceptional tough-

ness in the underlying core combined with a high degree of wear-resistant

surface is required. The most popular nickel alloy carburizing steels are

shown in Table 32, together with the core properties developed by various

commercial heat treatments. These properties serve to indicate in a general

way the range of usefulness of each steel, insofar as strength and toughness

developed in the gear teeth are concerned.

Current design practice is often more concerned with compressive stresses

developed on the engaging tooth surfaces than in the actual strength of the

teeth, particularly where high-speed gears are involved. In Table 33 are

Table 33. Permissible Compressive Stresses for Nickel Alloy Gear Steels

Permissible compres-
Type S.A.E. classification sive stress, *

(psi)

Direct Hardening 3150, 4640, 4650, etc. 170,000

Carburizing 3115, 3120 180,000

Carburizing 2315, 2320, 4615, 4620 200,000

Carburizing 3312, 4815, 4820, 2515 215,000

* These values are for intermittently loaded gears, and should be reduced by 20-25%
for constant mesh loading.

listed the relative compressive stresses of various nickel carburizing steels,

together with a value commonly used for the direct-hardening types. It has

been established that when compressive stresses, as calculated from the

Hertz formula, do not exceed the figures given, the gear teeth are not over-

stressed in compression and hence not likely to fail by pitting in service.

Heavy-duty applications are served best by the more highly alloyed

types, such as AISI 3312, 4815, 2515 and 4320. Intermediate types are rep-

resented by AISI 2315, 4615, and 31 15, the latter being a rather inexpensive

oil-hardening steel offering considerable advantage in properties over car-

bon steel. When better core properties are desired, it is customary to use

these steels with an increased carbon content over 0.20 per cent, with some-

times the added advantage of better machinability in the annealed con-

dition.

For carburized gears, wear resistance is primarily a matter of surface

hardness, together with sufficient depth of case to prevent crushing. There

is a relation between depth of case and resistance to compressive stress;

however, it is such that the case depth required to prevent fatigue breakage

is always adequate to prevent crushing.

A phenomenon which sometimes occurs when gears are carburized deeply

is exhaustion of the carburizing gases and an unbalanced C, CO and COj
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reaction toward the end of the operation, whereby the carburizing gases

react with the carbon deposited in the steel and this decarburized surface

ultimately reduces the wearing qualities. Slightly decarburized surfaces de-

velop fatigue cracks very quickly under load.

Nitrided Gears

Nitrided gears give complete freedom from wear up to the load at which

surface failure occurs, but at this load they become badly crushed and

pitted, in a manner suggesting that they would not be suitable for duty

where overloads might be encountered. One of the important advantages

of “Nitralloy'" steel is that it makes possible surface hardening of teeth of

large gears of light section which may be utterly impractical to carburize

and quench. The surface hardness does not drop off after continued service,

as frequently happens with a carburized case.

Several grades of '‘Nitralloy'' steels are used for surface hardening by the

nitriding process. These steels are shown in Table 34.

Table 34

“Nitralloy ”

No. c (%) CrX%) Mo(%) Al(%) V(%)

115 0.11-0.19 1.3^1.

5

0.15-0.25 0.85-1.2 —
125 0.20-0.29 0.9-1 .4 0.15-0.25 0.85-1.2 —
135 0.30-0.40 0.9-1.

4

0.15-0.25 1.0-1.4 —
225 0.20-0.30 — 0.60-1.0 1.0-1.

4

—
230 0.25-0.35 — 0.60-1.0 1.0-1.15 —
630 0.25-0.35 1.4-1 .6 — — 0.45 min.

640 0.35-0.45 1.4-1 .6 — — 0.45 min.

135 Mod. 0.40 1.75 0.4 1.0

A nickel nitriding steel containing 0.20-0.27 carbon, 0.40-0.70 manga-

nese, 1.10-1.40 aluminum, 1.00-1.30 chromium, 0.20-0.30 molybdenum and

3.25-3.75 nickel, is a precipitation-hardening alloy, and can thus develop

in its core as a result of exposure to the nitriding temperature, a strength

and hardness considerably in excess of its original properties.

'‘Nitralloy'" steel is nitrided in a cracked ammonia atmosphere at 950 to

980° F. for a sufficient time to give the desired case depth. To obtain greater

diffusion of the case depth, '‘Nitralloy'" gears are sometimes first heated for

several hours at 950° F.; the temperature is then raised to 1200° F. for

several more hours, and the steel is finally furnace-cooled.

Before nitriding, the steel must be in the sorbitic condition and free from

surface decarburization. The customary practice is to quench the rough-

machined gears in oil from 1700 to 1750° F. and to temper at 1100 to

1300° F. The gears are then finish-machined to remove any decarburized

surfaces.

Often it is desired to nitride only the gear teeth and to leave the rest of
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the gear soft. Such selective hardening can’ be done by using tin plate as a

stop-off. The gear is tin-plated to a thickness of 0.0003 to 0.0005 inch and

the tin plate removed only from the gear teeth before nitriding. Other stop-

offs have been used satisfactorily. Nitriding of '‘Nitralloy" steels can pro-

duce a depth of case to 0.030 inch after a 50-hour cycle with a developed

surface hardness of 900 to 1000 Vickers-Brinell (equivalent to about 95

Rockwell-1 5N scale).

The core hardness limitations as they affect carbon content do not have

any appreciable effect on the nitriding process, since no structural change

takes place in the mass of the steel at the temperature employed. This is

rather fortunate, since a relatively soft core is obtained to support the thin,

hard case.

Since the hardness of nitrided surfaces does not alter up to temperatures

in the neighborhood of 800° F., these steels are useful in cases where hard-

ness must be maintained at temperatures which would speedily ruin a car-

burized surface.

Heat Treatment

In gearing, the term ''heat treatment"' usually refers to the operation of

carburizing for case-hardened steels and hardening of all grades of steel by

quenching, followed by tempering. Preannealing and/or normalizing of

gear blanks, and also stress-relief annealing between rough and finish ma-
chining are also classed as heat-treating operations.

Fundamentally, there are but two methods of obtaining high mechanical

properties for strength and high surface hardness for wear resistance: (a)

surface hardening and (b) full hardening. Surface or profile hardness is

obtained by means of (1) carburizing, (2) nitriding, (3) flame-hardening,

and (4) induction-hardening.

Steel expands when heated and contracts when cooled."^ On heating the

steel expands up to the lower critical temperature, contracts slightly for a

short period while passing through the critical range, and then continues to

expand again up to the quenching temperature. The reverse occurs during

cooling. In other words, steel goes through six volumetric changes during

the hardening cycle.

The thin sections will cool first on quenching, thus producing strains

which will cause warping. Everything in the hardening favors distortion.

Because of the heat differential in various sections, some areas are expand-

ing and others are contracting at the same time during heating and during

cooling.

The oil-hardened gears almost invariably expand permanently in the

hardening, and this of course increases the diameter of the pitch circle. This

increase usually approximates 0.001 inch per inch of diameter, but it is not
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always uniform, depending on design and hardening temperature. Thus if

the gear was a thin ring it might not expand, but actually shrink. The rule

of 0.001 inch per inch is safely used in restricting backlash to the close

requirements. Fine-grain steels do not change as much in dimension during

heat treatment as coarse-grained.

When carburized gears are hardened the movement is toward the bore,

hence there is shrinkage. Under good hardening practice the periphery

changes very little. Hence it appears that there are greater possibilities for

quiet gears from the case-hardened low-carbon steels than from the through-

hardened higher-carbon steels.

Water-quenching produces more distortion than oil-quenching. The rate

of quenching is one of the most important factors in gear distortion. Quench-

ing conditions must be adjusted to the mass to be hardened. Many plants

have solved the problem of distortion by use of press-quench fixtures.

Case-hardened gear teeth fail by fatigue, and the fatigue failure for the

usual depth of carburization always originates at the surface of the case.

The heat treatment therefore should consider the requirements of the car-

burized case only; the properties of the core are relatively unimportant,

since in bending it serves mainly as a backing for the case.

Heat treatment of gear materials assumes special significance because the

ability of gears to carry a given load is definitely related to the accuracy of

the tooth dimensions. Quenched and tempered gears have frequently been

unsatisfactory because of uncorrected warpage from heat treatment.

Distortion which occurs during hardening must be taken into special

consideration in all parts that are used without finishing operation after

heat treatment. Some of these parts of high hardness may be sized after

hardening by grinding; but some gear designs do not lend themselves read-

ily to grinding because of their shape, or because grinding removes a layer

of metal of high surface hardness, expressly created by heat treatment. Dis-

tortion is particularly bad in these highly stressed gears, not only from the

standpoint of imperfect functioning, which causes undeniable noise, but

because it usually results in considerably increased stresses in the gear due

to concentration of the loads on smaller areas.

Full-hardening steels may be simply heat-treated to the usual hardening

temperature and quenched in oil or water depending on the carbon content,

the alloy content, the mass and the design. Quite frequently, however, steels

are heated either in cyanide or in some special bath producing a light case,

or in a gas carburizing furnace. This type of treatment produces a very hard

case superimposed over a core having approximately the same properties as

that produced by heating without cyanide or gas-carburizing.

Isothermal quenching has been used successfully to reduce quenching

strains to a minimum, to decrease distortion and to increase the toughness
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of the gear teeth. In practice it involves (1) quenching into a liquid heated

to a predetermined temperature, (2) holding in the liquid until the entire

piece has attained the bath temperature, and (3) removing for cooling in

air or some other medium.

Case-hardening heat treatment may restrict surface hardening to the work

faces of the teeth. The case is localized during carburizing by a “stopping

ofT’ of copper plating. The gear blank is rough-machined, annealed to re-

lieve all strains, copper-plated all over, finish-machined, heated in a car-

burizing mixture or atmosphere to about 1700® F. for several hours de-

pending on the desired case depth, and furnace-cooled or quenched direct.

Before carburizing and after finish-machining and partial or rough tooth-

cutting operations, the gear is completely copper-plated; it is then returned

to the gear-cutting machine to receive a finish cut with the object of remov-

ing the copper plating entirely from the active faces of the teeth, leaving

those surfaces only for reception of the carburizing. In this way there is no

carburization of any part of the gear except the contact faces of the teeth

that have been cleared of their copper plating in the finish operation of the

gear cutter.

For hardening carburized gears it is generally recommended to use fine-

grained steel and either single quench direct from carburizing heat, or cool

in the box followed by reheating to nearly the carburizing temperature and

quenching. This produces a structure containing more or less austenite,

which can be broken down as desired in the subsequent tempering operation.

The gears may also be double quenched, the first from a relatively high

temperature for the core and the second from a temperature only slightly

above the critical range of the case. This produces a fine martensitic struc-

ture in the case. It is believed that a higher resistance to bending fatigue is

obtained by the double-quenched martensitic type of case, properly tem-

pered.

Double quenching after carburizing produces a soft core. Maximum core

strength is obtained by a single quench from just above the critical tempera-

ture of the core.

An excellent gear is obtained by using a single quench. It gives good grain

refinement and maximum strength in the core and good hardness in the

case. With the double quench the core is harder and refined, but upon re-

heating to harden the case the core is tempered so high that its hardness

and strength are decreased. A well refined core and case are produced, but

the core is weaker than in a single quench. A low single quench merely

hardens and refines the case; a gear so made would not be suitable for heavy

loads because of the low strength of the core.

Teeth of gears may be locally hardened by rapid heating and quenching

of the surface. Both electrical induction and flame-hardening methods are
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employed. In both methods, the application of heat is so rapid that the

surface layers reach the desired hardening temperature before the center of

the gear tooth becomes hot. The specified depth of hardening depends on the

service loads and speeds. When bending stresses are low, only the bearing

surfaces (contact surfaces) need be hardened; but if bending stresses are

high, the fillets at the roots of the teeth should also be hardened. When
crushing stresses near the pitch line are high, it is desirable to have either a

relatively deep hardened area, or a fairly high core hardness, or both.

The intense heat of the oxyacetylene flame provides a ready solution to

the problem of obtaining the hardness effect of a furnace heat treatment

at the wearing surfaces and retaining the necessary shock-resistant proper-

ties of the body. Such selective hardening consists simply in heating the

wearing surfaces, i.e., the gear teeth, above the critical temperature with an

oxyacetylene flame and cooling with a suitable quenching agent. The depth

of flame hardness produced generally varies from He to inch, cor-

responding in penetration to the case-hardening process, and it can be

rigidly controlled. The hardness can be tempered by a second heating, as

in furnace practice.

Flame-hardening can be accomplished either manually or mechanically.

It is used to surface-harden gears larger than can be economically handled

in carburizing equipment, or when the size or shape prevents a full quench,

or when only the gear teeth contact surfaces need to be hardened (Figure

26 ).

KLo%rtesy tarrel-Birmingham Co*, Inc., Buffalo, N. Y.)

Figure 26. The Sykes gear-hardening machine.
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Flame-hardened gears have a lower strength and durability than full-

hardened gears and decidedly lower capacities than case-hardened gears.

Flame-hardening is therefore limited in its application to certain designs

and service conditions.

In induction hardening, high-frequency current from 100,000 to 1,000,000

cycles is passed through a water-cooled inductor block or coil of pure cop-

per which surrounds but does not touch the surface to be hardened. This

high-frequency current produces a very strong magnetic field, which cuts

the surface of the steel through the small air gap between the inductor block

or coil and the part to be surface-hardened, inducing both hysteresis and

eddy losses in the surface. The combined losses cause heat to be generated

in the surface of the steel itself. The inductor block or coil remains cold.

The heating is dependent upon the strength of the magnetic field, the

frequency of the current, the width of the air gap between the coil or block

and the part, the steel analysis, the grain size of the steel, and also its elec-

trical resistance and permeability. The higher the frequency, the greater the

permeability and the shallower the penetration; the lower the frequency,

the less the permeability and the deeper the penetration. High frequencies

have skin effect and heat faster but to a shallower depth. The higher the

electrical resistance of the material, the deeper the penetration. The area

to be heated can be closely controlled by regulating the shape and size of

the coil in relation to the part to be hardened; and by adjusting the power

input and the time, the depth that is heated before quenching can be con-

trolled. For a thin induction-hardened case, a high power input and a short

time of one or two seconds is used, while for a deeper case, a lower power

input and a longer time give best results (Figures 27 and 28).

Because of the inherent reaction of the steel as its temperature rises,

i.e., as the increase in electrical resistance with temperature increases, the

heating effect decreases as the critical point of the steel is approached; con-

sequently the surface of the steel is not overheated, since continued applica-

tion of power would only cause the heat to be generated farther in toward

the center of the part. Furthermore, when the steel is heated above the

critical range, it becomes non-magnetic and further application of power

heats it through eddy losses only, and not through hysteresis losses. In ad-

dition, even the eddy currents decrease because of the higher electrical

resistance.

The short operating cycle in combination with almost instantaneous

quench which follows reduces oxidation to a minimum. Decarburization is

no problem because of this short cycle of heating. Depth of hardening can

be varied from 0.015 |o 0.125 inch or more.

Since the heating of a specific section is the main object of induction

hardening, a magnetic field which follows the contour of the section is essen-



Figure 27. Induction hardening the armature shaft pinion teeth.

Figure 28. Induction-hardened spur pinion teeth.

(Ground and etched to show the Induction-hardened zone darker than the

core-hardened areas.)

113



114 MATERIALS ENGINEERING OF METAL PRODUCTS

tial. Hence, the conductor must be designed in suitable fashion to meet this

requirement. The strength of the magnetic field depends upon the current

in a single coil, and increasing the number of turns in a coil increases the

number of conductors.

Cast Iron

As a material for gears gray cast iron of the ordinary type possesses cer-

tain disadvantages which have in many cases resulted in substitution of

more expensive materials. Especially is this true in the case of gears of heavy

section because of a tendency toward shrinkage and porosity in such cast-

ings. Often, after a considerable amount of machining has been done on a

heavy gear, cavities will show up, which necessitate scrapping the entire

casting. Its quality is dependent to a very large degree upon foundry

practice. Most cast-iron gears are finished in the “as-cast” condition. In

some instances the only heat treatment used is one to relieve casting

stresses.

When heat treatment is applicable, and improved wear with higher

strength is desired, gears of simple shape, section and contour can be oil-

quenched from 1550 to 1600® F. and drawn to 700 to 1000® F. The tensile

strength is usually increased by 20 to 30 per cent and the hardness is ap-

proximately doubled, depending on the drawing temperature and the com-

position.

Alloy cast irons, such as nickel, nickel-chromium, nickel-molybdenum

or nickel-chromium-molybdenum, are used where greater strength, hardness

and wear resistance are required. These alloys give a more uniform hardness

without chill. Dense, sound castings can be obtained; open grain and porous

sections at the roots of the gear teeth where maximum stress may be imposed

are eliminated.

Generally where gears are subjected to impact loading, the plain nickel

and nickel-molybdenum high-test type irons have proved most satisfactory;

and where constant loading and resistance to wear are primary factors,

nickel-chromium iron or nickel-chromium-molybdenum iron is best.

For special applications, such as pump gears used in handling corrosive

liquids, corrosion-resistant austenitic cast iron, such as “Ni-Resist,” has

been adopted quite generally. This alloy contains about 2 per cent of chro-

mium, 6 per cent of copper, 13 per cent of nickel, 3 per cent carbon, the

remainder being iron.

Cast irons vary in tensile and transverse strength depending on the alloy

content and on the heat treatment. Ordinary gray cast iron has the follow-

ing typical properties. Tensile strength, 25,000 to 40,000 psi, transverse

strength, 2,200 to 3,000 pounds, transverse deflection, 0.30 to 0.35 inch,

Brinell hardness 175 to 250. Alloy cast irons have higher properties, namely.



GEAR MATERIALS 115

over 50,000 psi tensile strength and over 4,500 pounds transverse strength,

depending on the alloy content.

Table 35 shows the composition and properties of nickel-chromium-

molybdenum cast-iron gear material.^^

Table 35. Cast-iron Gear Material

Composition

Total carbon
Silicon

Manganese
Nickel

Chromium
Molybdenum

Typical Properties

Ultimate tensile strength (psi)

Ultimate strength in compression (psi)

Ultimate shear strength (psi)

Ultimate torsional strength (psi)

Modulus of elasticity (psi)

Torsional modulus of elasticity (psi)

Transverse strength (lbs) (1.2" bar, 18" span)

Transverse deflection (inches) (1.2" bar, 18" span)

Brin ell hardness

Weight in pounds per cubic inch

Actual Properties on Test Bar Representative of Gear

Tensile strength (psi)

Rockwell "C" hardness

Brinell hardness

3.10% max.
2.10-2.40%
0.80-0.90%
0.75-1.25%
0.15-0.30%
0.40-0.60%

50.000

150,000

58.000

67.000

20,000,000

7,500,000

3,000

0.4

220
0.26

52,500

20
223

A type cast iron known commercially as “Meehanite’' is supplied in

various grades for gear applications. The typical properties of three dif-

ferent grades of this material are shown in Table 36.

Table 36. Engineering Properties of ^^Meehanite”

Mee- Tensile Modulus Modulus Compressive Fatigue Shear
Damp- Brinell

hard-
ness

cts-cast

hanite
type

strength
(psi)

of elasticity

(psi)

of rupture
(psi)

strength
(psi)

strength
(psi)

strength
(psi)

ing
capacity

(%)

GM 60,480 23,000,000 93,000 200,000 25,000 55,000 21.0 217

GA 51,520 21,000,000

17,500,000

88,950 175,000 22,000 48,000 24.0 207

GC 41,440 82,000 150,000 17,500 40,000 25.0 192

Inherently, cast iron is relatively weak and brittle when compared with

rolled, forged or cast steel. Cast iron has a low modulus of elasticity

(10,000,000 to 20,000,000 psi) which should allow the development of a

greater contact area, tooth to tooth, and hence improve lubrication and

other factors controlling wear. The high damping capacity of cast iron has

been cited as a desirable property.

Cast iron is usually used for gears of light unit loading, minimum shock
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and low speeds. Cast iron is preferable to steel castings for herringbone

gears of large diameters and moderate power transmission. However, steel

castings will be found more economical for high tooth pressures.

The recommended composition and the corresponding typical properties

for alloy cast irons for particular services are as shown in Table 37.

Table 37. Alloy Cast Irons

Composition Small Small Large Diesel Heavy Corrosion
and properties gears machinery machinery engine duty resistance

Nickel 1.00 1.25 2.00 1.50 2.00 14.00

Chromium 0.30 — 0.30 0.50 — 2.00

Molybdenum — — — 0.60 0.65 —
Total carbon 3.40 3.30 3.00 3.00 3.00 2.90

Silicon 2.20 1.50 1.00 2.00 1.50 1.50

Manganese 0.70 0.55 0.80 0.70 0.80 1.00

Copper — — — — — 6.00

Tensile

strength (psi) 30,000 38,000 42,000 48,000 50,000 25,000

Brinell

hardness (as-cast) 200 200 220 220 230 180

Bronzes

In modern worm gear application the usual construction is a bronze

worm wheel mating with a hardened steel worm. The worm wheel is prop-

erly the wearing or bearing member. Therefore, through-hardened alloy

steel worms are recommended for low-speed applications, and case-hardened

steel for high-speed applications. Nitrided steel worms are also recom-

mended for high loads and high speeds.

Only point or line contact can exist between the gear and its worm, and

this is essentially a sliding contact. Therefore, worm gear problems^ are

essentially bearing problems. Experience shows that for best results the

bronze gear should be cast under chilling conditions, the object being to

produce a material that is relatively fine-grained and yet has a liberal sup-

ply of hard bearing crystals.

Where the worm gear is subjected to high stresses and where the physical

strength is of more importance than the properties of a bearing material,

aluminum bronzes with varied heat treatments have given excellent results

when used with a through-hardened steel worm (not case-hardened). The
worm should have a high polish and finish; the harder the worm the more

important is the finish.

In extreme cases the life of the bronze worm wheel may be shortened

materially or even be completely destroyed by extreme oxidation of the

lubricating oil. Oxidized oil becomes rancid and consequently corrosive in

its effect.

The utility of bronze, particularly phosphor bronze, for gear duties neces-
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sitating low coefficient of friction and resistance to frictional wear has long

been recognized.

The tin ^ content of commercial bronzes is usually limited to 12 per cent

maximum, since there is a decreasing tensile strength, ductility and shock

resistance with increasing tin content over 10 per cent. Phosphorus is re-

stricted to that amount which will insure good fluidity and foundry prac-

tice. It is a powerful hardener by forming the compound CUgP, which is

the hard, load-bearing constituent. But its intrinsic brittleness is reflected

in the lower impact values obtained from bronzes of higher phosphorus con-

tent. Lead above 0.5 per cent lowers the yield point in compression, and

therefore the tendency to pit under high compressive stresses is increased.

Nickel raises the yield point in compression and thus resists pitting. It also

increases the tensile strength and impact value. Its marked effect on the

plasticity of the bronze necessitates careful control of the proportion of

nickel, particularly in relation to tin content, as a certain degree of plas-

ticity is essential in a gear bronze.

In a copper-tin alloy containing 10 to 12 per cent tin, approximately

Yiq oi the volume consists of hard crystals of alpha-delta eutectoid embed-

ded in a matrix of relatively soft alpha solid solution. Phosphor bronze

used for worm wheels, because of its high tin content, is unsuitable for

forging and hot-working, and therefore castings have been used. The com-

position of a high-grade worm gear bronze is 10-12.5 tin, 0.5 max. lead,

0.

2.0.4 phosphorus, 2 max. nickel and balance copper.

Bronzes containing zinc, manganese or aluminum are inferior to nickel-

tin bronzes for frictional purposes. Experience has shown that the unheat-

treated aluminum bronzes under high surface stresses are liable to failure

through seizure or partial seizure, which leads to rapid wear. Particularly

is this true if the mating worm shaft is slightly deficient in hardness or the

lubrication in service is not ideal. Aluminum bronzes are satisfactory for

slow-moving worm gears. Heat-treated aluminum bronzes containing iron

are more satisfactory for heavier-duty services, as they have greater

strength, hardness and wear resistance.

Gear wheel blanks and particularly rear-axle worm wheels for heavy-

duty trucks and coaches have been made from phosphor bronze and also

from aluminum bronze.

Some General Bronzes for Worm Wheels

1. Naval Bronze
Composition: 88 Cu, 8 Sn, 4 Zn.

Properties: 40,000 T.S., 20% elongation.

Recommended for general purposes.

2. Silicon Bronze
Composition: 93-95 Cu, 3-4.5 Si, 0.5-1.75 Fe.
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Properties: 50,000 T.S., 20,000 Y.S., 15% elongation.

Recommended for worm wheels to mate with case-hardened worms for medium
loads, medium to high speeds and severe service.

3 Phosphor Bronze

Composition: 88-90 Cu, 10-12 Sn, 0.3-0.6 Ni, 0.2-0.4 P.

Properties: 38,000 T.S., 23,000 Y.P., 10% elongation, 70 Brinell.

Recommended for worm wheels to mate with hardened worms (preferably case-

hardened) of high hardness and fine accuracy, for severe service, medium loads and
medium to high speeds.

4. Leaded Bronze

Composition: 78-81 Cu, 9-11 Sn, 9-11 Pb, 0.25 P, 0.5-1.0 Zn.

Properties: 25,000 T.S., 12,000 Y.S., 8% elongation.

Recommended for worm wheels to mate with soft steel worms for low loads and low to

medium speeds.

5. Aluminum Bronze

Composition : 86-89 Cu, 7-9 Al, 2-A Fe.

Properties (heat-treated): 75,000-140,000 T.S., 20-40% elongation, 6-18% R.A.,

149-340 Brinell.

Recommended for worm wheels to mate with hardened steel worms for highly stressed

applications.

Some General Bronzes for Spur and Bevel Gears

1. Phosphor Bronze

Composition: 86-89 Cu, 1-3 Zn, 9-11 Sn, 0.2 Pb, 0.02 P.

Properties: 40,000 T.S., 25,000 Y.P., 10% elongation, 80 Brinell.

Recommended for severe working conditions and heavy pressures.

2. Manganese Bronze

Composition: 55-58 Cu, 33-36 Zn, 3-4 Mn, 1-1.5 Fe, 2-4 AI.

Properties: 90,000 T.S., 45,000 Y.P., 20% elongation, 120 Brinell.

Recommended for severe service, high loads and high speeds. This alloy is highly

wear-resistant.

3. Aluminum Bronze

Composition : 86-89 Cu, 7-9 Al, 2-4 Fe.

Properties (heat-treated): 75,000-140,000 T.S., 20-40% elongation, 6-18% R.A.,

149-340 BrineU.

Recommended for gears mating with hardened st-eel pinions for severe service and
heavy loads. It has high fatigue and shock resistance. It is not recommended for

worm wheel service where sliding and friction are great.

Non-Metallic Gears

The use of proper non-metallic gears makes for silence of operation.

“Micarta,'' or a material of equal qualifications, assures strong and durable

gears with silent operation. The base material in “Micarta’' is a fabric,

woven to a definite weight and thickness, and specially treated for impreg-

nation with a binder. After the binder has been absorbed, the processes are

carried to their final stage by applying heat and pressure. The characteris-

tics of ''Micarta" and similar materials are: (1) it is self-supporting, that

is, no shrouds for the teeth are required and in most cases no end-plates

whatever; (2) it is unaffected by extremes of temperature; (3) it is un-

affected by running in hot or cold oil or water; (4) it is sufficiently elastic
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to absorb shocks that would wreck metal gears. Gears of the larger size

have iron or steel hubs or webs.

'‘Lamicoid'' gear stock has a specially prepared canvas or finely woven

linen base impregnated with a thermosetting phenolic plastic. It provides

maximum shock resistance. The canvas-base gear stock is used for large,

heavy-duty gears, while the linen-base grade is used for small gears with

fine teeth. In general it can be said that ''LamicoW gear stock has a high

degree of resiliency, a low modulus of elasticity (about 50,000 psi), a low

coefficient of sliding friction on hardened steel, good dimensional stability,

ready machinability, and a high degree of resistance to corrosive at-

mospheres and liquids.

Figure 29 shows several gears made from vulcanized hard, ‘"bone" fiber.

It is easy to machine, resistant to wear and abrasion, and is well suited to

making noiseless gears.

{Courtesy National Vulcanizing Fibre Co., Wilmington, Del.)

Figure 29. Fiber gears.

Rawhide has long been used as a material for the manufacture of gears

and pinions, to mate with metallic gears where comparatively quiet opera-

tion is desired, and where teeth must withstand unusual shock. The effi-

ciency of a rawhide pinion depends primarily upon the fibrous strength of

the hide from which it is made.

To obtain a noiseless gear drive it is necessary to have only one of a pair

of gears made of rawhide, and because of the relatively higher cost over

metal it is usually the smaller of the two. For the other, a cast-iron gear
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is recommended, since it will transmit any load that a rawhide pinion of

like pitch will deliver and because of its economical cost. Practical ex-

perience has indicated an approximate strength for rawhide pinions equal

to 65 per cent that for cut cast-iron spur pinions of the same dimen-

sions.

Rawhide is elastic and resilient and takes up shocks readily, but still

produces gears of great durability and efficiency (Figure 30). The blanks

from which rawhide gears are made are built up of layers of prepared steer

{Courtesy Chicago Hawhide Mfg. Co., Chicago, lU.)

Figure 30. Rawhide gear.

hides. The laminations are coated with a special adhesive compound and

subjected to hydraulic pressure until they adhere firmly. The rawhide

blanks are then assembled with brass or steel flanges by means of steel

rivets. These flanges provide protection and support to the rawhide. After

assembly, blanks are turned to size on a lathe and then subjected to a

milling operation for generation of the teeth.

Rawhide gears should not be used on machinery where there is severe

reciprocating or intermittent motion against them. They should not be

allowed to become wet, as water will swell rawhide and destroy the cement,

and in addition they shrink and lose their shape when dried out. Hard
grease and graphite are the best lubricants, but mineral oil will soften the

rawhide.
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Powder Metal Gears

Gears may be made by pressing and sintering of powdered metals. They
are limited in design and size and are not recommended for high stresses

or shock resistance. They have good application in idler gears and gears

of low speed and low load. Small spur gears can be made very economically

by this method, when large quantities warrant the cost of the metal die.

Laminated Gears

Gears are also being made as laminations built up of steel stampings,

copper-brazed together as shown in Figure 31. Such gears can be made very

economically for certain applications.

Figure 31. Gears formerly made of machined cast iron are replaced by these

modern laminated gears built up of stampings, copper-brazed together.

Welded Steel Gears

For welded steel gears the rim of the gear blank is gas-cut to the required

width from a rolled steel slab of the proper thickness. The rim is then

rolled into a circle and welded to form a solid ring of pre-determined

diameter. The indexing of the teeth for cutting is started at the weld so

that the weld will not be in a tooth. The web can be a solid disk suitably

stiffened. The stiffeners or spokes of U-shaped channels applied to each side

of the thin web to form a double box section give additional strength, be-

sides supporting the face of the gear. The hub is cut from a steel plate of

proper thickness. A steel casting may be used for the hub (Figure 32).

The design freedom which is inherent in the use of welded steel gives a

gear blank structure in which the metal has been placed in a theoretically

ideal manner that has proved thoroughly practical. In particular, it enables

the designer to choose a rim analysis which can be independent of the rest



Figure 32. Welded gear.

Figure 33. Welded gear.

{Courtesy Weatinghome Electric Corp.,
Pittsburgh, Pa.)
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of the gear. Figure 33 is a built-up gear utilizing four quadrants of hot-

rolled carbon steel plate for the web to take up welding stresses.

Durability of Gear Teeth

The strength of a gear tooth depends upon many factors. In designing a

gear tooth the material and form of the tooth is of first importance. Some

of the principal factors are: (1) material, (2) diametral pitch, (3) form

and shape of tooth, (4) number of teeth and tooth ratio of gears in mesh,

(5) backlash, as it affects the thickness of the tooth, (6) accuracy of ma-

chining and hardening, and (7) accuracy of and method of mounting.

It is self-evident that some materials will resist wear and deformation

better than others. Consequently, material is an important factor and the

method generally used for selecting the proper material is to determine a

safe stress. The greater the number of teeth in contact, the greater the load-

carrying capacity, and also the greater number of teeth in the gear the

greater the beam strength. The strength of a gear tooth under static load,

or at rest, is generally considered as being much greater than when it is

operating under load at high speeds. The reason for this is that the impact

is much greater, and stresses are introduced which do not exist when the

gears are operating at comparatively low speeds.

Durability of gears is related to the toughness and hardness^ of the

material used. Gears of relatively soft steels have self-correcting properties,

making them useful for applications where conditions of misalignment are

possible. Gears that are heat-treated after cutting are subject to distortion,

often resulting in highly concentrated and localized loading. This may lead

to breakage of the teeth by fatigue in bending at loads satisfactorily carried

by material heat-treated before cutting. Such distortion makes profile-

grinding desirable on any gears where accurate and complete control of

mass production is not available. Free-machining, high-sulfur steels allow

high hardness before cutting and have proved satisfactory for small stand-

ard gears used where impact and dynamic loads are not excessive. The per-

formance of a hardened gear under uniformly applied test loads cannot be

taken as a criterion of its suitability for applications involving high ex-

ternal shock. Impact resistance decreases as hardness and surface durability

increase.

When a static overload due to an accident or other cause is applied to a

gear, resulting in stresses greater than the elastic strength of the material,

the ultimate strength of the material determines whether the gear will suc-

cessfully resist the load or will rupture. On the other hand, if a dynamic

load, that is, an amount of rapidly applied energy in excess of the resilience

of the material, is applied to the gear, thereby causing stresses in the teeth

greater than the elastic strength of the material, the toughness determines
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whether the energy of the moving body will be absorbed by the member or

will rupture it. In other words, toughness is a measure of ultimate energy

strength, and it furnishes reserve strength for resisting excessive energy

loads. Therefore, the toughness and resilience of a heat-treated steel will

determine its resistance to overloads, shocks and impacts.

The property of a body by virtue of which work can be done on the

body when stressed beyond its elastic limit is called toughness. A tough steel

is needed, therefore, to resist energy loads when the gear in service is likely

to be stressed beyond its yield point. Toughness is directly proportional to

tensile strength and ductility, and is inversely proportional to yield strength.

The lower the yield point and the higher the ductility, the greater the plas-

ticity and therefore the greater the resistance to shock and the greater the

ability to absorb the excess energy. Toughness is therefore the resistance

to breaking after permanent change of form has occurred.

Inasmuch as wear resistance requires hardness, strength and plasticity,

a simple formula can be stated for the wear resistance index; the wear re-

sistance is equal to the product of the hardness and the toughness of the

material. To wear well, a metal must resist the displacement of its particles

and hence have hardness, but when they are displaced it must resist the

removal of the particles from the body and hence have plasticity. In general,

if two metals have the same tensile strength, the one having the greater

ductility will possess the greater resistance to wear, although the resistance

to wear of both metals would be increased by increasing the tensile strength

and the fineness of crystalline structure, assuming the ductility to remain

the same.

In calculating the strength of gear teeth, it is generally taken for granted

that they will have full face width bearing. This condition is only realized

when the gears are accurately cut, and when the shafts upon which they are

mounted are in alignment.

Gear teeth must be hard enough to resist rolling and sliding friction,

strong enough to resist the stresses imposed, and tough enough to withstand

the shocks and pulsations which are frequently encountered.

Resistance to bending fatigue® is greatly influenced by the quality of

finish on the surface of the fillets at the base of the teeth. Consequently, the

machining practice employed in cutting a gear may have an important bear-

ing on the suitability of a gear for a particular application. If the gear teeth

are finished by lapping, shaving or grinding operations which do not include

the fillet, it is essential for the initial machining of the fillet to leave a

smooth surface.

Efforts to improve gears by improving surface finish sometimes have the

opposite effect. Highly polished surfaces and fillets may lead to a false sense

of security, if, as the result of machining or straightening operations, the
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parts have high internal stresses of the wrong kind. In ground surfaces the

grinding operation may introduce high surface-tension stresses and thus

promote fatigue failure. Surface-tension stresses from improper grinding

often are so great as to produce visible or magnaflux surface cracks.

Whenever it is economically practicable, internal stresses that produce

tension in any surface layer subjected to cyclic tension stress should be re-

duced or removed, or better still, converted to compressive stress by suitable

treatment, because all fatigue failures are due to tension stresses. The sur-

faces of repeatedly stressed gear teeth, no matter how perfectly they are

finished, are much more vulnerable to fatigue than the deeper layers. It has

long been appreciated that vulnerability to fatigue increases with the sur-

face roughness, particularly if the roughness consists of sharp notches, and

more particularly if the notches are oriented at right angles to the principal

stress.

The fatigue life of the most carefully prepared gear will be lengthened

if a thin surface layer of the teeth is pre-stressed in compression by a peen-

ing operation. Tests show that the compression-stressed surface is effective

whether applied to highly finished gears or to gears having rough surfaces.

The most plausible explanation of the effectiveness of surface compression

stress is that when a load is applied the tension stress in the surface layer is

less by the amount of the compression pre-stress; and since fatigue failure

starts only from tension stress, the fatigue durability of the surface layer is

increased.

Breaking ® of the tooth at the root is a bending-fatigue type of failure, in

which the rupture originates at the surface. The properties of the surface or

case are probably the most important as far as this type of failure is con-

cerned. Soft spots in the fillet at the root of the tooth are conducive to very

low fatigue strength.

Wear
Two distinct types of wear occur at the meshing faces of gear teeth: (1) a

regular change in the shape of the tooth profile, and (2) the formation of a

number of cavities or pits on the tooth face.

Wear may be due to (1) incorrect design or application, (2) defective

workmanship or material, and (3) service or operating conditions. The lat-

ter may be subdivided into (a) overloading because of unpredictable con-

ditions, such as shocks, vibrations, critical speeds and abuse; (b) lack of

lubrication or inadequate lubrication; (c) presence of foreign matter such

as abrasives, dirt or particles worn from the teeth in either the oil or the

atmosphere; and (d) improper mounting, such as incorrect center distance,

misalignment, excessive shaft deflection or defective related parts, such as

bent shafts, worn bearings, or inadequate clearance.
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Normal wear is a gradual polishing and smoothing of the working sur-

faces by removal of small particles of metal over a long period of time.

Gear-tooth wear ® is very similar to the wear on plain bearings. Contrast

between gear-tooth profiles is similar to that between two cylinders, except

that on gears the radius of curvature is constantly changing. In many cases

wear on gear teeth first becomes apparent at or near the pitch line. When
the stresses are below the elastic limit of the material, the wear on the gears

is not appreciable. When the stresses exceed the elastic limit the rate of wear

increases. Apparently, for any pair of gears there is a critical surface pres-

sure, governed by the properties of the material, above which the life of the

gears is short, and below which the gears will run indefinitely without ap-

preciable wear.

Wear varies considerably over the tooth profile and is greater below the

pitch line than above. Smooth abrasive wear is the normal type encoun-

tered with long-service gears, and this very slow removal of surface metal

is not corrected by the use of extreme-pressure lubricants. High surface

hardness is usually required to withstand this type of wear.

Actual wear is usually caused by abrasive particles getting into the gear

box or fouling the lubricant, or chemical attack by lubricants or external

agencies. Again, high surface hardness is required to withstand abrasive

wear. Abrasion is generally distinguished by radial scratch marks on the

teeth. In simple abrasion the worn surface usually becomes smooth in time.

Sometimes the property of hardness is made to include resistance to wear.

However, resistance to wear depends upon ductility or plasticity of the ma-

terial in addition to its strength hardness. In other words, to wear well, a

steel must resist the displacement of its particles (and hence have hard-

ness) ; but when they are displaced, it must resist the removal of the par-

ticles from the body (and hence have plasticity). Toughness requires both

strength and plasticity. Wear resistance therefore requires hardness,

strength and plasticity.

Pitting® is the most common variety of wear and is the major cause of

tooth profile failure. Pitting is identified by the formation of concave pits

ranging from very large ones common to heavily loaded, coarse pitch gears

to very numerous small pits, fully or partially distributed over the profile

of fine pitch gears. These pits actually impair tooth action and are not to

be confused with the non-progressive initial pitting which sometimes occurs

during running-in. Stresses causing such pits are due to sub-surface shear

stresses which can be computed by the Hertz formula which determines

mathematically the stresses to be expected when two elastic bodies are in

contact under load.

Pitting is caused by the development of very high compressive stresses

as a result of continual application of very high pressures per unit area. It is
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a form of fatigue that is induced by compression loads on the contacting

tooth surfaces. The magnitude of the compressive stresses varies with the

relative curvature of the contacting teeth, with the degree of load concen-

tration at the ends of the teeth and with the applied load. The load that

may be carried varies with the hardness and therefore with the strength of

the material, with the temperature, and with the manner in which the lu-

bricant is applied.

Repeated compressive stresses produce shear failure slightly below the

surface, and eventually a small flake comes off. There is evidence indicating

that oil contributes to pitting by entering surface fissures; if it is under

hydrostatic pressure, the fissures are extended until pieces are lifted out of

the surfaces of the teeth. This leaves numerous cavities, resulting in higher

unit pressures on the surface, with a cumulative effect in developing further

pitting.

Pitting® can be divided into two classes: (1) corrective, and (2) progres-

sive and destructive. Failure by pitting occurs when the rate of pit forma-

tion is greater than that of normal wear, measured by increase in polished

surface. Corrective or so-called incipient pitting occurs during the initial

operation of the gears, and is caused by the concentration of stresses at

localized areas or high spots. As soon as the high spots are eliminated in

operation, pitting ceases, and subsequent normal wear often causes it to

disappear.

If the pitting progresses to a point where the remainder of the surface is

insufficient to carry the load, the contacting surfaces will be completely de-

stroyed. The cause may be lack of material strength, extremely poor or

rough surfaces, or high stresses of a repetitive nature caused by contact

impacts. Compressive fatigue strength and resistance to pitting are approxi-

mately proportional to hardness. Therefore, case-hardened gears are better

in resistance to pitting than through-hardened gears, since the hardness of

the surface layers of the former is usually greater. In carburized gears,

however, if the case is too thin, or the core is too low in hardness to sup-

port the case, the tendency toward failure on the surface is increased.

Spalling is a chipping, breaking or splintering of large fragments from

the surface caused by yielding of the material under excessive loads or im-

pacts. Spalling is very similar to pitting, except that the dislodged particles

are much larger and extend over the entire tooth profile. Spalling is a com-

mon failure, frequently occurring in hardened gears where the residual

quenching stresses have not been properly relieved by tempering.

Scuffing is caused by a combination of pressure and velocity resulting in

a drawing action at the extremities of tooth contact. This produces vertical

scratches above and below the pitch line.

Rolling is similar to scuffing except that a failure of the lubricant has
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allowed complete seizure of the mating profiles. The failure is identified by

parallel scratches and concave grooves along the teeth perpendicular to the

axis of rotation.® Materials ductile in compression sometimes exhibit con-

siderable plastic flow of the surface layer without its being fractured, with

consequent scoring or galling. Rolling may be said to have occurred when

the surface spreads or flows at the tips or sides of the teeth.

Scoring and galling® have the appearance of severe abrasion. The sur-

faces are deformed either by plastic flow or the yielding of particles of

metal. Seizing, or localized adhesion of the roughened surfaces or protuber-

ances, may result in tearing out of portions of the mating surfaces which

may have become welded. Scoring is defined as scratching, cutting, groov-

ing, chafing or roughening of the surface. It may be characterized by

scratches in the direction of sliding between the mating teeth, and appears

to be caused by the welding of small areas of the contacting surfaces under

the influence of high heat of friction and high unit pressure.

Galling describes surfaces when yielding, seizing, adhesion or tearing has

occurred. These characteristics are similar to scoring and are the inevitable

result of allowing scoring to continue.

Any of the following will cause scoring and galling: excessive unit pres-

sure, excessive sliding velocities, rough surfaces, foreign matter passing

through the mesh, incorrect tooth action, lack of or inadequate lubrication.

Scoring is usually considered to be the result of failure of the oil film, rather

than of the metallurgical properties of the gear material. The method of

correction consists in changing the chemical properties of the surface of the

gear by adding to the lubricant some substance such as sulfur or sulfur

chloride, which will react chemically with the surface of the gear, making it

non-welding. Under very severe conditions extreme-pres.su re lubricants are

required.

Wear changes the location of tooth contacts; deflection separates the gear

and pinion from normal positions and throws the point of load application

nearer the top of the tooth; it thus increases bending stresses at the root and

deflection of the teeth themselves, shifting the load from toe to heel along

the tooth face. All these factors enter into gear life.

Causes of Failure

Under service conditions industrial gears can fail by tooth fracture due

to bending, fatigue or impact, or by loss of metal from the working face.

Surface or profile failure is caused by pitting, spalling, scuffing, scoring,

rolling, plastic deformation or gradual wear. Profile failure has occurred,

in a practical sense, when the load can no longer be transferred in a satis-

factory manner because of either excessive noise, inadequate smoothness of

operation, or too much heating (Figure 34).

Industrial gears seldom fail by breakage, and when they do break, the
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Figure 34. Pitting of gear teeth.

nature of their fracture or the attendant circumstances usually disclose the

cause. The majority of the failures are caused by excessive wear of one sort

or another, and vary with the type of gear and with the service they per-

form.

Tooth breakage is of two distinct types, one due to brittleness or low im-

pact resistance, and the other to fatigue. Brittleness can be avoided by

proper heat treatment. Fatigue failure may be due to incorrect design, low

strength, overloading, or to notch effects caused by undercuts, tool marks,

roughness, etc. Figure 35 shows a railway drive pinion which failed in

fatigue (note broken tooth).

Figure 35. Failed bus transmission gears.
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Fatigue failures are progressive and may result either from a few cycles

of high stress or from many cycles of a lower stress. If the stress is below

a certain critical value (endurance limit) for a given material and treat-

ment, an infinite number of cycles can be applied without failure. Fatigue

failure is caused by bending stresses which exceed the fatigue limit of the

material. Since the stress decreases from the surface inward, the outer por-

tions of the core are stressed to a degree depending upon the depth of the

case of case-hardened gears. Therefore, a relation exists between depth of

case and the resistance of case and core to fatigue. In medium-carbon, oil-

hardened gears with a core hardness of Rockwell C~50 or more, this relation

is usually ignored; but in low-carbon (case-hardened) gears with large dif-

ferences in hardness between case and core, case depth becomes a factor of

major importance. Fatigue may start in either case or core. The same may
be true for the medium- and high-carbon steel gears, which are surface-

hardened by the flame or induction method and therefore show a wide dif-

ference in core and case hardness.

Impact failures are caused by brittleness. Failures due to brittleness are

not progressive and may result from a single application of stress above the

elastic limit, which could be absorbed readily by a tough material without

appreciable damage. While resistance to impact depends primarily upon

material and heat treatment, it is also seriously affected by depth of case.

The cores of low-carbon gears usually provide sufficient toughness to

prevent impact failure, regardless of any depth of case likely to be used.

High-carbon steel gears, however, are much more susceptible to this effect,

and should not be cased too deeply if adequate toughness is to be main-

tained.

In addition to the tooth stresses at the contacting. surfaces, the tooth can

be considered as a cantilever beam; hence the tooth load tends to break

the tooth at the root. To decrease failures it is often recommended to break

the edges at the root of the teeth.

Fracturing at the root is a bending-fatigue type of failure, starting in the

fillet at the root and proceeding approximately at right angles to the fillet

at the point of origin.^® With case-hardened gears this type of failure prob-

ably originates in the case. Considering the fact that in bending the stress

varies from a maximum at the surface to zero at the center of the core, it

seems probable that whether fracture originates at the surface of the case

or between the ca^ and the core depends upon the relative strength of the

case and core and the depth of the case. In this connection the concentration

of the stresses at the fillet must also be considered.

If the gear tooth were hardened all the way through to the same degree,

it would undoubtedly be too brittle for many types of service and would

fail readily by breakage. It is generally accepted that a softer core adds
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toughness to case-hardened gear teeth. It is also general knowledge that

resistance to bending fatigue is inversely proportional to the sharpness of

the fillet or the roughening of the surface. The larger the fillet and the

more smoothly it is machined, the less will be the concentration of stresses

or the greater will be the apparent resistance to bending fatigue at the root

of the teeth.

Failure ® by breakage and pitting can be partially controlled by increas-

ing the strength—especially the combination of fatigue strength and wear-

resisting hardness—and therefore by proper selection and heat treatment of

the materials. The other types of failure are principally due to errors in de-

sign or manufacturing, or to operating factors; higher physical properties

can aid in minimizing the latter destructive effects, but the only suitable

solution lies in removing the fundamental causes.

As in all other cases, where corrosion is not a factor, failures in gears re-

sult from two main causes: wear and breakage. Avoidance of such failures

is accomplished by proper attention to three important factors
:

( 1 ) proper

gear materials, (2) better gear design, and (3) controlled manufacturing

processes. All three are interrelated: the design should not be altered with-

out considering the advisability of a change in the steel composition to meet

the requirements of a revised stress analysis, and an important change in

fabricating methods should not be made without taking into account the

machining qualities of the specified material and the nature of its response

to heat treatment with respect to risk of distortion.

The physical properties essential to durability in service are those which

provide adequate resistance to surface wear, fatigue breakage and impact

breakage. Those factors tending to cause failure either increase stress or

lower the ability of the material to withstand it. Stress concentrations,

owing to deflections, warpage, runout, etc., promote pitting as well as re-

duce resistance to breakage.

In endurance runs of gears, failure generally ensues from fatigue cracks,

which usually originate at the base of the teeth. Generally a deep acid etch

will reveal that most of the teeth have fatigue cracks of varying depths,

but none of them has actually failed. Wear almost invariably occurs first;

the surfaces of the teeth show considerable wear near the pitch line before

breakage occurs. It is therefore essential to make the surfaces hard enough

to maintain the true involute.

With one or two exceptions, the cause of wear or breakage is excessive

unit pressures, the magnitude and direction of which govern the kind and

degree of wear or rupture. If a tool mark, scratch, or grinding check is

present it becomes a fatigue point from which spalling may start. If there

is a pin hole due to oxidation in heat-treating or other cause, tooth action

will roll oil into it, generating great hydraulic pressure about the grain
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boundaries of the material, and pitting will ensue. If gear teeth are ground

after hardening, care must be exercised to avoid (
I ) formation of grinding

checks, (2) overheating due to grinding, which softens the surface of the

teeth, and (3) removal of too much of the case, if the gear is carburized or

nitrided.

Figures 36 and 37 show the result of abusive grinding on hardened gear

teeth made from a 0.50 per cent carbon steel heat-treated to 455 Brinell

hardness. Fine cracks appear, as shown in Fig. 36 and then flaking and

spalling of the surface as shown in Fig. 37.

Figure 37. Grinding cracks and spalling.
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Lubrication of Metallic Gears

Proper gear lubrication is one of the most important factors in machine

operation. Neglect of lubrication results in noise and clatter, rapid wear of

gears, loss of power and development of inaccuracy that often directly in-

fluences the quality of the product being made by the machine.

The lubrication of enclosed gear trains and speed reduction units is a

comparatively simple matter as they are generally designed to operate in

a bath of oil. On exposed gear trains, however, a heavier lubricant is neces-

sary, to adhere tenaciously to the teeth at the speed the gear is designed

for and to resist temperature changes. The essential requirements of a

satisfactory gear lubricant are:

(1) Sufficient oiliness to insure a minimum of friction.

(2) Viscosity commensurate with method of lubrication, tooth pressures,

temperature and speeds.

(3) Adhesiveness sufficient to remain on the teeth against the action of

centrifugal force at the operating speed.

(4) Minimum tendency to congeal, harden, crack or become brittle at

lower temperatures or to carbonize and chip at high temperatures.

Grease and so-called gear compounds are generally not satisfactory be-

cause of the talc, rosin, etc., used for thickening, generally at the expense of

lubricating qualities.

In general the viscosity of a good gear lubricant should be relatively high,

varying between 100 and 5,000 seconds Saybolt at 210° F. The specific

requirements of each particular installation, and the type of gears used will

determine the best type of lubricant.

Design

Design is the most important factor in producing a quality gear. The
important points are (1) that the gears have rigidity, (2) that their in-

ternal supporting splines, if any, be so located as to substantially include

the length of the tooth, and (3) that they have a harmoniously balanced

mass so that they may be more uniformly heated and cooled, thus main-

taining their shape during heat-treating.

Sharp edges at the end of gear teeth should be broken and polished to

prevent fatigue failure from possible nicks in the sharp edges. Edges should

be broken and blended along the entire tooth profile, as well as the tooth

fillet for highly stressed spur gears. Sharp fillets reduce the load-carrying

capacity under tension. The largest possible radii should be used at the

roots of the teeth. All stress raising factors must be eliminated.

All gear teeth should be designed to afford a degree of tolerance for de-

flection, machining error and warpage, as has long been standard practice
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in spiral, bevel, hypoid and in some spur and helical gears. This is accom-

plished by so curving the teeth as to concentrate the load near the center-

line of the gear width, and thus avoid load concentration at the weaker

extreme ends of the teeth.

End-bearing load concentration of gear teeth at one end or the other has

always been a source of gear noise and early failure. In conventional gear

practice it can be avoided only by extremely close tolerances, which are dif-

ficult and costly to maintain and which retard production rate. Gear teeth

having elliptoid teeth avoid end bearing. The elliptoid tooth is thinner at

the ends and thicker at the center.

In designing^ the conventional gear train, it is a question as to which

type of gearing—spur, helical or herringbone—should be adopted. The an-

swer depends entirely on the nature of the application and the require-

ments to be met: the power to be transmitted, the value attached to high

efficiency, silence of operation, smooth running, compactness and inherent

design qualities are the principal factors.

For rough-cast gears, such as are frequently used in construction and

similar equipment, the straight spur-gear tooth is unquestionably the type

to be used. The other extreme is turbine gearing, wherein great power must

be transmitted at high pitchline speed. For such applications helical gears

are used exclusively. Generally speaking, as speed and load increase, either

herringbone or helical gears should be used. Also, when high efficiency,

silence of operation and compactness are important considerations, these

types are superior to straight spur gears.

In comparing* the different types of gears, ordinary commercial spur

gears have a limited field of application with reference to load-carrying

capacity and pitchline speed. This follows from the fact that spur gears do

not have continuous tooth contact at the points of tangency of the pitch

circle. Throughout the entire arc of action, the number of pairs of teeth

in contact simultaneously rarely exceeds two. For this reason, the smooth-

ness of action of spur gears depends entirely on the accuracy of the tooth

profile over its total active portion. Inaccuracies at any point in the profile

of the spur gear tooth are almost sure to result in vibration and noise, with

decreased load-carrying capacity. Because of the inherently smoother run-

ning of herringbone and helical type gears, which is reflected in an ab-

sence of vibration, such gears can be run at higher pitch speeds and higher

velocity ratios than straight-tooth spur gears.

One of the reasons for this smooth action is that slight inaccuracies in the

tooth profile are not necessarily as detrimental as similar inaccuracies in the

profile of straight spur gear teeth. Helical and herringbone gears always

have one or more pairs of teeth in contact at the point of tangency of the

pitch circle.
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Considering the relative merits of the various tooth forms on the basis of

strength, in both herringbone and helical teeth the line of contact across the

face of the tooth is along diagonals. Also, because the teeth do not lie

parallel to the axis of the gear, they are inherently stronger. Both these fac-

tors contribute to the possibility of designing herringbone or helical gears

with a smaller diameter or a finer pitch than would be the case if straight

spur gear teeth were used. This is further accentuated by the fact that with

a greater number of teeth of finer pitch, a higher tooth strength factor can

be applied.

With a finer pitch, smoother running is obtained, and the diameters of

the gears can be made smaller. From this it follows that because the gears

are smaller in diameter they can be run at a higher r.p.m. for the same

velocity at the pitch circle.

Properties of the alloys ^ are often obscured by the much greater effects

of stress concentrations, which in gears result from the tooth shape, ma-
chining scratches, deflection, shafts and bearings, eccentric assemblies, warp-

ing during heat treatment, etc. When considerable gain or loss is shown

in the performance of a gear, it is often ascribed to the particular alloy

used, when in fact it is probable that it resulted from a change of one or

more of the stress-concentration factors. For this reason an alloy steel of

any composition properly heat-treated to the specified hardness will often

perform satisfactorily if all stress concentrations have been eliminated.

In attempting to obtain durability in a gear of almost any type, the

materials engineer is at the mercy of the design engineer and the manu-

facturing department. Improperly shaped teeth with inadequate fillets will

nullify his best efforts to supply a durable gear of long life. Sharp tool

marks can shorten gear life and can nullify all the good efforts of engineer-

ing design.

It is customary to use a driving pinion which is somewhat harder than

the driven gear depending upon the load stresses, speed and gear ratio.

This gives a better-wearing combination. It is desirable to specify a heat-

treated pinion regardless of the condition of the gear.

Design is important with respect not only to the form of the gear teeth,

but also of the entire supporting assembly, in order to avoid excessive local-

ized loading of the teeth as a result of shifting of the contact area under

high service loads. In general, the better the design the smaller the gear

required to do a satisfactory job. However, there are usual shop problems

that nullify good design, defective material, errors in machining, distor-

tion in hardening, non-uniform hardening, quench cracks and grinding

cracks.

In many i.'.dustrial applications it is common practice to cut the gears

after heat treatment. This practice, which is limited to gears that do not
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require a high degree of surface hardnfess, permits better control of the

area of tooth contact, which is very important in the life of a gear.

In designing worm gearing, the factors governing load capacity are the

heating effect and the abrasion, rather than the strength of the gear teeth.

When gears are overloaded, the temperature often increases to such an ex-

tent that proper lubrication is difficult and excessive wear ensues.

For intermittent service, semi-steel worm gear and hardened steel worm
are recommended; and for continuous duty, bronze worm gear and hard-

ened steel worm. Where service is exceptionally severe a case-hardened and

ground worm is desired to mate with the bronze worm gear. Semi-steel is

usually not desired because of the comparatively high coefficient of friction,

resulting in shorter life and hotter running under loads.

The efficiency of a worm drive depends on the low coefficient of friction

between the mating parts.

Cast-tooth gears have been displaced by machine-cut gears, which use

less power and operate with less noise and greater efficiency. No matter how

carefully a cast-tooth gear may be made, many uncertain elements are

linked with the processes of manufacture which produce inaccuracies that

affect the strength, life and operating efficiency of the teeth. Warping and

shrinkage while in the sand mold, flaws in castings such as shrinks, blow

holes, gas porosity, and roughness of finished surfaces, preclude the pos-

sibility of producing accurate cast-tooth gears. As a result, such gears may
be noisy and highly inefficient, require a much greater factor of safety, and

may be satisfactorily used only for low-speed service.

The demand for generated or cut-tooth gears has resulted from a recog-

nition by industrial users of a definite superiority over the molded or cast-

tooth type. Teeth cut on modern gear-cutting machines are correctly and

evenly spaced and of uniform thickness; and the bore of the blank is always

exactly concentric with the pitch circle.
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Chapter VII

Spring Materials

Selection of the proper spring material is a most important factor in the

manufacture of devices and equipment whose operation is dependent upon

spring action. Here reliability is most essential and the quality of the vital

spring part must be beyond reproach.

There are cases where equipment requires that springs continue to operate

and function properly despite temperature extremes, excessive vibration,

and very corrosive conditions. Springs, therefore, call for greater care in de-

sign and selection of material than almost any other mechanical element.

Not only must the limiting stresses be taken into account, but the elastic

modulus must be considered also, so that the proper load-deflection rates

will be obtained.

Spring design is generally approached from the viewpoint of the machin-

ery field. Charts, tables, and design formulas usually are based on steel.^®

Instrument-spring design is different because a much larger range of mate-

rials is used. In usual machine-spring applications it is necessary only to

make sure that a given spring is designed so it does not break or fail. The
design of instrument springs, however, requires consideration of several

other factors because of the required stability and permanence of calibra-

tion to be obtained under conditions of changing stress or changing tem-

perature. In some instruments, these springs must function also as electrical

conductors, or must be placed in a zone of elevated temperature or in a

magnetic field. Since requirements for spring elements differ with each type

of instrument, no one material can be considered as the best.

Instrument-spring design is usually a compromise between best possible

performance and such factors as available space, allowable working stresses,

electrical resistance, frequency of vibration, resistance to drift, magnetic

properties, ease of forming, and resistance to oxidation and corrosion.

Spring making and spring design are complex problems and call for

extreme care in the selection, fabrication and design of materials. In gen-

eral there are two types of springs, subdivided as follows:

Type I

Wire springs (coiled from wire and rod)

138
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Helical and spiral springs

(a) compression springs

(b) extension springs

(c) torsion springs

Type II

Flat springs (fabricated from strip or sheet)

(a) flat springs

(b) cantilever springs

An extension spring is a close-coiled helical opening that resists a pulling

force; a compression spring is an open-coil helical spring that resists a

pushing (compressive) force. A torsion spring is a close-coiled helical open-

ing that exerts pressure or tension in a circular or torsional direction. In

compression and extension springs the material is actually in torsion, while

in torsion springs it is in bending (Fig. 38a, b, c).

Flat springs include all springs made of flat or strip material—from

straight pieces or pretempered spring material to intricate blanked and

formed heat-treated parts. Most flat springs may be classified as beams,

either clamped at one end and loaded with a concentrated load (commonly

known as '‘cantilever springs'"), or supported at each end with the concen-

trated load in the center (commonly known as “elliptical springs"). A com-

bination of these conditions may exist. In the design calculations of flat

springs the weight of the material of the spring itself and the shearing

stresses may be disregarded, and only the direct result of ordinary bending

due to the concentrated force and its moment arm is taken into account.

There are three considerations in the design of any extension or compres-

sion helical spring: (1) the load, deflection, and size conditions which the

spring must satisfy in order to function most effectively; (2) the type or

grade of material and of the maximum stress which may be allowable for

the type of service; (3) selection of the proper wire diameter, outside coil

diameter and number of coils to fit best into the space available and to give

the desired stiffness rate in pounds per inch of deflection while withstanding

the expected maximum deflection or maximum load.

Many different alloys, both ferrous and non-ferrous, are suitable as

spring materials. Any metal or alloy which can be hard-drawn or rolled to

a fairly high strength and retain sufficient ductility to form may be used

for springs. Also any alloy which can be heat-treated to high strength and

good ductility before or after forming may be used with satisfactory results.

Many different materials are used for springs of special types, where such

properties as superior fatigue life, non-magnetic characteristics, resistance

to corrosion, elevated temperatures, and drift, etc., are desired.

The rod or wire from which springs are made must be carefully examined
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for the following faults, which are very important because of the high

stresses and fatigue ranges undergone by springs: nicks from tools, die

scratches, dirt inclusions, surface pits, surface roughness, surface decar-

burization (if steel), etc. Spring defects which ordinarily are considered

negligible become a big factor when the spring is operating under highly

stressed conditions, as in valve springs. When fatigue conditions are ap-

proached, surface defects become vital. Therefore, in order to obtain full

fatigue resistance from springs it must be realized that all traces of surface

imperfections, scale, surface pits and cracks, surface decarburization, etc.,

on the wire must be removed by grinding or polishing operations.

Studies “ made in the spring and automotive industries indicate that

practically all fatigue fractures of valve springs start at a surface or internal

defect or irregularity. Surface seams cause the greatest damage because tor-

sional fiber stress is reached at the surface of the wire. Slag and foreign

inclusions, decarburized areas, and segregation also have been found to

cause fatigue failure.

Stresses

For compression and extension springs which are subject to shear loads

and shear stresses, stress calculations are based on the torsional properties

and torsional modulus of elasticity. Since the wire is stressed in torsion, the

torsional strength is the factor limiting the maximum load which a spring

will carry, and the torsional modulus is one factor determining the relation

between load and deflection of a spring at any stress which is less than that

required to cause permanent set. For torsion springs which are subjected

to torque loads exerted in a radial direction and thus to bending, stress cal-

culations are based on tensile properties and modulus of elasticity under

tension. Flat and elliptical springs are subjected to bending and tensile

stresses; for these also, tensile properties and tension modulus are the bases

for stress calculations.

‘^The factors governing the maximum safe stress for springs are the elastic

limit or proportional limit in tension, and the torsional proportional limit;

loading to greater stress values would result in permanent set and the spring

would not return to its original position.

"'A spring fractured by fatigue shows a torsional type of fracture, which

usually starts at the inside fiber adjacent to the axis of the spring, since at

this point simple shear and torsional shear combine to produce a maximum
intensity of stress. ^

The physical properties and chemical compositions ® indicate the recom-

mended safe working stress for each material. Values of this nature are

variable and depend upon such qualifications as type of spring, atmos-

phere, temperature, ratio of outside diameter to wire diameter (in helical
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springs), rapidity and regularity of deflections, shock loads, wire size, and

stress range. Safe working-stress tables are for compression and extension

springs not subjected to high temperature, shock loads, etc. For suddenly

applied loads, all stresses should be reduced 50 per cent for safe working

stress.

In designing a spring one must consider not only the load per unit area,

or stress in pounds per square inch at a given load, but more important,

the range of stress and conditions through which the material in the spring

travels in actual use.

In designing a helical spring for any given application or service, per-

haps the most important consideration is the working or allowable stress,

since this largely determines the size of spring required. To meet space

requirements in many practical applications it is desirable to use as high

a working stress as possible, consistent with safety.

' For any material the allowable working stress will depend upon the mag-

nitude of the following factors: (I) working stress, solid stress, and stress

range, (2) frequency of deflections or oscillations, (3) temperature, stress

and permissible relaxation.

Fiber stress =
0 .394*

where
P ~ load in pounds
D = pitch diameter in inches

d = diameter of wire in inches

In general it must be remembered that the tensile properties of spring

materials vary with the diameter: the smaller the diameter of the wire the

higher the tensile properties, and conversely.

In the comparison of safe working stresses for compression and extension

springs, certain practical considerations are involved. The weakest point in

an extension spring is the point where the wire is bent to form the ends.

In addition, extension springs wound with initial tension and having a

high stress range per cycle are subjected to coil clash. These are sufficient

reasons for reducing the allowable fiber stress below those permitted in

compression springs.

Elastic Modulus

The one physical constant that enters into the design of all spring ele-

ments is the elastic modulus or load-deflection ratio (Table 38). Metals

differ widely in stiffness, the tension modulus ranging from 6,000,000 psi

for magnesium to 75,000,000 psi for iridium. The spring materials most

commonly used fall into three groups of stiffness values. Nickel and steels

(carbon and alloy) have a tension modulus of 29,000,000 to 30,000,000 psi;
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Table 38. Value of Modulus of Commonly Used Spring Materials

Modulus of elasticity

In tension (£) In torsion {G)
(psi) (psi)

Flat spring steel 30,000,000 11,500,000
High-carbon steel wire 30,000,000 11,500,000
Oil-tempered steel wire 29,000,000 11,500,000

Music wire 30,000,000
11,500,000

*

12,000,000
*

Hard-drawn steel spring wire 29,000,000 11,500,000
Hot-rolled steel bars 28,500,000 10,500,000

Chrome vanadium 30,000,000 11,500,000

Silicon-manganese 29,000,000 10,750,000
Stainless steel 28,000,000 10,000,000
Brass (70-30) 15,000,000 5,500,000

Nickel silver 16,000,000 5,500,000

Phosphor bronze 15,000,000 6,500,000
“ Monel 26,000,000 9,500,000
“Inconel” 31,000,000 11,000,000

K Monel 26,000,000 9,500,000

11,000,000Z Nickel 30,000,000

Nickel 30,000,000 11,000,000

Beryllium copper 1
16,000,000 t

1 18,500,000 t

[i 6,000,000 t

l! 7,000,000 t

* Depends on size,

t Depends on heat treatment.

It is of interest to note the wide difference in the modulus of elasticity in tension of

some of the other metals compared to those commonly used for springs.

Magnesium 6,000,000

Aluminum 9,500,000

Silver 9,000,000

Gold 10,000,000

Platinum 22,000,000
Tantalum 28,000,000

Beryllium 42,000,000

Tungsten 56,000,000

Iridium 75,000,000

bronze and other copper alloys that are hardened by cold work have

modulus values of 15,000,000 to 16,000,000 psi. Monel metal, aluminum

bronze, and beryllium copper are among a group having a modulus be-

tween that of steel and phosphor bronze.

Second only to strength in importance for spring material is stiffness, the

resistance to sagging and distortion under load. Materials with a high

modulus have low deflection rates; that is, load deflections are small for a

given design of spring made of high-modulus material. On the other hand,

when large deflections are needed, materials with a low modulus are de-

sirable.

A wide range of tensile strengths is obtainable among alloys having es-

sentially the same modulus. Stability, permanence, and freedom from
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creep in most alloys is a function of the ultimate tensile strength rather

than the elastic limit. Ductility is also an important factor in spring sub-

jected to repeated stresses or possible overloads.

Springs that are required to be non-magnetic are restricted to alloys

having a low modulus and in general a low tensile strength.

Drift, zero shift, or creep is also important for all calibrated springs.

When working stresses can be kept low, phosphor bronze has been one of

the most widely used materials. But precipitation-hardened beryllium cop-

per offers a considerable improvement over phosphor bronze even at work-

ing stresses twice as high as are safe for bronze.

The modulus of elasticity is known to vary considerably because of dif-

ferent methods of manufacture of both the wire and spring. When a spring

is operated at an elevated temperature, it cannot hold the same load as

when tested at room temperature, because of the decrease in modulus of

rigidity with increased temperature.

In general, deflection under a given load will depend upon the proportions

of the spring and the modulus of elasticity of the material. Therefore, if the

spring is not loaded beyond the elastic limit of the material, the hardness of

the latter will have no effect on the deflection, and a softer material will

have the same deflection as a harder one under these conditions. However,

the elastic limit of the softer material will be exceeded by a much smaller

load than will the elastic limit of the harder, so that the harder spring will

have a greater load capacity through a correspondingly wider range of

deflection.

Zimmerli ^ listed the effect of temperature upon the torsional modulus as

follows (also see Table 39)

:

(1) There is a general downward trend in the moduli as temperature

increases from 75 to 850° F.

(2) As temperature increases from —100 to +75® F. the alloy steels and

nonferrous metals show no regular change in their moduli.

(3) The modulus of 18-8 stainless steel is lower at all temperatures than

that of other steels.

(4) *'Moner' metal shows greater superiority at all temperatures to

phosphor bronze and brass.

(5) The pressure of cold work causes an apparent increase in the modu-

lus, this effect reaching a maximum around 180® F.

The literature indicates a decrease in the torsional modulus of steel

amounting to 20 per cent as the temperature increases to 800® F. Phosphor

bronze shows a decrease of 50 per cent, and brass 35 per cent over the same

temperature range.

It is interesting to note * that the austenitic stainless steel has values con-

sistently lower than the other steels and is about half-way between "monel"
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Table 39. Approximate Torsional Modulus Relation to Temperature *

Material
Temperature (® F.)

-100 0 200 600

Hard-drawn steel 11,550,000 11,200,000 11,240,000 10,700,000
Music wire 11,250,000 11,200,000 11,350,000 9,950,000
Si-Mn steel 11,450,000 11,200,000 10,600,000 10,000,000
Cr-V steel 11,400,000 11,250,000 10,600,000 9,950,000
Stainless (18/8) 10,100,000 10,300,000 9,750,000 9,100,000
^‘Moner* metal 9,100,000 9,100,000 9,050,000 8,700,000
Phosphor bronze 6,600,000 6,700,000 6,900,000 4,000,000
Brass 4,500,000 4,700,000 4,700,000 4,000,000

metal and the high-carbon steels. Probably the most striking phenomenon

observed is the marked increase in torsional modulus through the range

100 to 200° F. Almost all the plotted curves show a maximum point in this

range. This is probably due to the trapped stresses in the material caused

by cold work. Below 200° F. the trapped stresses are neutralizing part of

the applied stresses, so that the resultant stress is less than the calculated

applied stress. The stress, therefore, is smaller and the modulus higher.

This effect reaches a maximum in music wire, which is more severely cold-

worked than the other metals. The modulus of annealed wire is lower

through the whole temperature range than the modulus in severely cold-

worked wire.

Relaxation

Relaxation ^ denotes load loss occurring at constant height in closely

coiled helical compression springs. In this case elastic strain in the outer

fibers of the wire, produced by the external load on the spring, is converted

gradually to plastic strain, or permanent set. The amount of elastic or re-

coverable strain is thereby reduced and there is a proportionate reduction

in the load supported by the spring. The percentage loss from the original

load is expressed as ‘'per cent load loss ' or “per cent relaxation.''

Since the elastic limit of the material governs the amount of set or loss

of load, much of the set can be averted by preworking the spring beyond

the elastic limit. In making compression springs, all the set is removed by

pressing the coils tightly together or to the solid height.

Effect of Temperature

Design for operation at a low temperature usually does not involve

trouble from a material standpoint. Most of the common spring materials

will perform satisfactorily at moderately low temperatures. However, the

decreased ability of materials to absorb dynamic forces at lowered tempera-

tures may result in failure owing to impact or fatigue stresses. It is an

inherent characteristic of most metals to become brittle at reduced tempera-

tures. Carbon and alloy steels operating under certain conditions at sub-
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zero temperatures may become brittle, wtereas the high-nickel alloys may
be used without fear of such embrittlement. If it is necessary to design for

operation at extre;mely low temperatures and severe impact and fatigue

stresses, the spring is usually calculated for lower stresses than would be

used at normal temperatures.

At high temperatures spring difficulties are associated with a static failure

of the material resulting from decrease of the elastic limit as the tempera-

ture increases. Consequently, springs designed to operate satisfactorily at

normal temperatures will undergo a slow plastic deformation known as

creep resulting in a “permanent set to a greater or less degree, depending

on whether the operating stresses are relativly high or low, and on the

length of time during which the load is applied.

When springs are subjected to temperature in excess of atmospheric under

pressure they often shorten in length, or “set/' and lose load. The spring

maker may be able to pre-set the springs with heat at temperatures and

stresses above those to be encountered in operation and thus remove “set."

At elevated temperatures, particularly in excess of 400° F., carbon and

alloy steel springs relax excessively and take a permanent set. Copper-base

alloys, with the exception of beryllium-copper, behave similarly at tem-

peratures above 200° F. The usual copper alloys in spring making will fail

at low stresses above 250° F. The nickel-base alloys are more resistant to

permanent set and some of them can be successfully used up to 650° F. The
higher the permissible load loss, the higher the temperature at which any

material can be used. Finally, for the usual carbon or alloy spring steels

other than stainless steel, stress is the most important factor below 400° F.

Above this temperature, these steels should not be used, since it is just a

question of time until they lose practically all their load-carrying ability.

Recent researches on the effect of temperatures on compression steel

springs have led to the following conclusions:

(1) Plain-carbon steel springs in sizes up to diameter are reliable at

temperatures up to 350° F. when they are stressed not in excess of 80,000 psi.

If a small amount of set is permissible in operation, they may be used at

temperatures up to 400° F. and at stresses not in excess of 120,000 psi. Sat-

isfactory use of these steels is not possible over 400° F.

(2) Silico-manganese, chrome-silicon and chrome-vanadium steels in

sizes up to 5^" diameter are reliable at temperatures up to 400° F. when
they are not stressed above 80,000 psi. If a small amount of set is permis-

sible in operation, they may be used at temperatures up to 450° F. and at

stresses not over 120,000 psi.

(3) Beyond 450° F., freedom from excessive creep and permanent set

under load is possible only with such materials as chromium-nickel alloys

and high-speed tool steels.
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For all spring materials, changes in temperature produce two effects

that ordinarily must be taken into account, i.e., change in elastic modulus

and thermal expansion. Higher expansion rates are characteristic of copper

alloys. Where negligible expansion changes are required, alloys of the

"'Invar’' type (36 per cent nickel-64 per cent iron) have been used widely,

but as spring materials such alloys present a difficult problem. To obtain

the required low coefficient of expansion, the material must be annealed;

and in the soft condition, the performance of "Invar” alloys leaves much
to be desired for spring purposes. If such alloys could be hardened by heat

treatment, much better spring properties undoubtedly would be obtainable.

Effect of Corrosion

In any spring application, the possibility of corrosion cannot be neg-

lected. The successful working of any spring depends on its freedom from

rust or corrosion effects. Where conditions are obviously severe from a cor-

rosion standpoint, and pitting or loss of metal would take place at a rapid

rate with plain-carbon steels, then nonferrous materials or stainless steels

must be used for best results. Among the non-ferrous materials for good

corrosion resistance are phosphor bronze, beryllium-copper, and high-nickel

alloys. The selection of material, as in all other corrosion problems, should

be based on the corrosive environment and operating conditions.

Corrosion fatigue is the simultaneous action of corrosion and fatigue,

which may cause failure at a stress far below the ordinary endurance limit.

Corrosion has a greater effect on hard spring material than on soft material.

Even slight corrosion simultaneous with fatigue is very effective in causing

failure at comparatively small stresses.

Before forming into springs the steel wire may be coated with tin or cop-

per. Tin is deposited by running the strands of wire continuously through a

bath of molten tin after final drafting to size; copper is usually plated on

by dipping a coil of wire into a copper sulphate solution and immediately

drawing the wire through a die, which results in a highly burnished surface.

The copper coating is subsequently very thin and offers little resistance to

corrosion.

Electroplating ordinary steels with cadmium, tin or other metals more

than doubles the corrosion-fatigue limit. This brings them on a par with

the corrosion-fatigue limit of corrosion-resistant steel, which is about twice

that of plain carbon steel.

Spring steels subjected to stress while in contact with fresh water fail at a

stress range only % to % the ordinary endurance limit. In contact with

salt water the endurance range is even smaller. All this means that under

corrosion fatigue the advantages of high physical properties are neutralized.

The large majority of springs are made of steel with no protective coat-
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ing other than paint or oil. After forming; steel springs may be enamelled,

lacquered or coated with Japan, either by dipping or spraying. For mild

corrosive service the spring may be plated with copper, zinc, cadmium,

nickel, chromium, or silver. The procedure followed in plating steel springs

and the danger of hydrogen embrittlement require that the process be car-

ried out with extreme care. The chemicals used may cause a surface attack

or embrittlement fully as destructive as the corrosive media in which the

springs must operate. After plating, springs must be baked to prevent hy-

drogen embrittlement. The endurance or fatigue values of steel springs are

reduced by plating.

Effect of Cold Work
Finished springs may be shot-peened by impelling steel balls against the

surfaces. The material thus treated is work-hardened on the surface and

retains residual compressive stresses. The net result in the spring is a much
higher safe stress range and the use of higher maximum stresses for con-

tinuous service. Shot-peening can be applied to all materials, but the effect

varies for each.

The desired results of peening are basically two: the first is to cold-work

the surface and thus raise the physical properties where the stress is the

highest. The second is more important but not so obvious. It consists in

prestressing the surface layer under compression. Fatigue failures are due

to tension stresses, and if a compression stress can be superimposed where

the tension stress will come, the part will carry considerable load before it is

actually stressed in tension. This surface treatment has done more to in-

crease the fatigue life of springs than any other previous process used.

The results of peening, since it is a mechanical process, can be affected by

heat. If springs are heated sufficiently after peening, the benefits will be

lost and the endurance limit will revert to that of the wire as originally

received.

Steel Springs

^ The great majority of steel springs are made of carbon steels ranging in

analysis from 0.50 to 1.20 per cent carbon. These materials may be fabri-

cated from any one of a number of conditions: hot-rolled, cold-rolled or

drawn, annealed, hard-drawn, tempered or patented. Choice of material is

governed by quality, cost, manufacturing technique and application in

each case.

Spring temper is given to materials by cold-working, by heat-treating,

or by a combination of both methods." There are two general groups of

materials: pretempered and untemperecTT In the pretempered class are oil-

tempered wires and flat steel; hard-drawn wires, including music wire;
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stainless steel; and certain nonferrous alloys. After being made into springs,

most of these materials are usually given low-temperature heat treatment

to relieve cold-working stresses. In the untempered class are annealed high-

carbon steel and alloy steel bars, wires, and flats. After forming, springs of

these materials are hardened by quenching in oil and tempered after quench-

ing^^ln the use of pretempered material, the metal must be hard enough to

produce an elastic limit sufficient to withstand the subsequent loads. The
material must not be so hard as to fracture when being formed or to cause

excessive wear or breakage of the tools.

In the manufacture of steel wire springs it is customary to have the steel

in the pretempered condition, especially for valve springs of diameter.

Alloy steels generally have a higher elastic limit and better fatigue-resisting

properties than straight-carbon steels. Spring steels are somewhat similar

to ordinary commercial steels, except that much greater care and more

operations are required to produce them; also higher contents of carbon

and manganese are used. Furthermore, oil-tempered wire of the same com-

position has a higher tensile strength and elastic limit than hard-drawn

wire; moreover, there is a difference in ultimate strength of commercial

spring wire with changes in size.

Steel has the highest endurance value of all spring materials. Cold-

working the wire, especially by drawing it through dies or by shot-peening,

considerably improves the properties desired on certain types of steels.

Heat-treating spring steel produces the most effective elastic limit, in con-

junction with the best fatigue properties.

Since the maximum stress occurs at the outside fibers of the steel, the

surface condition of the material markedly affects the fatigue-resisting

properties of the spring. The edge of strip of spring steel that is to be

utilized as the finished edge of a spring is carefully worked until it is

smooth and round, eliminating sharp corners or check marks that may
cause a localized stress condition. Corrosion and decarburization of the

steel surface are also detrimental to the fatigue properties of the spring.

Removal of any surface decarburization, that is, the decarburized layer, in-

creases the fatigue limit.

The alloy steels, heat-treated for high elastic properties and high fatigue

values, are most susceptible to surface damage. Since the true fatigue re-

sistance of a spring steel varies with the hardness, the fatigue limit of the

surface is less than that of the inner portion if any decarburized layer is

present. In addition, the surface may contain small irregularities, such as

small pits, lines, or scratches, which would reduce fatigue limit, especially

to alternating or repeated stresses. The bending moments on a steel plate

cause the highest stresses to occur at the skin ; accordingly, a decarburized

surface layer containing small irregularities is very likely to induce fatigue
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cracks at stresses much below the real fatigue limit of the main body of

the material. When a crack has been formed at the skin, the high stress

concentration at the root of the crack would be sufficient to cause it to extend

itself into the sound material of the middle portion, and so complete failure

of the plate occurs.

Plain-carbon steels in sizes up to diameter are reliable at tempera-

tures up to 350° F. when they are stressed not in excess of 80,000 psi. If a

small amount of set is permissible in operation, they may be used at tem-

peratures up to 400° F. and at stresses not in excess of 120,000 psi. Satis-

factory use of plain-carbon steels for compression springs is not possible

over 400° F.

Hot-rolled Bars — Annealed High-carbon Steel

The fabrication of heavy-duty springs is usually accomplished by hot-

coiling high-carbon or alloy steels. This is necessary owing to the large

cross-section of the wire needed to carry the heavy loads involved. To de-

velop the maximum physical properties after coiling, the springs are heat-

treated and tempered.

For critical applications the surface condition of the hot-rolled bar is not

such as to develop the maximum fatigue resistance of which the material

is capable. The decarburized and rough surface is directly attributable to

lowered fatigue resistance. If maximum fatigue resistance is to be developed,

the decarburized surface is usually removed by centerless grinding the bars

before coiling. In special spring applications the fatigue resistance can be

further increased by shot-peening after coiling. The materials most com-

monly used for hot-wound springs are high-carbon steel (SAE 1095),

chrome-vanadium steel (SAE 6150) and silico-manganese steel (SAE 9260).

Springs made from annealed wire must be hardened and tempered after

forming. Almost invariably quenching is done in oil for both continuous

tempering of wire and finished springs. Relatively high tempering tempera-

tures of either wire or coiled springs produce wire with relatively low ten-

sile strength and hardness. In general, it has been found within certain

limits that the softer the wire in a spring, the longer will be the fatigue life

when the spring is subjected to rapid and continued deflection. This is the

reverse of a conclusion commonly accepted that the life is longer with ma-
terial of higher tensile strength. However, a great deal depends on the char-

acter of the surface decarburization. Most springs are operated well above

the endurance limit, and data applying to endurance limit may not neces-

sarily lead to the same conclusions for relatively high stresses. Further-

more, a great many springs set slightly in operation before final fracture

occurs, and thus operate at lower stress. In softer wire, the set of a spring

^and the subsequent decrease of working stress occur more readily than in

harder wire.
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The allowable stresses for high-carbon' steel compression springs are:

82,000 psi for light service, 70,000 psi for average service, and 57,000 psi

for severe service. However, the exact values will depend on the wire used.

“Tempered** Spring Wire

Oil-tempered or “tempered” spring wire is a high-carbon steel wire to

which the proper qualities of hardness, stiffness and ductility have been

imparted by a final heat treatment before coiling the wire into finished

springs. Table 40 shows the chemical composition and typical mechanical

properties for this material.

Table 40. OilrTempered Steel Wire

Carbon
Manganese
Phosphorus
Sulphur
Silicon

Composition

0.60-0.70

0.60-1.20

0.04 max.
0.04 max.
0 . 10-0.20

Mechanical Properties

Tensile strength (psi)

Elastic limit in tension (psi)

Torsional strength (psi)

Elastic limit in torsion (psi)

% Elongation in 2"

Modulus of elasticity (psi)

In tension

In torsion

Hardness, Rockwell C

155.000-

300,000

120.000-

250,000

115.000-

200,000

100.000-

120,000
5-2

29,000,000

11,500,000

40-50

Note: Properties vary with size, the smaller the diameter of the wire the higher the

properties.

The wire is hardened by quenching in oil and tempering in a lead bath.

Tempered wire is used largely for springs up to 3^" diameter wire. The
wire should wind around itself as an arbor without fracture up to 0.162"

diameter; from 0.162" to diameter it should wind around an arbor

twice the diameter of the wire without fracture.

With uniform toughness, the tensile strength varies, being high for small

sizes and low for large sizes. The elastic limit is between 75 and 80 per cent

of the tensile strength. When tempered wire is used in making springs,

stresses are placed in the material by winding (coiling). The recommended

working stress for springs made from “tempered” wire are: light stresses,

80,000 psi; average stresses, 65,000 psi; severe stresses, 55,000 psi, when the

hardness of the material is around 42 to 46 Rockwell C.

Oil-tempered spring-steel ® wire is a general-purpose steel, commonly used

for all types of coil springs where the stress range is not too high and where

the springs are not subjected to continuous shock or impact loadings.
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The use of tempered wire permits the design of springs for considerably

higher stresses, without danger of deformation, than is possible with hard-

drawn or rolled material of the same tensile strength.

Hard-drawn Wire

Hard-drawn spring wire is made from stock having an analysis similar

to tempered wire, but is usually drawn to a lower tensile strength and has

a considerably lower elastic limit. This is the least expensive grade of spring

wire and is used in sizes similar to ''tempered'" wire. Better springs can be

made from "tempered" than from hard-drawn spring wire, because of its

higher elastic limit for the equivalent tensile strength. The ultimate strength

of hard-drawn wire is the tensile strength after "patenting," to which is

added the strength induced by the cold work of drawing. (Spring steels are

annealed for subsequent work by a continuous process known as "patent-

ing.") Wire 0.162" and smaller in diameter should wind on itself as an

Table 41. Hard~Draw7i Wire

Composition

Carbon
Manganese
Phosphorus
Sulphur
Silicon

0.45-0.75

0.90-1.20

0.045 max,
0.045 max,

0 . 10-0.20

Properties

Tensile strength (psi)

Elastic limit in tension (psi)

Torsional strength (psi)

Elastic limit in torsion (psi)

% Elongation in 10"

Modulus of elasticity (psi)

In tension

In torsion

Hardness, Rockwell C

150.000-

300,000

100.000-

200,000

120,000-220,000

110,000-140,000
3-2

29,000,000

11,500,000
40-48

The tensile strength varies with the wire diameter as follows:

Diameter (inches)

0.025

0.075

0.125

0.250

0.375

0.500

Tensile strength (psi)

280.000-

300,000

225.000-

250,000

190.000-

215,000

160.000-

185,000

140.000-

165,000

130.000-

155,000

Mechanical Properties at Elevated Temperatures

250® F.

Stress to produce 2% loss of load (psi) 45,(XK)

Stress to produce 4% loss of load (psi) 92,000

Stress to produce 6% loss of load (psi) 106,000
Stress to produce 8% loss of load (psi) 115,000

350® F.

50.000

80.000

92,000
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arbor without breakage; up to diameter should wind on an arbor

twice the wire diameter without breakage.

Hard-drawn spring wire is generally a basic open-hearth steel of the

SAE 1060 type. Table 41 shows the chemical composition and typical prop-

erties of this material. The tensile strength varies with the diameter; the

elastic limit in tension is 60 to 70 per cent of the tensile strength, and the

elastic limit in torsion is 45 to 55 per cent of the tensile strength. The rec-

ommended working stresses for springs made from hard-drawn wire are:

light stresses, 60,000 psi; average stresses, 50,000 psi; severe stresses, 40,000

psi. This material is used for helical springs subjected to steady loads or

infrequent stress repetitions.

Music Wire

Music wire is nearly always used in fine sizes. It has a very high tensile

strength, fairly high elastic limit and a bright surface finish. Music wire is

essentially the same as hard-drawn spring wire except that it is made from

the best quality cold-drawn high-carbon spring steel obtainable, employing

corresponding refinements in drafting practice in order to finish a tougher

wire with greater strength and more uniform size. It is obtained in small

sizes varying from 0.005 to 0.125" diameter. Table 42 shows the chemical

composition and typical properties of this material.

Table 42. Music Wire

Composition

Carbon
Manganese
Phosphorus
Sulphur
Silicon

0.75-1.00

0.25-0.50

0.030 max.
0.035 max.
0.10-0.25

Properties

Tensile strength (psi)

Elastic limit in tension (psi)

Torsional strength (psi)

Elastic limit in torsion (psi)

% Elongation in 10"

Modulus of elasticity (psi)

In tension

In torsion

Hardness, Rockwell C

250.000-

400,000

150.000-

300,000

150.000-

300,000

130.000-

200,000
Approx. 8.0

30,000,000

11,500,000
42-46

Mechanical Properties at Elevated Temperatures

250® F. 350° F.

Stress to produce 2% loss of load (psi) 60,000

Stress to produce 4% loss of load (psi) 95,000

Stress to produce 6% loss of load (psi) 107,000 45,000
Stress to produce 8% loss of load (psi) 120,000 87,000
Stress to produce 10% loss of load (psi) 100,000

Stress to produce 12% loss of load (psi) 116,000
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This type of wire is frequently called ''piano wire/' but the name "music

wire" is more generally accepted. Music wire is "patented" and cold-drawn

to size, thereby receiving its high physical properties from cold work. It is

one of the highest grades of spring steels and is recommended for small heli-

cal and torsion springs which must meet exacting physical requirements or

maximum load deflections. It can also be subjected to high stress, frequent

deflections, and suddenly applied loads.

This steel usually analyzes 0.75 to 1.0 per cent carbon, and the wire after

cold-drawing has a hardness of about 42 to 46 Rockwell C. The material

should withstand coiling around an arbor 3 to times its own diameter

without fracture. The recommended working stresses are: light stresses,

100,000 psi; average stresses, 85,000 psi; severe stresses, 75,000 psi.

Low-temperature heat treatment (500 to 550° F.) of music wire and

hard-drawn wire after coiling relieves stresses within the wire itself due to

cold work performed in coiling. This treatment increases both the elastic

limit of the wire in the spring and its resistance to deformation when in

operation. In the case of extension springs, the initial tension is decreased

by this anneal. Therefore, extension springs are baked at a lower tempera-

ture and purposely wound with excess initial tension, because it will be

decreased by the correct amount during the baking operation. A spring with

set completely removed at normal temperatures will show a marked de-

crease in strength with increase in temperature if loaded and subjected to

heat at the same time. At 500 to 550° F., for example, an ordinary carbon-

steel spring will lose a major part of its strength when fully compressed.

Tempered wire springs that have been finished at 800° F. (quenched in

oil and tempered at 800° F.) will set under the above conditions in almost

exactly the same manner as hard-drawn wire springs.

Low-temperature anneal or stress-relief anneal is applied to springs

wound from tempered wire as well as from hard-drawn wire. However, its

effect is more marked on hard-drawn wire and music wire.

In general it may be said ® that music-wire spring steel is about the best,

toughest, and most widely used material for all types of small springs sub-

jected to high stresses, frequent deflections and suddenly applied loads.

However, music wire springs should not be exposed to temperatures exceed-

ing 250° F. At that temperature, they will suffer a load loss of approxi-

mately 5 per cent when stressed to 100,000 psi, and this loss increases rap-

idly at higher temperatures, unless they have been heated to remove coiling

stresses at 750° F., in which case they are about equal to tempered wire.

Clock and Watch Spring Wire

Clock-spring or watch-spring steel is a cold-rolled steel of 0.90 to 1.20

per cent carbon and is heat-treated to a high hardness before coiling or
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forming. It has very high tensile strength, with an elastic limit almost 90

per cent of the tensile strength and a hardness of about 48 to 52 Rockwell C.

The recommended allowable stresses for compression springs are 80,000

psi for light service, 70,000 psi for average service, and 60,000 psi for severe

service.

Clock-spring wire is used for brush holders, clock and motor springs and

miscellaneous flat springs for high stresses. Watch springs are used for the

mainsprings of watches and similar devices.

Table 43 shows the chemical composition and properties of these two

materials.

Table 43. Clock and Watch Spring Wire

Carbon
Manganese
Phosphorus
Sulphur
Silicon

Composition

Clock

0.90-1.05

0.30-0.50

0.03 max.
0.025 max.
0.15-0.25

Watch

1.10-1.19

0.15-0.25

0.03 max.
0.025 max.
0.15-0.25

Tensile strength (psi)

Elastic limit (psi)

% Elongation in 8"

Hardness, Rockwell C

Properties

200.000-

325,000

180.000-

310,000

Approx. 4.0

48-52

325.000-

340,000

310.000-

330,000

52-55

Chromium-Vanadium Steel

Chromium-vanadium spring steel is best for use in high stress applica-

tions calling for high tensile strength, high yield strength and high fatigue

limit, particularly at elevated temperatures. This grade of steel is noted for

its retention of a high percentage of its room-temperature properties at

temperatures of 300° F. and higher.

The steel is of the SAE 6150 grade, and is oil-hardened to about 42 to

48 Rockwell C. The recommended working stresses for compression springs

are: light service, 85,000 psi; average service, 75,0(X) psi; severe service,

60,000 psi.

In chrome-vanadium alloy steel the chromium (0.8 to 1.1%) increases

the tensile strength, hardness, and toughness, reduces the necessity of having

high carbon content, and improves corrosion and heat resistance. It in-

creases the ability of the steel to withstand elevated temperatures. Besides

increasing tensile strength, elastic limit and toughness, vanadium enables

the material to resist higher impact shock and alternating stresses.

Table 44 shows the chemical composition and properties of this ma-

terial.
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Tablb‘44. Chromium-Vanadium Spring Steel (S.A.E. 6160)

Composition

Carbon 0.48-0.53

Manganese 0.70-0.90

Chromium 0.80-1.10

Vanadium 0.15-0.20

Phosphorus 0.025 max.
Sulphur 0.025 max.

Properties

Tensile strength (psi) 200,000-250,000
Elastic limit in tension (psi) 180,000-320,000

Torsional strength (psi) 160,000-195,000

Elastic limit in torsion (psi) 150,000-180,000

% Elongation in 8" 8-5

Modulus of elasticity (psi)

In tension 30,000,000

In torsion 11,500,000

Hardness, Rockwell C 42-48

Mechanical Properties at Elevated Temperatures

250° F. 360° F.

Stress to produce 2% loss of load (psi) 81,000
Stress to produce 4% loss of load (psi) 96,000 81,000

Stress to produce 6% loss of load (psi) 108,000 95,000

Stress to produce 8% loss of load (psi) 120,000 104,000

Silico-Manganese Steel

This steel is of the SAE 9260 grade and is oil-hardened to about 42 to

48 Rockwell C. It requires a high hardening temperature to develop the best

mechanical properties. Table 45 shows the chemical composition and physi-

cal properties of this material.

Table 45. Silico-Manganese Steel (S,A.E~9260)

CornTposHion

Carbon
Manganese
Silicon

Phosphorus
Sulphur

0.55-0.65

0.70-1.00

1.80-2.20

0.40 max.
0.50 max.

Properties

Tensile strength (psi)

Elastic limit in tension (psi)

Torsional strength (psi)

Elastic limit in torsion (psi)

% Elongation in 2'*

Modulus of elasticity (psi)

In tension

In torsion

Hardness, Rockwell C

200.000-

250,000

180.000-

230,000

140.000-

195,000

120.000-

180,000
12-9

30,000,000

11,500,000

42-48
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Silicon-manganese steels in sizes up to diameter are reliable at tem-

peratures up to 400° F., when they are stressed not in excess of 80,000 psi.

If a small amount of set is permissible in operation, they may be used at

temperatures up to 450° F. and at stresses not in excess of 120,000 psi (for

compression springs). In general they exceed the chromium-vanadium
steels in heat resistance. The recommended working stresses at room tem-

peratures are: light stresses, 80,000 psi; average stresses, 70,000 psi; severe

stresses, 55,000 psi.

The silicon combined with the manganese in silicon-manganese steel raises

the tensile strength without sacrificing ductility or toughness.

Stainless Steel Springs

Certain qualities of corrosion and heat-resisting alloys can be hard-drawn

to spring strength and do compare favorably with hard-drawn carbon steel

wire. Because of their high alloy content, stainless steel springs subjected to

loading under elevated temperatures have considerably higher resistance to

loss of strength and to surface oxidation than do ordinary steels.

Stainless steel has come to the fore for springs working at high tempera-

ture and under corrosive conditions; the non-hardenable alloy containing

about 12 per cent chromium and less than 0.10 per cent carbon, and the

hardenable alloy (cutlery type) containing 12 to 14 per cent chromium and

about 0.35 per cent carbon are good. The former alloy is used in the hard-

drawn state, ranging from 200,000 to 250,000 psi, and is corrosion-resistant

or rustless without further surface finishing. The latter alloy, however, is

formed into springs in the annealed state, then hardened at 1825 to 1850° F.,

and drawn at 1000° F. Finally the springs must be ground or sandblasted

to remove every trace of surface scale if the rust-resistant qualities of the

steel are to be preserved. This is a difficult operation, especially on coiled

wire springs.

Stainless steel of the cutlery type has a torsional modulus of elasticity of

1 1,750,000 psi when hardened and tempered. It is primarily stainless only

in the hardened condition and is tough when hardened and tempered at

about 600° F. It is likely to be brittle if tempered somewhat above 600° F.

but below 900° F., and is again apparently quite tough when drawn at

temperatures above 900° F. Springs made from this alloy are used where

resistance to effects of heat while under stress is required.

A steel containing approximately 13 per cent chromium, 2 per cent nickel

and 0.12 maximum per cent carbon is used for springs which must resist

corrosion. When it is cold-rolled or drawn from annealed bars or strips,

various degrees of hardness, depending upon requirements, can be obtained

up to 220,000 psi in maximum tensile strength. It is used principally for

stiff, resilient flat springs, but can be produced in wire form if necessary.
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The 18-8 type' stainless steel does not respond to hardening heat treat-

ment, but it can be hardened and strengthened by cold-working or cold-

drawing into wire. It has better corrosion-resisting properties than the other

grades, but much lower elastic limit, proportional limit and endurance limit

at the lower hardnesses. The low elastic properties of 18-8 stainless steel at

the low hardnesses are a distinct drawback in springs. However, the chief

advantage of this alloy, in addition to its corrosion- and rust-resisting quali-

ties, is that the metal retains its elastic limit at high temperatures. This type

alloy (Type 302) is most used for stainless springs.

Tables 46 and 47 respectively show the chemical composition and prop-

erties of the cutlery type and of the 18-8 type of stainless steel.

Allowable Working Stresses

Stress values® used in the design of springs of a given material depend

upon such qualifications as type of spring, temperature, ratio of spring

diameter to wire diameter, rapidity and regularity of deflections, shock

loads, wire size and stress range (see Table 48).

When designing springs that will be required to give dependable service,

the stresses should be calculated by the conventional formula that includes

the curvature correction (Wahl) factor based upon the spring index. The
maximum stress thus calculated should not exceed the allowable stress as

listed above for the given type of service.

Copper Alloy Springs

Several copper-base® alloys have been developed in which desirable

spring properties are obtained by precipitation-hardening heat treatment.

These alloys combine the physical properties of steel with the corrosion re-

sistance and conductivity of bronze, and since they can be given the desired

spring properties after forming, entirely new possibilities in design are

available. The copper alloys, in general, are characterized by low values of

elastic modulus, low tensile strength, and relatively poor spring perform-

ance under high working stresses.

Phosphor Bronze. Phosphor bronze springs are usually made from two

different copper-base alloys: one containing about 5 per cent tin and the

other about 8 per cent tin, with a phosphorus content between 0.1 to 0. 1

5

per cent. They are characterized by high fatigue value and excellent re-

sistance to wear and corrosion. In addition, excellent spring properties are

retained under repeated flexing, as they are stiff and resilient. The alloy

containing 8 per cent tin is used for more severe service, as it has some-

what higher mechanical properties. Both alloys may be used in corrosive

surroundings at normal temperatures, but their properties are rapidly de-



Table 46. Corrosion Resistant Steel {Type 4^0) {Cutlery Type)

Composition

Carbon 0.30- 0.40
Chromium 12.0 -14.5

Manganese 0.50 max.
Silicon 0.50 max.
Sulphur 0.030 max.
Phosphorus 0.030 max.

Properties

Tensile strength (psi) 170,000-250,000
Elastic limit in tension (psi) 130,000-200,000
Torsional strength (psi) 120,000-180,000

% Elongation in 2" 13-7

Modulus of elasticity (psi)

In tension 28,000,000
In torsion 11,000,000

Hardness, Rockwell C 42-^8

Table 47. Stainless Steel {Type 302) {18~S)

Composition

Carbon 0.08- 0.20

Chromium 17.50-20.00

Nickel 8.00-10.00

Manganese 1.25 max.

Properties

Tensile strength (psi) 160,000-330,000
Elastic limit (psi) 60,000-250,000
Torsional strength (psi) 120,000-240,000

% Elongation in 2" 20- 5

Hardness, Rockwell C 35-48

Mechanical Properties at Elevated Temperatures

350'" F. 450° F. 550° F.

Stress to produce 2% loss of load (psi) 45,000 40,000 —
Stress to produce 4% loss of load (psi) 112,000 67,000
Stress to produce 6% loss of load (psi) 88,000 43,000

Stress to produce 8% loss of load (psi) 105,000 67,000
Stress to produce 10% loss of load (psi) 120,000 87,000
Stress to produce 12% loss of load (psi) 103,000

Stress to produce 14% loss of load (psi) 118,000

Table 48. Moduli of Elasticity and AUowahle Working Stresses

Type of
stainless

steel

Modulus of Elasticity
E = tension
G * torsion

Type of
service

Allowable Stresses (psi)

For compres- For exten> For flat, torsion,
sion sion cantilever and

springs springs clock type

302, 304
316

E - 26,500,000 Light 70,000 65,000 125,000

G = 10,000,000 Average 60,000 55,000 110,000

Severe 50,000 45,000 90,000

414, 420 E = 28,500,000 Light 67,000 60,000 120,000

G = 10,500,000 Average 57,000 50,000 105,000

Severe 45,000 40,000 85,000

159
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stroyed at elevated temperatures. Table 49 shows the typical mechanical

properties of these two grades of phosphor bronze.

Table 49. Properties of Phosphor Bronze

95-5 alloy 92-8 alloy

Tensile strength (psi) lOS^OOO 112,000

Elastic limit (psi) 51,000 55,000

% Elongation in 2” 4 3
Rockwell Hardness B93 BlOO

The material for fabrication into springs is cold-rolled or drawn to about

60 per cent reduction to spring temper from annealed bars or strips. The

allowable stresses for compression springs are: 50,000 psi for light service,

40,000 psi for average service, and 30,000 psi for severe service.

Table 50 shows the chemical composition and properties of phosphor

bronze spring wire when the specification calls for a minimum of 3.5 per

cent tin and a phosphorus range of 0.05 to 0.50 per cent.

Table 50. Phosphor Bronze

Chemical Composition

Tin
Phosphorufi

Lead
Zinc

Iron

Copper
Cu + Sn + P Total

3.50 min.

0.05-0.50

0.20 max.
0.30 max.
0,10 max.

94.0 min.

99.0 min.

Properties

Ten.sile strength (psi)

Elastic limit in ten.sion (psi)

Torsional strength (psi)

Elastic limit in torsion (psi)

% Elongation in 2"

Modulus of elasticity (psi)

In tension

In torsion

Hardness, Rockwell B

100,000-150,000

00,000-110,000

80.000-

105,000

45.000- 75,000

2

15,000,000

6,500,000

90-100

Nickel Silver {German Silver). Nickel Silver (18% grade) has good

spring properties and high electrical resistance. The average properties in

strip form are 1 1 5,(XX) psi tensile strength, 60,(XX) psi elastic limit, 45,(XX)

psi proportional limit, 2.5 per cent elongation and B-99 Rockwell hardness

(see Table 51). The alloy is cold-rolled or drawn from annealed stock to

60 per cent reduction to spring temper, and is used for high-grade springs

where white color is desired.

Clock Brass. The average composition of clock brass is 62.5 per cent

copper, 36 per cent zinc and 1.5 per cent lead. Its average properties in
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Table 51. Nickel Silver

Composition

Copper 55.0-67.0

Nickel 16.0-19.0

Iron 0.50 max.
Sulphur 0.03 max.
Manganese 0.50 max.
Lead 0.80-1.20

Other impurities including Al 0.25 max.
Zinc Balance

Properties

Tensile strength (psi) 135,000-150,000

Elastic limit in tension (psi) 80,000-110,000
Torsional strength (psi) 85,000-100,000

% Elongation in 2" 2.5

Modulus of elasticity (psi)

In tension 16,000,000

In torsion 5,500,000
Hardness, Rockwell B 95-100

Strip form for springs are: 73,000 psi tensile strength, 31,000 psi elastic

limit, 30,000 psi proportional limit, 9.5 per cent elongation and B-80 Rock-

well hardness. The brass is cold-rolled or drawn from annealed bars or

strip to 35 per cent reduction to hard temper for springs, and is generally

used for flat springs with sharp bends.

Spring Brass, This alloy, containing about 64 to 68 per cent copper and

32 to 36 per cent zinc, is stiff and springy. It is used for making light-duty,

moderately stressed flat or coiled springs, but it is not recommended for

outdoor use or for conditions requiring repeated flexing. It is generally cold-

rolled or drawn from annealed bars or strip to 60 per cent reduction to

spring temper (see Table 52).

Table 52. Spring Brass

Copper
Lead
Iron

Zinr

Cofnposition

64.00-68.00

0.30 max.

0.05 max.
Balance

Properties

Tensile strength (psi)

Elastic limit in tension (psi)

Torsional strength (psi)

Elastic limit in torsion (psi)

% Elongation in 2"

Modulus of elasticity (psi)

In tension

In torsion

Hardness, Rockwell B

90.000-

130,000

40.000- 60,000
40.000- 80,000

30.000- 55,000

2.0

15,500,000

5,500,000

90
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Silicon Bronze. Silicon-copper alloys containing about 3 per cent sili-

con are sometimes used for springs. They have a tensile strength of 85,000

psi, an elongation of 3 per cent and a Rockwell hardness of B-86.

Beryllium-Copper. Of the various heat-treatable copper alloys, the best

combination of strength, corrosion resistance and electrical conductivity is

found in beryllium-copper. This alloy, containing about 2 per cent beryl-

lium, can be heat-treated to a tensile strength of 200,000 psi or higher and

has an endurance strength of 40,000 psi when heat-treated for high fatigue

strength. Other elements are added up to 0.5 per cent by sorhe alloy manu-
facturers (see Table 53).

Table 53. Heryllium'-Copper Alloys

Beryllium

Cobalt
or

Nickel

Copper

Composition

1.85-2.10

0.25 max.

0.2-0.5 max.
Balance

Properties (Heat-treated)

Tensile strength (psi)

Elastic limit in tension (psi)

Torsional strength (psi)

% Elongation in 2"

Modulus of elasticity (psi)

In tension

In torsion

Hardness, Rockwell C

160,000-200,000

100.000-

150,000

100.000-

130,000

Approx. 2.0

16,000,000

6
,
000,000
32-42

Any type of spring^ made from wire, strip or sheet beryllium-copper

usually is completely formed in the soft condition before hardening heat

treatment. Adjustments can be made thereafter, if necessary. Springs can be

quenched in water or cooled in air from the hardening temperature without

affecting their properties or dimensions in any way. Heat-treated springs

are free from some of the setting or creep effects found in other spring mate-

rials, as the internal stresses and strains set up in forming are automatically

relieved during heating for hardening. To obtain the maximum strength the

spring material should be given the maximum amount of cold work or

spring temper permitted by the forming operation. In general, material is

always fabricated in the prequenched condition and then simply heated to

500-700° F. for age-hardening.

The increase in elastic modulus of beryllium-copper during the harden-

ing heat treatment makes helical springs stiffer, resulting in a decrease in

measured spring deflections under the same load.

It cannot be too strongly emphasized that the advantages of beryllium-

copper are the result of a heat treatment of the finished spring, and that this
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heat treatment must be carefully controlled to get optimum results. Gen-

eral recommendations on this heat treatment cannot be made, as each job

must be considered in the light of ( 1 ) the amount of cold work in the mate-

rial, (2) the job the spring must do, and (3) the size and shape of the piece.

For most spring applications the alloy is prepared with the maximum
amount of cold work that it can stand during the forming or coiling process.

Beryllium-copper has the highest endurance value of all the corrosion-

resistant materials. Its electrical conductivity is twice that of phosphor

bronze. In addition, the higher heat resistance of beryllium-copper permits

its use at temperatures 100° F. higher than bronze will stand.

In processing the spring material, beryllium-copper is made susceptible

to hardening by a solution heat treatment at about 1425° F., followed by a

rapid quench. This treatment is usually performed by the alloy manufac-

turer. Generally the material is given additional cold work or reduction to

introduce some spring temper, since physical properties are thus improved.

The allowable service stresses for compression springs are: 60,000 psi for

light service, 50,000 psi for average service, and 40,000 psi for severe service.

Figure 39 shows a group of typical springs used in radar equipment by

various manufacturers. Beryllium-copper was used because it is non-mag-
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netic and has better electrical conductivity than all other spring material

of similar hardness. These parts must conform to close dimensional toler-

ances and maintain constant spring pressure under severe operating condi-

tions.

Nickel Alloy Springs *

The oxidation and corrosion resistance of nickel and nickel alloys, com-

bined with their ability to retain strength to a considerable degree at ele-

vated temperatures, have made them useful in many elevated temperature

spring applications. The spring materials are nickel, “Monel'' metal,

“K-Monel,“ “Inconel,” “Inconel-X,” “Duranickel” (formerly “Z” Nickel)

and “Permanickel (formerly “Z” Nickel Type B).

These seven high-nickel materials are admirably suited for springs oper-

ating under special conditions. Being of the same family, they resemble

each other in their excellent resistance to corrosion, their high mechanical

properties, and their white, silvery color. They are all rustless materials.

Yet each has its own distinguishing features.

Springs made from these materials are more resistant to corrosion than

steel springs of equivalent strength. Under corrosive conditions their en-

durance values are likely to surpass even those of steels which may have

shown higher fatigue values when tested in air. In comparison with springs

of most other non-ferrous materials, they are stronger and stiffer and re-

tain their properties to higher temperature levels. There is no danger of

failures from embrittlement in subzero service. With decreasing tempera-

tures their strength properties, hardness, and rigidity increase, with no

appreciable change in ductility or impact values.

Nickel Nickel of 99,4 per cent purity may be used for springs operating

at temperatures up to 400° F. It is moderately magnetic at ordinary tem-

peratures, and has the highest electrical conductivity of the high-nickel

alloys. Since it does not work-harden as much as the other nickel alloys,

design stresses must be kept to a fairly low level.

Monel” Metal “Monel” metal, containing about 67 per cent nickel

and 29 per cent copper, is widely used for rust-proof, corrosion-resisting

springs that are moderately stressed. It is slightly magnetic and may be

used at temperatures up to 400° F. at moderate stress levels. Monel metal

springs should be stress-equalized for one hour at 650° F. after coiling to

equalize internal stress and moderately increase the proportional limit.

“Monel” metal is cold-drawn from annealed rod and the wire is reduced

65 to 75 per cent to spring temper (see Table 54).

* All data on nickel alloy springs were obtained from the publications of the Inter-

national Nickel Co., and from private communications with the company's engineers.
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Table 54. ^^MomV\ Metal

(For properties of spring wire, see Table 60.)

Co7nposition

Nickel 63.0-70.0

Iron 2.5 max.
Aluminum 0.5 max.
Manganese 2.0 max.
Carbon 0.3 max.
Silicon 0.5 max.
Sulphur 0.02 max.
Copper Balance

Properties (Cold-roUed stripy spring temper)

Tensile strength (psi) 100,000-140,000
Yield strength (0.2% offset) (psi) 90,000-130,000
Torsional proportional limit (psi) Approximately 40% of T.S.

% Elongation in 2"

Modulus of elasticity (psi)

15-2

In tension 26,000,000

In torsion 9,500,000

Hardness, Rockwell C 20-28

Properties at elevated temperatures {typical)

250° F. 500° F. 750° F.

Modulus in torsion (10® psi) 9.5 9.2 8.7 8.1

Helaxatiou (

%

load loas) of helical springs 400° F. 500° F.

Stress * to produce 2% relaxation in 7 days (psi) 43,000 3,000

Stress * to produce 4% relaxation in 7 days (psi) 57,000 7,000

Stress * to produce 6% relaxation in 7 days (psi) 60,000 10,000

* includes Wahl curvature correction factor.

''K-Monel” ‘‘K-MoneF’ contains approximately 68 per cent nickel, 29

per cent copper and 2.75 per cent aluminum. It is a non-magnetic alloy with

high spring properties and excellent corrosion resistance. It responds to heat

treatment and may be used at temperatures up to 450® F. in springs under

fairly high stresses. Its relaxation at elevated temperatures is moderately

progressive with increased time at stress and temperature, but it is inferior

to ‘'InconeF' and “DuranickeF' in this respect (see Table 55).

“K-MoneF" springs, when coiled from cold-drawn spring temper wire,

are given a heat treatment of 980® F. for 6 hours after cold-coiling. Springs

that are hot-coiled are aged after coiling for 8 to 16 hours at 1080® F.

Springs of 1J4" and 1J4" diameter have been successfully hot-coiled with

stresses at solid height of 60,000 to 65,000 psi.

**Inconel” ''Inconel," containing about 80 per cent nickel, 14 per cent

chromium and 6 per cent iron, is a heat-resisting alloy recommended for

springs operating at temperatures up to 650 to 700° F. It also resists corro-

sion of a wide variety of chemicals. “Inconel" resists relaxation up to high
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Table 55. **K-Monel”

(For properties of spring wire, see Table 60.)

Composition

Nickel

Aluminum
Iron

Manganese
Silicon

Carbon
Titanium
Other impurities, total

Copper

63.0-

70.0

2.0-

4.0

2.0 max.
1.0 max.
0.50 max.
0.25 max.
0.50 nominal
1.00 max.
Balance

Properties of cold-rolled strip, spring temper

As-rolled Age-hardened

Tensile strength (psi)

Yield strength (0.2% offset) (psi)

Torsional proportional limit (psi)

Modulus of elasticity (psi)

In tension

In torsion

Hardness, Rockwell C
% Elongation in 2"

145.000-

160,000 170,000-200,000

105.000-

120,000 125,000-145,000

Approximately 40% of T.S.

26,000,000

9,000,000

33-40
8-2 10-2

Properties at elevated temperatures {typical)

^mp. ^

Modulus in torsion (10® psi) 9.5 9.2 8.7

Relaxation ( % load loss) of helical springs 450® F. 500® F.

Stress * to produce 2% relaxation in 7 days (psi) 50,000 22,000

Stress * to produce 4% relaxation in 7 days (psi) 42,000

Stress * to produce 6% relaxation in 7 days (psi)

760® F.

8.1

600® F.

4.000

8.000

11,000

* Includes Wahl curvature correction factor.

temperatures and may be used at fairly high stresses up to 650° F. Above

this temperature, the stress must be lowered considerably and a greater de-

gree of relaxation must be tolerated. Inconel springs should be stress-equal-

ized after coiling for one hour at 850 to 900° F. for all service conditions.

This thermal treatment raises the tensile strength and proportional limit

by 15,000 to 25,000 psi and increases the hardness by 2 to 5 points on the

Rockwell C scale. Inconel is non-magnetic down to —40° F. (see Table 56).

Inconel springs have been used widely at temperatures up to 650° F. for

applications such as relief valve springs operating in steam and oil refinery

service and for thermostat flat springs and helical compression springs.

Where used for helical extension springs at elevated temperatures, such as

piston packing springs, the springs should be stress-relieved after coiling.

This thermal treatment will wipe out all or most of the initial stress wound
into extension springs, and design should be based on extension springs

having no initial tension.
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Table 56. Inconel”

(For properties of spring wire, see Table 60.)

Composition

Nickel

Chromium
Iron

Manganese
Copper
Carbon
Silicon

75.0

min.

13.0-16.0

9.0 max.
1.0 max.
0.50 max,
0.15 max.
0.30 max.

Properties of cold-rolled strip, spring temper

Tensile strength (psi)

Yield strength (0.2% offset) (psi)

Torsional proportional limit (psi)

% Elongation in 2"

Modulus of elasticity (psi)

In tension

In torsion

Hardness, Rockwell C

145.000-

170,000

110.000-

160,000

Approximately 40% of T.S.

10-2

31.000.

000
11

.
000

.

000
28-38

Mechanical properties at elevated temperatures

Endurance limit of cold-drawn Inconel rod:

800® F. 1,000® F. 1.200® F.

Endurance limit (psi) 51,500 47,500 32,500 26,000

1,400® F. 1,600® F.

15,000 9,000

Properties at elevated temperatures {typical)

fem” 550® F.

Modulus in torsion (10® psi) 11 10.3 10.1

650® F.

9.8

Relaxation (

%

load loss) of helical springs

Stress * to produce 2% relaxation in 7 days (psi)

Stress " to produce 4% relaxation in 7 days (psi)

Stress * to produce 6% relaxation in 7 days (psi)

450° F. 550° F. 650® F.

67,000 55,000 30,000

75,000+ 75,000 55,000

75,000+ 75,000+ 75,000

* Includes Wahl curvature correction factor.

A modified composition of “Inconel” is “Inconel-X,” an alloy which re-

sponds to age-hardening heat treatment. It has higher hardness and other

properties than standard “Inconel,” and can also be used safely at higher

operating temperatures (see Table 57).

"Duranickel.” “Duranickel” is a heat-treatable nickel alloy with excel-

lent spring properties, plus the corrosion resistance of pure nickel. It con-

tains about 94 per cent nickel. It is moderately magnetic, and temperatures

up to 400° F. have little effect on its spring properties. It may be used with

fairly high stresses at temperatures up to 550° F. and with reduced stresses

up to 600° F. All “Duranickel” springs should be aged at 980° F. for 4 to

6 hours after coiling.



Table 57. ^^InconeUX**

' (For properties of spring wire, see Table 60.)

Composition

Carbon 0.08 max. Columbium 0.70-1.20

Manganese 0.4-1 .0 Titanium 2.25-2.75

Silicon 0.50 max. Aluminum 0.40-1.00

Sulphur 0.01 max. Iron 5.0-9.0

Chromium 14.0-16.0 Copper 0.20 max.

Nickel 70.0 min.

Modulus of elasticity and Poisson*s ratio

Temp.
C F.)

Modulus in
tension
(pai)

Modulus in
torsion
(psi)

Poisson’s
ratio

80 31,000,000 11,000,000 0.29

500 28,700,000 10,200,000 —
1,000 25,000,000 9,000,000 —
1,200

23.000.

000

21.000.

000
8,100,000 —

1,350 — —
1,500 18,500,000 — —

Hardness Rockwel

Annealed at 1,850^-1,950° F. (air-cooled) 77B-25C
Equalized at 1,650° F., 2 hours (air-cooled and aged 34C-42C

at 1,300° F. for 16 to 20 hours)

Spring temper 36C-45C
Spring temper (direct age-hardened at 1,200° for 42C-50C

2 to 4 hours)

Relaxation (% load loss) of helical springs

Thermal Test
stress

(psi)

Temp.
(° F.)

% Relaxation after time and stress at temperature
treatment 7 days 14 days 21 days 28 days

1 50,000 750 4.8 6.1 6.3 6.8

2 50,000 750 2.1 2.2 2.15 2.2

3 50,000 750 5.8 6.2 6.9 7.4

4 50,000 750 1.0 1.2 1.2 1.5

5 50,000 750 0.9 1.5 2.0 2.5

6 50,000 750 0.7 1.1 1.1 1.1

Thermal Treatments

(1) Spring temper wire, cold-pressed, aged at 1,300° F. for 4 hours.

(2) No. 1 temper wire (IB A S reduction), cold-pressed, aged at 1,300° F. for 16 hours.

(3) Same as (1) except cold-pressing of springs was omitted; aged at 1,350° F. for

16 hours.

(4) Same as (2) except cold-pressing of springs was omitted; aged at 1,350° F. for

16 hours.

(5) Spring temper wire, cold-coiled (not pressed); aged at 1,300° F. for 4 hours and
heat-loaded (clamp^ at 60,000 stress at 850° F. for one hour) and tested at 750° F.

at 50,000 stress.

(6) Same as (5) except using No. 1 temper wire (IB A S reduction after final anneal).

Age-hardening Treatments

(1) Equalizing; heat to 1,650° F. for 2 hours and air-cool.

(2) Equalizing and aging; heat to 1,650° F. for 2 hours, air-cool, age at 1,350° F. for

16 hours.*

(3) Direct aging of spring temper material; heat at 1,200° F. for 2 to 4 hours.

* The normal ^ing temperature for ‘‘Inconel-X” is 1,300° F. The 1,350° F. treatment
is recommended in preference to 1,300° F. for spring applications, since test results indi-

cate slightly lower relaxation or load-loss at elevated temperatures.
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'Termanicker' is a modified form of “Duranickel*' and contains about

98 per cent nickel (see Table 58).

Table 58. DuranickeV' and ^^PermanickeV’

(For properties of spring wire, see Table 60.)

Composition “Duranickel” “Perinanicker'

Carbon 0.30 max. 0.40 max.
Copper 0.25 max. 0.25 max.
Silicon 1.0 max. 0.35 max.
Sulphur 0.01 max. 0.01 max.
Iron 0.60 max. 0.60 max.
Manganese 0.25-1.00 0.20-0.60

Aluminum 4.00-4.75 —
Titanium — —
Magnesium — 0.20-0.50

Nickel balance balance

Properties of cold-rolled strip, spring temper

Tensile strength (psi)

Yield strength (0.2% offset) (psi)

% Elongation in 2"

Modulus of elasticity (psi)

In tension

In torsion

Endurance limit (c.d. rod) (psi)

As-rolled
spring temper

155.000-

190,000

120.000-

150,000
8-2

55,000

Age-hardened

180.000-

230,000

130.000-

175,000
10-2

30.000.

000
11

.000

.

000
59,000

Relaxation (So load loss) of helical springs

Stress * to produce 2% relaxation in 7 days
Stress * to produce 4% relaxation in 7 days
Stress * to produce 6% relaxation in 7 days

“Permanickel”

400° 1
'. 550° F. 600° F.

(psi) 75,000 30,000 15,000

(psi) 75,000 75,000 50,000

(psi) 75,000 75,000 70,000

* Includes Wahl curvature correction factor.

“Duranicker' springs will withstand somewhat higher stresses than “In-

conel” at the lower temperatures consistent with their generally higher level

of mechanical properties.

Table 59 shows the suggested working stresses for cold-coiled compression

springs made from the various grades of high-nickel alloys. These stresses

include the Wahl curvature correction factor.

Table 59. Svggested Working Stresses for Cold-Coiled Compression Spnrigs

Material Light service Average service Severe service

Nickel 40,000 (psi) 35,000 (psi) 30,000 (psi)

** Duranickel'* 70,000 60,000 45,000

45,000**Permanickel" 70,000 60,000

Monel" 55,000 45,000 35,000

"K-Monel" 65,000 55,000 40,000

“Inconel"
“Inconel-X"

65,000 60,000 45,000

Direct-aged 80,000 65,000 50,000

Equalized and aged 65,000 60,000 50,000

Aged and heat-treated 65,000 60,000 50,000
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Table 60 shows the minimum tensile strengths of the different spring

temper materials in various diameter wires for comparative purposes.

Table 60. Minimum Tensile Strength (in psi)

of High-Nickel Alloy Spring Temper Wires

Diameter of Wire

Metal (spring temper) 0.031" 0.062" 0.125" 0.250"

“DuranickeF' and ^^Permanickel”
As-drawn 165,000 160,000 155,000 150,000

As-drawn, heat-treated 200,000 195,000 190,000 190,000

‘‘K-MoneF*
As-drawn 165,000 155,000 150,000 145,000

As-drawn, heat-treated 180,000 175,000 170,000 170,000

“InconeF* as-drawn 185,000 175,000 170,000 165,000
*

‘ Monel ” as-drawn 160,000 150,000 140,000 140.000

125.000Nickel as-drawn 135,000 135,000 125,000

^Tnconel-X^»

As-drawn 210,000 200,000 200,000 185,000

Age-hardened 250,000 240,000 230,000 215,000

Overaged 165,000 165,000 165,000 165,000

“Ni-Span C/' a new, age-hardenable, constant-modulus alloy has recently

been introduced for precision springs. It is composed of 42 per cent nickel,

2.5 per cent titanium, 5.5 per cent chromium, 0.06 per cent carbon, and

iron; its advantages for control, measuring and timing equipment are that

temperature changes between —50° and 4-250° F. cannot expand, weaken

or soften it.

Another important spring alloy of nickel is called “Elinvar.'' It has a

constant modulus from —150° to 4-300° F. It is an austenitic alloy, con-

taining 33 to 35 per cent nickel, 4 to 5 per cent chromium, 1 to 3 per cent

tungsten, 0.5 to 2.0 per cent manganese, 0.5 to 2.0 per cent silicon, 0.5 to 2.0

per cent carbon, and 53 to 61 per cent iron. As a result it can be hardened

only by cold work. ''Elinvar*' possesses great resistance to oxidation and

corrosion, is immune to magnetic effects, and has low thermal expansion.

The elastic limit is about 45,000 psi, and in use it is limited to stresses con-

siderably under this.

Figure 40 shows a number of '‘K-Monel” springs. No. 1 and No. 2A
springs were cold-coiled, using and diameter, cold-drawn spring

temper rods, heat-treated after coiling. No. 3, No. 4, and No. 5 springs were

hot-coiled using 1%", 1%6" and 1%" diameter hot-rolled rod, heat-treated

after coiling.

General

The choice of spring materials for use under various corrosive conditions

entails the consideration of many factors, which so affect the behavior of

the materials that it is difficult to decide upon the relative corrosion re-

sistance of alloys except as they react under a particular set of conditions.
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{Courtesy International Nickel Co., and American Locomotive Co., N. Y.)

Figure 40. K-Monel springs.

One alloy may have greater resistance to corrosion than another under one

set of conditions; but if the conditions are changed, the resistance values

may be reversed. Therefore the selection of spring materials for corrosive

conditions must be made after careful consideration of each individual

application.

The selection of spring materials for use at elevated temperatures must in

most cases be governed by the corrosive conditions which are also present.

It is generally accepted that ‘'InconeF' is the preferred alloy for most high-

temperature applications, although ‘‘Monel,"' stainless steel, and the heat-

resistant steels will give satisfactory service in many such applications.

When a spring has been subjected to unsafe ranges of stress, subsequent rest

and mild heat treatment may prolong its life. Bending or buckling of the

spring caused by the loading not being truly axial can produce, at certain

points on the section of the wire, ranges of stress appreciably greater than

those given by torsional stress only.

Where values were given in this chapter for allowable stresses for com-

pression springs the following facts are to be noted:

(a) For wire diameters under 0.020 inch, the values are to be increased

by 20 per cent. For diameters over 0.020 to 0.057 inch, the values are to be

increased by 10 per cent.

(b) For compression springs that are preset and shot-peened, increase

the values 10 to 15 per cent.

(c) For torsion, flat, cantilever, clock and power springs, increase the

values by 50 to 75 per cent.

(d) For extension springs reduce the values 10 to 20 per cent.

(e) For suddenly applied loads, reduce the values by 50 per cent.

(f) For elevated temperature operation, reduce the values by 50 per

cent.
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Figure 41 shows a typical failure of a helical counter balance spring

caused by a longitudinal seam in the original Uinch diameter rod of silico-

manganese steel.

Figure 42 shows at 5X magnification the microstructure of the cross-

section of the spring rod adjacent to fracture, indicating extent of decarburi-

zation (white) and lo<:ation of the two photomicrographs following.

Figure 43 shows at 75X magnification the microstructure of the cross-

section at the point (A) in Figure 42. This shows clearly the surface defect

(crack) and extent of the surface decarburization (white area). Figure 44
shows at 1 50X magnification the character of the surface-decarburized zone

Figure 42. Macrostructure of crock shown in Figure 41

.
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at the point (B) in Figure 42. Here can be noted the abnormally large radial

grains of carbonless iron in the outer surface.

Figure 45 shows a marine coupling spring that failed in fatigue.

Figure 45. Broken marine

coupling spring.

Physical Tests—(A.S.T.M.)

(a) The properties specified in sections (b), (c), (d) and (e) shall be

determined in the order specified on each spring which has met the require-

ments for dimensions. The springs shall not be rapped or otherwise dis-

turbed during the test.

(b) Solid Height. The solid height is the perpendicular distance be-

tween the plates of the testing machine when the spring is compressed solid

with a test load of at least 1 times that necessary to bring all the coils in

contact.

(c) Free Height. The free height is the height of the spring when the

load specified in paragraph (b) has been released, and is determined by
placing a straightedge across the top of the spring and measuring the per-

pendicular distance from the plate on which the spring stands to the

straightedge, at the approximate center of the spring.
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(d) Loaded Height. The loaded height is the perpendicular distance

between the plates of the testing machine when the specified working load

is applied.

(e) Permanent Set. The permanent set is the difference, if any, between

the free height and the height (measuring at the same point and in similar

manner) after the spring has been compressed solid three times in rapid

succession with the test load specified in paragraph (b).

Definitions

Baking is a term applied to low-temperature heat treatment of springs

and used to distinguish this heat treatment from hardening and tempering.

Baking temperatures seldom exceed 700° F.

Coil is one complete circumference of a spring helix.

Deflection is the change in length in inches of an extension or compres-

sion spring which is caused by a change in loading of the spring.

Initial Tension is the maximum load which can be applied to a close-

wound spring without causing extension.

Patenting includes the complete operation of heating wire to above the

critical temperature and quenching in either lead or air. The process is

performed continuously by drawing strands of wire through a furnace.

Resilience is the amount of work in inch-pounds which a spring is

capable of doing upon complete release of load.

Set in a compression spring is the loss of length in inches after the spring

has been deflected equivalent to a stress greater than the elastic limit of the

wire.

Solid Height is the length of a compression spring when compressed until

all coils touch.

Spring Index is the ratio of the mean diameter of coil to the wire diameter

and should never be less than 3.

Spring Rating is the pounds pressure required to extend or compress a

spring one inch.
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Chapter VIII

Bearing Materials

A bearing is a machine element designed to transmit loads or reaction

forces to a shaft which rotates relative to the bearing.^® Journal bearings are

cylindrical (full cylinders or cylinder segments) and are used when the

shaft load is essentially perpendicular to the shaft axis. Thrust bearings are

ring-shaped (full rings or ring segments) and are used when the shaft load

is in the direction of the shaft axis.

"
It is generally recognized that the function of a bearing is purely to pre-

vent or minimize damage due to failure of lubrication. Under normal or

ideal conditions the bearing has little, if any, influence on the operation of

a machine, and its virtues become apparent only when lubrication is sus-

pended. Knowledge of the conditions that follow the suspension or failure of

the oil film is essential to the intelligent selection of the bearing alloy.

Specifying materials for bearings has in the past been largely a matter

of trial and error. Certain combinations of metals have been found by

experience to work well together in bearing applications under certain

load, lubrication and speed conditions, and engineers have tended to spec-

ify bearing materials on an empirical basis only. Suggested substitutions

have been regarded with suspicion, and engineers have been reluctant to

change traditional workable bearing combinations on the basis of laboratory

tests.

Bearing materials have frequently been specified and purchased on the

basis of physical properties, such as tensile strength, yield point, ductility,

and impact strength at room temperature. However, these properties fail

completely to tell the true story of whether an alloy is or is not satisfactory

in a specific bearing application.

^he only physical properties of any significance in a bearing are hard-

ness, compressive strength, and possibly impact and fatigue strength at the

operating temperature of the bearing. Even these properties fall far short

of determining with any accuracy whether or not an alloy will make a suc-

cessful bearing metal.-

Recently much work has been done on laboratory tests for evaluating

bearings on the basis of simulated service conditions, using specialized
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equipment. Although this is the only method of evaluating bearing metals

accurately, laboratory tests have not developed to a point where they are

generally standardized and are accepted by engineers. However, much prog-

ress has been made, and eventually laboratory tests simulating service con-

ditions should be the only criteria for acceptance or rejection of bearing

alloys.

Fluid Film Theory

^According to the fluid film theory of bearing action, in a well lubricated

bearing the material of shaft and bearing is unimportant as long as there

is an adequate supply of lubricant during operation, since there is no

metal-to-metal contact.' As shown in Figure 46, the shaft is continually float-

ing in a wedge of oil under normal operating conditions at constant load

and speed. With proper clearance between bearing and journal, the shaft

lifts off the bearing as it begins to rotate and assumes a position in the

bearing where the shaft and bearing are not concentric. Oil-film pressures

are maximum at the point of closest approach of journal to bearing, and

are negative at a point somewhat beyond it. Thus, according to this theory,

there is no metal-to-metal contact, and hence, materials are of no sig-

nificance.

The coefficient of friction of the shaft in the bearing, according to this

theory, varies directly with the viscosity of the oil (Z), and the rotational

speed (N) of the shaft, and inversely with the pressure (P). However, it
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has been found ® that the coefficient of fricfion under actual operating con-

ditions varies with the formula Zhl/P as shown in Figure 47. From this

curve it can be seen that for a certain range of operating conditions, the

coefficient of friction is indeed low, varying directly with ZN/P. However,

at low values of ZN/P the coefficient increases rapidly. These are the con-

ditions obtained during starting, stopping, and accelerating of the shaft.

"When the shaft is rotating ideally in a film of lubricant, the bearing ma-

terials are of no significance. However, in actual service there are probably

c
o
"tS

C
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iCourtesy International Nickel Co., Inc., N. Y.)

Figure 47. Coefficient of friction variation.

many times in the life of a bearing when the fluid film is broken and the

conditions are no longer ideal. In such cases as starting, stopping, and ac-

celerating, and sometimes of misalignment or doubtful lubrication, the

bearing may be operating on the left-hand portion of the curve in Fig-

ure 47. Grit and surface roughness in the shaft or bearing also will cause

departure from ideal conditions. Hence, in actual installations, the choice

of proper bearing materials is of vast significance and the engineer must

use his knowledge and ingenuity in specifying materials for specific load,

speed, lubrication and temperature conditions.
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Furthermore, the probability of maintaining a condition of full fluid

lubrication in a dynamically loaded bearing subject to misalignment, shaft

deflection, occasional overloads, and so forth, does depend on the mechani-

cal properties of the bearing material. A lack of adequate conformability

or elastic deformation will accentuate lubrication film breakdown and

metallic contact. Highly stressed bearings, even when the mechanical prop-

erties are favorable, undoubtedly operate partially and at times totally,

under conditions of boundary friction. It is in this circumstance that the

chemical composition of the bearing material comes into full play, and

decides whether the bearing will fail or continue in operation through the

emergency.

In addition, it has been established that the microstructure or mechani-

cal structure of a bearing material has even greater influence on its ability

to meet bearing requirements than has its composition. The mechanics of

the progress of fatigue failure in engine bearings indicate that the structure

of the bearing alloy is of vital importance.

To summarize, in a bearing assembly of given dimensions and with ade-

quate stiffness, the coefficient of friction is not affected by the materials of

the bearing or the shaft, nor by the composition or “oiliness” of the lubri-

cant, as long as there is an ample supply of lubricant; and that it is af-

fected by the pressure on the bearing, the speed of the shaft and the vis-

cosity of the lubricant at the operating temperature in such a manner as to

decrease with pressure, increase with speed and increase with viscosity.

Bearing Requirements

Among the properties of a good bearing alloy, the following are impor-

tant:

(1) Adequate yield strength in compression, especially at operating

temperature, to prevent measurable permanent deformation or a brinelling

of the bearing material under load.

(2) Sufficiently high softening point to withstand any service tempera-

ture.

(3) Sufficient but not excessive hardness to permit embedding of grit

and dirt particles contaminating the lubricating fluid.

(4) Plasticity or ability to deform under load to take care of alignment

and to conform to the shaft.

(3) Sufficient ductility and absence of brittleness to withstand pound-

ing and torque without flaking or cracking.

(6) Low modulus of elasticity to permit elastic deflection.

(7) Low coefficient of friction to prevent galling, abrading and seizing.

(8) Ability to maintain an oil film on its surface or to absorb certain

compounds of the lubricant.
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(9)

High thermal conductivity to remove and dissipate frictional heat

from the surface.

(10) Good wear resistance.

(11) Good corrosion resistance to the action of the lubricant or products

which may be developed in the oil by use.

In bearing service three kinds of wear are encountered: (1) abrasion due

to foreign particles in the oil film, (2) mechanical wear due to metal-to-

metal contact between the bearing surfaces, and (3) corrosion of the bear-

ing surfaces due to oxidation or chemical reaction by active compounds in

the lubricant.

Types of Bearing Alloys

In general, bearing metals are of three different types structurally. The

largest group of non-ferrous bearing alloys is composed of a soft, plastic

matrix in which are embedded hard, wear-resistant particles of a second

phase. The matrix is usually a pure metal, a solid solution, or a binary or

ternary eutectic. The wear-resistant particles are frequently intermetallic

chemical compounds. ''Babbitt” metals are of this general structural type.

The second type of structure used in bearing applications is one in which

the matrix is sufficiently strong, tough, and wear-resistant to carry the bear-

ing loads. Embedded in this are particles of a softer phase which act as a

lubricant in operation. This type of bearing is frequently successful under

conditions of doubtful lubrication. Examples are cast iron, in which the

graphite flakes act as a lubricant, and copper-lead alloys, in which the

insoluble lead globules reduce the coefficient of friction and the tendency

to gall and seize. In most of these alloys the soft particles of the lubricating

material are lead, cadmium, bismuth or some other metal which smears

readily. The thought has been advanced recently, not without justification,

that this type of alloy owes its success in bearing applications to the very

thin smear of metal over the entire surface of the bearing.^®

It was formerly believed that all bearing materials required the two-

phase structure for successful operation. However, recent work has dis-

proved that theory. Thus, the third type of bearing alloy has a single-phase

homogeneous structure. Pure tin, lead, bismuth, silver, and cadmium, or

slightly alloyed pure metals (but still maintaining a single phase) have

been reported by several investigators ® to have excellent bearing char-

acteristics up to the limits of their load-carrying capacities. Successful use

of pure silver recently in aircraft engine bearings is ample proof that the

two-phase structure is not essential.

Although bearing alloys are of three general structural types, recent ex-

perimental work on the theory of the action of bearing metals may prove

that all three resist friction by the same fundamental mechanism. It has
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been stated that the hard particles in the two-phase alloys of the first

structural type play no part in the basic friction and wear properties. Ex-

periments on tin-base babbitts and special alloys of the same structure and

composition as the matrix in the tin-base babbitts showed no fundamental

differences in their wear properties. Thus the frictional behavior seems to

be determined by the single-phase matrix only. The third structural type

of bearing alloy is, of course, a single-phase, homogeneous alloy. Experi-

ments on alloys of the second structural type revealed that the frictional

properties of these alloys were similar to those of the single-phase soft,

smearable metal alone. Thus, as previously stated, the frictional behavior of

the second structural type appears to be governed by a thin smear of the

soft second phase over the entire surface of the bearing.

In general, this new approach to the fundamental theory of the action

of bearing metals directly contradicts the earlier idea that a duplex struc-

ture was necessary for successful bearing alloys. Further work along the

lines of this new concept of the theory of bearing metals will be of great

interest to the engineer and the metallurgist.

Babbitt Metals

The name ^'babbitt*' metal is derived from the name of its inventor Isaac

Babbitt, who in 1839 first developed the tin-base alloy containing antimony

and copper. Originally, the name ''babbitt” was used for this alloy only.

However, more recently, it has been applied to all white-metal bearing al-

loys. Today there are babbitts of various base compositions; lead, tin,

cadmium and zinc are all used as bases for the alloys commonly misnamed

"babbitt metals.”

These alloys are of the first structural type as previously mentioned. They
are characterized by a soft matrix in which are embedded hard particles of

a second phase. In this type of alloy there is a certain optimum particle size

for the hard constituent. With too small a particle size the matrix is

strengthened sufficiently so that it cannot deform plastically and carry the

bearing load. Extremely large particles tend to score the shaft; the matrix

is too soft for proper load-carrying and the bearing will not wear well. In

general they are relatively soft materials, have excellent anti-seize char-

acteristics and can be used at high sliding speeds. To improve their load-

carrying capacity they must be supported by a bearing shell made of a

stronger material such as steel, or, in some cases bronze.

Lead-Base Babbitts, Lead-base babbitts are widely used in applications

where loads are light to moderate and speeds are low. Since their melting

points are relatively low, they are limited to applications where loads and

speeds will not generate excessive temperatures in service.

Two types of lead-base alloys are in common use for bearings. The first
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and most widely used consists of a lead-antimony or lead-antimony-tin

alloy, with copper or arsenic frequently added as a hardener or to prevent

segregation during casting. Typical lead-base babbitts are numbered 6 to

12 in Table 61. The second type usually contains about 98 per cent lead,

with calcium and other alkaline or alkaline-earth metals added. Compo-
sition of such alloys is given in Table 62.

Table 62. Alkaline-Earth Lead-Base Alloys

Composition
AUoy

Pb Ca Ni Ti K Sn A1

“ Bahnmetall ”
98.6 0.7 0.6 .04 .03 — 0.2 max.

^‘Satco’’ 97.4 0.15 — — .07 2.4 —
The lead-antimony alloys are generally soft and weak, and are suitable

only for very light loads and low speeds. They contain up to 18 per cent

antimony which acts as a hardener for the lead. Their microstructure

usually consists of primary grains of the soft, lead-rich solid solution (99.75

Pb, 0.25 Sb) surrounded by the harder eutectic containing 12.5 per cent

antimony and 87.5 per cent lead. Alloys having more than 12.5 per cent

of antimony will show primary grains of antimony surrounded by the

lead-antimony eutectic.

As tin is added to the lead-antimony alloys, a third constituent, the SbSn

intermetallic compound, appears in the microstructure. With increasing pro-

portions of tin up to a maximum of about 20 per cent, the proportion of

intermetallic compound increases. In these alloys, the ground mass is the

ternary eutectic containing 84 per cent lead, 4 per cent tin and 12 per cent

antimony, which melts at 358° F.

Lead-tin-antimony babbitts are stronger and more suitable for higher

speeds, higher loads and higher operating temperatures than the lead-

antimony alloys. They are cheap, easy to cast, have good frictional

properties and reasonably good corrosion resistance, and are success-

fully used for railway application and heavy machinery generally where

speeds and stresses are moderate. Because of the low melting point of

the ternary eutectic, they are limited to low-temperature service. Under

more severe service conditions, the tin-base babbitts are more frequently

used.

The second type of lead-base babbitts, containing about 97.5 per cent

lead, are precipitation-hardening alloys, commercially known as “Bahn-

metall” and "Satco.” Intermetallic compounds such as PbjCa and NajPb,

precipitate out in these alloys to form structures -which have given excel-

lent service as bearings, particularly in railway service. They are superior

to other lead-base babbitts in that they retain their hardness better at ele-

vated temperatures and resist impact better. However, they are less cor-
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rosion-resistant, must be poured for casting at a higher temperature, and

dross easily, making remelting difficult. Their coefficient of expansion,

shrinkage and rate of wear are all high. They are used where loads are light

to moderate.

A lead-base babbitt containing approximately 12.5 per cent antimony,

3 per cent arsenic and 0.75 per cent tin has recently been marketed.^ It is

claimed that this alloy is superior to conventional lead-base babbitts be-

cause the addition of arsenic helps to retain the hardness and strength at

elevated temperatures and also imparts higher fatigue strength.

During the past war, the government forbade the use of white metals

containing over 12 per cent tin. These were replaced by the emergency

alternates shown in Table 63. Unless special permission was granted for

Table 63. Emergency AUemaie Bearing Alloys

AUoy
grade*

Tin
(%)

Sb (%)
Pb
(%)

Cu(%) Ag
(%)

A8(%)

Brinell
hardness

Pour-
ing

temp.
r F.)68° 212°

No. 13
No. 14
No. 16
No. 16
No. 17
No. 18

2.0
0.75

0.9-1.26
10
6
1.0

15
12.75

14.6-16.5
12.5
10
17

bal.

bal.

bal.

bal.

bal.

bal.

0.25 max.

0.6 max.
0.4-0.6
0.26 max.
0.4-0.6

2.5
1.5-3.0
0.8-1.

1

0.8-1.

4

22
21
27.5
20
29

15
13
13.6
11
16

689

621

875

* A.8.T.M. Grades.

use of standard white-metal alloys by the appropriate government agency,

the emergency alternate alloys were used. These alloys are all lead-base

babbitts to replace tin-base babbitts, which became scarce because of the

critical shortages of tin.

Tin-Base Babbitts. Tin-base babbitts are essentially alloys of tin, anti-

mony, and copper in varying proportions. The antimony and copper are

used as hardening elements. Cadmium or nickel is sometimes added to im-

prove their properties. Zinc and aluminum are to be avoided entirely, and

arsenic, bismuth, and iron should be limited in amount. Analyses and prop-

erties of the standard A.S.T.M. grades of tin-base babbitts are numbered

1 to 5 in Table 64.

They have low frictional resistance, low wear, good running-in proper-

ties, good emergency behavior upon failing lubrication, and lower co-

efficient of expansion than the lead-base alloys. In general, these alloys are

used for more severe service than lead-base babbitts. They are successful

where speeds, loads and stresses are moderate to high. Lead-base babbitts

lose strength rapidly at elevated temperatures, but tin-base alloys do not

soften so much. These alloys are more expensive than lead-base babbitts

and must be cast at a higher temperature. However, for such severe appli-
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cations as automotive and aircraft connecting-rod bearings, tin-base-bab-

bitts have been successfully used for many years.

Typically, the microstructure of tin-base babbitts contains needles of

CuSn in a matrix of a solid solution of antimony and copper in tin.^® With

antimony above about 8 per cent, cubes of SbSn appear. CuSn needles,

freezing first from the melt of the higher-antimony alloys, tend to pre-

vent segregation of SbSn crystals, which freeze at a lower temperature.

Zinc is detrimental in that it causes the cubes of SbSn to coalesce and form

star-shaped groups. Aluminum causes the cubes to disappear entirely.

Bismuth is objectionable in these alloys because it forms a eutectic with tin

which melts at about 260"" F., making the alloy unsuitable for use at high

temperatures.

Addition of cadmium to the tin-base babbitts up to about 3 per cent

appears to increase the endurance limit, hardness and strength at elevated

temperatures. In high-tin alloys, lead is limited to 0.035 per cent maxi-

mum to prevent formation of a lead-tin eutectic which melts at about

360° F., making the bearings fragile above this temperature. Lead up to

about 30 per cent is sometimes added to decrease the cost of tin-base bab-

bitts for applications of low to moderate severity.

Tin-base babbitts work against soft shafts with little tendency to score.

They allow low clearance, which is an aid to effective lubrication; they are

high in embedability and conformability, and bond reasonably well to

bronze and steel backings. Their only drawback is the low melting point of

tin and the rapid decrease in strength as the melting point is approached.

Cadmium-Base Babbits. For extreme conditions of stress and tempera-

ture, such as are met in modern aircraft engines, cadmium-base babbitts,

containing 97 to 99 per cent cadmium and the balance nickel, silver or cop-

per, have recently come into wide use.* They are superior to tin-base bab-

bitts in strength and high-temperature resistance, and to the leaded bronze

types in that they do not score shafts easily. Their cost is high, however,

and some difficulty is encountered in bonding the babbitt to a steel backing.

They are more subject to corrosion than ordinary white-metal babbitts in

organic acids developed in lubricating oils during service. They are used

with shafts having a minimum hardness of 250 Brinell.

The most commonly used cadmium-base babbitts contain nickel up to

3 per cent, the balance being cadmium.^^ The low-nickel alloys (under 0.25

per cent nickel) consist of a matrix of cadmium containing crystals of the

compound NiCd^. Nickel strengthens and hardens these alloys. With nickel

above about 0.25 per cent the structure consists of NiCd.^ crystals in a

matrix of the cadmium-NiCd^ eutectic.

The cadmium-silver-copper type babbitt^ consists of a matrix of the

cadmium-rich cadmium-silver solution surrounded by the relatively hard
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eutectic mixture of CuCdg crystals and the cadmium-silver solid solution.

One of the objections to the cadmium-base babbitts has been their lack

of resistance to corrosion in lubricating oils. Recently, these bearings have

been indium-plated ^ and the indium diffused into the lining by heating for

two hours at about 340° F. This treatment markedly reduced the corrosion

of a silver-copper-cadmium babbitt.

Figure 48 is a chart showing how strength and hardness of tin-base bab-

bitt and cadmium-silver-copper are reduced as temperature increases.

Temperature

Br/ffeff Hardness

Figure 48. Charts showing strength and hardness versus temperature.

Zinc-Base Babbitts. An alloy consisting of 85 per cent zinc, 10 per cent

copper and 5 per cent aluminum has been successfully used as a bearing

where loading is steady and no shocks are encountered in service at high

speeds. It has a low coefficient of friction, but the alloy has a tendency to

become brittle under the effects of heat, and requires a great deal of atten-

tion. In general, the zinc-base alloys are very hard, approximately 120
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Brinell, and also very brittle. Zinc and zinc-rich solid solutions are likely

to seize at elevated temperatures, a characteristic which restricts their use.

They have limited service as bushings in applications where bronze bush-

ings have been used.

Copper-Lead Bearing Alloys^

For very severe service where babbitts will not withstand the conditions,

copper alloys containing up to about 35 per cent lead are frequently used.

Since lead is insoluble in copper, the lead is distributed throughout the ma-
trix as pools or globules, which are easily distinguished in a microscope.

The alloys are very difficult to produce free from segregation; they require

additional clearance and also hard shafts and uninterrupted lubrication. At

high operating temperatures, however, they will withstand much higher

loading than the best white-metal bearings —to the extent of 75 per cent

higher above 150° F. The 30 to 35 per cent leaded copper alloys have ex-

cellent bearing properties, but the strength is low and the alloys are sub-

ject to failure by fatigue cracking.

The higher the lead content of the copper-lead alloys, the lower is their

fatigue strength and the higher their anti-frictional characteristics. Silver

and tin can be substituted for part of the copper for the purpose of increas-

ing fatigue strength, but only at the sacrifice of anti-frictional properties.

To prevent seizing, a thin coating of lead is sometimes plated over these

bearing materials. Corrosion is a major problem, as these alloys are easily

corroded by improper oils. Electroplating and diffusion of indium on the

surface increases their resistance to corrosion.

Typical copper-lead alloys are SAE 48 and SAE 480, of which the fol-

lowing are the specific analyses (Table 65).

Table 65. Copper-Lead Alloys

Composition (^’c) S.A.E. 48 S..\.E. 480

Copper 67-74 60-70

Lead 25-32 30-40

Silver, max. 1,5 —
Zinc, max. 0.1 —
Phosphorus, max. 0.025 —
Iron, max. 0.35 0.35

Tin — 0.05

Very approximate limits^® for the properties of sand-cast bearings of

these materials are given in Table 66.

Table 66. Sand-Cast Properties

Lead(%) 30 40

Tensile strength (psi) 8,000-9,000 7,600-8,500

% Elongation (2") 6-8 6-8

Compressive strength (psi) 3,000 2,500

Brinell hardness 22.6-32.6 20-^

50

6,000-7,000
5-7

2,000
15-25
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Figure 49 shows a number of steel-backed copper-lead-lined bearings, and

also several different types of copper-lead bearings.

The alloys of copper and lead find extensive use in the automotive and

iCourtesy Johnson Bronze Co., New Castle, Pa.)

Figure 49. Copper-lead bearings.

aircraft fields and in the field of general engineering. They are used almost

as steel-backed bearings, and also to a great extent as bushings, liners and

sleeves.

Bronzes and Leaded Tin Bronzes

Frequently nickel or silver is added to copper-lead alloys to prevent seg-

regation. Tin is often included to strengthen the matrix, which has little

galling resistance by itself. Analyses such as 4 per cent tin, 21 per cent lead,

balance copper, or 10 per cent tin, 15 per cent lead, balance copper, are

commonly used in heavy-duty aircraft engine bearings.

Recent shortages in tin have spurred research in emergency substitutes

for the lead-bearing tin bronzes. An alloy containing 80 per cent copper,

10 per cent lead, 2.5 per cent zinc, and 5 per cent manganese has been

recommended “ as a substitute for 80 per cent copper, 10 per cent lead,

10 per cent tin bearing bronze for severe service conditions.

Two new bearing bronzes containing 8 per cent nickel, 1 per cent anti-

mony, I per cent zinc, 10 per cent lead, balance copper, and 8 per cent

nickel, 2 per cent tin, 1 per cent antimony, 1 per cent zinc, 10 per cent

lead, balance copper, were developed as a substitute for the commonly used

80 per cent copper, 10 per cent tin, 10 per cent lead-bearing alloy. Amsler

tests showed that these new bearing alloys had three to four times the wear

resistance of the older ones.
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Manganese bronzes containing 55 to 60 per cent copper with manganese,

aluminum, iron, tin and zinc, and also phosphor bronzes containing 8 to 13

per cent tin, are high-strength casting alloys frequently used for bushings

and heavy cast bearings. They operate well against hardened steel shafts at

low speeds and heavy loads.

Aluminum bronze is a copper-base alloy containing 8 to 13 per cent

aluminum, with iron frequently added as a hardener. The higher aluminum

alloys are heat-treatable to high hardness by quenching and tempering. In

the heat-treated condition the wear resistance against hard steel is excel-

lent. Aluminum bronze is frequently used for bushings under conditions of

doubtful lubrication. Its resistance to pounding is excellent.

Lower aluminum bronzes are used against soft steel shafts with success.

These alloys are not heat-treatable, as are the higher aluminum bronzes,

but they operate well against soft steel, which would be scored by higher-

hardness bronzes. The greater the aluminum content, the better the wear

resistance under conditions of poor lubrication.

Phosphor bronze containing about 95 per cent copper, 4.5 per cent tin,

and 0.05 to 0.5 per cent phosphorus is used as a bearing material at low

loads and speeds where lubrication is good. In general this bronze is not

too satisfactory as a bearing material. Sometimes an addition of 1 per cent

lead is made to this bronze to improve its machinability and bearing quali-

ties against hardened steel shafts.

The bearing bronzes are substantially alloys of copper with from 5 to

20 per cent tin and a small percentage of residual phosphorus. These alloys

are sometimes referred to as ''phosphor bronzes.*' Zinc is sometimes added

instead of phosphorus, in which case from 2 to 6 per cent zinc may be

present in the bronze, which is then quite generally referred to as "Gun
Bronze," "Composition G Government Bronze," "Admiralty Bronze," or

"Zinc Bronze."

Tin bronzes both with and without lead are used in large quantities as

bushings. Typical compositions of the leaded bronzes (plastic bronzes) are

given in Table 67.

Table 67. Leaded Bronzes

Composition

Copper
Tin
Lead
Zinc

S.A.E. 791

bal.

3.5-4.5

3.5-

4.5
1.

5-

4.0

S.A.E. 792

bal.

9-11

9-11

0.5 max.

S.A.E. 793

83 min.

3.5-4.5

7-9

S.A.E. 794

68.5-75.5

3-4
21-25

A large number of these alloys with wide variations in composition are

being marketed by different manufacturers. Each has its peculiar char-

acteristics and is recommended for specific bearing applications.

Table 68 shows the typical properties of some copper-base bearing alloys.



Table 68. Physical Properties of Some

Metal Composition
Tensile
strength

(psi)

Yield
strength

(psi)

Elongation
% in 2"

Copper-tin-lead

(Cast)

70% copper—20% lead—10%
tin

50,000 17,000 16

Copper-tin-lead

(S.A.E. 64) (Cast)

80% copper—10% lead—10%
tin

39,000 20,000 29

Phosphor bronze

(Wrought)
1

95% copper—4-5% tin—0.05-

0.50% phosphorus
60,000 35,000

Aluminum bronze

(Cast)

10% aluminum— 1 % iron—89%
copper

70,000 30,000 25-35

Aluminum bronze

(heat-treated)

10% aluminum—1 % iron—89%
copper

87,000 47,000 9-16

Manganese bronze

(Cast)

23% zinc—5% manganese—5%
aluminum—3% iron—balance

copper

85,000 42,000 15

Aluminum-silicon-

bronze

(Duronze)
(Wrought)

7% aluminum—2% silicon—
91 % copper

85,000 43,000 20

88-4-4-4 bronze 88% copper—4% tin—4% zinc—4% lead (hard temper)
65,000 59,000 20

leaded phosphor
bronze

94% copper—4-“5% tin—1 %
lead—0.05-0.50 phosphorus

55,000 30,000 15

Sintered bronze

(“Compo,”
‘^Oilite/’ etc.)

89% copper—10% tin— 1 %
graphite

15,000-

25,000

(Com-
pressive)
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Copper Bearing Metals

Resistance
to

pounding

Brinell hardness Modulus
of

elasticity

(psi)

Coefficient of

expansion
inches per
inch per

Remarks

75® F. 160® F. 260® F. 360® F.

Fair 59 58 57 52 10 X 10« 10.3 X 10-8 Moderate to high speeds.

Good where lubrication is

questionable. Subject to po-

rosity. Machines easily. Use
hardened journal.

Fair 63 61 58 55 8 X 10« 10.3 X 10-» One of most widely used

bearing bronzes. Good under

doubtful lubrication condi-

tions. Heavy loads and se-

vere usage. Pressures up to

8,800 psi at 800-1,000 ft. per

minute satisfactory. Use
hardened journal.

Good 100 15 X 108 17.8 X 10-« For bearings at light loads

and low speeds. Difficult to

machine. Use only with good

lubrication.

Excellent 100-

140

15 X 108 9.1 X 10-« Corrosion resistant. Retains

strength at elevated tem-

perature. Use mild steel

shaft.

Excellent 140-

225
9.7 X 10-' Used for high stresses where

lubrication is good. High

fatigue strength. Use mild

steel shaft.

Excellent

195

i Used for heavy-duty gears.

High strength. Difficult to

machine. May be used as a

bearing for heavy loads at

low speeds.

Excellent 150 14 X 10® 9.2 X 10-8 Good machinability. Use as

a bearing with light loads

and good lubrication. Used
for worm wheels mating

with case hardened worms.

Good 147 15 X 108 17.3 X 10-8 Free-machining bar stock

for moderate loads and

speeds. Hardened steel jour-

nal.

Good ~\W~ i 15 X 108 17.8 X 10-‘ Low to moderate load at low

speeds. Fair machinability.

Use with hardened steel

journals.

Poor Bearings of this type are

impregnated with oil. Hence
they can be used where lub-

rication is doubtful.
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Silver Alloys for Bearings

Numerous investigations*'^® have disclosed that silver of 99 per cent

purity is an excellent bearing material for severe service at high tempera-

tures. It has almost no tendency to gall on steel and has a low dry co-

efficient of friction against steel. Compared to 28 per cent Pb, 1 per cent Ag,

balance Cu, and 25 per cent Pb, 3 per cent Sn, balance Cu alloys, the pure

silver bearing showed a higher relative resistance to seizure in laboratory

tests than either copper-base alloy. On engine tests these results were cor-

roborated, but it was discovered that the silver was more susceptible to

seizure than either bronze alloy if grit was present in the lubricating oil,

or if the surface finish of shaft or bearing was poor at the start of the test.

These silver bearings rendered excellent service when bearing and shaft

were smoothly finished before testing, and when lubricants were kept free

from grit.

In general, silver has high heat conductivity, fatigue resistance, resilience,

seizure resistance, and ability to hold strength at high temperature; but it

also has a high coefficient of expansion, poor oiliness characteristics, and

no appreciable embedability.

Recently, pure silver electroplated on a steel backing has been plated with

a thin film of lead to improve its galling resistance and then replated with

a very thin film of indium. The indium is diffused into the lead by a heat

treatment at a temperature of about 350° F. The thin film of lead-indium

alloy thus formed on the surface of the silver bearing improves the galling

resistance. The indium-lead alloy has higher corrosion resistance than the

pure lead film would have. Such composite bearings are used under the

severest service conditions in the largest modern aircraft engines.

Aluminum-Base Bearing Alloys

Aluminum-base bearing alloys with excellent bearing characteristics^^

have been marketed and used in service during the past few years.'^Alu-

minum manganese alloys containing lead and antimony or calcium have

been used in Germany to replace white-metal babbitts. An aluminum alloy

containing 5 per cent magnesium and 5 per cent zinc with small additions

of manganese, silicon and sometimes lead has been used in service. As a

substitute for babbitts in automobiles, some European manufacturers used

an alloy of aluminum containing up to 20 per cent lead and some anti-

money. England used aluminum-base bearing alloys containing 4 to 7 per

cent tin, 1.5 to 2.0 nickel, 0.5 to 1.0 per cent magnesium, 0.5 to 1.0 per cent

copper, up to 0.6 per cent silicon, balance aluminum, for big-end bearings

and connecting-rod bearings.

In the United States one wrought and two cast aluminum alloys have

recently been developed for bearing material by the Aluminum Company
of America. All have proved very satisfactory in use and in tests at ex-
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tremely high unit pressures, high speeds and high oil temperatures. The
symbols are 750 and XA750 for the cast alloys, and XA80S for the wrought

alloy. Alloy 750 with heat treatment T533, and alloy XA750 with heat

treatment T7 are commonly furnished as permanent mold castings. Alloy

XA80S is available in flat sheets. The properties of these alloys are

shown in Table 69.

Alloy 750 contains approximately 6.5 per cent tin, 1 per cent nickel,

1 per cent copper, and balance aluminum. It was found that adding silicon

Table 69. Typical Properties of Aluminum-Base Alloys

Allay 750 Alloy XA750

Properties

Cast,

cold-workedT533 4^

Cast,
heat-treated

T7

Cast,
heat-treated

T7.
cold-worked
4^ % red.

Tensile strength (psi) 20,000 22,000 22,000 23,000
Yield strength (psi) 8,500 1,600 9,000 17,500

% Elongation in 2 in. 10 7 10 7

Compressive yield strength (psi) 8,500 1,600 9,000 20,000
Compressive shear strength (psi) 14,000 — 14,500 —
Brinell hardness 35-50 40-55 45 50

Alloy XA80S
Properties Annealed 3% Reduction 20% Reduction

Tensile strength (psi) 21,000 21,000 25,000
Yield strength in tension (psi) 8,000 15,000 23,000

% Elongation in 2 in. 25 15 6
Rockwell hardness, H scale 75 80 95
Specific gravity 2.83 2.83 2.83

to this aluminum-tin alloy gives effective improvement in resistance to

scuffing. As a result, alloy XA750 was developed containing approximately

6.5 per cent tin, 2.5 per cent silicon, 1 per cent copper, 0.5 per cent nickel

and balance aluminum. This latter material retains all the superior char-

acteristics of the former alloy, together with a distinct improvement in fric-

tional and anti-seize properties.

Light bearing alloys have excellent cold-working^operties, high capacity

for oil absorption, and good heat conductivity. Aluminum has three to

four times the heat conductivity of steel and five times that of ordinary

babbitt.^urther, aluminum bearings do not have bonding planes which

may act as barriers to heat transfer. The very rapid dissemination of heat

in aluminum allows dissipation of local thermal rises before damage can

be done. The uniform structure of aluminum bearings is a great advantage

when considering fatigue resistance, and is superior to that of the babbitts

or the copper-lead alloys because the bond is the usual point of fatigue

failure. For certain applications, aluminum bearing alloys can run success-

fully on soft-steel shafts. However, for extreme speeds and loads it is best

to use a hardened steel shaft of 300 Brinell or higher.
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It is generally daimed that aluminum-base alloys have 1J4 times the

fatigue resistance of the copper-lead alloys and about six times the fatigue

resistance of the tin-base babbitts. Its embedabiiity is about the same as

that of the copper-lead alloys, and a half to a third that of the lead-base

and tin-base alloys. Nevertheless, aluminum-base alloys are plastic enough

to conform to any ordinary misalignment and to allow for good embed-

abiiity of dust particles which may be a source of scoring. Their corrosion

resistance is equal to that of the lead- and tin-base babbitts and much
higher than the copper-lead alloys. Their resistance to scoring is about equal

to that of the tin- and lead-base alloys, if not inferior; it is about the same

as that of silver bearings, but about double that of copper-lead alloys and

almost triple that of the cadmium-silver alloys.

^^mong the advantages claimed for aluminum bearing alloys are:

(Courteiv Aluminum Co, of America, Pittsburgh, Pa.)

Figure 50. Typical aluminum bearings of Alcoa 750 alloy.



BEARING MATERIALS 197

(1) long bearing life; (2) high fatigue strength; (3) high resistance to

corrosion; (4) high thermal conductivity; (5) ability to withstand high

bearing pressures; (6) good conformability and embedability, and (7) sim-

plicity and economy in fabrication,

Figure 50 shows several typical aluminum alloy bearings. Figure 51

shows the results of the rod machine test and adapter sleeve test on

aluminum bearing alloys.

Rod Machine Test

Cast X750-T533 Alfoy Reduced Width (0.75")

Test Bearing inserts

6 hours at 2150 rpm-ISOO psi 10 hours at 3000 rpm-3520 psi

6 hours at 2500 rpm-*2440 psi 200 hours at 3200 rpm*-4000 psi

LH-Cap LH-Rod RH-Cap RH-Rod

Adapter Sleeve Test

American Locomotive Company crankshaft steel (Brinell hardness 140) used. Ground

finish. Photograph shows high load side. Average wear in 222 hours: L.H. 0.0004";

R.H. 0.00055".
(Courteav Aluminum Co. of America, Pittsburgh, Pa.)

Figure 51. Aluminum bearings after test.
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Powder Metal Bearings

A recent development in bearings has been the use of sintered alloys of

about 88 per cent copper, 10 per cent tin with about 2 per cent graphite.

These bearings are porous; the pores are impregnated with oil, which acts

as a reservoir of lubricant for the bearings under conditions of poor lubrica-

tion. “Compo,*' ''Oilite,” and '"Durex*' bronze bearings are of this general

type. Another type of powder metal bearing alloy is typified by ''Durex''

iron. This sintered product contains about 1 per cent carbon in iron. Its

physical propertfes are higher than those of the copper-base sintered bear-

ings, and these bearings can be used at PV values up to 75,000 compared

to PV values of 50,000 for sintered bronze.

The development of powder metal bearings has opened new fields of

bearing design as well as new techniques of high production. Figure 52 is a

\
.

iCourte»v Bound Brook Oil-lets Bearing Co., Bound Brook, N. J.)

Figure 52. ^'Compo'' bronze oilless bearings.

photograph of a number of different designs of ''Compo'" Bronze oilless

bearings.

Nonmetallic Bearings

For some specialized applications, nonmetallics such as fabric-synthetic

resin ''Micarta," ‘‘Ryertex,” or oil-impregnated wood have been used satis-

factorily. These materials operate satisfactorily at low speeds and pressures.

Water-lubricated rubber operating with hardened ‘'K-MoneP' shafts makes

excellent bearings for such heavy equipment as rolling mills, ship propel-

ler shafts, etc.

Anti-Friction Bearings

Where service requirements are extremely severe or a shaft is subjected to

frequent starting and stopping, it is necessary to use anti-friction bearings

of the ball, roller, or needle type. These bearings are relatively expensive

and hence should be used only where absolutely necessary.
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The principal advantages of anti-friction bearings are: (I) reduced fric-

tion and wear; (2) increased accuracy; (3) low maintenance cost; (4) high

loading possibility; (5) very high speeds; and (6) accurate interchange-

ability. in this type of bearing, the load is not supported by a continuous

oil film but by metal-to-metal contact in the bearing itself. Thus, it is the

best possible bearing to use in cases of poor lubrication.

Since anti-friction bearings fail in fatigue rather than by galling or wear,

as do babbitts or bronze bearings, high-strength steels are used in them.

Most frequently, balls and races for these bearings are made of SAE-52100
steel, a 1.5 per cent chromium—

1
per cent carbon steel, heat-treated to

60/62 Rockwell t. Wear resistance of this steel is excellent. Also, carburized

alloy steels such as AISI-4620 and AISI-8720 are used for balls and races.

For extreme corrosion resistance in ball bearings SAE-5 18100 steel is

used for balls and races. This is the 18 per cent chromium—
1
per cent car-

bon grade and it is hardened to 56/60 Rockwell C. It is slightly softer than

the SAE-52100 grade, but is satisfactory for the application.

For certain nonmagnetic applications, such as in aircraft compasses,

special ball bearings and races of ‘‘K-Monef' or beryllium-copper have

been developed.^®

Selection of a Bearing Material

Bearings are used in various types of machinery, under conditions so

widely different that the properties required of a bearing material cover

a very broad range. A good bearing alloy must be selected on the basis of

a specific application. This selection requires knowledge of the physical,

mechanical, and metallurgical properties and characteristics of the mate-

rial, the character of the installation, and the service conditions. Some of

the more important factors in appraising a specific bearing application are:

(1) type of load; (2) magnitude of shaft load; (3) speed; (4) bearing

temperatures; (5) corrosive conditions; (6) lubrication and type of oil

supply; (7) dirt conditions; and (8) shaft hardness.

As a further aid in selecting the proper bearing material, Table 70 shows

the relationship of the four functional properties of bearing materials.^®

Comparisons are made against copper-lead alloys, which are given a merit

rating of 10.

Table 70. Comparison of Functional Properties of Bearing Materials

(Copper-lead base characteristics Equals 10)

Material
Fatigue
resistance

Score
resistance

Embeda-
bility

Corrosion
resistance

Copper-lead 10 10 10 10

Silver 30 20 6 30
Cadmium-silver 7 8 16 20
Lead-base babbitt 4 20 25 30
Tin-base babbitt 2 20 22 30
Aluminum-base alloy 15 20 12 30
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The Aluminum Company of America has published the operating char-

acteristics of various bearing alloys. This tabulation, covering a tin-base

babbitt, a lead-base babbitt, a cadmium-base alloy, a copper-lead alloy

and an aluminum-base alloy, has unusual value to the design engineer in

selecting the proper bearing material. These comparative data are given in

Table 71.

Table 71. Operating Characteristics of Some Bearing Metals

Metal

Tin-base Babbitt

3.5 Copper
7.6 Antimony

89.0 Tin
0.25 max. I^ad

Maximum
permis-

sible unit
pressure

(psi)

1,000

Minimum
permis-
sible

ZN/P

20

Maximum
permissible

PV

35,000

Maximum
oil

tempera-
ture (®F)

235

Minimum
journal
hardness

Not
important

I^ad-base Babbitt
5-7 Tin
9-11 Antimony

82-86 Lead
0.25 max. Copper

1,800 10 40,000 225 Not
important

Cadmium-base Alloy

0.75 Silver

0.5 Copper
98.75 Cadmium

1,800-

3,860

3.75 90,000 260 250 Brincll

Copper-lead Alloy

65 Copper
35 Lead

over

1,800

3.75 90,000 260 300 Brinell

Aluminum-base Alloy

Alcoa 7.5(>-T533 4,000 3.50 150,000 275 300 Brinell
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Chapter IX

Threaded Fasteners*

Screw threads may be divided into two classes according to their uses;

(1) those used for fastenings, and (2) those used for communicating mo-

tion. The term “fastenings” is applied to any device used to hold two or

more pieces together, either rigidly or by constraining any relative motion

between them.

Screw fastenings may be subdivided into (1) bolts, (2) studs, (3) ma-

chine screws, (4) cap screws or tap bolts, and (5) set screws.

The form of thread depends on the services required and on the engineer-

ing standards of the country in which the thread is used. In general the

V thread or the modified V thread are best adapted for fastenings. These

combine strength and cheapness.

Classification

In Figure 53 are shown the forms of threads used for fastening. The
American and British standards are used in most cases. The other forms

of threads are used in special applications. In the V thread the sides make

an angle of 60 degrees with each other, the top and root of the thread

being sharp. The U. S. (American) Standard thread is the same as the

V thread with the top cut off and the root filled in. The amount taken from

the top and added to the root is one-eighth of the height of the V thread,

thus making the U. S. Standard thread three-fourths the depth of the V
thread. It is considered superior to the V thread in that it does not cut so

deep into the stock, thus leaving a stronger root. In the Whitworth or

British standard thread the tops of the threads are rounded off and the

roots filled in. The angle of the sides with each other is 55 degrees, and the

amount taken from the top and added to the root is one-sixth of the height

of the V thread. With few exceptions all threaded fastenings use the U. S.

Standard form of thread. The V thread is little used today, except for

special purposes.

*The declaration of accord for the international unification of screw threads was
adopted during the period this manuscript was in the process of printing. There is

therefore appended at the end of this chapter a digest of the new unified screw thread

system.
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Figure 54 shows the three forms of machine bolts that are most used.

The square head and nut bolt as shown at (a) is the one most generally

employed. The hexagon head and nut bolt as shown at (b) is substituted

for the square when the nut comes in a place difficult to get to with a

wrench. The snap or round head machine bolt as shown at (c) differs from

the others only in the form of its head.

When the character of the assembly is such that one of the parts that

are being secured together can be tapped, a stud bolt or cap screw may be

used. In Figure 55 are shown two standard studs at (a) both threaded ends

(a) (b) (c) (a) (b)

Figure 54. Machine bolts. Figure 55. Studs.

are of equal length, while at (b) one threaded end is shorter than the other.

The short thread is usually made slightly larger than the long one, as it is

intended to fit closely the tapped hole in the work. The stud, when set,

extends above the surface an amount sufficient to receive the work and a

nut on the outside.

(a) (b)

Figure 57. Slotted cap
screws.
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Cap screws are similar to coupling bolts without nuts. However, square-

head cap screws are not used much at present. Figure 56 shows a typical

hexagonal head cap screw, Figure 57 two cap screws with slotted heads for

a screw driver; at (a) is the fillister type head while at (b) is the standard

flat head type.

Thread pitches conform to the American National Standard, which is

divided into coarse thread and fine thread series as given in Table 72.

Table 72. Table of American National Threads

Size Thr«*ad» per inch, coarse
thread series

Threads per inch, fine

thread series

5 40 X

G 32 X

8 32 36

10 24 32

12 24 28

20 28

^8 18 24

Vs 16 24

Ks 14 20

Vi 13 20

12 18

% 11 18

Vi 10 16

y» 9 14

1 8 14

IH 7 12

IM 7 12

IV 6 12

IH 5 X

2 4^ X

Screw-Thread Terminology

Four dimensions are important to the proper understanding of screw

threads. They are the major diameter, the minor diameter, the pitch

diameter and the pitch.

Major diameter is the largest diameter of a screw thread. This term re-

places "outside diameter" as applied to the thread of a power screw, and

also "full diameter” as applied to the thread of a nut.

Minor diameter is the smallest diameter of a screw thread. This replaces

such terms as "root diameter” as applied to the thread of a power screw, and

also "inside diameter" as applied to the thread of a nut.

Pitch diameter is the diameter of an imaginary cylinder whose surface

would pass through the threads at such points as to make equal the width

of the threads and the width of the spaces cut by the surface of the cylinder.

The pitch diameter is equal to one-half the sum of the major diameter and

the minor diameter.
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Pitch is the distance from a point on a screw thread to a corresponding

point on the next thread, measured parallel to the axis.

Pitch in inches ^ ,

Number of threads per inch

Lead is the distance a screw thread advances axially in one turn.

Angle of thread is the angle included between the sides of the thread,

measured in an axial plane.

Helix angle is the angle made by the helix of the thread, at the pitch

diameter, with a plane perpendicular to the axis.

Crest is the top surface joining the two sides of a thread.

Root is the bottom surface joining the sides of two adjacent threads.

Depth of thread is the distance between crest and root measured normal

to axis.

Depth of engagement is the depth of thread contact of two mating parts,

measured radially.

Length of engagement is the length of contact between two mating parts,

measured axially.

Figure 58 is a diagrammatic sketch of the screw and nut threads showing

the location of the important dimensions.

Screw Thread Fits

There are three classes of screw thread fits, ranging from Class 1, the

loosest, to Class 3, the closest. They are produced by the application of

specific tolerances, or tolerances together with allowances. Allowance is an

intentional difference in the dimensions of mating parts; it is the minimum
clearance or the maximum interference between mating parts. Tolerance is

the amount of variation permitted in the size of the part, that is, it is the

difference between the maximum and minimum dimensions given. Class 4

thread tolerance has been used to some extent in the past, but it is now
becoming obsolete.

In the manufacture of industrial fasteners tolerances in thousandths of

an inch are common practice. Such precision makes possible complete inter-

changeability of parts and accuracy of fits.

Machine screws and tapped holes are produced within tolerance to allow

ease of assembly and interchangeability. Such screws are easily applied with

the fingers and naturally have shake or side play.

Fabrication of Threads

Threads are commonly cut, ground, or rolled. Cutting threads and grind-

ing threads are essentially the same operation in that material is removed

from the shank of the bolt or stud in forming the thread. In rolling, the



Figure

58.

Screw-thread

terminology.
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threads are built up by the rolls from the material in the shank so that no

material is lost. This economy of material is one of the features of the rolled

I thread operation.

The blank for threading may be cut from bar stock or upset-headed.

When threads are to be cut, the shank is equal in diameter to the outside

or nominal diameter of the thread. In roll threading, the section of the shank

to be threaded must be reduced in diameter by approximately half the dif-

ference between the nominal diameter and the root diameter of the thread;

otherwise the thread will be of larger diameter after rolling than the re-

mainder of the shank. The most common method of obtaining this reduced

diameter is to extrude the shank for the length of the thread. This may be

a disadvantage when the material does not adapt itself readily to extrusion.

Special techniques have been developed so that nearly all the alloy steels

and most of the non-ferrous alloys may be extruded successfully.

When threads are to be cut, full size stock is used. For roll-threading the

(.Courtesy G. Case, Lamson <fc Sessions Co., Cleveland, Ohio)

Figure 59. Three steps in the action of the die in producing rolled threads.

stock is reduced by drawing or extrusion to the pitch diameter of the thread,

so that when it is rolled, the outside diameter is the same as that of the

cut thread; that is, a rolled thread bolt has a shank of scant diameter,

smaller than the outside diameter of the thread. In other words, the shank

diameter of the bolt is halfway between the major diameter and the minor

diameter of the thread.

Roll-threading is a cold-forming process whereby a bolt has threads
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formed on its external surface by compression between rotating or recip-

rocating dies. The action of the dies on the metal causes the surface to be

indented by the crest of the die threads, while the metal between the die

threads is freed outward to form the apex of the thread. Figure 59 shows

three steps in the action of the die in producing rolled threads. The lines

extending through the bolt stock are indicative of the directional lines of

flow in the steel and show how the process affects them.

The type of bolt referred to commercially as "cut thread" may be made
with a thread that has been actually cut, or has been extruded and rolled.

Here the shank diameter is equal to the major diameter of the thread.

Figure 60 shows sketches of the headed and extruded bolt blank ready

for roll thread, headed bolt roll-thread wire, and headed bolt cut-thread

wire.

All cut-thread bolts in small sizes have finished points, but all rolled-

thread bolts do not have finished points. A finished point is not necessary

on a rolled-thread bolt. When a thread is cut with chasers the last thread

at the end of the bolt has a razor edge which is very easily damaged in

handling. A cut-thread bolt of small size must have a finished point or it

may be difficult to assemble with the nut. Larger cut-thread bolts are not

necessarily pointed. The rolling operation leaves the crest of the last thread

in a rounded shape which is not easily damaged.

When the thread is rolled, the bolt is about 10 to 15 per cent stronger

than with cut thread because of the cold-working of the metal in rolling

and the fact that the flow lines in the metal are continuous and have not

been cut. If the metal is subsequently heated for hardening, this cold-

working property is not retained in the same proportion, but impact tests

demonstrate that rolled thread has higher values than cut thread, even after

heat treatment to the same hardness.

The cutting of threads with a chaser has certain inherent disadvantages.

As there is a constant wear on the thread-cutting tools, the machine is set

up to cut as loose a thread as the tolerance will allow. The cutting tools are

then used until the threads just fit the Go-gauge. Moreover, every lot nor-

mally contains bolts throughout the entire range of the allowable limits,

whereas rolled threads in one lot are practically alike. In the cutting opera-

tion skill is required to maintain a commercially smooth and accurate

thread. Through variations in the setting, they may easily have an "off-

lead" or an imperfect profile, or be otherwise defective. A little dirt or

chip may cause the cutting head to stick and produce a few defective

threads. A cut-thread bolt appears to have a closer fit than it actually has,

because of small feather burrs and irregularities left by the cutting tool.

Rolled thread is always smooth and accurate.

The commercial rolled-thread type of bolt has only two defects com-
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.442 FOR U.S.S. THREAD

HEADED AND EXTRUDED BOLT READY FOR ROLL THREAD

442
O'*

poR U.S.S. THREAD

.462 FOR S.A.E. THREAD DIA.

HEADED BOLT ROLL THREAD WIRE

HEADED BOLT CUT THREAD WIRE

Figure 60. Headed bolts.

pared with the cut-thread type: one is the scant shank, and the other is

the lack of a finished point.

In general,® rolled threads are usually better than ground threads, and

ground threads are sometimes better than cut threads. However, this is

by no means always true. Only where accuracy is required, such as in tool

work, are ground threads better than cut threads. Fatigue strength of
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ground thread is slightlj^SMBian that of qdt thread. The rolled thread is

far superior (twice) in ft^E^^to either, if'rolling is done after heat treat-

ment.

Factors other than the pro^s by which the threads are formed must be

considered, such as the sharpness of the root groove or the state of residual

stress at the root after the thread is formed. Perhaps the rolling process

offers the best assurance of maintaining smooth radii, because the die sur-

faces can be accurately formed and readily inspected, and also because the

process does not involve cutting, tearing or variable wheel dressing. The
state of residual stress after forming favors the rolling, provided the part

is not heat-treated—except perhaps a very low drawing after rolling.

The fatigue susceptibility of ground, cut and sometimes rolled threads

can be decreased by compressively stressing the material at the thread roots

by a superficial rolling operation. Commercial rolled threads can and often

do take advantage of compressive prestressing, intentionally or otherwise.

If rolled threads are heat-treated after rolling, the prestress is lost. To
retain prestress, rolled threads should not be heated sufficiently to relieve

the stress set up by the rolling, or the bolts should be given a final rolling

after heat-treating.

Cutting threads and milling the end section does not cold-work the

underlying metal, but extruding the end and rolling the threads intensifies

the strengthening effect.

The static tensile and bending strengths of rolled and machined threads

are practically identical, but in the case of dynamic loading a rolled thread

offers the advantage of greater fatigue stre;ngth.

Coarse threads strengthen more than fine threads. Bolts that are heat-

treated after threading have substantially the same thread-strengthening

effect on the tensile strength, whether the threads are cut or rolled. In the

case of untreated bolts, the strengthening effect depends on the manner of

forming the threads and increases in the following sequence: (1) fine-cut

threads; (2) coarse-cut threads; (3) fine threads rolled on milled ends;

(4) coarse threads rolled on milled ends; (5) fine threads rolled on ex-

truded ends; (6) coarse threads rolled on extruded ends.

Figure 61 shows the microstructure and also diagrammatic sketches illus-

trating grain and fiber flow of the metal in a cut thread and in a rolled

thread. A ground thread would show a fiber flow similar to the cut thread.

Shaping of Bolts

There are three methods ^ of shaping fasteners, depending largely on their

size, shape and the quantities involved: (1) machining, (2) hot-forming,

and (3) cold-forming. The latter two methods are also referred to as up-

setting or upset-heading. In other words, bolts can be formed by mechani-
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Cut Thread Rolled Thread

Figure 61. Flow lines of cut and rolled thread.

cal working the metal by forging, cold-heading or hot-heading. However,

the most popular way of manufacturing bolts of small size is by cold-

heading, the material used being in the form of wire.

The division between cold-heading and hot-heading, as far as size is

concerned, is made at inch diameter and 6-inch length, bolts over these

dimensions being generally hot-headed. A machine which hot-heads and

rolls the threads on a blank in one heat cycle is the highest development

in the mechanics of hot-forming.

The first method consists of milling blanks for bolts, screws or studs from

the bar stock on automatic or hand screw machines.

The upset-headed bolts, whether hot or cold, will give slightly greater

toughness because the fibers of the material flow from the shank into the
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head in such a direction that the maximum resistance to shear is offered

by the bolt. The toughness will be somewhat less for the bolts machined

from bar stock, because the fibers in the head and shank are parallel and

in such a direction that the resistance to shear is reduced.

Figure 62 shows fiber flow lines in bar stock (A), in machined bolt (6),

and in hot-forged bolt (C).

(A)

(B)

(C)

Figure 62. Sketch illustrating flow lines in bar stock (A), in machined bolt (B),

and in hot forged bolt (C).

When bolts are used in structures subjected only to static stresses, it is of

little importance whether the bolt is made by the hot-forging method or

by being machined from the solid. However, for bridges, aircraft and other

structures in which fatigue strength and resistance to impact are important,

bolts should be made from heat-treated, cold-rolled material or hot or cold

forgings, whereby the flow lines of the material in the head result in a

fiber structure that offers maximum resistance to dynamic stresses, as such

stresses are directed at right angles to the flow lines in the material of the

bolt head.



214 MATERIALS ENGINEERING OF METAL PRODUCTS

Material^

The materials of which threaded fasteners are made comprise the straight-

carbon steels of low and medium carbon content, many alloy steels, stain-

less and corrosion-resistant steels, heat-resistant steels, copper alloys, brasses

and bronzes, nickel, nickel alloys, such as ‘‘Monel” and “R-Monel,” and

also aluminum alloys.

The selection of the material best suited to a particular threaded fastener

application is generally the result of a composite evaluation, taking into

account most or all of these factors: (1) strength, (2) general resistance to

corrosion, (3) resistance to stress corrosion, (4) cost, (5) hazard to life and

property in event of failure, (6) capacity for cold-heading, (7) hot-

forgeability, (8) machinability, (9) electrical conductivity.

Steel

It is desirable^ that fastenings have a high or moderate degree of plas-

ticity, that is, the ability of the metal to undergo a permanent change in

shape without rupture. For this reason steel fastenings are seldom made
from high-carbon steel, but rather from low-carbon steel, or from medium-

carbon steel heat-treated to produce a moderate degree of plasticity. It is

also necessary that the fastening have a high yield strength so that it holds

the connected members firmly. Plasticity and high yield strength are

mutually opposed, so that a compromise must be made. They must be

tough and at least slightly ductile in the threaded section.

^The low-carbon steels, containing from 0.08 to 0.25 per cent carbon,

constitute a group of materials from which most common, low-stress fasten-

ers are made. In this class are the cold-finished bars of bessemer and basic

screw stocks AISI 1113 and 1120; bars and wires of AlSl 1010, 1015, and

1020; and others of still different carbon ranges. To provide fasteners of

higher strength the carbon content may be raised to around 0.50 per cent

and the manganese content to 1.8 per cent. Heat-treating carbon steel parts

by quenching and tempering increases the strength and hardness still

further. \/

In the alloy ranges the carbon-molybdenum, chromium, nickel-chromium,

nickel, chrome-molybdenum and chrome-vanadium steels are the most

popular materials. Any of these make fasteners of excellent quality. The
carbon contents will vary from 0.15 to 0.50 per cent, as indicated by the

AISI numbers 2330, 3135, 4140, 5140, 6130, 6150, etc. There is little ad-

vantage in using an alloy steel unless a tensile strength of over 1 50,000 psi

is needed.

In the still higher carbon ranges and without other alloying than with

manganese, the straight-carbon steels merge into the spring steels with their
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well-known excellent properties. There may, indeed, be a gain in toughness

but not in stiffness; for the modulus of elasticity is the same for all steels

and an alloy steel will stretch as much as a carbon steel, each up to its

el^tic limit.

'^Both low- and medium-carbon steels are used for bolts.^ The advantages

of using low-carbon steels are that the initial cost of the material, and the

cost of heading and threading are considerably less. The disadvantage is

that the tensile strength is not as great as can be obtained from a medium-
carbon heat-treated steel. A basic open-hearth, semi-killed steel (AlSl-

C1018) is most commonly used. In utilizing this material, the basic prin-

ciple is to retain the high tensile strength of the cold-drawn wire. After

cold-heading, the bolts are given a process anneal at about 1,000° F. to

return some degree of plasticity to the highly cold-worked head of the bolt.

The threaded section of the bolt is also somewhat reduced in tensile

strength by this process anneal. However, the process anneal can be elim-

inated by using a heavier-gauge wire, and later extruding the bolt blank in

the threaded section.^The medium-carbon steel bolts are made of carbon

or alloy steels of 0.35 to 0.55 per cent carbon content. In the lower-carbon

range (unalloyed) the bolts can be water-hardened; but in the higher car-

bon range (alloyed) they are oil-hardened. Of course the size of the bolt

also has a bearing on whether oil- or water-hardening is preferable.

Since a spheroidized structure in medium-carbon steels has superior head-

ing properties, the wire for bolts is usually treated before cold-drawing by

annealing between 1200 and 1300° F, ^

Hot-headed bolts may be made from material receiving no further heat

treatment. The most obvious way to increase the strength of hot-formed

bolts is to increase the carbon content and secondarily the manganese con-

Table 73. Typical Hot-Formed Bolt Materials

Type of steel
A.I.S.I.

classification C max.

Chemical Composition

Mn max. S max. P max.

Low-carbon 01017 0.20 0.60 0.050 0.040

01018 0.20 0.90 0.050 0.040

Sulphurized carbon 01116 0.18 1.40 0.23 0.045

Bessemer B-1112 0.13 1.00 0.23 0.120

Sulphurized carbon 01117 0.20 1.30 0.13 0.045

Medium carbon 01038 0.42 0.90 0.050 0.040

01045 0.50 0.90 0.050 0.040

Sulphurized carbon 01137 0.39 1.65 0.130 0.045

tent. Table 73 shows typical hot-formed carbon-steel bolt materials and

Table 74 their approximate tensile properties.*

For cold-heading, the character of the microstructure of the bolt wire

will naturally affect its physical properties. The wire is usually purchased
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Table 74. Approximate Tensile Properties

Physical Properties in Tension

A.I.S.I.
classification

Yield
point
(psi)

Tensile
strength

(psi)

Elongation
% in 2 in.

Reduction
of area
(%)

Hardness
Rockwell
“B”

C-1017 32.000

37.000

61,000 38 62 61

C-1018 65,000 37 68 67

C-1116 42,000 67,000 38 62 67
'

B-1112 48,000 68,000

73,000

35 59 70

C-1117 49,000 33 54 69

C-1038 48.000

53.000

68,000 30 51 75

C-1045 86,000 26 45 79

C-1137 57,000 99,000 27 48 88

to a maximum tensile strength requirement and a minimum elongation or

reduction of area requirement. A typical requirement is as follows:

Table 75

Wire
diameter

(in.)

Tensile
strength

(pai) maximum

Heduction
of area, %
minimum

Hardness
Rockwell
“B”

maximum

Over 0.430

Under 0.430

106.000 35 90

115.000 35 95

AISI 1018 Steel is usually recommended as standard material for cold-

headed, medium-strength bolts, and AISI 1045 or 1 141 steels for hot-headed,

medium-strength bolts.

Table 76 shows the chemical composition of typical alloy steels used for

threaded fasteners. Other steels not shown in this table can and are being

used. Many manufacturers and consumers have their own specifications for

fastener materials; their chemical compositions are slight modifications of

the standard alloys to produce specific properties for fixed engineering ap-

plications.

Table 76. Typical Alloy Steels for Fasteners

Typical Chemical Composition

A.l.8.1. c Mn Cr Ni Mo V
classification (%) (%) (%) (%) (%) (%)

1335 0.35 1.7 — — — —
2330 .30 0.7 — 3.5 — —
2335 .35 .7 — 3.5 — —
3135 .35 .7 .65 1.3 — —
3140 .40 .8 .65 1,3 — —
4037 .37 .9 — — .25 —
4042 .42 .9 — — .25 —
4137 .37 .8 .95 — .20 —
4640 .40 .7 — 1.8 .25 —
5140 .40 .8 .80 — — —
6130 .30 .8 .80 — — .15

6160 .50 .8 .80 — — .16

8640 .40 .85 .60 0.65 .20 —
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Table 77 shows the representative physical properties of screw, bolt and

stud steels at various hardnesses for highly stressed service.'^ctually, any

bolt over 170,000 psi in tensile strength with corresponding low ductility

Table 77. Representative Physical Properties of Screw^ Bolt and Stud Steels

(Oil-quenched and tempered to hardness shown)
(Heat-treated 1-inch diameter bars)

2330 3135 4135 4640 6150 6130

Tensile strength (psi) 218,000 214,000 220,000 205,000 217,000 190,000

Yield strength (psi) 192,000 195,000 160,000 180,000 197,000 160,000

% Elongation 12.5 14 11 12.5 12 14

% Reduct, of area 42 50 43 46 41 57
Izod impact 9 7 14 20 17 17

Brinell hardness 415 415 415 415 415 415

Rockwell C 44 44 44 44 44 44

Tensile strength (psi) 190,000 190,000 186,000 181,000 187,000 178,000

Yield strength (psi) 165,000 178,000 160,000 162,000 174,000 151,000

% Elongation 15 16 13 15 14 16

% Reduct, of area 50 56 50 50 45 59

Izod impact 11 20 22 26 23 25

Brinell hardness 372 372 372 372 372 372

Rockwell C 40 40 40 40 40 40

Tensile strength (psi) 165,000 168,000 161,000 160,000 165,000 157,000

Yield strength (psi) 132,000 158,000 133,000 140,000 157,000 139,000

% Elongation 17 18 17 17 15 17.5

% Reduct, of area 55 59 57 54 49 62

Izod impact 20 37 45 40 32 63

Brinell hardness 332 332 332 332 332 332

Rockwell C 36 36 36 36 36 36

Tensile strength (psi) 140,000 145,000 145,000 145,000 152,000 144,000

Yield strength (psi) 105,000 138,000 122,000 129,000 145,000 128,000

% Elongation 20 20 18 20 18 21

% Reduct, of area 57 60 60 57 53 62

Izod impact 37 52 70 50 67 80
Brinell hardness 297 297 297 297 297 297
Rockwell C 32 32 32 32 32 32

Tensile strength (psi) 125,00 125,000 138,000 130,000 139,000 128,000

Yield strength (psi) 90,000 118,000 115,000 110,000 130,000 112,000

% Elongation 22 22 20 21 20 24

% Reduct, of area 60 61 62 59 57 65

Izod impact 55 65 80 55 77 104

Brienll hardness 270 270 270 270 270 270
Rockwell C 28 28 28 28 28 28

may be dangerous to use unless carefully made and applied. Also, any alloy

under 1 15,000 psi tensile strength does not fully utilize the alloy. Therefore,

all alloys fall pretty much in the same category except for very special

cases, as brought out later in this chapter. ^
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Table 78 shows the minimum tensile properties in pounds of medium-

strength bolts of coarse and fine thread fdr various diameters from inch

to 1 inch. The properties are for steel equivalent to AISl 1141.

Table 78,. Minimum Tensile Properties of Medium-strength Balts

Diameter Coarse (NC) thread Fine (NF) thread

of bolt Yield strength Tensile strength Yield strength Tensile strength
(in.) (lbs.) (lbs.) (lbs.) (lbs.)

H 1,800 2,300 2,100 2,600

He 3,000 3,800 3,300 4,200

Vs 4,500 5,600 5,100 6,300

Ke 6,200 7,700 6,900 8,600

8,200 10,200 9,300 11,500

He 10,600 13,100 11,800 14,600

H 13,100 16,300 14,800 18,400

H 17,700 24,200 19,800 26,000

Vs 24,500 30,900 27,000 34,100

1 32,100 40,600 36,000 45,600

Elongation should not be less than % inch over the original length of

the bolt before failure in the tension test. The Brinell hardness is about

229-285, equivalent to 22-32 Rockwell C.

The bolt area is calculated from the mean diameter. The values shown in

the above table, when divided by their respective bolt areas, will give ap-

Table 79

Yield Tensile
stren^h strength

(psi) (psi)

to H" inc. dia. 58,000 72,000
to 1" inc. dia. 53,000 67,000

These values are to be used for reference only.

proximately the following tensile strength in pounds per square inch (Table

79).

A typical high-strength alloy steel bolt is AlSl 8637-H, analyzing 0.35-

0.43 C, 0.7-1.05 Mn, 0.35-0.75 Ni, 0.35-0.65 Cr, 0.15-0.25 Mo, bal. Fe.

Table 80. Minimum Tensile Properties of High-strength Bolts

Diameter Coarse (NC) thread Fine (NF) thread

of bolt Yield strength Tensile strength Yield strength Tensile strength
(in.) (lbs.) (lbs.) (lbs.) (lbs.)

H 4,300 4,800 4,900 5,500

He 7,100 7,900 7,800 8,700

Vs 10,600 11,600 11,900 13,200

Vis 14,400 15,900 16,000 17,800

24,000H 19,200

Hs 24,600 30,500

Vs 30,600

H 41,800 46,600

63,700Vs 57,700 64,700

1 76,700 84,800 86,000
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Bolts made of this alloy have the minimum tensile properties (in pounds)

shown in Table 80.

Elongation should not be less than %2 inch over the original length of

the bolt before failure in the tension test. The Brinell hardness is about

302-352, equivalent to 32-38 Rockwell C.

The values shown in the above table, when divided by their respective

bolt areas, will give approximately the following tensile strength in pounds

per square inch (Table 81).

Table 81

Yield Tensile
stren^h strength

(psi) (psi)

to inc. dia. 135,000 150,000

to 1" inc. dia. 125,000 140,000

These values are to be used for reference only.

"'Most common machine bolts and screws are strong enough if made of

plain 0.20 per cent carbon steel, cold-drawn. High-carbon and alloy steel

bolts, oil-quenched and tempered, give correspondingly higher properties:

they must be heated in a non-scaling atmosphere to preserve the thread,

and precision-cut or precision-rolled

Low-alloy steels are used when high impact strength, toughness and re-

sistance to fatigue are required. Such fasteners must be heat-treated to de-

velop their full properties. This heat treatment increases tensile and impact

strength, toughness and hardness, and resistance to fatigue failure. Heat-

treating also includes cyaniding, gas carburizing or nitriding for surface

hardening to resist wear and abrasion. ^

The chemical composition of the steel is related to the particular method

of production and properties desired. In carbon steels there is little reason

to specify definite chemistry unless free-cutting grades are desired for

thread cutting with chasers. In higher grades of fasteners, where the use of

alloy steel is essential, the effect of the alloying elements on the depth of

hardenability is more important than the actual chemical composition.

However, where corrosion resistance, weldability or other special properties

are important the actual composition takes on a stronger meaning.

High-Temperature Bolts

As oil refineries, steam power plants and similar industrial processes

adopt higher temperatures, fastening which will resist these conditions be-

comes an important problem.

A number of special low-alloy steels are used for bolts in high-tempera-

ture applications. Some of these alloys are shown in Table 82.
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Alloy
c Mu

Table 82

Si nI Cr Mo v
(%) (%) (%) (%) (%) (%) (%)

A 0.45 — 0.45 — 1.0 0.55 —
B .35 — .75 — 1.2 .55 —
C .45 — .75 0.3 1.2 .55 —
D .30 — .75 — 1.2 .55 0.25

E .4 — — .15 0.9 .20 —
F .43 1.45 .3 .3 .2 .35 —
G .41 0.85 .3 .6 .5 .25 —
II .48 1.08 .25 .0 .55 .3 —

Alloy H has the greatest creep strength at 850*" F. Alloy D has the high-

est creep resistance at temperatures above 850® F., and up to 1000° F.

when heat-treated to about 285 Brinell. Alloy E as well as alloys F, G
and H would be satisfactory at 850° F. Alloy D is most satisfactory for

applications at 900 to 1000° F., and when maximum creep resistance is

desired this steel should be normalized rather than oil-quenched. For high-

temperature service all these steels are usually heat-treated to 269-315

Brinell range. With steels of these types it is generally agreed that if the

tempering temperature is 150 to 200° F. above the intended operating tem-

perature, a satisfactory degree of stability will exist with respect to the

physical properties.

In bolting pipe flanges together, bolts are initially stressed to some par-

ticular value which results in an elastic deformation in both the bolts and

flange. With high temperature and with time, a creep deformation of the

flange and a tendency to deform in the bolts take place, resulting in loosen-

ing of the flange joint and stress reduction or relaxation in the bolts. If

this stress reduction is large, periodic tightening of bolts is necessary to

prevent joint leakage. This maintenance can be reduced by proper selection

of the initial stress in the bolt. This stress depends upon the behavior of

the material when subjected to stress relaxation.

These high-temperature steels are generally heat-treated to give a mini-

mum yield point of 105,000 psi and will behave elastically to a stress of

about 90,000 psi. In actual practice the bolts are given something like

0.0015 inch per inch elongation for a stress of 45,000 psi. This gives an

initial high compression to set the gasket firmly in place and stores up

considerable springiness in the bolt to take care of subsequent relaxation

at high temperatures. However, the loading is not too high to prevent

allowances for: (1) torsion stresses set up in tightening the nuts, (2) bend-

ing that may be due to misalignment between spot-faced surfaces, nut-

bearing surfaces and nut threads, (3) stress concentration at the root of

the threads, (4) possible increase in load in initial service caused by the

flange heating more rapidly and hence expanding more quickly than the
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studs. Yet these allowances can take care of themselves in a bolt of suffi-

cient ductility.

In high-temperature applications where flanges may bend slowly, gaskets

deform plastically and bolts relax, it is important to obtain as nearly equal

loading as possible on each bolt. For example, if a flange connection, having

bolts originally tightened to a load of 70,000 psi reaches a temperature of

850° F., the bolts may relax to an operating load of 1 5,000 psi after several

weeks of service. Here the bolts that were originally tightened to 70,000 psi

may have accounted for the major part of the total load. However, under

high-temperature operating conditions they can support no more than their

relaxation strength of 1 5,000 psi, and so a large portion of the original load

is lost. On the other hand, if the tightening had been uniform, load loss

would have been lower.

As shown in Figure .63, unevenly tightened bolts that operate under high

temperature may relax enough to reduce the total load to a small fraction

of its original value, while evenly stressed bolts maintain a high load on

the connecting flange joint.

The modulus of elasticity of steel changes with elevated temperatures

from 30,000,000 psi at room temperature to about 25,000,000 psi at 850° F.,

and about 20,000,000 psi at 1000° F. This means that at the higher tem-

peratures a lower stress would be required to produce the same elongation

obtained at room temperature.

For very high-temperature applications, highly alloyed nickel-chromium

heat-resisting steels or highly alloyed non-ferrous alloys containing chro-

mium, nickel, cobalt, molybdenum, tungsten and iron are used. One such

non-ferrous alloy contains 0.15 carbon, 1.0 manganese, 20 per cent chro-

mium, 20 per cent nickel, 20 per cent cobalt, 3 per cent molybdenum, 2 per

cent tungsten, 1 per cent columbium, 0.14 per cent nitrogen and balance

iron. The latter alloys, although they contain small or large amounts of

iron, are not considered as steels but as non-ferrous alloys.^

The 4 to 6 per cent chromium steels, the 12 to 14 per cent chromium

steels, the 16 to 20 per cent chromium steels and the 25 to 30 per cent

chromium steels may be used for different applications. The higher the

chromium content the higher the oxidation temperature, and therefore the

higher the resistance to scaling.

The austenitic stainless steels of the 18-8 type and the high-nickel alloys

are also used extensively for high-temperature services,

Corrosion-Resistant Fasteners

'Stainless steel of the 18 chromium-8 nickel type is used extensively for

fasteners because of its high resistance to corrosion. Since this alloy can-

not be strengthened by heat treatment, the maximum physical properties
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can be obtained only by cold-working, as in cold-rolled bars, rods and

wire,

In the form of wood screws there are numerous uses for trim work on

furniture, dairy equipment, cold-storage doors and building decorations.

The stainless steels are expensive and more difficult to machine or to

work mechanically than carbon- or low-alloy steels. All headed bolts of ^
inch diameter and over are made by hot-forming; smaller bolts are made by

cold-heading. Where the design permits, the latter is considered the most

economical for the smaller fasteners because, theoretically at least, every

bit of raw material is consumed in the cold-heading operation.

'^here parts of a certain grade of stainless steel are to be joined, fasten-

ers of the same material are usually employed, so that the entire unit will

have the same corrosion resistanceyWhen only the fasteners are to be of

corrosion-resistant alloy, it becomes necessary to determine which grade

will meet the conditions most economically. "Yhe four types commonly used

are (1) 18 per cent chromium-8 per cent nickel steel, (2) 16 per cent

chromium-2 per cent nickel steel, (3) 16 to 18 per cent chromium steel

and (4) 12 to 14 per cent chromium steel. ^

Types (2) and (4) are the only ones which will respond to heat treatment

for improved strength and hardness, and even these must be high enough

in carbon content to respond satisfactorily to heat treatment. Tensile

strength and hardness of the austenitic stainless steel alloys are increased

by cold-working. For this reason rolled-thread stainless steel fasteners have

a harder thread and a better tensile strength than the same size fastener

with a cut thread. Fasteners machined from bar stock and headed fasten-

ers with cut threads call for free-cutting grades of stainless steel. Since

these contain small proportions of sulphur or selenium, they machine more

freely and produce a better finish on the threads.

Stainless steel fasteners are usually passivated after fabrication to in-

crease corrosion resistance by immersion in a 10 to 20 per cent solution

of nitric acid at 140° F. for about 20 minutes, or in a 40 to 50 per cent

solution at room temperature for one hour,

The 16-2 grade of stainless steel responds to heat treatment and has cor-

rosion resistance approximating the 18-8 grade and a good deal better

than the 16-18 chromium or the 12-14 chromium grade. It has been

adopted as the stainless steel for Army and Navy aircraft bolts.

'Stainless and heat-resistant chrome-nickel steels are also used for high-

temperature service for their high resistance to oxidation and scaling, and

also for their ability to maintain their strength at elevated temperatures

more readily. In addition to the 18-8 type, the 25-12 type is used for

higher operating temperatures. The composition of this latter steel is 25

per cent chromium and 12 per cent nickel.-^
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Copper Alloys

Although copper is inherently softer and weaker than iron, its alloys

become very tough after cold-working; thus they are strengthened con-

siderably before brittleness becomes significant. Copper alloys are used

because of their high general corrosion resistance and adaptability to elec-

troplating. Such parts are machined from free-cutting brass rod or cold-

headed from yellow brass wire, the threads being either rolled or machined.

The yellow brass wire is well adapted for cold-headed and roll-threaded

parts because of its moderate strength combined with good ductility, com-

paratively low cost and corrosion resistance.

Brass is in common use. Leaded brass containing 2-3 per cent lead is free-

cutting and is used extensively in automatic screw machines for the ma-

chining and thread-cutting of fasteners. Naval brass, containing 59-62 per

cent copper, 0. 5-1.0 per cent tin, 0.3 per cent lead, balance zinc, is used

where greater strength is required. Brass is one of the easiest alloys to make

into fasteners by any of the manufacturing processes.

Silicon bronzes containing 3 per cent silicon and 1 per cent manganese,

tin or zinc, have been used successfully for hot-headed, cut-thread bolts,

as they have good strength and ductility. Those containing 1.5 per cent

silicon and 0.25 to 1.0 per cent manganese, tin or zinc, will withstand

severe cold-working and are used for cold-headed rolled-thread bolts and

screws. The latter bronzes are readily extruded and roll-threaded, and at

the same time retain high strength and toughness. For machined screws,

bolts and nuts, a leaded silicon bronze is used, because its 0.4 per cent

lead content improves the machining characteristics.

These alloys have an endurance value of approximately 30,000 psi

in the bolt temper and a modulus of elasticity of 15,000,000 psi. They
resist exposure to all types of water, to saline fogs, corrosive gases and

vapor, and stresses caused by unusual service conditions. They are non-

magnetic, have high strength values, and are easy to fabricate.

Service conditions involving continuous application of relatively high

loads and exposure to atmospheric corrosion are best met by 1.5 per cent

silicon bronze, which possesses high resistance to stress corrosion. Silicon

bronze bolts, screws, studs and nuts are used for resistance to “season'" or

weather cracking. Naval brass and manganese bronze are sometimes used

for such applications, but they do not have great resistance to stress cor-

rosion.

When moderate strength requirements are encountered in salt-water expo-

sures, naval brass and manganese bronze are most commonly used, although

the more stress corrosion-resistant alloys, silicon bronze, nickel-phosphorus

bronze, aluminum bronze and copper-nickel, are greatly to be preferred.

Typical applications are deck bolts, valve-bonnet and pipe-flange studs,
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marine hardware and tank fittings. Most of these bolts, screws and studs

from naval brass, manganese bronze, and aluminum bronze are hot-forged,

but for higher strength requirements they are machined from hard rod.

The other preferred alloys possess their most valuable properties of strength,

toughness and corrosion resistance when furnished as cold-headed products.

Nickel-aluminum bronze is a practical material with good strength and

high corrosion resistance. Nickel silver, a copper-nickel-zinc alloy, has

minor but practical uses.

Where highest strength is the predominating factor, one of the aluminum

bronzes is indicated, since these alloys are distinctly stronger than the other

materials discussed here, although more costly. In general they are ma-

chined from rod to produce machine screws and studs for aircraft engines

and accessories.

In the chemical industries the selection of an alloy is largely dependent

upon resistance to the specific reagents. I'he silicon bronzes are generally

used for moderate conditions and aluminum bronzes for severe applications,

since they are highly resistant to the attack of most acids and alkalies.

The requirement for highest electrical conductivity dictates the use of

copper fasteners. However, the comparatively low strength of copper fre-

quently leads to the necessity for a compromise; this is best filled by nickel-

phosphorus bronze, which possesses both good conductivity and moderately

high strength.

A certain few applications involve severe service conditions and also a

great hazard to life and property in the event of failure. Copper-nickel

alloy of 30 per cent nickel content is highly recommended in such cases,

because of its extreme resistance to stress corrosion.

The ratings given in the tabulated data for resistance to stress corrosion

reflect both laboratory tests and long service experience. The rating "excel-

lent,'' given only to copper and copper-nickel, implies virtual immunity

under all conditions. The rating "good," given to other alloys of high cop-

per content, means that these alloys have a very high resistance, although

under some conditions they are somewhat susceptible to such attack. In this

group particularly, attention is called to the fact that performance varies

considerably with the temper of the rod or wire from which the part is

made. In general, the hardest temper consistent with the size of the part

and the type and degree of forming operations necessary is to be preferred,

because the harder tempers give much better performance. The rating

"fair" is used for materials having a relatively marked tendency toward

stress corrosion failure; such materials are recommended only where con-

ditions of use are favorable. The user is cautioned against application of too

high stresses in proportion to the tensile or yield strengths, particularly in

the alloys rated either "good" or "fair."
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Typical Copper Alloys for Threaded. Fasteners

Copper
Composition: Cu 100.

Tensile strength (psi) : Half-hard wire 50,000.

Resistance to stress corrosion: Excellent.

Use: Cold-headed bolts and screws where highest electrical conductivity is required.

Yellow Brass
Composition: Cu 66 to 70; Zn 34 to 30.

Tensile strength (psi): Quarter-hard wire 70,000.

Resistance to stress corrosion: Fair.

Use: Cold-headed bolts and screws for general light service.

Free-cutting Brass

Composition: Cu 62; Pb 3.2; Zn 34.8.

Tensile strength (psi) : Half-hard rod 60,000.

Resistance to stress corrosion: Fair.

Use: Machined bolts and screws for light service.

Naval Brass

Composition: Cu 60.5; Sn 0.8; Zn 38.7.

Tensile strength (psi): Hard rod 75,000; annealed rod 55,000.

Resistance to stress corrosion: Fair.

Use: Hot-forged or machined bolts, screws, and studs, principally for marine applica-

tions, salt water service.

Silicon Bronze^ Type A
Composition: Cu 96; Si 3; Mn, Sn, or Zn 1.

Tensile strength (psi) : Hard wire 95,000; annealed or as-forged 52,000.

Resistance to stress corrosion: Good.
Use: Cold-headed, machined or hot-forged bolts, screws and studs.

Silicon BromCj Type B
Composition: Cu 97.5; Si 1.5; Mn, Sn or Zn 1,

Tensile strength (psi) : Hard wire 90,000.

Resistance to stress corrosion: Good.
Use: Cold-headed bolts and screws for general applications requiring high strength,

toughness and high corrosion resistance.

Phosphor Bronze
Composition: Cu 96; Sn 3.8; P 0.2.

Tensile strength (psi) : Hard wire 85,000.

Resistance to stress corrosion : Good.
Use: Cold-headed or machined bolts and screws.

Nickel-Phosphorus Bronze
Composition: Cu 98.7; Ni 1.1; P 0.2.

Tensile strength (psi) : Hard wire 97,000.

Resistance to stress corrosion : Good.
Use: Cold-headed bolts and screws where good strength and excellent heading quality

are required.

Aluminum Bronze^ Type I

Composition: Cu 89; A1 9; Fe, Ni, Sn and Mn or Si 2.

Tensile strength (psi) : Hard rod 95,000.

Resistance to stress corrosion : Good.
Use: Machined bolts and studs for aircraft and chemical industries.

Aluminum Bronze^ Type II

Composition: Cu 82; A1 9.5; Fe 2.5; Ni 5; Mn 1.

Tensile strength (psi) : Hard rod 105,000.

Resistance to stress corrosion: Good.
Use: Machined bolts, screws and studs in high-strength applications.
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Manganese Bronze^ Type A
Composition: Cu 59; Zn 38.9; Sn 1.0; Fe 1.0; Mn 0.01.

Tensile strength (psi) : Hard rod 85,000; as-forged 60,000.
Resistance to stress corrosion: Fair.

Use: Hot-forged bolts, screws, studs, principally for high-strength requirements.

Copper-Nickel
f 30%

Composition: Cu 70; Ni 30.

Tensile strength (psi): Hard rod 70,000; annealed or as-forged 55,000.

Resistance to stress corrosion: Excellent.

Use: Cold-headed, machined or hot-forged bolts, screws and studs.

Aluminum Alloys

Some industries are using bolts, screws and nuts made of aluminum al-

loys because of satisfactory corrosion resistance and light weight. They are

used in aircraft construction because their tensile strength is sufficiently

high and they will not rust on exposure to the atmosphere. Here lightness is

obviously an important consideration. Aluminum alloy fasteners are made
in a variety of finishes—burnished, buffed and anodized for corrosion pro-

tection.

The two popular high-strength aluminum alloys for threaded fasteners

are Alloy IIST and Alloy 24ST, both heat-treatable. In addition Alloy

1 1ST has free-cutting characteristics and is very desirable from that stand-

point.

Alloy 1 1ST has a typical composition of 5.5 per cent Cu, 0.5 per cent Pb,

0.5 per cent Bi, balance Al; Alloy 24ST has a typical composition of 4.2

per cent Cu, 0.6 per cent Mn, 1.5 per cent Mg, balance Al.

Some of the typical tensile properties of these two alloys are shown in

Table 83.

Table 83

Alloy 11ST Alloy 24ST

Tensile strength (psi) 57,000 68,000

Yield strength (psi) 44,000 46,000

Elongation (%) 14 22

Shear strength (psi) 33,000 41,000

Brinell hardness 100 105

Nickel Alloys

Nickel and ''Monef' metal are used extensively as fasteners for corrosion,

heat and acid-resistant purposes. ''Monel” metal is a nickel-copper alloy

containing about 29 per cent copper. A modified grade is "R-Monel,” which

has free-cutting characteristics permitting threads to be cut more readily

and with smoother surface finish. The merit in "Monel” as a bolt material

lies in its strength, ductility and corrosion resistance. It is superior to plain-

carbon steel bolts and other non-ferrous bolt material in the combination

of these properties.
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Hot-forged bolts are necessarily less accurate as to tolerances than cold-

upset or machined from solid bar. Since the mechanical properties of such

bolts depend upon the amount and nature of the work done in heading, it is

not safe to use the properties of the original rods. Generally, hot-forged bolts

are thoroughly annealed at the shank and slightly harder in the head. For

this reason the minimum mechanical strength properties of such bolts

should be taken for annealed material. It is safer to use the hot-rolled values,

however, in estimating minimum ductility.

Machined bolts are made, using either hot-rolled or cold-drawn rods, de-

pending upon the properties desired.

Table 84 gives the minimum mechanical properties'^ of “Monel” bolt

and nut stock of various tempers and sizes.

Table 84. Minimum Mechanical Properties of Monel Bolt and Nut Stock

Tensile
Yield

strength
ro.20% offset)

(psi)

Elongation
Temper and size strength

(psi)

in 2 in.

(%)

For cold-upset and roll-threaded bolts

Cold-drawn
No. 1 Temper (up to ^^in. diam.) 95,000 80,000 5#
Annealed (?^-in. diam. and over)

For machined bolts, studs or nuts

Cold-drawn

70,000 25,000 30

Rounds (to in. incl.) 110,000 85,000 15

Rounds (over 3^ in.) 90,000 70,000 17

Squares and hexagons (all sizes)

Hot-rolled

85,000 60,000 25

Rounds, squares, hexagons (all sizes) 80,000 40,000 30
For hot-forged bolts t

Hot-rolled 70,000 25,000 30

For cold-pressed nuts

Cold-drawn
Flats

Hot-rolled

85,000 60,000 25

Flats 80,000 40,000 30

This apparently low minimum elongation value exists because of the low per cent

elongation in 2 inches on small diameters. The reason for this is the lack of “necking-

down’’ of small wires during tensile testing. These wires are just as workable as larger

rods of equal strength, where the minimum elongation in 2 inches would be about 20
per cent.

t Tensile and yield strengths are for annealed material, and per cent elongations arc

for “as-rolled” mat/erials, since some portions of hot-forged bolts are thoroughly annealed

during manufacture.

Strength Factors

For many years both users and manufacturers of bolts, machine screws,

studs and other threaded fasteners have been confronted with the problem

of determining true tensile strength in the threaded section. Many different
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methods of calculation and formulas have been suggested, and as many
results obtained, with no general agreement.

There are several methods now in common use for estimating tensile

strength: one calculates the net area from the root diameter, the second uses

the mean area calculated from the average of the root and the pitch diam-

eters; and the third uses the pitch area calculated from the pitch diameter.

A test procedure is to pull the bolt or screw in an appropriate fixture,

noting the load at which the fastener breaks, and then calculate this back to

ultimate stress in pounds per square inch, using for area each of the three

diameters noted. Experimental tests show that computing the strength on

the area at the root of the thread gives a high value, and that computing it

on the pitch diameter gives a low value. Calculation on the mean diameter

gives values closer to the true tensile strength of the steel as determined by

pulling machined test bars of the same material.

In testing or specifying the properties of threaded parts the presence of

threads is a complicating factor, as it involves a comparison of fastener

strength with material strength. General information about the properties

of materials is largely based on the results obtained by testing standard

tensile test bars of 0.505 inch diameter; but threaded parts usually are tested

simply by putting them in the tensile machine and pulling them apart in the

threaded section. The results can be given in actual load and elongation for

the specific part, or in pounds per square inch.

‘ A threaded fastener,'® especially a bolt, is inherently a tensile member in

the assembly of other and more massive parts. To a lesser extent it is useful

as a member to resist shear forces. The threads create a notched-bar mem-
ber and render it somewhat unsuitable to resist bending, impact and fatigue

stresses. However, by suitable tightening, the bolt can resist very high

fatigue and impact loads, since the bolt load may not change.

In alloy steels, sharp notches materially reduce the strength and ductility

of cylindrical test bars if the ultimate strength of the steel exceeds a value

of approximately 200,000 psi. Cylindrical notched bars and bolts of high

strength ° were found to break at reduced loads in a brittle fashion if their

strength level was above 150,000 psi. If bending is superimposed on the

applied tension by means of shims placed under the heads or misalignments,

the strength of high-strength bolts will be considerably reduced. Higher-

strength bolts break underneath the head in a brittle fashion, rather than in

the generally weaker threaded part. This embrittlement and loss in strength

can be eliminated by providing a proper fillet under the head of the bolt.

I

It is known that there is an increase in the load " required to break the

threaded section, as compared with the section reduced to the root diameter.

'This is due to the strengthening effect of the thread and is probably caused
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by the increased amount of metal in the thread above its root, and the form

of the thread itself. Therefore, it may be said that the strengthening effect

of the thread increases the tensile strength of a threaded part equivalent to

a diameter that is between the root and pitch diameters. Thus strength of

threaded sections can be calculated by using the mean diameter.

Furthermore, it has been observed that the strengthening effect is usu-

ally much greater on the proportional limit than on the tensile strength,

and that the latter is at a minimum in the case of the strongest bolts. The
strengthening effect is also low on material of low strength if the bolt has

high elongation in the threaded section.

^ In modern design it is often necessary to take full advantage of the

available strength of screw fastenings and thus reduce weight and size as

much as possible. Intelligent use of screw-thread fastenings requires

consideration of five types of stress, namely; (1) torsion, (2) tension,

(3) impact, (4) shear, and (5) fatigue. These stresses should be con-

sidered not only in their relation to the function of the complete appa-

ratus, but with respect to the assembling of the apparatus in manufacture

as well.

In using screw-and-nut combinations as a clamping medium, friction is

developed between the head of the screw and the surface upon which it

bears, as well as between the threads of the screw and the threads of the

nut. The value of the force required to overcome the friction under the head

of the screw depends upon the additive finish and the smoothness of the

surfaces involved. The value of the force required to overcome the friction

between the threads of the screw and the threads of the nut also depends

upon these factors.

The total torque values are the sum of these two forces plus the actual

torque required to break the screw. The head and thread friction are pres-

ent in any loosening of the screw-nut combination; obviously, the higher

these friction values the less the tendency of the screw fastening to loosen.

Once the fastening has been made tight, any failure of the screw is usually

due to the tension, shear, or fatigue stresses.

Where shear or bearing governs in bolted connections, the entire bearing

length of the bolt barrel should be full-bodied, with all the thread outside

the enclosed bearing. So that there will be no bearing on the thread, the

bolts should be equipped with a washer under the nut. However, in a well-

designed joint, the shear-directed loads should be resisted by friction in-

duced by bolt tension.

The effect of lubrication, of fiber washers and of a thrust ball bearing

washer under the nut face, although not necessarily conclusive, is indicative

of the controlling relation between the torque induced in the bolt and the

torsional friction resistance of the washer base on the outside plate.
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Lubrication has little effect. A fiber washer under the nut releases the

induced torque to a considerable extent. A ball thrust bearing under the nut

reduces the induced torque to practically zero. In each case the induced

tension for a given torque increases as the induced torque in the bolt shank

becomes less.

Locking devices have but little to do with bolt strength, but they are

useful in view of the tightness requirements for bolted assemblies in struc-

tures subject to dynamic loads. The purpose of a lock nut is to prevent the

nut from loosening.

In actual service, a stud or bolt is subjected to many other forces besides

the axial pull: bending and torsion caused by installation forces resulting

from tightening of the nut, and forces set up by the deformation of the as-

sembled parts when under load.

A large percentage of bolts® and studs are subjected to bending loads of

various magnitudes. Stress changes from repeated bending loads are gen-

erally of smaller magnitude than from tension loads, but since these occur

simultaneously, the stress change in the bolt is usually their sum. As in the

case of repeated tension loads, repeated bending loads, in normal designs,

are reduced as the nut tightness is increased, and for the same reason. Also

as in the case of tension loads, there is always a small change in bending

load regardless of nut tightness, because of changes in the elastic deforma-

tion of the bolted members. When these changes are not symmetrical with

respect to the bolt axis, bending will occur.

The action of screwing up bolts also puts torsional stress on the bolt,

which may exceed tensile strength in the smaller sizes.

The condition ^ of repeated direct tensile stress suggests only one type of

stress found in engineering structures. Studs, bolts and screws used in air-

craft engines or other prime movers are also subjected to repeated bending

or flexural stresses developed by such actions as direct loading misalign-

ment, and vibration or whipping of the fastenings.

The strength of a bolt is subjected to a number of types of stress.^® In the

first place, tightening the nut creates a stress great enough to lead to actual

fracture of small bolts, unless care is taken by the workman. In the case of

large bolts, a similar type of overstressing may result from too large a

wrench. The use of oversize wrenches is poor practice, but it often happens.

The torque necessary to break a yi-in. bolt of 60,000 psi ultimate strength

is 87 inch-pounds; little pull, even with a small wrench, is required to

fracture such a bolt when it is considered that a man can with ease apply

a 200 inch-pound pull with a 4-in. wrench. Bolts of ^-in. diameter are

about the smallest that cannot be readily broken with the wrench standard

for the size.

A tightened nut subjects the bolt to a considerable tensile stress, which



232 MATERIALS ENGINEERING OF METAL PRODUCTS

frequently approaches the elastic strength of the bolt. This stress is con-

tinuous, since the service requires that the nut remain so tightened.

Bolts are sometimes required to absorb shear stresses, though less fre-

quently than tension stresses. Bolts fastening parts of both moving ma-

chinery and static assemblies often meet with double or single-shear

stresses.

Finally, mention should be made of fatigue stresses—occasionally en-

countered and particularly important in view of the diminution of fatigue

strength resulting from even slight corrosion—and the impact stresses that

are characteristic of moving parts.

A properly tightened nut sets up a tension in the bolt equal to or greater

than that produced by the design working load; under this condition the

bolt cannot fail from fatigue, as there can be no reversal in stress regardless

of fluctuations in external load. Maintenance of a tight connection between

the nut and the bolt is important. The use of a lock nut helps, and by so

doing minimizes the impacts suffered by the threads in a loose joint.

More than almost any other metal product, bolts require a high degree

of ductility together with strength.^^ In some cases a bolt with high ductility

and moderate to low strength is considered more desirable than one of mod-

erate ductility and moderate to high strength. The reason for this point of

view lies in the fact that overstressing of bolts is a common occurrence, and

a positive high ductility is the best assurance against breakage. This point

is a controversial matter depending upon whether the bolt is overstressed in

assembly or in service. In assembly it is better for the bolt to break due to

excess torque and be replaced. One that merely stretches may be damaged,

but the damage may not be recognized.

It is common to consider strength and ductility as being independent of

each other. The usual view is to accept the high strength value of a metal

regardless of its ductility. However, a bolt having a tensile strength of

100,000 psi and an elongation of 25 per cent is more serviceable than one

having the same strength and a lower elongation. Figure 64 illustrates the

strength-ductility relationship of several metals.

The use of smaller diameter bolts, heat-treated to give the same strength,

has been advocated as a means of increasing fastening efficiency, reducing

weight and saving material. The torque required to load a bolt at a given

stress per square inch varies as the cube of the diameter of the bolt, and

that necessary to produce a given grip or pull varies directly as the diameter

of the bolt. Thus standard wrenches, with a reasonable pull, produce rela-

tively high strain in bolts of small diameter and a very low one in bolts of

large diameter; in other words, smaller bolt diameters permit more effective

fastening. Of course, for equal strength, the small bolt must have a higher

unit tensile strength, which may be obtained by heat treatment.
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In stud-fastened metal-to-metal joints subjected to repeated loadings, it is

highly desirable that the initial tension produced in the stud by tightening

the nut be equal to or greater than the peak stud load. Under such condi-

tions the stud will not be subjected to repeated stress. Highly prestressing

Figure 64. Strength-ductility relationships of various alloys.

the stud causes the additional cyclic stress imposed by the peak cyclic

loads to become almost negligible.

Regardless of the type of thread, one of the most important factors in a

stud fastening is the fit of the stud in the part into which it is screwed. Too

much negative clearance will prestress the metal around the stud excessively.

However, there should be zero clearance between the roots of the thread

in the one member and tops of the thread in the other member. This is

necessary to guide or position the stud definitely, so that side loads will not

cause the stud to sway or vibrate. Any side motion of the stud will set up

bending moments.

From strain measurements on conventional nut and bolt fastenings it

has been found, in addition to the two types of deformation (bending and

twisting), that the circumferential stretching, the ''ring elasticity,"' and the

bending of the wall of the nut have effects on the final distribution of the
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load of the same order of magnitude as do the axial strain and bending of

the threads.

Photoelastic study of bolt and nut fastenings has shown that by the

application of either a tapered-thread nut or a nut with a tapered lip the

strength of the fastening can be increased by more than 30 per cent. This

improvement in strength can be expected only in cases where the type of

loading or conditions of application are conducive to brittle failure, i.e.,

dynamic loads or static loads at elevated temperatures.

In an actual bolt-and-nut connections^ the highest stress occurs in the

first thread groove at the bottom of the nut. This can be readily understood

on the basis of the simple axial deformation of the bolt and the nut, re-

spectively, the strain in the bolt being principally tension and that in the

nut compression. Even if the threads of the bolt and nut match with perfect

evenness in the unloaded condition, as soon^ as load is applied the bolt

stretches while the nut is compressed; hence even contact along the threads

is impossible, and the load is transmitted chiefly at one point of contact, i.e.,

at the seat of the nut. This extreme concentration of load, from considera-

tions of the axial strains alone, will be substantially lessened, however, as

the bending deformation of the threads is taken into account. It has been

shown that this is of the same order of magnitude as the difference in the

axial deformation of the bolt and the nut, and that it permits the upper

threads to participate in carrying the load, though the main concentration

of load still remains at the bottom of the threads.

Fatigue Strength

Threaded parts generally fail in the first few supporting threads in the

nut, probably because the first few threads transmit most of the forces

through the nut and the remaining threads carry a decreasing percentage

of the load. The flow of forces from the bolt through the nut must make
a 180® turn, which results in a concentration of forces on the first few

threads. It is this concentration, combined with the notch effect of the

threaded shape itself, which causes low fatigue resistance.

Many fatigue tests have been made on bolt threads alone, without a

threaded connection. Such investigations have shown how improved fatigue

resistance could be obtained by employing large root radii and certain

thread forms. Values obtained in this manner are too high for design pur-

poses. It becomes necessary to test the entire assembly so that the flow of

force through the threaded parts is comparable to the force expected in

service.

Major factors influencing the fatigue resistance of threaded connections

are: (I) material in bolt and nut, (2) design, (3) bolt flexibility, (4)

tightening force or preload, and (5) method of manufacture.
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The advent of high-speed engines/ such as are employed for automotive

and aviation uses, where parts are subjected to rapid vibrations and stresses,

introduced a type of failure in fastenings primarily caused by low fatigue

capacity and poor shock resistance. Fatigue starts from a variety of causes

and is progressive in nature, eventually culminating in complete rupture.

One of the most prolific causes of fatigue failure is the presence of sharp

corners, notches, grooves, holes and other sudden changes in section that

develop concentrated stresses. Threads of the standard V type have long

been known to cause fatigue failures because of the stress concentration set

up at the root of the threads. The introduction of the Whitworth thread was

an attempt to overcome such effects of stress concentrations. In this thread

the V at the root of the thread was rounded off to a radius equal to 0.137

of the pitch.

The effectiveness of the radius at the root of the Whitworth thread is

shown ^ in Table 85.

Table 85. Fatigue Tests on %-16 U» S, Threads

Medium carbon steel S.A.E. 2320 steel

Tensile Endurance Tensile Endurance
strenj^th limit R strength limit

(psi) (psi) (psi)

Plain specimen 57,400 37,000 — 109,000 73,000

U. S. Standard 13,000 0.35 19,000

Whitworth 21,000 0.57 22,000

R

0.26

0.30

R is the endurance limit of the threaded piece divided by the endurance

limit of the plain piece.

The fatigue tests were carried out under repeated applications of axial

tensile stress that passed through a cycle from zero to maximum tension

and back to zero.

Tensile strength values obtained on screw threads fail to detect the real

significance of stress concentrations. Those of SAE2320 nickel steel were

90 per cent higher than in the case of medium-carbon steel, and the endur-

ance limit increased about 97 per cent. However, when tests were made on

screw threads, the U. S. Standard thread increased in endurance limit only

from 13,000 to 19,000 psi, or about 46 per cent. The contrast is still more

striking for the Whitworth thread, which showed an increase in endurance

limit of 1,000 psi, or only 4.7 per cent, indicating that very little is to be

gained with this type of thread by increasing the tensile strength of# the

steel. Such conclusions will not be arrived at from the tensile tests above.

When both threads are cut in a medium-carbon steel the Whitworth thread

has an increment of 54 per cent in the endurance limit; however, when the

threads are cut in SAE2320 steel, the increment for the Whitworth thread

is only 16 per cent.
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Studs, bolts and screws used in engines are also subjected to repeated

bending or flexural stresses developed by such actions as direct loading mis-

alignment and vibration or whipping of the fastenings.

The endurance limit is affected by the shape of the threads. A round-

bottom thread shows a higher ratio of endurance to tensile strength than a

thread with a sharp V bottom. The spread between these two types depends

upon the notch sensitivity of the material, as the V-bottom type has a

higher stress concentration than the round-bottom type.

Screws with threads rolled on after heat treatment have a much higher

fatigue strength than those with cut threads or with threads rolled on before

heat treatment. In this connection it must be remembered that, while the

fatigue strength of a smooth steel part can be increased by heat-treating

iCourtesy A. Jameson, International Harvester Co., Milwaukee, Ww.)

Figure 65. Decarburization of bolt thread. Etchant Nital. Original magnifi

cation 100 dia.

and hardening, the notch sensitivity likewise is increased in the presence

of threads, so that the net result may actually be a lowered endurance

strength.

The fatigue strength of threaded parts can be improved by making the

length of the free thread between the head of the bolt and the nut at least
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equal to the diameter of the bolt. In addition, the length of the threaded

part should be at least times the diameter. It has been shown that for

highest strength, the free thread above the nut should be at least twice the

thickness of the nut. For a bolt threaded for only the thickness of the nut,

the endurance strength drops to one-third.

Considerable improvement in fatigue strength has been obtained by re-

ducing the material in the shank above the threaded section. This can be

done by reducing the diameter of the shank, or by means of a concentrically

bored hole along the longitudinal axis as far down as the beginning of the

threaded portion.

Static tensile properties of materials often have been improved by means

of stress-relieving notches. This treatment has been extended to threaded

parts subjected to repeated stressing. Improvements in endurance have been

obtained with a rounded circumferential groove in the shank immediately

above the threads.

A decarburized surface layer in steel fasteners results in a decrease in

endurance strength as well as in surface hardness. The endurance strength

may decrease as much as 50 per cent. Conversely, both case-hardening and

nitriding have been employed to increase fatigue strength. The decarburiza-

tion of a bolt thread is clearly shown in Figure 65, illustrating the micro-

structure of the original material, and the microstructure of the bolt thread

before and after heat-treating.

It was found ^ that for thread fastener made from SAE1045 steel,

the ratio of the endurance limit to the tensile strength of threaded section

was about 68 per cent of the unthreaded section. Table 86 shows this ratio

for differently fabricated threads on SAE1025 steel.

Type of thread

Table 86

Ratio*
limit

Ultimate strength (psi) Endurance Ultimate T.S.

Wire Specimen limit Wire Specimen

Cut thread 89,300 90,000

Single-extruded and rolled thread 89,300 99,700

Double-extruded and rolled thread 77,400 99,600

27.000

33.000

33,000

30.3 30.0

37.0 33.1

42.6 33.1

Therefore, for this steel, cut-threaded specimens had an endurance limit

of 30 per cent of the ultimate strength of the threads and also of the original

material. Single-extruded and rolled threaded specimens had an endurance

limit of 33 per cent of the ultimate strength of the threaded specimen and

about 37 per cent of the strength of the original material; while double-

extruded and rolled threaded specimens had an endurance limit of about 33

per cent of the ultimate strength of the thread and about 42 per cent of the

strength of the original material.

The vulnerability to fatigue as a function of bolt tightness is shown in
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Fig. 66. In the tests plotted, all bolts were subjected to a cyclic tension load

of 9210 pounds, but were tightened to initial tensions of 1420, 5920, 7220

and 8420 pounds. Fifteen bolts were tested at each of the three lower loads

in order to establish the scatter band for this kind of specimen. Only two

bolts were tested in which the initial tension was 8420 pounds; one of these

failed after 4,650,000 stress cycles but the second had not failed after 10,-

Figure 66. Effect of tightness (setting-up tension) on life of bolt in alternating

tension.

000,000. Bolts used in these tests were in. diameter, accurately dimen-

sioned and finished; threads were U. S. form, 24 threads per inch, and

ground to close limits.

The stress range to which these bolts were subjected is the difference be-

tween the initial tension and the maximum operating load; since it is known
that the fatigue durability increases as the stress range decreases, we would

expect results of the order obtained in the chart. All failures occurred in the

threads except in a few cases in which the threads were rolled in a manner

to pre-stress the roots in compression. In these rolled-threaded bolts the

fatigue durability of the threads was increased sufficiently to cause failure

in the shanks. When the surfaces of the bolt shanks were also compression

pre-stressed by peening, the failures were again transferred to the threads

but, of course, at prolonged durability. These tests also show that the fatigue

durability of cut and ground screw threads can be increased by rolling, and

that compression pre-stressing of the surface of pure tension members is

effective in increasing their fatigue strength.

It is therefore evident that the fatigue strength of bolts and studs stressed

in tension is dependent upon the initial tension applied by the nut, plus the

elasticity of the bolted members. Thus washers, lock washers, gaskets and

other units that add to the elasticity of the bolted assembly are definite

fatigue hazards, and should be avoided whenever possible. The initial ten-
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sion applied by the nut is difficult to determine unless the elongation of the

bolt or stud can be measured. Measurement of the torque applied by the

wrench gives very unreliable information because of the variability of

friction.

The following facts regarding endurance limit must be considered when
using hardened alloy steel bolts:

(a) The ratio of endurance limit to tensile strength for solid bars is about

45 to 70 per cent, depending on hardness.

(b) The ratio of endurance limit to tensile strength for threaded speci-

mens is 12 to 16 per cent.

(c) For a tensile strength of 170,000 psi, the endurance limit of the solid

bar is about 85,000 to 90,000 psi, but only 25,000 to 35,000 psi for threaded

specimens.

(d) Heat-treated stock has a higher endurance limit when threaded after

heat treatment than before.

(e) Milled thread has about the same endurance limit as ground thread

on heat-treated stock, while turned thread has a higher endurance limit be-

cause of the relatively greater amount of work-hardening on the surface.

(f) When threads are ground before hardening the endurance limit is

lower than when they are ground after hardening.

(g) When threads are machined before hardening the endurance limit is

lower than when they are machined after hardening.

(h) Cut threads are weaker and have lower endurance value than rolled

threads.

Applied Torque in Tightening

It has been said that the strength ® of most highly loaded bolts and studs

is determined by the operator with the wrench, and not by the designer, the

metallurgist or the manufacturing process. In assembly the nut must be

properly tightened against rigid members. A properly tightened nut is one

that applies to the bolt or stud a tension load equal to or greater than the

external load to be supported in service. When this condition is fulfilled

and maintained against reasonably rigid bolted assemblies, the bolt cannot

fail by fatigue. All bolted members should be as rigid as possible.

However, failure will occur where considerable flexibility is present. The

variable stress in such bolt or screw fastenings increases with the flexibility

of the connected parts, and if this flexibility is too great, the variable stress

present may be high enough to cause eventual fatigue failures regardless of

the initial bolt load.

Although properly tightened bolts are stronger as the rigidity of the

bolted assembly and the elasticity of the bolt or stud are increased, a bolt

or stud that is incapable of maintaining an initial tension equal to the
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external tension load is quite likely to fail in severe service. Thus we find

relatively greater mortality among short bolts or studs than among long

ones because of their lesser elastic yield. Greater safety is assured when the

latter are used.

It will therefore be seen that among the major bolt and stud hazards, par-

ticularly when they are short, must be included loss of the bolted assembly
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Figure 67. Effect of lubrication on bolt tension when set-up by a given torque

on wrench.

as a result of surfaces that can imbed, soft-plated coatings that can be dis-

placed, gaskets that can be plastically compressed, and materials that can

yield at elevated operating temperatures.

A bolt or stud” should be tightened to a load that exceeds the maximum
working load. When properly tightened against rigid members, a bolt or

stud cannot fail because there can be no change in stress; the bolt load is

static even though the load applied to the bolted members oscillates at high

frequency from zero to a maximum. This rule must, however, be applied

with caution because all bolted members are elastic in some degree and

their design may be such that the applied load is greater than can possibly

be supported by the fastenings.

Basically, bolt load or stress can be measured by only one method: check-

ing bolt elongation. There are several ways to do this: (1) measure the bolt

length before and after tightening, to determine its elongation; (2) heat the

bolt to use its thermal expansion as a means of creating elongation; and

(3) find by test the torque required on a nut to give the desired elongation

or stress, and then check this torque on each succeeding bolt.

The constant-torque method of tightening bolts supplements the elonga-
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tion methcxi. For reasonable accuracy it is necessary to tighten sample bolts
to the desired elongation while measuring the torque required. Once estab-
lished, it can be repeated on other bolts, and presumably they will be given
the same elongation and stress.

In tightening nuts," it is far better to stress the bolt above the yield point
of the material than to risk undertightness. Since for bolts of adequate size

the load is practically static, there can be no harm in yield, provided that
the plastic deformation is not so great as to reduce the static strength of the
bolt. The amount of yield that can be tolerated will depend on the length
and design of the bolt and the character of the material. When the body of

the bolt or stud is equal in diameter to the outside diameter of the threads,

yield will be concentrated at the roots of the threads whether the bolt is

long or short. In such cases little yield, as measured by bolt elongation, can
be tolerated. For bolts or studs in which the body diameter is equal to or
less than the threaded root greater yield, as measured by bolt extension, can
be tolerated, since yield will occur over the entire body length.

When nuts are tightened to any degree, just short of bolt failure, the bolts

Figure 68. Longitudinal section through the ^ -18 threaded end of stud.

still have all their original tensile value available for resistance to external

load. The use of oil on the threads and a washer under the nut has no appre-

ciable effect upon this result.

Figure 68 is a photograph (8 times magnification) of the longitudinal

section through a threaded end of a stud showing cracks at thread

roots due to over-tightening of the part during assembly.
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In tightening bolts or nuts, a major portion of the torque load is used to

overcome friction at the threads and under the head. The friction absorbs

about 90 per cent of the applied torque. Thus only a fraction of the torque

loading is converted to tension stress on the bolt. Under assembly conditions

the breaking torque is greater than theoretical because the friction under

the head of the bolt or nut prevents the full torque load from reaching the

shank of the bolt. This friction may cause 20 to 1 50 per cent more torque

load to cause failure, depending on the smoothness of the surfaces in

contact.

As previously mentioned, the best way to specify nut tightness ® is by the

use of torque wrenches. By specifying nut torque, all nuts of the same size

are presumed to give the same bolt tension. However, the friction between

the threads of the bolt and the nut are so variable that the bolt tension will

vary over wide limits. Still, the torque wrench is the best means of applying

the proper torque in tightening the nut to avoid under- or over-tightening.

Higher operating speeds, and the tendency toward reduced unit weight

on modern equipment of all types has directed closer attention to the impor-

tance of applying proper torque values when tightening nuts and bolts. In

practically every case the torque values to be used when torquing the nut

are substantially lower than when torquing the bolt head. The necessity for

this is proved by the fact that in all tests the threads inside the nut sheared

to a greater extent than the threads on the bolt. The torque in inch-pounds

is reduced when using lubrication primarily because the friction is less be-

tween the contact parts of the nut and plate. Consequently with less fric-

tion, a higher stress would be set up in the bolt as compared with the same

applied torque with no lubrication. A greater torque in inch-pounds is re-

quired to produce the same stress when torquing the head of the bolt than

when torquing the nut. However, if widths of nut and head are the same and

the surfaces are the same, this difference in bolt stresses may be negligible.

Table 87 shows the average per cent torque to produce 30,000 psi stress in

all sizes of steel bolts.

Table 87. Average Per Cent Torque to Produce SO,000 psi Root Stress in All Sizes ofBolts

Torquing of Condition %
Nut No washers, no lubrication 100

Nut Washer at head and nut, no lubrication 97

Nut Vaseline-lubricated threads, no washers 63
Nut Vaseline-lubricated threads, washers 61

Head No washers, no lubrication 115

Head Washer at head and nut, no lubrication 112

Head Vaseline-lubricated threads, no washers 72
Head Vaseline-lubricated threads, washers 70
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Failure

Usually there are two types of failures in threaded fastenings; (1) rupture

through the thread and (2) rupture under the head. Then again it may be

said that a fastening fails because the part loosens and breaks out, the part

breaks, or the threads strip.

In tension,' with little or no superimposed bending, ductile breaks through

the threads occur except in the hardened steel bolts. Hardened bolts show

brittle failures under the head at low and widely scattered loads, thus indi-

cating greater notch sensitivity at this point than in the threads. Failures

under the head can be prevented by adding a stress relief radius from shank

to head. Superimposed bending at either the head or thread end causes brit-

tle failures in these sections at considerably reduced load. Brittle breaks

under the heads are suppressed by the use of a relief groove.

Failure can occur because a fastener is too soft or too hard for the appli-

cation, or is overloaded; from concentration of stresses in a sharp corner or

threaded section; or even from defective material or improper heat treat-

ment. The design of threaded fasteners is such that the bolt breaks before

the threads strip.

It is commonly believed that a bolt is twisted off in a simple torsional

shear failure. However, there is a shearing stress in the bolt due to the

torque applied by the friction between the threads of the bolt and the nut

as the nut is turned. Results indicate that this torque approaches about 45

per cent of the applied torque. The combined mechanical advantage of the

wrench leverage and of the thread incline results in an axial force or

“clamping force” on the bolt, which causes primary tensile components

dominating the failure process. The principal effect of the shearing stress in

the bolt is to reduce the clamping force at failure to a point averaging about

80 per cent of the strength of the bolt in direct tension.

When the axial stretch of the threaded section of the bolt approaches its

ultimate value, the threads of the nut no longer fit the threads of the

stretched bolt; thus tremendous friction develops between the nut and the

bolt, which will twist off the bolt if the twisting process is carried far enough.

However, the bolt is actually pulled off rather than twisted off by the result-

ant axial tension in the bolt, which stretches the bolt beyond its elastic

limit.*®

Although it is frequently assumed that if a screw or bolt is tightened to

a load greater than the applied external load, fatigue failure will not occur;

this is true only if the connected members have a sufficiently high rigidity;

it is not the case where considerable flexibility is present. It has been shown

that the variable stress in such screw or bolt fastening increases with the
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flexibility of the connected parts, and, if this flexibility is too great, the

variable stress present may be high enough to cause eventual fatigue failure

regardless of the initial bolt load.

To repeat what was previously stated, threaded parts generally fail in

the first few supporting threads in the nut. This is probably because the first

few threads transmit most of the force through the nut, the remaining

threads carrying a decreasing percentage of the load. The flow of force from

the bolt through the nut must make a 180 '’ turn, resulting in a concentration

of force on the first few threads. It is this concentration of force combined

with the notch effect of the thread shape itself which leads to low fatigue

resistance.

During their service life^ screw fastenings are often subjected to shock

loads that must be sustained without failure or without the development of

Figure 69. Screw threads overheated in grinding. 75x.

incipient cracks. The stress concentrations produced at the roots of threads

are known to reduce greatly the resistance of the material to shock or impact

loads. Poor shock resistance may be a direct cause of failure; or it may be

an indirect cause resulting from very fine cracks, which act as nuclei from

which fatigue cracks grow and spread to ultimate failure.

Normal design computations are usually based on tensile stresses which

are average unit stresses, and which neglect residual stresses in the material.
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However, it is not the average stress but the maximum stress that causes a

part in simple tension to fail, particularly under repetitive loads. Maximum
stresses may be several times the average. Residual stresses can be harmful

or beneficial, depending on how they are superimposed on the stress pattern

developed by the working loads. Since fatigue cracks originate in tension

zones, a residual compression stress will increase fatigue life, and a residual

tensile stress will decrease it.

Grinding the threads of unheal-treated steel bolts, studs and screws is

sometimes the cause of failure because of residual stresses. Abusive grinding

may cause hardening on the side of the thread due to overheating. This lo-

calized hardening leaves the thread in a highly stressed condition which,

coupled with service stresses, may cause failure.

High-strength steel fasteners that are intentionally hardened by heat

treatment before grinding of threads may be softened by the annealing

caused by heat generated on the thread surface by abusive grinding. Figure

69 is a photomicrograph (100 x magnification) of screw threads overheated

in grinding. The threads were ground after hardening of alloy steel blanks

to 34-38 Rockwell C. The sides of the threads show temper colors and lower

hardness due to partial anneal caused by heat developed in abusive grind-

ing.

Figure 70 shows other serious causes of screw fastener failures which are

related to manufacturing rather than to design. At the left is a longitudinal

Figure 70. Cracked bolts. Left:

Quenching crack. Right: Seam. Etched

in 1:1 HCl.

iCourtay A. Jameson, International Harvester

Co., Milwaukee, Wis.)

quenching crack developed during hardening and at the right is a longitu-

dinal seam indicative of defective material.

Figure 71 shows a typical fatigue failure under the head of a threaded

bolt. Figure 72 shows a number of broken heads of alloy steel bolts due to

over-tightening in a torque-assembly test.
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Figure 72. Broken bolt heads.

Corrosion

Metal stressed in its surface layers^* and at the same time wet with

moisture is subjected to conditions that tend to weaken it considerably. In

the case of unprotected or poorly protected steels, exposure to moisture for

a few days is sufficient to damage the metal seriously without simultaneous

stress. When stress is applied simultaneously with exposure to corrosion the

degree of damage is still greater. Corrosion fatigue and stress-accelerated

corrosion are reflected in a drop in fatigue limit and are extremely impor-

tant in practice. Bolts in service are almost always under stress if only from

the tightened nut; and in most outdoor and other services the bolts are

exposed either to moisture or to submersion conditions.

Although strength in fatigue is most sensitive to the damaging effect of

stressless corrosion and stress-accelerated corrosion, simple bend strength
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and torsional strength are likewise affected,- and to a lesser extent, simple

tensile strength.

High-copper alloys are subject to the type of corrosion known as corro-

sion cracking, which results from the association of strains left in the metal

by cold-working {e.g., cold-upsetting of bolts) under certain corrosive con-

ditions. The subsequent failure is a typical intergranular embrittlement.

‘"Monel" metal is not subject to this type of failure.

In chemical plants and other industries where corrosion is a serious mat-
ter due to the use of corrosive media, “Monel" has the advantage of longer

life and a greater safety factor.
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Plating and Finishing

Finishes applied to fasteners are either for appearance or for corrosion

prevention, or both. Another purpose is to prepare the surface for painting.

Coatings include nickel, chromium, cadmium, brass, copper, tin, zinc, lead

and the application of special rust preventive processes such as Parkerizing,

sherardizing, etc. An electroplated coating is often left in a highly stressed

condition and may initiate fatigue cracking. To prevent decrease in the en-

durance of the part, the plating procedure should be so adjusted that the

Conttnuovs thread stud

iCourteiy Erie Bolt A Nut Co., Brie, Pa.)

Figure 74. Studs.

deposited metal is left in an unstressed condition. Absorption of hydrogen

during electroplating causes hydrogen embrittlement if parts are not baked.

When heavy electroplates are required, ±0.001 inch in mating parts does

not constitute sufficient clearance for mating without interference; in allo-

cating additional clearance, it is erroneous to make clearance four times the

required plating thickness.
,

Aluminum alloys are anodized for maximum resistance to corrosion.

However, anodizing of aluminum fasteners is not recommended if parts are

subjected to repeated stressing.

Bolts, nuts, studs and screws are small, and therefore the importance of

the proper selection of a fastener for a specific application has often been



THREADED FASTENERS 249

overlooked. Frequently the cost of the item but a small percentage of the

cost of the application, and both together are a small part of the cost of

the finished unit; still, the functioning of the entire unit is largely depend-

ent upon adequate joining of the parts. This emphasizes the predominant
importance of proper selection and use of fasteners to the economy of the

completed equipment and its servicing.

Figure 73 illustrates various bolts, nuts, and screws, and Figure 74 illus-

trates the tap end stud, the double end stud, and the continuous thread stud.

A DIGEST OF THE NEW UNIFIED SCREW THREAD SYSTEM

On November 18, 1948, an agreement was signed between the United States,

Canada and Great Britain concerning a Unified Screw Thread System which applies

to international specifications.*

Thread Angle. The thread form will have a 60° included angle the same as the
American-National Form (the British are changing their thread from 55° to 60°.)

Crest of Screw. We will continue our pre.sent flats but i)ermit a round (the
British will round theirs).

''Root of Screw. Described as a rounded root contour with the high limit similar

to the round previously permitted by a worn tool and a low limit with a flat equal
to our basic flat P/8 and now described as permissible with a new tool.

"Crest of Internal Thread. Both British and Americans will have flats created by
the tap drill.

"Root of Intermd Thread. Ours will be flat or slightly rounded but with flat limits

between P/8 or P/24. (British will have rounded tapped hole roots but with major
diameter greater than basic.)

Thread Senes. The thread series will include our present Coarse and Fine Series,

but only sizes from up are ^Unified.’ The publication will also include present

National Extra Fine, 8, 12, and 16 pitch. The Coarse thread series will be similar

to the present American-National as to sizes but there will be a %"-12 added be-

cause this was a popular British size and very much wanted by them. Our V^"-13

will also be listed but not considered as a ‘Unified’ size.

In the Fine pitch series, the 1" diameter thread will be 12 threads per inch inste.ad

of 14.

"2'bread Classes. New tolerances have been developed known as ‘A’ tolerances for

screws and ‘B’ tolerances for tapped holes. These tolerances are based on a formula

that varies the tolerance with (1) the diameter, (2) length of engagement and

(3) pitch. It will be remembered that in the American-National Coarse and Fine

Thread Systems, the tolerances were the same for a given pitch, even though the

diameters were different. For example: a ^^"-20 thread had the same tolerance as

^A"-20 even though the diameters were different and the gages of different thicknesses.

In the A and B systems of tolerances, ^"-20 will have a slightly greater tolerance

than %"-20, etc. In other words, for a given pitch the tolerance is larger if the diam-

eter is larger.

Tables will provide tolerances for what will be called lA and IB, 2A and 2B, 3

A

and 3B (A designates the screw and B the tapped hole). These new classifications

will correspond in purpose to the i)revious Class 1, Class 2 and Class 3 Fits.

The lA and 2A Cscrcws) will have maximum pitch diameters below basic so as to

provide an allowance or positive clearance between the maximum screw and minimum

* See American Standards publication ASA Bl. 1 entitled "Unified and American Screw Threads For
Screws, Bolts, Nuts and Other Threaded Parts." This American Standards publication includes threat!

sizes and system of tolerances on which Canada and Blngland are in agreement, together with American
standards not included in the new British standards.
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tapped hole. These allowances will be the same for Class lA and Class 2A. See

Fig. A.

lA and IB pitch diameter tolerances are greater than 2A and 2B while 3A and 3B
tolerances are less than 2A and 2B. In the case of 3A and 3B, the maximum screw

and minimum tapped hole can be basic, the same as in Class 2 and Class 3, i.e., no
allowance. See Fig. B.

Figure A. Illustrating tolerances, allowance, and crest clearances for classes

1A, IB, and 2A and 2B.

The publication will also include the past practice tolerances for Class 2 and
Class 3 but will not be called ^Unified.’

Tables of tolerances for all the different thread series are provided.
Tolerances for Class 2A are derived from the formula, reflecting increments of

pitch, diameter, and length of engagement. Tolerances for the other Classes are de-

rived from 2A, as follows:

2B tolerance—130% of 2A tolerance

2A allowance—30% of 2A tolerance

lA allowance—same as 2A allowance

lA tolerance—150% of 2A tolerance

IB tolerance—195% of 2A tolerance

3A tolerance—75% of 2A tolerance

3B tolerance—97.5% of 2A tolerance

In all A and B tolerances the B (tapped hole) tolerance is 30% greater than the A
(screw) tolerance.
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**Selected Specials, Tables of tolerances are alsp provided for a selected group of
special sizes in which the tolerances are based on a length of engagement of 9 threads.

**Specials. Another series of tables of tolerances are provided for special combina-
tions of diameters and pitches. These are step tables that provide tolerances for dif-

ferent lengths of engagements as related to the diameters. For example: lengths
of engagements equal to %D, %D, IV2T>, etc.

Figure B. Illustrating tolerances and crest clearances for classes 2, 3,

and 3A and 3B.

**Designations. The designation for the unified screw thread will be UN. Thus,

UNC indicates Unified Coarse Thread Series, UNF, Unified Fine Thread Series.

Example: % UNC-2A will mean a ^4"-20 screw Class 2A tolerance. The other thread

series not included by the British have the designation N.E.F. for extra fine, N8 for

8 pitch series, N12 for 12 pitch series and N16 for 16 pitch series. Bear in mind that

only the coarse and fine series from ^/4" up and in the A and B Classes of tolerances

are “Unified.”

It is expected that old Class 2 and Class 3 fits will be continued in use for quite

some time due to the investment in gages but many new products coming along may
specify the A and B tolerances and require new gages.

Allowance. The purpose of the allowance in Class 2A and 2B system of tolerances

is to provide limits that will ensure that the maximum screw is never as great in

pitch diameter as the minimum tapped hole. This allowance or clearance is a desir-

able thing in the case of mass production assembly where often times under the old

Class 2 and Class 3 Fit system there would be screws that would be too tight a fit
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in the tapped hole and thus require the assembly to be taken from the production

line and sent to salvage.

In the Class lA and IB, the tolerances are wider to provide practically finger

assembly and ample provision for plating.

In the Class 3A and 3B, there is no allowance provided for. Hence, the maximum
screw could be as great in pitch diameter as the minimum tapped hole. The toler-

ances, however, are slightly wider for the Fine Pitch Series than for the Coarse Pitch

Series.

It is interesting to know that in the case of Die Head Chasers, the same chasers

can be used for the Unified system as for the American-National because it is sim-

ply a matter of adjusting the die head to provide pitch diameters on the screw within

the tolerances specified. The thread profile of present chasers should meet the re-

quirements of the new Unified Screw Thread profile.”
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Chapter X

Masnetic Materials

A few metals have the distinguishing property of magnetism. Iron ex-

hibits this property most strongly, nickel and cobalt less so. However, a

group of special alloys, some of the constituents of which are nonmagnetic

under ordinary conditions, can be prepared and treated to produce certain

magnetic properties in excess of those of pure iron itself. These metals and

alloys comprise the group known as “magnetic materials” or more properly

“ferromagnetic materials,” having magnetism similar to that of iron.^®

The basic nature of magnetism is not completely known, although Bo-

zorth and Shockley * have published data indicating that there is a dis-

tinct relationship between magnetism and the electron arrangement of the

elements in question. The fact that the three important magnetic elements

also form the transition group of elements in the Periodic Table bears this

out. Although ferromagnetism cannot be accurately defined, the external

manifestation can be measured readily and used to advantage, namely, the

force with which one ferromagnetic body attracts or repels another when

one or both are magnetized. The distance over which this force is effective

is a measure of the degree of the ferromagnetism of the material. This force

can be controlled and directed to produce useful work.

Present theory, ably described by Bozorth,**^® ascribes the property of

ferromagnetism to the spinning electrons within an incomplete inner elec-

tron shell of the atom and to the spacing of the atoms. The electrons, spin-

ning in clockwise and counterclockwise directions, act as tiny magnets. In

many atoms the spins neutralize one another so that no excess spin remains

to produce manifestations of magnetism. In iron, cobalt and nickel, how-

ever, there is an excess of electrons spinning in one direction and the spacing

of the atoms is such that the effects can add up to produce a high degree of

ferromagnetism. The electron shells in the iron atom can be pictured as in

Figure 75. A few other elements such as manganese and chromium also

have incomplete inner electron shells, but the normal spacing of the atoms

does not fulfill the conditions necessary to produce ferromagnetism.

The magnetic properties of ferromagnetic materials vary in the same

manner as the other physical properties of metals and alloys, in that the

255
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same factors, such as grain size, amount an(l distribution of impurities, heat

treatment, and method of fabrication, all contribute to the resultant mag-

netic properties. As in other types of testing, as many variables as possible

must be controlled when measuring for a specific property to insure repro-

ducible results.

Magnetic materials fall roughly into two general classifications; namely,

magnetically hard or “permanent” magnet materials, and magnetically soft

or “electromagnetic” materials. Both are ferromagnetic, but the classes

differ in respect to their ultimate properties and uses. Permanent magnet

materials are used because of the high degree of magnetism (or residual

magnetism) retained when the magnetizing force is removed; electromag-

netic materials are used to increase the strength of an electromagnetic field,

and retain little or no magnetism ujjon removal of the magnetizing force.

Magnetic Properties

The principal terms used in describing the magnetic properties are defined

in the following manner. The magnetic flux represents the total lines of

force passing through the magnetized object; in the metric system the unit

is the “maxwell,” and in the English system the “line’or “kiloline” (1000

lines). The unit of magnetic force, called "magnetizing force,” is denoted by
the symbol H; in the metric system the unit is the "oersted,” and in the

English system the “ampere-turn." The unit of magnetic intensity, called

the "magnetic induction,” is the magnetic flux per unit area. It is denoted by

the symbol B; in the metric system the unit is the “gauss,” and in the Eng-

lish system the line or kiloUne per square inch. The maximum number of

lines or maximum magnetic induction which a material can absorb per unit

area is called "saturation point," and the value of the induction is designated



MAGNETIC MATERIALS 257

as B max. When a magnetizing force has been applied, a given magnetic

induction attained, and the magnetizing force is removed, the magnetic in-

duction does not return to zero, but an amount which is characteristic of

the material is retained and designated as the residual magnetism, Br. In

order to reduce this residual magnetism to zero, a magnetizing force of op-

posite direction to the original magnetizing force must be applied. The
amount of this negative magnetizing force necessary to reduce the resid-

ual magnetism to zero is called the coercive force, He. The unit of residual

magnetism, Br, is the same as for the magnetic induction, B, while the unit

of coercive force, He, is the same as for the magnetizing force, H, as shown

above. This property of magnetic materials results in a loss in magnetic

energy directly proportional to the area enclosed by the completed loop

known as the “hysteresis loop“ (Figure 76). For permanent magnet mate-

rials, this loop is large, as a high residual magnetism and high coercive force

are desirable, while for electromagnetic materials, it is small, as it represents

an energy loss in an alternating-current circuit.

The hysteresis loss represents part of the core loss described below. The
maximum hysteresis loss occurs in a given material when the original mag-

netizing force is sufficient to produce saturation (B max.), although a loop

is always obtained when the magnetizing force is removed, even for values

of this force less than that producing saturation (6 max.).

The permeability or “magnetic conductivity” is represented by the sym-

bol fi and is expressed as a number. It is derived from the equation B = fiH.

The permeability is not a constant, but varies with the induction, so that a

permeability curve approaches a value at which an increase in the magnetiz-

ing force does not result in an increase in the induction. This value of the

induction corresponds to the “saturation point” described above. The per-

meability curve is represented in Figure 76 by the curve OS, and the per-

meability value is actually the slope of the curve at any given point. The

maximum permeability is the slope of the straight line drawn from point O,

the origin, and tangent to the curve OS at its closest approach to the ordi-

nate OB. The permeability, therefore, describes the ease with which the ma-

terial can be rriagnetized, that is, how much flux can be produced for a

given magnetizing force or electric current.

To magnetize a material, electrical energy must be supplied; some of this

is lost as heat energy because of the electrical resistance of the conducting

wire (commonly termed “copper losses”), and some as a result of the pres-

ence of the magnetic material (termed “core loss”). Part of the core loss is

due to the magnetic friction or hysteresis loss described above. The balance

of the core loss results from eddy currents induced in the magnetic core by

the passage of current in the magnetizing coil. The eddy current and the

current in the magnetizing coil are not physically connected, but the eddy



258 MATERIALS ENGINEERING OF METAL PRODUCTS

currents are generated by change in flux in the core in accordance with the

change in electric current in the coil when alternating current is used. For

solid cores with no restrictions, the eddy current loss is large; for laminated

cores where restriction occurs at each interface between laminations, it is

reduced, being less for thin sheets than for thick sheets inversely as the

Figure 76. Typical hysteresis loop.

Ordinate ''B^'—Magnetic induction or flux density.

Abscissa "H"—Magnetizing force.

Curve OS~Normai induction or magnetization curve.

OA—Residual magnetism—Br.

AC—Demagnetizing curve.

OC—Amount of demagnetizing force necessary to reduce

residual magnetism in zero-coercive force HC.
SACTDES—Complete hysteresis loop—total energy lost in

one cycle.

square of the thickness down to about 0.014 inch. Below this thickness, the

eddy current loss increases slightly for some unexplained reason, particu-

larly at high frequencies. In other words, decreasing sheet thickness will de-

crease the eddy current losses. The core loss is customarily measured in

watts per pound at an induction of 10,000 gauss and using 60-cycle current.

The space factor is the ratio between the weight of a given volume of

laminations under a given pressure to the weight of the same volume of
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solid steel of the same composition as the laminations. This is required in

design to allow for magnetic material loss as a result of the air gap between

the laminated sheets. The space factor is usually 90 to 96 per cent, being

higher for thicker sheets and lower for thinner sheets. The energy product

is a measure of the strength of a permanent magnet material and indicates

Figure 77. Demagnetization and energy product curves for various permanent

magnet materials.

the available magnetic energy. It is derived from the hysteresis loop of the

material, and is obtained by plotting the product of B times H against B

from the demagnetization curve (Curve AC in Figure 76). This results in

the energy product curves as shown on the right half of Figure 77. The

values of B and H corresponding to the maximum energy product may be

found approximately as shown by the dotted lines in Figure 76.

Magnetically Soft Materials

Magnetically soft materials require the passage of electric current and

are referred to as electromagnets. They are characterized by the following:

(1) low residual induction, (2) high permeability, and sometimes high or

constant permeability at low field strengths, (3) low hysteresis loss, (4) low

eddy current loss (high electrical resistivity), (5) high saturation value

(as high as other considerations permit), and (6) a definite change in per-
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meability with change in temperature by certain alloys called compensator

alloys.

Magnetically soft materials include iron, iron-nickel alloys, iron-silicon

alloys, iron-aluminum alloys, iron-aluminum-silicon alloys, iron-cobalt al-

loys, and iron-nickel-cobalt alloys. The iron-nickel alloys sometimes contain

additions of chromium, molybdenum, or copper to emphasize one or more

of the six characteristics listed above.

Certain impurities are normally present in all these alloys. Some of these

adversely affect the magnetic properties and should be kept as low as pos-

sible. Since the magnetically soft properties are largely dependent upon the

uniformity of a material, any impurity which obstructs the path of the

magnetic flux will adversely affect the properties. This includes such im-

purities as carbon, phosphorus, sulphur, nitrogen, and oxygen, all of which

form non-metallic or intermetallic compounds that precipitate out of the

iron-rich matrix and become physical obstructions to the lines of magnetic

flux. By the same token, grain boundaries act as disjunctive points, and as

large a grain size as possible is desirable to minimize the number of grain

boundaries across which the magnetic flux lines must pass. Any element that

remains in solid solution in the iron-rich matrix, on the other hand, will not

adversely affect the properties; for example, manganese below 0.80 per cent

and copper below 0.25 per cent. These points will be discussed more fully in

the following sections on the individual alloys.

Pure Iron. While pure iron may, in many respects, be regarded as the

ideal ferromagnetic material, it has certain undesirable qualities that must

be reduced by alloying with other elements. Yenson and Ziegler - have shown

that the permeability of iron approaches infinity as the purity is increased.

It has good demagnetization characteristics (low residual magnetism) when

properly heat-treated, and a high saturation value. Pure iron has certain

disadvantages which make it unsuitable for most commercial applications.

e.g., low resistivity (about 10.5 microhms per cubic centimeter), which

necessitates the use of very thin sheets to keep the eddy current losses down

;

high cost due to the high purity necessary; and a relatively low recrystalli-

zation temperature, resulting in an aging phenomenon in which the mag-

netic properties are drastically reduced. For these reasons, iron alloys are

now almost universally used where good magnetic properties are desired.

Commercially pure iron such as “Armco” iron is widely used as part of the

magnetic circuit in the form of yokes and pole shoes for high-output gen-

erators and motors and heel irons and cases for voltage regulators.

Iron-Nickel Alloys. The iron-nickel alloys, particularly those contain-

ing 45 per cent or more nickel, possess valuable magnetic properties. Cer-

tain of these alloys may, by special heat treatment, be made to emphasize

one or more of the magnetic properties of this group. Figure 78 shows the
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saturation intensity and flux density of iron-nickel alloys for various mag-
netizing forces.^®’

The 45 to 50 per cent nickel alloys are characterized by high permeability

for higher field strengths. The permeability is not so high as in the case of

high-nickel alloys; the residual induction is higher, but the higher satura-

Nlckel Content • Per Cent
{After Yensen)

Figure 78. Magnetic properties of iron-nickel alloys of electrolytic iron and
nickel, melted and annealed in vacuo,

tion value permits higher field strengths. The best magnetic properties are

obtained after a high-temperature annealing in a hydrogen atmosphere.

The annealing temperature most widely used is 2000 to 2100® F., followed

by a very slow cool to room temperature at a rate not exceeding 200® F.

per hour. These materials are very susceptible to work-hardening, which

results in machining and forming difficulties, mainly overcome by light cuts

at slow speeds or by frequent annealing in forming operations. A satisfac-

tory annealing treatment for restoring workability during drawing or form-

ing consists of heating to 1450 to 1500® F. in a controlled-atmosphere fur-

nace followed by cooling as rapidly as desired in a controlled atmosphere.

All mechanical operations must be performed before the magnetic anneal

at 2000 to 2100® F. and the parts must be free from oil, grease, or other

carbonaceous material, as these will discolor the material and adversely

affect the final properties. Any moisture present in the hydrogen used for a

protective atmosphere will have the same results.
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This difference in properties between discolored and bright parts has not

been explained, probably because so little is actually known about the basic

fundamentals of what ferromagnetism is and how it is controlled. It may be

partially explained by carbon diffusion in the case of oil, grease and car-

bonaceous materials, and by oxygen diffusion in the case of moisture in the

hydrogen. The susceptibility to strain-hardening is also present in the ma-

terial after the magnetic anneal, and slight amounts of cold-working result

in a disproportionately large drop in magnetic performance, particularly

affecting permeability and increasing retentivity or residual magnetism.

These alloys include the following trade mark materials: Westinghouse

“Hipernik,” General Electric “Nicaloi,” Crucible “Audiolloy,” Allegheny-

Ludlum “Electrical Metal 4750,” Carpenter “49 Alloy," and Western

Electric “45 Permalloy.”

The high-nickel alloys, containing 70 to 85 per cent nickel, are charac-

terized by very high permeability at low field strengths and a low degree

of magnetic “retentivity,” or residual magnetism. As the saturation point

is low, this series of alloys is of value in instruments, but their use is lim-

ited to this field. The heat treatment of these alloys for maximum mag-

netic properties is the same as for the 45 to 50 per cent nickel alloys, in-

cluding the precautions necessary. These alloys, too, are susceptible to work-

hardening and the same general comments apply as in the case of the 45 to

50 per cent alloys.

The straight iron-nickel alloys have been designated “Permalloys" by

the Bell Telephone Laboratories and Western Electric Co., who were until

recently their principal producers and users. “Permalloys” are usually pre-

fixed by a number or chemical symbol indicating the content of nickel or

other alloying element. For example, the 78.5 per cent nickel alloy is des-

ignated 78.5 “Permalloy,” the 45 per cent alloy is designated 45 "Perm-

alloy” and the alloys with chromium and molybdenum are designated 3.8-

78.5 Cr "Permalloy” and 4-79 "Permalloy,” where the 3.8 and 4 designate

the typical percentage of chromium and molybdenum, respectively. The
Allegheny-Ludlum "Mumetal” and Carpenter "Hymu” 80 belong to the

group of high-nickel alloys, having similar magnetic properties. "Mumetal”

contains approximately 76 per cent nickel, 6 per cent copper, and up to

1.5 per cent chromium, balance iron; "Hymu” 80 contains approximately

80 per cent nickel, 4 per cent molybdenum, balance iron. An alloy of Ger-

man manufacture also has similar magnetic properties. This alloy is known
as "1040” alloy and contains 72 per cent nickel, 14 per cent copper, 3 per

cent molybdenum, balance iron.

An interesting development * consists of cooling high-nickel alloys from

the 2000 to 2100* F. annealing temperature in a strong magnetic field. This

treatment has been found to be most effective in the temperature range of
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the magnetic transformation point, and results in a marked increase in the

desirable magnetically soft properties, such as abrupt saturation, low resid-

ual, and greater permeability.

Table 88 and Table 89 show the principle iron-nickel alloys^* and their

magnetic properties. These tables include alloys of foreign manufacture

and the 'Terminvar" and ‘Termendur" alloys described later under iron-

cobalt alloys. Iron-nickel alloys find most application in electrical instru-

ment manufacture, telephone circuits, and radio transmitters and receivers.

A special group of iron-nickel alloys in the composition range 28 to 32 per

Name

‘‘MumetaP’
“Permafly’^

^‘Permalloy”
^‘1040” Alloy

Table 88. Magnetically Soft Iron^Nickel Alloys

Approximate Composition Manufacturer

Very High Permeability at Low Field Strengths

76 Ni, 6 Cu, 1.5 Cr, bal. Fe
80 Ni, bal. Fe
30-90 Ni, Cr, Mo, bal. Fe
72 Ni, 14 Cu, 3 Mo, bal. Fe

Allegheny-Ludlum
Acieries de Firmany
Western Electric

Heraous Vacuumschmelze

High Permeability for Higher Field Strengths

“ Allegheny 4750
“Anhyster’^ C and D
^‘Audiolloy

‘‘Hipernik"

“Hyperm’*
** Megaperm 4510
^‘Nicaloi^^

“Permenorm’^
“RadiometaP^
“49'^ Alloy
*‘2129^^ Alloy

47 Ni, bal. Fe
45-50 Ni, bal. Fe
48 Ni, bal. Fe
50 Ni, bal. Fe
50 Ni, bal. Fe
45 Ni, 10 Mn, bal. Fe
49 Ni, bal. Fe
48 Ni, bal. Fe
45-50 Ni, bal. Fe
49 Ni, bal. Fe
45-50 Ni, bal. Fe

Allegheny-Ludlum
Acieries de Imphy
Crucible Steel

Westinghouse Electric

Krupp
Heraous Vacuumschmelze
General Electric

Heraous Vacuumschmelze
Telcon

Carpenter Steel

Telcon

Moderately High Permeability Alloys of High Electrical Resistance

‘‘Anhyster^’ A and B
“Gemma”
“Monimax”
“Photometal”
“Sinimax”

35 Ni, bal. Fe
35 Ni, bal. Fe
35-40 Ni, bal. Fe
40-45 Ni, 5 Cr, 3 Si, bal. Fe
35-40 Ni, bal. Fe

Acieries de Imphy
Acieries de Imphy
Allegheny-Ludlum
Telcon

Allegheny-Ludlum

Constant Permeability Over a Wide Range of Flux Densities

“Coppernik”
“Isoperm”
“Isoperm” A
“Isoperm” B
“Perminvar”

50

Ni, bal. Fe
45-50 Ni, bal. Fe
36-50 Ni, 9-15 Cu, bal. Fe
40-60 Ni, 3-4 Al, bal. Fe
20-75 Ni, 5-40 Co, Mo, bal. Fe

Westinghouse Electric

Allgemeine Elektrizitats

Allgemeine Elektrizitats

Allegemeine Elektrizitats

Western Electric

Alloys with Permeability Varying with Temperature

Compensator Alloy

N30
N.M.H.G.
“Thermoperm”

29-32.5 Ni, bal. Fe
30 Ni, bal. Fe
30 Ni, bal. Fe
30 Ni, bal. Fe

Simonds Saw and Steel

Carpenter St«el

Acieries de Imphy
Krupp
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cent nickel exhibits unusual magnetic properties. In addition to the low

saturation intensity shown, these alloys have a permeability which is very

nearly proportional to the temperature.

Furthermore, the magnetic transformation point of these alloys occurs

at a low temperature (approximately 130° F.), so that by using the proper

composition in the range 28 to 32 per cent nickel, the material will become

non-magnetic at a specified temperature; as the reaction is reversible, the

material again becomes magnetic as the temperature drops. These last two

characteristics make these alloys ideal as compensating metal for tempera-

ture changes and are known as temperature compensator alloys. The mag-

netic permeability of iron and iron alloys decreases with temperature, so

that accuracy of electrical meters which depend upon the flux produced by

a constant voltage supply or by a certain load current, such as watt-hour

meters or voltage and current regulators, will change with the temperature

unless some method of compensation is used. It is customary to shunt a

certain amount of the magnetic flux around the moving part of the meter

by means of a temperature compensator alloy so that as the temperature

increases the amount of flux shunted around the moving parts will decrease,

forcing more of the flux through the moving member. By proper balancing,

temperature changes may be completely compensated. Mechanical devices

involving bimetal hinges may be used for this same purpose, but iron-nickel

alloys are often more convenient.

Iron-Silicon Alloys. As mentioned above, pure iron has low resistivity

with consequent high eddy current losses. The addition of silicon increases

the resistivity and this reduces the eddy current losses. By decreasing the

solubility of carbon in iron and by promoting grain growth, the addition of

silicon decreases the hysteresis loss also. As the per cent silicon is increased,

the permeability increases, the residual induction, saturation value, coer-

cive force, and magnetizing force to produce saturation decrease, and the

alloys become magnetically softer. The hardness and brittleness of the al-

loys increase, however, so for practical purposes the silicon content is lim-

ited to about 4.7 per cent in commercial silicon-iron sheet stock. The 4.7 per

cent alloy represents substantially the maximum silicon content that can be

sheared and punched with satisfactory results. Above this percentage, the

sheet becomes so brittle that the edges are ragged after shearing or punching.

Silicon-iron alloy sheets are normally annealed by the manufacturer as

one of the last operations before shipping to the customer or warehouse;

thus for grades containing up to about 4 per cent silicon, no additional an-

nealing treatment is necessary after shearing or punching laminations.

Above 4 per cent silicon, however, the shearing or punching may introduce

sufficient cold-working to affect adversely the permeability, and an anneal-

ing treatment is advisable for punched laminations, particularly where they
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are to be used in critical designs. This annealing operation consists of heat-

ing the parts to 1450 to 1475° F. and cooling at a rate of approximately

200° F. per hour to 800° F., and the furnace-cooling from there to room

temperature. During this annealing operation, the silicon-iron punchings

must be sealed from any air and no air must be admitted until after room

temperature has been reached. Conversely, a strongly reducing atmosphere

such as hydrogen should not be used because the normal surface oxide ob-

tained on the hot-rolled sheet is desirable in reducing the core loss by in-

creasing the surface resistance of the laminations. The commercial grades

of silicon-iron sheet are sold by the sheet manufacturers with a guaranteed

maximum core loss for certain sizes in each grade. It is current practice for

the sheeet manufacturers to grade the silicon-iron sheets according to this

guaranteed core loss, and to vary the silicon content and mill practice to

meet these guarantees. For this reason, the silicon content figures shown in

Table 90 are only approximate and in general apply only to the thicker

sheets.

The trade marks of the principal manufacturers of silicon-iron sheet,

shown in Table 91, give a clue to the uses for the different grades. The high-

silicon grades (3 to 4,5 per cent) are used in transformers and electrical

instruments, while lower-silicon grades (1.25 to 3 per cent) are used as

armature and stator punchings for electrical motors and generators. Below

1.25 per cent silicon sheet stock is used for pole-shoe punchings for motors

and generators and for armature and stator punchings for non-critical motor

and generator designs.

The problem of surface finish and surface resistance has become of in-

creasing importance because of increased demands on the performance of

the silicon-iron alloys. The surface finish will affect the final performance

of the material, since silicon-iron alloys are always used as laminated stocks

or punchings. Non-uniform properties due to variation in the surface finish

can be as harmful as non-uniform composition or structure of the material

itself. The type of surface finish to be selected must be governed by the

performance desired, just as in the selection of the proper silicon-iron alloy

for a given design. The character of the normal oxide surface will vary in

properties from one supplier to another depending upon individual mill

practice. It will also vary within a given lot with respect to surface resist-

ance. The most uniform type of surface finish in all respects is obtained by
using one of the core plate materials described below. The surface finish

offers resistance to the passage of eddy currents from one lamination to an

adjacent lamination, being a poor conductor of electricity. This applies to

both normal oxide or core plate. In the following discussion, the term

surface resistance refers to this resistance to passage of eddy currents.

The silicon-iron alloys may be supplied with a normal surface oxide,
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pickle-last (scale-free) or various types of' baked varnish known as core

plate. The appearance of the normal oxide varies from a gray color to what

appears to be a bright finish. This variation is the result of the manufac-

turing process; that is, sheet that has been hot-rolled will have a gray

oxide, whereas sheet that has been cold-reduced will have a bright finish.

In service, both types of surface oxide have similar properties and exhibit

approximately the same surface resistance, the hot-rolled oxide finish being

more resistant than cold-rolled. Cold-reduced silicon-iron sheet has slightly

higher permeability than hot-rolled sheet.

Silicon-iron sheet supplied as ‘'pickle-lasf ' has been pickled in acid to

remove any scale or surface oxide as the last operation after rolling. This

type of material has no surface resistance for all practical purposes, and

must be core-plated or annealed in a slightly oxidizing atmosphere before

assembly and use. This type of finish is most commonly used for sheet that

must be cemented in forming the core stack.

Core plating and a core-plated surface refer to the process of coating

silicon-iron electrical sheets, strip, or punchings with a thin covering of

varnish, enamel, or similar material which, when baked dry, has good elec-

trical resistance in addition to certain other desirable properties. One type

of core plate is oil and heat resistant and will withstand the normal operat-

ing conditions found in an air-cooled core for motors and generators. This

material will be sufficiently hard to withstand any temperature encoun-

tered in service, but will not withstand lamination annealing temperatures.

Actual operating temperatures with this type of core plate should not ex-

ceed 450® F. for continuous operation, as the coating will burn off. More-

over, it should not be used in oil-immersed cores, as continued exposure to

oil will result in deterioration of the core plate.

A second type of core plate is heat and oil proof. This core plate will

withstand temperatures up to 1450® F. and will allow punchings coated with

this material to be annealed. It is designed for applications in which the

normal operating temperature exceeds 450° F., and may be used in oil-

immersed cores, being impervious to oils. A third type of core plate is oil

proof and heat resistant and is designed for punchings to be used in oil-

immersed cores. This core plate will not soften or deteriorate at the high-

est temperature normally encountered in service, but will not withstand

annealing temperatures. Like the first type, this is designed for operating

temperatures below 450® F. but differs from the first type in that it may
be used in oil-immersed cores since it is impervious to oils.

These core plate materials add a certain amount of non-magnetic mate-

rial to the volume of the core stack, and the thickness must be kept to a

minimum value consistant with the desirable performance. The usual

method of designating the thickness of a core plate is to specify that the
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Stacking factor for the core stack with core-plated material shall not ex-

ceed the stacking factor for the same size core stack with normal oxide finish

materials by more than one per cent. This method is used for thickness de-

termination because the extremely thin layer of core plate on each indi-

vidual sheet makes direct measurement difficult, and also because this type

of information is useful in assisting the design engineer to allow for the

presence of the core plate. In other words, when core plate is used, the num-

ber of laminations in a given stack may have to be increased when the

minimum volume of iron required in the stack is critical.

Iran-Aluminum Alloys. Iron-aluminum alloys are similar to iron-

silicon alloys in their magnetic characteristics. A higher percentage of

aluminum is required for the same results obtained with silicon. To date,

iron-aluminum alloys have not assumed the commercial importance of

iron-silicon alloys.

Iron-Cohalt Alloys. The iron-cobalt alloys in the magnetically soft

group are known as 'Termendur,*' 'Terminvar'* and “Hiperco.'" The

‘Terminvar'' alloys are of iron-nickel and cobalt and sometimes contain

up to 7 per cent molybdenum for improved magnetic properties. The
“Perminvars'' are characterized by constant permeability over a range of

low flux densities. The usual composition contains 45 per cent nickel,

25 per cent cobalt, balance iron. This alloy sometimes contains 7 per cent

molybdenum as stated above. Another composition contains 70 per cent

nickel, 7.5 per cent cobalt, balance iron. These alloys are used when a con-

stant inductance or reactance is desired, such as in filter coils for radio

circuits or for loading coils in telephone circuits.

'Termendur'' is an alloy of 50 per cent cobalt and 50 per cent iron, plus

vanadium to improve workability. The principal characteristic of this alloy

is the increased saturation value over that of pure iron. The cost virtually

prohibits its use for any but very special applications in telephone circuits.

''Hiperco” is essentially an alloy of approximately 30 per cent cobalt,

balance iron, with small quantities of other elements added to improve the

working properties of the base alloy. It is characterized by a high satura-

tion value and high permeability, and is recommended for the same type of

application as the silicon-iron alloys.

Powder Metal Alloys. Pure iron, the "'Permalloys,'' and "Mumetal"
have been prepared by powder metal methods. In general, the magnetic
properties are reduced from those of the alloys produced by conventional

means. The disadvantages inherent in powder metals in general also apply

to powder metal magnetic alloys, and as the quality of powder metal com-
pacts improves, the powder metal magnetically soft alloy will undoubtedly
find more application. The discontinuities in the powder metal material

adversely affect the permeability, and at present this constitutes the greatest

obstacle to the wider use of powder metal for electromagnetic purposes.
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Permanent Magnet Materials

As in the case of magnetically soft materials, permanent magnetic mate-

rials are special-purpose alloys in which the usual physical properties, such

as tensile strength, yield strength, elongation, toughness, and ductility, are

of secondary importance to the magnetic properties. This leads to special

treatment that might be considered unorthodox for any other group of

materials. The design of these permanent magnet steels should be such that

a minimum of forming or machining is required, because the hardness of

these steels as cast is such that annealing may be necessary for fabrication,

and any annealing operation should be avoided if possible since the mag-

netic properties are adversely affected.

The permanent magnet alloys are magnetically "‘hard"'; that is, they

retain a large part of the magnetism induced in them. This magnetic hard-

ness is closely associated with physical hardness so that the same alloying

elements and treatment which will harden a steel will be desirable for a

permanent magnet material. In practice, the alloys most commonly used are

carbon-manganese magnet steel, chrome magnet steel, tungsten magnet

steel, cobalt magnet steel and more recently, a group of precipitation-

hardening alloys known as ''Alnico'' alloys. Iron-platinum, copper-man-

ganese-aluminum, copper-manganese-tin and copper-manganese alloys

(known as "Heusler alloys'"), oxide magnets using iron, cobalt, and com-

plex oxides of these two metals, and recent developments, such as '*Sil-

manal,"" ''Colmolloy," etc., all exhibit ferromagnetic properties of a per-

manent magnet nature.

The permanent magnet alloys are characterized by high residual mag-
netism and high coercive force, with a correspondingly low permeability.

The energy product is the ordinary criterion for evaluating the permanent

magnet qualities of a given magnet alloy. This is a measure of the maxi-

mum magnetic energy available for use in the material. As the residual

magnetism and coercive force are improved by the addition of alloying ele-

ments, the energy product is also increased.

Permanent magnets are used in many types of electrical and mechanical

devices. They provide sources of magnetic force which require no external

source of power, and remain constant if properly protected from demag-

netizing influences such as elevated temperatures or jarring shocks and
blows.

Uses of permanent magnets falls into three groups, namely:

(1) Production of electrical energy by the mechanical motion of an

electrical conductor in the magnetic field. This is the principle on which

the magneto generates electrical current. The permanent magnet creates

the magnetic field, while the mechanical motion of the electrical conductor

in the field induces the electrical current in the conductor.
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(2) Production of mechanical energy by the passage of electric current

through a conductor in a magnetic field. This is the principle used in cer-

tain types of electric motors, in ammeters, in loudspeakers and galvanom-

eters. The passage of the current through the conductor in the magnetic

field produces a force tending to move the conductor toward or away from

the magnet, depending upon the direction of the current.

(3) Attraction of magnetic material to a magnet. This may be used for

holding or lifting as in magnetic chucks or magnetic separators; producing

tension as in pressure control instruments; or assisting electrical switches

in a quick make or break of an electrical circuit.

Magnet Steels. Table 92 shows the principal commercial types of magnet

steels, and also the acceptable heat treatment to obtain the magnetic prop-

erties shown. These properties were measured on bar magnets, and allow-

ance should be made for the fact that magnet design will influence the re-

sulting properties in a given magnet. The table also shows the effect of

chemical composition on the magnetic properties. The hardened carbon-

manganese magnet steel is used for low-cost permanent magnets, where

service requirements are not severe. As the alloy content is increased, the

quality increases. It will be noted that chromium, tungsten, and cobalt, in

that order, have an increasingly beneficial effect on the coercive force and

energy product. The cost of the magnets increases in the same order, al-

though this can be offset somewhat by the fact that the size of the magnets

can be reduced as the energy product is increased.

As could be expected from the heat treatment, a fine-grained structure is

desirable in permanent magnet steels. The quenching treatment is followed

by a low-temperature tempering treatment at 300° F. The hardened mag-

net is then magnetized by being subjected to a magnetizing force in excess

of that to be expected with the magnet in order to insure that the satura-

tion point is obtained.

The magnetic properties of the permanent magnet steels are not stable

with time, but begin to change spontaneously after hardening and mag-
netizing. The rate of change is greatest immediately after magnetizing, and

the rate decreases rapidly so that in a few days it is low. The rate and

amount of change differ with the different kinds of steel. The direction of

the change is always for the residual induction to increase and the coercive

force to decrease. For this reason, all magnet steels should be given an
“aging" treatment so that, although some magnetism is lost, that which

remains is practically constant and permanent provided the magnet is not

abused or heated to a high temperature. Aging is accomplished by alter-

nately heating the magnet to 212° F., holding for about one hour, and then

cooling to 32° F. and holding for about an hour, repeating this process 5

to 10 times. This aging may be accomplished by holding the magnet steel
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at 212° F. for long periods, say 24 to 48 hours. Aging may also be accom-

plished by magnetic methods by subjecting the magnet to a demagnetizing

force for a few minutes.

“Alnico" Alloys. The range of possibilities for the design and use of

permanent magnet alloys has been greatly extended by the introduction of

substantially carbon-free alloys of the precipitation-hardening type. These

alloys are marketed under the trade name "Alnico.” The data in Table 93

show typical analyses and magnetic properties of the various types avail-

able. The magnetic properties of any of the permanent magnet steels can

be substantially duplicated by these precipitation-hardening alloys. These

alloys offer a higher energy product by virtue of higher coercive force than

other types of permanent magnet steels, enabling the designer to use a

smaller magnet when it is made from “Alnico” than from other perma-

Figure 79. Equivalent magnets made of different kinds of magnet materials,

comparing Alnico magnets with those of other materials.

nent magnet alloys. These alloys have a lower density and cost (when size

is considered) than the high-cobalt magnet steels, but have the disadvan-

tage of being neither forgeable, machinable, nor readily ground. Their use

is therefore limited to magnet designs which can be cast. After magnetizing,

these alloys exhibit strong anisotropic characteristics which limits the shape

of the magnets. "C" magnets, for example, are subject to domain align-

ment entirely in one direction rather than in a mean path through the

magnet.

Under proper conditions, these alloys may be used in the cast condition,

but in general, a solution heat treatment, followed by a precipitation heat

treatment is required for best and most uniform magnetic quality. The
aging phenomenon observed in the permanent magnet steels is much less

in these alloys and may be entirely absent in some of them, so that no aging

treatment of the type used for the permanent magnet steels is necessary.
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The solution treatment involves heating the cast alloy to about 2100° F.

The exact temperature varies for each grade and the casting is quenched

from this temperature in air. The quenching is followed by a precipitation-

hardening treatment at approximately 1200° F. In the case of “Alnico'' 5,

the material must be cooled from this temperature in a strong magnetic

field. The alloys are then magnetized in much the same way as ordinary

magnet steels, except that very high coercive forces must be used to obtain

the maximum properties of the material. Experimental work is still in prog-

ress to improve the properties and obtain uniform results from one lot of

magnets to the next. “Alnico’' 2 is available as a sintered powder, but the

lower density results in lower magnetic properties than in the cast alloy.

*'Alnico** alloys are now being centrifugally cast. This improves the re-

producibility of the magnetic properties; also magnets can be made to

closer tolerances than by either conventional casting or by sintered powder

methods. This method has been announced only recently and is not in gen-

eral practice as yet.

Oxide Magnets. Oxide magnets are made from metal oxide powders

pressed into desired shapes and subsequently sintered. The residual mag-

netism is generally low, but coercive forces up to 750 oersteds may be ob-

tained. Magnets containing approximately 16 per cent CuO, 34 per cent

Fe203 and 50 per cent FegO^ pressed, sintered at 1800° F., magnetized at

570° F., and then allowed to cool to room temperature have residual mag-

netism values of 3,000 to 5,000 gauss and coercive force values of 600 to

400 oersteds. Chromium, zinc, tungsten, nickel, and copper oxides have been

used in oxide magnets, but results have not been of commercial importance

to date. The low density of the oxide magnets accounts in part for the

low residual magnetism, but the performance in laboratory tests® shows

an energy product equivalent to 3.4 X 10®. Another disadvantage of the

oxide magnets is the difficulty in obtaining reproducible results from dif-

ferent lots of supposedly the same compositions. The relatively light weight

of these magnets offers interesting possibilities, and research is still pro-

gressing to develop a commercially feasible oxide magnet. The General

Electric Company has announced an iron and cobalt oxide permanent mag-
net material which they designate as “Vectolite” 61. This consists of ap-

proximately 30 per cent FegOg, 44 per cent Fe304 and 26 per cent COgOg.

The outstanding features listed for this material are: (1) a specific gravity

about half that of other solid magnet materials, (2) high electrical resistiv-

ity, and (3) high coercive force. The material is weak mechanically and
therefore magnets made from "Vectolite" preferably are sintered to final

size. ''Vectolite" has been used for rotor magnets in moving magnet instru-

ments such as tachometer indicators, where the light weight of the material

can be used to advantage (see Table 94).
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Table 94. Oxide Magnets

Composition

16 CoO; 34 FejOs; 50 FejO.

26 C02O8 J 30 Fe203j 44 Fe304
(Vectolite)

Residual Coercive
induction force
(Gauss) (Oersted)

3,600 600

1,6002 900

Energy
product
BH max.

1,030,000

500,000

Miscellaneous Permanent Magnet Materials

Precious Metal Magnets. The alloys of iron and platinum, iron and

platinum-rhodium, cobalt and platinum, iron and neodymium exhibit fer-

romagnetic properties similar to permanent magnet alloys. These are shown

in Table 95. These alloys are principally of academic interest as the cost

makes them commercially unfeasible. They are characterized by extremely

high coercive force, ranging from 1400 to 2000 oersteds, with a correspond-

ingly high energy product. These alloys with those in the following sections

are interesting to the metallurgist because they are the only ferromagnetic

materials composed principally of elements which are not themselves fer-

romagnetic in the pure state.

Special Permanent Magnet Alloys.^ ''Cunife,*' a permanent magnet al-

loy of copper, nickel and iron, and ‘'Cunico,'" a permanent magnet alloy

of copper, cobalt, and iron are distinguished by the unusual properties (for

permanent magnet materials) of being ductile, malleable, and machinable

even in the heat-treated condition. This makes it possible to produce these

materials in sheet or wire form, opening new uses for permanent magnet ma-

terials. "Ciinife” has directional properties, so that magnets of this material

must be magnetized in the direction of rolling or drawing to produce the

maximum properties. “Cunico," however, does not exhibit strong direc-

tional properties; hence magnets made from it can be magnetized in any

desired direction. ''Silmanal” is an alloy of silver, manganese, and aluminum

whose unusual magnetic properties greatly influence magnet design and ap-

plication. These include a low residual induction (Br = 600) and a large

area is required to produce appreciable total flux, but it is highly resistant to

demagnetizing influences. The coercive force. He, for “Silmanal” is 5500

oersteds, so that a demagnetizing force of 6000 oersteds must be applied to

demagnetize a '"Silmanar* magnet completely. This characteristic requires a

high magnetizing force of the order of 20,000 oersteds (40,400 ampere turns

per inch of length) to magnetize a '"Silmanar* magnet. As this makes it

difficult to magnetize long pieces, the typical shape for such a magnet is a

thin disc, magnetized across the thickness.

*‘Vicalloy,*' a cobalt, vanadium, iron alloy and ‘‘Comor' (also referred

to as ''Remalloy'') a cobalt, molybdenum, iron alloy are precipitation-

hardening alloys. These can be machined after solution heat treatment and
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before age-hardening heat treatments. Their properties and applications are

similar to those of high-cobalt steel, but since these alloys are dispersion-

hardening, they are structurally more stable^® (see Table 95).

Table 95. Miscellaneous Permanent Magnet Alloys

Type Composition
per cent

Residual
induction
(Gauss)

Coercive
force

(Oersted)

Energy
product

(BH max.)

Iron-Platinum 77 Pt; 23 Fe 5,830 1,570 3,070,000

Cobalt-Platinum 77 Pt; 23 Co 4,530 2,650 3,770,000

Iron-Neodymium 93 Ne; 7 Fe low 4,300

460

—
‘‘Cunife” 60 Cu; 20 Ni, 20 Fe 5,280

3,400

1,070,000

“Cunico” 50 Cu; 21 Ni, 29 Co 710 850,000

“Silmanal” 87 Ag; 9 Mn; 4 A1 500 5,500 60,000

“VicaUoy’^

“Comol” or “Remalloy^*
32/62 Co; 6/16 V; bal. Fe 9,600 400 2,800,000

81 Fe; 12 Co; 17 Mo 10,500 250 1,100,000

''Cunife/' '"Cunico,” and ''Silmanar* derive the properties shown by a

combination of heat treatment and cold working. The treatment for

‘"Cunife,” which is typical of these alloys, consists of prolonged heating at

1900° F., quenching in oil, prolonged heating at 1100° F., cold-rolling, re-

heating to 1100° F., and cold-rolling again.

Heusler Alloys. In the early part of the present century. Dr. F. Heusler,

working at the University of Marburg in Germany, noticed that certain

manganese-copper alloys showed decided ferromagnetic qualities. These al-

loys, with and without additions of aluminum and tin, have received some

study by research physicists and metallurgists in an attempt to determine

the nature of ferromagnetism. The alloys themselves do not exhibit out-

standing ferromagnetic properties, but their study has led to the conclusion

that ferromagnetism is a property of body-centered cubic materials,® al-

though all body-centered cubic materials are not ferromagnetic. Table 96

shows the typical chemical composition of these alloys.

Table 96. Heusler Alloys

A1 Cu Mn Pb

11.1 66.5 22.4 —
10 68 18 4
4-15 54-76 16-30 —
13 61 26 —

Testing Magnetic Materials

The design of permanent magnets is beyond the scope of this chapter

except that the design of the magnet will influence the resultant properties.

In order to test a given magnet alloy for performance, the customary bar

magnet, on which residual magnetism and coercive force may be measured,
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will give only the relative quality of the magnet material and not actual

performance figures when a different shape magnet is used. The field of
magnet testing has not been standardized, so that at present, the best

method of obtaining the desired magnetic material from a supplier is to

agree upon some magnet shape which can be readily tested and correlate

these tests with actual performance.

Figure 80 shows the application of permanent magnets in telephone

-POLE PIECES » LpoLARlZINC-l
MAGNETS

{C(mrte9V Bell Telephone Laboratories, New York, N, Y.)

Figure 80. Telephone receiver.
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equipment. The two straight bar permanent magnets are "Remalloy”; the

pole pieces are 45- 'Permalloy''; and the diaphragm is "Permendur.” The

magnets are welded to the pole-pieces to form a unit which is mounted on

projecting lugs on the die-cast frame.

Figure 81 shows a new standard line of General Electric "Alnico" perma-

nent magnet holding assemblies which combine minimum space require-

iCourte$v General Electric Co*, Schenectady, N* Y*)

Figure 81. '^Alnico'' magnet holding assemblies.
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ments with maximum holding power, ranging, from a pull of to 500

pounds.

Figure 82 shows the method of construction of the “Perma-Pulley,” a

most powerful non-electric magnet pulley used for the separation of mag-

netic particles from non-magnetic material. Full magnetic action over the

total pulley face is obtained by using "Alnico” magnets as “spokes.”

Figure 83 shows an installation of the belt drive “Perma-Pulley” at the

Arco Die Cast Metal Co. It is being used in a smelting operation for

separating steel borings and turnings from the aluminum.

Figure 84 shows a rectangular type magnet attached to the overhead

crane. It is used for lifting metals.

Note:

A number of trade marks for magnetic materials have been mentioned throughout
this chapter. The manufacturers of these materials are given below:

Allegheny-Ludlum Steel Co.

“Mumetal^
“Electric Metal 4750”

Bell Telephone Laboratories and Western Electric Co.

45 “Permalloy”
78.5 “Permalloy”
“Permendur”
V-“Permendur”
“Penninvar”
“Vicalloy”

Carpenter Steel Co.

‘*Hymu” 80
“49 Alloy”

Crucible Steel Co. of America

“Audiolloy”

General Electric Co.

“Alnico” 1, 2, 3, 4, 5, 12

“Colmolloy”
“Cunico”
“Cunife”

“Nicaloi”

“Silmanal”
“Vectolite” 61

Westinghouse Electric Corp.

“Hiperco”
“Hipemik”

A number of the above alloys are manufactured by other firms under licensee

rights.



Figure 82. Magnetic 'Terma-pulley'^

iCourtwy Dingt Magnetic Separator Co.» Milwaukee, Wit,)

Figure 83. Magnetic separator.
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Chapter XI

Electrical Contacts

Metallic contacts of some kind are essential in practically every elec-

trical circuit. The electrical energy that performs the multitude of tasks

must be controlled, in many cases instantaneously.*® This is accomplished

by small but important pieces of metal upon the dependability of which

the operation of the apparatus relies. These contacts, made of special

metals or alloys, must have the endurance to withstand the physical and

electrical impact of countless operations.

In most applications, electrical contacts are required to perform one or

more of the following three functions: (1) make an electrical circuit,

(2) carry current, (3) break an electrical circuit. At some time or other

most contacts interrupt an electrical circuit. Currents made, interrupted or

carried by different contacts * vary from millionths of an ampere to many
thousands of amperes, with circuit voltages covering a similar wide range.

Frequency of operation, ambient temperatures, the medium in which they

operate, and the time in which the circuit must be made or broken are other

variables.

To meet the wide differences in operating conditions and requirements,

an equally great variety of contacts is necessary. The materials employed

include carbon and practically all the metals, from platinum, gold and

silver to copper and iron. Contacts can be either soldered, brazed, welded,

screwed or clamped to their supports. They may be effective with a wiping,

sliding, or rolling motion, and can move slowly or with extreme rapidity.

Contact forces vary from a few grams to many pounds.

In general, contacts are considered to be “good” when they make and

maintain the required electrical circuits without overheating or causing

excessive voltage drop, and in addition resist sticking, arcing and mechani-

cal wear. Operational failures due to faulty contact are usually caused by

(1) the contacts failing to make a circuit when they close, (2) "burning-

out” or oxidizing to such an extent that they will no longer maintain a

circuit, (3) failing to break the arc when opened, or (4) welding together

and failing to open.

285
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Requirements of Contact Materials

The following properties ® affect either the life or performance of electri-

cal contacts: (1) high melting point, desirable because it tends to reduce

susceptibility to disintegration and roughening under arcing conditions;

(2) high specific heat, giving higher thermal capacity and reducing tran-

sient temperature rise; (3) high thermal conductivity, which permits rapid

transmission of heat from contacts to backing material, reducing the tend-

ency to oxidize (if the material is a base metal)
; (4) low specific resistance,

giving high electrical conductivity; (5) low temperature coefficient of re-

sistance, so that circuit resistance will not change with temperature increase;

(6) low expansion coefficient, which results in better alignment and main-

tenance characteristics; (7) low contact resistance, tending to give better

performance at high current densities, and depending on the kind of mate-

rial, condition, and shape of surfaces and pressure; (8) hardness and tough-

ness, preventing excessive wear, especially under pressure and high fre-

quency of operation; and (9) stability toward oxidation, preventing exces-

sive heating of contact surfaces due to resistance of the oxide film.

The perfect contact material therefore would have the following physi-

cal properties: (1) high electrical and thermal conductivity, (2) non-

sticking properties, (3) low contact resistance, (4) resistance to electrical

erosion, and (5) high strength and hardness. In other words, the ideal con-

tact material would have high melting point, specific heat, thermal con-

ductivity, hardness, toughness, and wear resistance, and would have also

low electrical resistance, temperature coefficient of resistance, contact re-

sistance, coefficient of expansion, in addition to non-oxidizing properties

and low final cost.

Inasmuch as no metal or alloy combines the optimum of all these desira-

ble properties, there is no universal contact material available. Some mate-

rials have high electrical conductivity and little resistance to electrical ero-

sion and sticking. The selection of a contact material therefore necessitates

a compromise in order to meet the operating conditions with the material

best suited for the purpose.

Contact Materials

Of all the elements which might be used successfully, individually or in

combination, as electrical contacts, it has been found that from the practical

standpoint of availability, performance, cost and ease of reproduction, only

the following need be considered: *

Aluminum
Antimony
Beryllium

Bismuth
Boron
Cadmium

Calcium
Carbon
Chromium

Cobalt

Columbium
Copper
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Germanium
Gold
Indium
Iridium

Iron

Lead
Lithium

Magnesium
Manganese
Mercury
Molybdenum
Nickel

Osmium
Palladium

Platinum
Rhenium
Rhodium
Ruthenium
Silicon

Silver

Tantalum

Thorium
Tin
Titanium
Tungsten
Vanadium
Zinc

Zirconium

Of these 40 elements the 14 which have been used most actively for con-

tact purposes are:

Carbon
Copper
Gold
Iridium

Mercury
Molybdenum
Nickel

Osmium

Palladium
Platinum
Rhodium
Ruthenium

Silver

Tungsten

However, the most important of these are: carbon, copper, gold, mer-

cury, palladium, platinum, rhodium, silver and tungsten. The remaining

elements listed above have proved advantageous only when combined with

one or more of the 14 widely used elements. In addition, small amounts of

other elements may be added to the above to modify their properties.

Carbon is used for contact parts where a large area is permissible and

where bulk is not a disadvantage. The large area is necessary to overcome

inherent high resistance. It is normally used in circuit breakers, as the

arcing tips on overload switches, etc. The carbon so used is impregnated

with contact metals such as copper, nickel and silver to good advantage, and

these also aid in reducing mechanical wear. In the form of carbides with

tungsten and molybdenum carbon has desirable contact characteristics.

Copper is used in both the pure and alloyed forms. It is alloyed with

silver extensively and admixed with pure tungsten or molybdenum and/or

their carbides. Copper is also incorporated with graphite. Age-hardening

alloys of copper with small amounts of silver, cobalt, chromium, silicon

and nickel as hardeners are in service.

Copper contacts have the undesirable characteristic of oxidizing when

heated in air (but not in oil). To use them safely, the contact mechanism

must provide a relatively great force on the contacts and give some sliding

or wiping action between the moving and stationary contact surfaces when

they touch or separate from each other. It is necessary to keep the contact

surfaces clean even if this means an increase in the mechanical wear.

Improvements have been made in copper-base contact alloys, such as

contactor contacts, by such additions as selenium, lead and tellurium. Ma-
terials of this class have less tendency to stick or weld together when
making large currents.

Copper containing small amounts of cobalt and cadmium possesses arc-

resisting properties. This mixture is used in circuit-breaking devices which
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must interrupt the flow of an electrical current in a short time with a mini-

mum of arc hangover. It also replaces pure copper in many types of circuit-

breaker contacts where a material of greater hardness and resistance to wear

is required. It can only be cast, as it cannot be hot- or cold-worked.

Gold is used when light pressures and low voltages are encountered, but

is unsuited for high voltages or heavy current. It is too soft for most applica-

tions and is therefore alloyed or admixed with platinum, silver or nickel.

Gold contacts are used for certain types of telephonic, thermostatic and

ultra-sensitive applications.

Iridium is seldom used in the pure form, but as an alloying element with

platinum, osmium, palladium or rhodium.

Molybdenum is used in pure form for low-current, high-voltage applica-

tions, but generally tungsten is preferred. In combination with silver, cop-

per, nickel and graphite, it has marked advantages from the standpoint of

non-welding under overload conditions. It is used in the form of carbide

with silver and/or copper, and/or nickel and/or graphite.

. Molybdenum® is used as a contact material in applications where the

electrical burden is not sufficiently severe to require tungsten. As it has a

low density, it can also be used where the higher density of tungsten may
be objectionable for mechanical reasons. Typical physical properties of

molybdenum for contacts are 10.2 grams/cc. density, 31 per cent IACS
electrical conductivity, 55 Rockwell A hardness and 150,000 psi ultimate

strength.

Nickel is occasionally used for contacts, particularly when exposed to

fumes of hydrocarbon vapors, and under conditions where highly inductive

loadings at low currents are to be controlled. Nickel is used as an admixing

and/or alloying element in conjunction with silver, copper, graphite, molyb-

denum and tungsten, and their carbides. Nickel is an active ingredient in a

number of powdered metals and sintered contacts.

Osmium is used as an alloying element with platinum, palladium or

rhodium.

Palladium is an excellent contact material both in the pure form and in

alloys. For relay contacts palladium is generally used as the pure metal, but

it is sometimes alloyed with silver, silver-nickel and silver-copper. It has

excellent resistance to oxidation and sulphidation and is standard for all

voice current-carrying contacts in the telephone system.

Palladium forms a series of homogeneous solid solutions with silver and

with nickel. Of these, the high palladium-silver alloys are most used; such

alloys may be used as a substitute for platinum-base materials on both

light- and medium-duty relay equipment subjected to chemical fumes or

prolonged exposure under adverse atmospheric conditions. Ruthenium

hardens palladium effectively, and is added to it where hardness is of major
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importance. The addition of copper to palladium increases the hardness

materially and gives an economical material having most of the desirable

characteristics of palladium. The 60 per cent palladium and 40 per cent

copper alloy is a valuable contact metal for special applications if consider-

able shunt capacity is present.

Platinum is used in the pure state for contact purposes, and may be

hardened with ruthenium, iridium or palladium. The properties of high

melting point, resistance to corrosion and oxidation, and retention of low

contact resistance over long periods makes platinum an outstanding high-

quality contact material. When platinum® is alloyed with other noble

metals, such as iridium, ruthenium, rhodium, osmium, and palladium, the

hardness and strength are increased without sacrificing the nobility of the

platinum. Commercially pure platinum is used extensively for contacts in

circuits having low electrical loads and where minimum contact resistance

and maximum reliability are essential.

The addition of iridium to platinum (up to 35 per cent) increases the

hardness, strength, and resistance to wear. Ruthenium has twice the

strengthening effect of iridium on platinum and is used up to 15 per cent.

Platinum-ruthenium alloys are generally interchangeable with platinum-

iridium alloys, and are used for aircraft magnetos and similar exacting

service.

Rhodium may be alloyed with platinum.

Ruthenium is used mainly as a hardener for palladium and platinum.

Silver in the purest form available (fine silver) is an excellent contact

material when a fair rate of wear keeps the contact clean. It has the highest

electrical and heat conductivity of any metal, but has a relatively low melt-

ing point and is somewhat soft. Small amounts of copper, nickel, zinc,

cadmium, etc., are often added to silver to improve its hardness, wear re-

sistance, tendency to stick, transfer rate, and arc-resisting qualities, as well

as to lower cost. The alloys of silver have increased hardness but lower

electrical conductivity.

Fine silver (99.9^/c) has been extensively used for current-carrying con-

tacts in heavy-duty equipment. Pure silver resists atmospheric oxidation,

but is attacked by ozone and sulphur compounds. It can be used in a wide

variety of light-duty applications, particularly when contact forces are

light, since the surface maintains a lower contact resistance than copper.

However, at low currents the resistance increases and becomes variable, so

that the effect is undesirable if electrical noise is a factor. A sulphide film

on silver causes trouble at low voltages, but it can be broken down at higher

voltages and may then be tolerable. Silver shows a tendency to transfer

under some operating conditions, and this should be recognized.

Fine silver is an economical and satisfactory contact material for d.c.



290 MATERIALS ENOINEERINO OF METAL PRODUCTS

and ax. industrial contactors that are rated up to 50 amperes. The inherent

characteristics of silver make it possible to use a minimum contact mass

and a smaller force to hold the contacts together than is the case with base

metals; but the force is greater than with the more nobte metals.

Coin silver is a silver-base alloy containing about 10 per cent copper,

and is widely used as a substitute for fine or sterling silver.® Coin silver is

used when it is necessary to maintain a relatively low contact resistance, but

when greater hardness is desired than can be obtained with fine silver. It is

recommended if the operating force is high and if mechanical deformation

is likely to occur. Sterling silver contains about 7.5 per cent copper and has

about the same electrical properties as coin silver.

A silver-base alloy containing copper and nickel is used as a substitute

for fine, coin and sterling silver. It is a low-wear resistance alloy which

retains its physical properties up to its annealing temperature of 400® C.

(752° R).

A silver-base alloy containing nickel and cadmium exhibits very low

material transfer and contact resistance under conditions of high-frequency

operation at comparatively low voltage (6-8 volts) and extremely low con-

tact forces. It is an economical substitute for platinum alloys in certain low-

voltage, low-current applications. A contact material having low tempera-

ture rise and low contact resistance is provided by a silver-base alloy con-

taining copper, cadmium and nickel, in proper proportions. It responds to

heat treatment and therefore the material, softened by annealing or brazing,

can be improved in physical characteristics.

A silver-cadmium alloy of proper composition or a silver-cadmium oxide

mixture can maintain low contact resistance over a long period of time

and is suitable for use in electrical switches forming a part of starting,

lighting, ignition or voltage-regulation apparatus in automotive and

aeronautical equipment.

Platinum additions to silver-base alloys reduce the tendency toward ma-
terial transfer at relatively low currents without decreasing the critical or

limiting current. Palladium has the same effect as platinum on silver-base

alloys and is more economical, although the electrical and thermal con-

ductivity is somewhat higher.

A silver-base alloy containing a high percentage of gold and some nickel

is characterized by its ability to withstand atmospheric corrosion and

operate at low electrical burdens with negligible metal transfer. It operates

well in tropical atmospheres in circuits of very low voltage and currents,

and can be used as a substitute for platinum-base alloys.

Tungsten in the pure and alloyed forms has many applications as a

contact material. Tungsten doped with silicon or boron is considered supe-

rior to other tungstens on normal ignition breakers. Tungsten ® and its alloys



ELECTRICAL CONTACTS 291

are excellent contact materials because of such properties as low vapor

pressure at elevated temperatures, high melting point, reasonable conduc-

tivity, good resistance to chemical attack, and relatively low cost. Tungsten

has a higher contact resistance than silver or platinum, and is not used

where a low-pressure contact material is required. Tungsten forms three

distinct oxides, one or more of which may form at comparatively low tem-

peratures. The current-interrupting capacity of simple make-and-break

tungsten points is thus limited by the possibility of serious oxidation. For

circuits similar to automobile ignition systems, the maximum current at the

instant of interruption is limited to about five amperes; above this value

oxide formation sets in rapidly. Sometimes oxidation also seems to be re-

lated to critical voltage.

Tungsten contacts are of the greatest utility in medium- and high-speed

make-and-break mechanisms where impact and mechanical stresses require

a material of relatively high strength and hardness.

Consideration of chemical purity alone is not sufficient to guarantee

maximum performance of tungsten contacts.® Electrical erosion starts at the

grain boundaries and progresses until the grains themselves are loosened

and fall away. Rigid processing control will retard wear and grain erosion

because of the resultant interlocking grain structure.

It has been found that certain contact applications respond favorably to

one type of tungsten grain structure, while others operate more efficiently

with a different type. As a result, several grades of tungsten have been put

on the market, as illustrated by one manufacturer's three grades, HA, K
and MK, each having the same density (19.3 g/cm), the same electrical

conductivity (32% lACS), the same Rockwell A hardness (70), but differ-

ent tensile strengths (120,000, 200,000 and 300,000 psi, respectively). The
difference in the three grades lies in the controlled grain size, the controlled

purity of grain boundary material, and the controlled fiber, i.e., whether

parallel or transverse to the operating face.

A number of new materials ® are highly resistant to arc erosion. Some of

them are alloys, others combinations of metals which do not alloy with

each other. In these latter compositions, refractory metals, such as tungsten

and molybdenum, are combined with highly conductive metals, such as

silver or copper, by powder metallurgy processes. Other elements are some-

times added. The resulting materials have low contact surface resistance

and other desirable properties, coupled with a marked resistance to intense

arcing and mechanical wear. Contact materials of this class are being used

in aircraft relays and switches to break inductive d.c. loads of hundreds

of amperes without arc suppressors. By manipulation of constituent mate-

rials, pressing and sintering operations, an almost infinite variety of mate-

rials is available.
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Sintered Material

One of the first items fabricated by powder metallurgical methods ^ on

a commercial scale aside from platinum, tungsten and molybdenum metals

was electrical contacts. The reason for making contacts by this process is

that the composition of most of these materials is such that they cannot be

made by the conventional methods of melting, casting, rolling, drawing, etc.

In general, the electrical contacts ^ fabricated from metal powders fall into

two classes, both from the point of view of the method of fabrication and

of the chemical composition. One class is composed of silver or copper and

a refractory metal, such as tungsten, molybdenum, or compounds thereof,

such as carbides; the second class contains a predominant amount of silver

and semi-refractory material, such as cadmium oxide, nickel, cobalt, or

graphite. Electrical contacts of the first class were developed primarily as

facing materials for heavy-duty circuit-interrupting devices. This class

unites the high melting point, high boiling point, great resistance to elec-

trical erosion, and refractory characteristics of molybdenum, tungsten, or

their carbides with the high thermal and electrical conductivities and low

contact resistance properties of silver and copper. The second class of ma-

terial is used for lighter duty or specialized applications, such as heavy-

duty, direct-current aircraft relays.

Sintered alloy contacts are generally furnished in composite form in

which a facing is applied to base metal backing, generally copper. In sin-

tered mixtures of two or more materials the individual characteristics of

each material are maintained.

Silver-nickel composition is a sintered mixture of silver and nickel

powders in which the individual characteristics of the silver and nickel are

retained. The hardness and strength of nickel is combined with the high

conductivity of silver. The result is a hard, smooth contact surface which

does not develop an appreciable oxide film. Galling is eliminated and

welding is reduced, but the constant low resistance drop of silver is main-

tained. ''Wilco Agnilite,"' “Mallory D-50" and “Gibsiloy’' are typical sin-

tered silver-nickel contact materials having an electrical conductivity about

75 per cent of that of pure silver and a hardness about 40 Rockwell B.

Silver-graphite composition is a sintered mixture of silver and graphite

powders. Non-fluxing and non-welding characteristics are imparted to the

high conductivity and non-oxidizing property of silver. “Wilco Agraphite’'

and “Mallory D-58“ are typical of such compositions. The graphite pro-

vides refractory characteristics which reduce sticking tendencies. The ma-
terial is self-lubricating, and therefore reduces scoring or galling.

Silver-molybdenum composition is a sintered mixture of silver and

molybdenum metal powders. “Wilco Agmolite“ and “Mallory G-17'' are
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such mixtures, which have an electrical conductivity of 45 per cent that

of pure silver and a hardness of 70 Rockwell B. These materials have a

very high resistance to the erosion of the electric arc, and are used where

it is essential that the contacts do not weld when interrupting the circuit.

Silver-tungsten composition is a sintered mixture of silver and tungsten

metal powders. In this material the good conductivity and low contact re-

sistance of silver is combined with the non-welding, arc-resistant qualities

of tungsten. “Wilco TungsiF' and ''Mallory 50-S'’ are typical of such

materials.

Cadmium oxide imparts non-sticking properties and, when compounded
with silver, has less effect upon the conductivity than cadmium in solid solu-

tion. It is an excellent material for current-carrying and circuit-interrupting

contacts at moderate voltage and high currents, as it maintains a low con-

tact resistance and exhibits a low loss of material. "Mallory D-52" and

"Mallory D-54'' are typical of such contact materials.

Copper-tungsten composition is a sintered mixture of copper and tung-

sten used for contact facings in heavy-duty circuit-interrupting devices be-

cause of its ability to withstand severe electrical erosion and mechanical

wear. The stability of tungsten at high temperatures and its fairly high

hardness give the material its wear-resistant and arc-resisting qualities,

so that welding or sticking of the contacts is minimized; the copper

gives the material good electrical and thermal conductivity, so that the

contacts do not overheat when carrying heavy currents. 'I he exact prop-

erties of the material vary with the proportion of its copper and tungsten

content.

Copper-tungsten carbide composition is a sintered mixture of copper and

tungsten carbide having higher electrical conductivity and higher hardness

than copper-tungsten material; it is used for devices having high impact

forces where hardness and electrical conductivity are desired.

Silver-tungsten carbide composition is used on relays and circuit-inter-

rupting devices where the contacts must carry high currents and display

good arc-resisting qualities. They show a minimum of material transfer in

repeated arcing operations and maintain a low contact resistance.

Classification of Contact Materials

Nearly all the contact materials'^ in use today can be classified under

three general headings: Silver-group Metals, Platinum-group Metals, and

Tungsten-group Metals. Alloys and combinations of these groups taken in

conjunction with certain base metals, particularly copper, cadmium, carbon

and nickel, result in a wide variety of contact materials. No contact mate-

rial is satisfactory for all purposes: each class of service requires its own

proper material, size and design. Proper design will depend not only upon
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the current to be handled, but upon the frequency of operation reliably

required, and numerous other factors.

At low frequencies, fine silver can be tentatively considered for current

values up to approximately 20 amperes. Silver is relatively cheap and is

readily fabricated. It can oxidize, and sulphur reacts quantitatively, pro-

ducing a film of silver sulphide. However, these films are stable only over

a limited temperature range and when sparking occurs, they are usually

decomposed at the points of contact because the local temperature may be

momentarily quite high. Furthermore, as these films are usually thin and

fragile, they are easily destroyed by incorporating in the design of the

device some wiping motion between the contacts. The contact resistance of

pure silver is very low except at low currents; it remains so if operating

conditions cause sufficient wear to destroy such oxide and sulphide films as

may form.

Although silver is also classed as a precious metal, its use is so extensive

that it is considered separately, since it is frequently used to replace copper.

On relays, master switches, limit switches, push buttons and similar devices

handling control circuits or currents under 10 amperes, fine silver, coin

silver, and other silver alloys are most often used.

Copper is commonly alloyed with silver to harden it. Silver-copper al-

loys have higher resistivity than fine silver, the contact resistance for a

given set of conditions generally being proportional to the amount of copper

present. For many applications where considerable mechanical action takes

place, the increased life of these alloys due to greater hardness and weara-

bility more than compensates for the slight increase in contact resistance.

Contactors, cam and drum switches or controllers, circuit breakers, rheo-

stats or similar devices, handling currents up to several thousand amperes,

usually have contacts of copper, silver, or one of their alloys. If circuits

involving appreciable current must be interrupted in a short time with

minimum arcing, copper or a copper alloy is indicated. For maintaining

a similar circuit closed for long periods of time, with low resistance and

little operation, silver is superior to copper.

Copper is subject to oxidation, and when it is oxidized it will have an

appreciably higher contact resistance. Trouble due to overheating may re-

sult. The oxidation has a time-temperature characteristic. Copper at mod-
erate temperature will oxidize if the time is long; or if the temperature is

high, oxidation can occur in a comparatively short time.

Silver does not oxidize at normal temperatures, except where ozone is

present, or at temperatures considerably in excess of normal. Silver sur-

facing of fixed contacts affords an answer to the problem of copper-

surface oxidation.

When the product of the frequency and the current interrupted becomes
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high, erosion and loss of silver becomes excessive as a result of volatiliza-

tion of the contact metal. An illustration of a high-current, low-frequency

application is the air circuit-breaker. For this application sintered mixtures

of silver-molybdenum, silver-tungsten, silver-graphite, and silver-nickel are

commonly chosen. These combinations, being physical mixtures of elements

having little or no mutual solubility, retain the properties of the component
metals. Thus the high conductivity of silver is combined with the heat re-

sisting and non-welding properties of the second element.

With an increase in frequency of circuit interruption, the magnitude of

current which can be successfully handled becomes much smaller, particu-

larly if the circuit has appreciable inductance. At moderate current and high

frequency, the rate at which electrical energy is released as heat energy in

the contact gap may become so great that only the most refractory of

metals will have a satisfactory life. Automobile ignition points make mil-

lions of interruptions in an ordinary day's driving. Even though the cur-

rent broken is usually less than 5 amperes, only high melting-point mate-

rials such as tungsten are satisfactory. Although tungsten develops little

loss of material due to volatilization under such severe operating conditions

as exist in magneto and automobile ignition systems, it does have a serious

limitation due to the formation of tungsten oxides if the peak current ex-

ceeds about 5 amperes, or if the pressure is low.

Tungsten contact surfaces, which are quite hard and wear-resisting, oxi-

dize at arcing temperatures to form a high-resistance oxide. They are used

where services are very severe and the contacts are made with an impact or

wipe sufficient to break the oxide film.

The platinum family of contacts usually comprises platinum, platinum-

iridium, platinum-ruthenium, palladium, rhodium or some alloy of these

metals. They are so expensive that the tip is usually a thin sheet. As the

metals are valuable, it may pay to use clad material in which the precious

metal is welded to a base-metal backing. Contacts made of these materials

are used when the voltage is low, current is very small, contact force is light,

or where corrosive atmospheres require them. They are also used when a

reliable noise-free contact is essential, or when lower wear than provided by

silver is required.

The virtues of the platinum group metals for electrical contact purposes

have long been recognized.^^ Their freedom from objectionable oxide and

sulphide films, and their low rate of volatilization under severe operating

conditions make them admirably suited for nearly all low and moderate

applications, regardless of frequency. In applications where the utmost re-

liability is required, the platinum metals and their alloys are unsurpassed.

For room thermostats an alloy of 85 per cent platinum, 1 5 per cent iridium

is often used. A few grams' pressure is sufficient to establish a definite low
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resistance contact. For higher frequencies of operation at greater current

values, particularly in inductive circuits, platinum alloys with higher

iridium content are recommended. Modern magnetos and similar services

use either a 10 per cent ruthenium-platinum or a 25 per cent iridium-plati-

num alloy.

An alloy containing 67 per cent osmium and 33 per cent rhodium has a

melting point even greater than that of the platinum-iridium alloys, and is

a superior alloy for low-current vibrating contacts where the utmost in

dependability and service life is required.

Typical applications of various contact materials may be given briefly:

Molybdenum: mercury switch electrodes, calculating machines, selector

contacts for card sorters, pattern needles for moving electric signs, etc.

Tungsten: automotive ignitions, aviation and marine magnetos, voltage

regulators, cash registers, electric clocks, radio vibrators, etc.

Silver compositions: make-and-break contacts for light-duty circuit

breakers, main current-carrying contacts for multi-stage circuit breakers,

heavy-duty line starters and commercial relays, etc.

Copper-tungsten and copper-tungsten carbide: Oil-immersed circuit

breakers, voltage tap regulators, air circuit breakers, arcing contacts.

Silver-tmigsten and silver-tungsten carbide: heavy duty air-type circuit

breakers (arcing tip), oil-type circuit breakers, heavy-duty industrial con-

trols, aircraft relays, and multi-breakers.

Platinum alloys: magneto ignition systems, telephone relays, household

thermostats, fire alarm indicators, recording instruments, etc.

Palladium alloys: telephone relays, recording and indicating meters, con-

trol relays, signaling relays, sensitive low voltage relays, etc.

Silver (fine) : coin-operated devices, domestic appliances, limit switches,

motor controls, general and sensitive relays, thermostatic controls, etc.

Properties of Contact Materials

The properties of contact materials vary with the composition and the

processing. Typical properties of these materials are best illustrated by the

tables published by the P. R. Mallory Company for their particular grades

as shown in Table 97.

Typical properties of the silver and copper sintered compositions are

illustrated by the properties given by the P. R. Mallory Company ® for their

products in Table 98.

Factors in Contact Operation

Successful operation of the contacts in a simple contact device depends

upon a number of factors, the most important of which are: (1) contact

resistance, (2) contact force in the closed position, (3) voltage, and (4)



Table 97. Typical Properties of Contact Materials

Principal
components

Elec-
Hardness Ultimate Elon-

Material conduc-
tivity

% I.A.C.S.

Rockwell
15T
scale

tensile
strength
(psO

gation
(% in

‘

in.)

Fine silver Ag 107 (a) 30 25,000 55
(c) 75 45,000 5

Coin silver Ag—Cu 85 (a) 70 40,000 32
(c) 83 75,000 4

‘^Elkonium” 1 Ag—Cu—Ni 68 (a) 75 45,000 32
(c) 85 80,000 4

'‘Elkonium^^ 17 Ag—Cd—Ni 30 (a) 50 35,000 55
(c) 85 68,000 4

‘‘Elkonium^' 18 Ag—Cd—Ni--Cu 43 (a) 65 40,000 43
(c) 87 75,000 3

‘‘Elkonium^^ 23 Ag—Cu 97 (a) 60 30,000 37
(c) 80 50,000 3

“Elkonium” 217 Ag—Cd 35 (a) 42 28,000 55
(c) 83 63,000 3

“Elkonium^* 36 Ag-Pt 45 (a) 45 25,000 37
(b) 77 41,000 4

“Elkonium’’ 45 Ag—Pd 58 (a) 45 27,000 37
(b)77 40,000 5

“Elkonium” 44 Ag—Pd 27 (a) 63 34,000 31
(b)80 46,000 5

“Elkonium” 70 Au—Ag—Ni 14 (a) 61 33,000 34
(b) 81 50,000 5

“Elkonium” 71 Ag—Au 40 (a) 57 27,000 28
(b) 75 44,000 5

“Elkonium” 30 Pt 15 (a) 60 20,000 35
(b) 75 33,000 5

“Elkonium” 31 Pt—Ir 7 (a) 67 55,000 20
(b)89 90,000 5

“Elkonium” 301 Pt—Ir 6 (a) 91 75,000 15

(b) 92 120,000 5

“Elkonium” 32 Pt—Ir 5.5 (a) 82 100,000 12
(b) 91 145,000 5

” Elkonium” 38 Pt—Ir 5.5 (a) 92 125,000 10

(b)97 170,000 5

“Elkonium” 35 Pt—Ir 4 (a) 80 * 170,000 3

“Elkonium” 34 Pt—Ru 4 (a) 84 70,000 15

(b)92 120,000 5

“Elkonium” 33 Pt—-Ru 4 (a) 90 100,000 12
(b) 96 145,000 5

“Elkonium” 37 Pt—Ru 4 (a) 74 * 170,000 3

“Elkonium” 323 Pt—Pd 8 (a) 77 50,000 26
(b)83 70,000 5

(c) = 4 nos. Hard
* = Rockwell 15 N Scale

(a) = Annealed
(b) = 2 nos. Hard

297



298 MATERIALS ENGINEERING OF METAL PRODUCTS

Tabus 98. Silver and Copper Compositions

Material
Principal

composition

Electrical
conductivity
% I.A.C.8.

Hardness
Rockwell

Tensile
strength

psi

D-50 Ag—Ni 70 (a) 35-50

(b) 70-85
25.000

30.000

D-51 Ag—Ni 45 (a) 55-05

(b) 83-93
25.000

36.000

D-52 Ag—CdO 90 (a) 15-25

(b) 65-75
16,000

25,000

D-54 Ag—CdO 80 (a) 35-45

(b) 75-85
16,000

26,000

D-58 Ag-C 55 (a) 0-10

(b) 15-36
6,000

9,000

20-S Ag—

W

43-48 92-99 Rb 70,000

50-8 Ag—

W

60-65 60-65 Rb 35,000

G-17 Ag—Mo 45-50 80-90 Rb 60,000

G-18 Ag—Mo 50-55 70-80 Rb 45,000

G-12 Silver-Tungsten

Carbide

50-60 50-65 Rb 35,000

G-14 Silver—Tungsten
Carbide

30-40 95-105 Rb 55,000

1W3 Cu—

W

35-42 72-82 Rb 63,000

3W3 Cu—

W

31-38 85-92 Rb 75,000

TC-5 Copper—Tungsten
Carbide

45-50 90-98 Rb 70,000

(a) = Annealed (b) = Full Hard

current. Besides the primary factors, others may affect the contact reactions,

such as (1) frequency of operation, (2) type of load, (3) type of current

(alternating or direct), (4) speed of contact separation, (5) atmosphere in

which contacts operate, and (6) size and method of fabrication.

The primary function of most contacts is to carry an electric current. It

is desirable, therefore, that they offer as little resistance as possible to the

flow of current. Such resistance is made up of two separate resistances:

(1) that of the contact material itself, and (2) that arising at the junction

between one contact and its mating contact.

Contact performance ® is affected by the material used in the contacting

surfaces. A material with a relatively high specific heat will have a large
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thermal capacity, which helps to limit the' temperature rise of the contact

surfaces. A material having high thermal conductivity will provide rapid

transfer of heat from the contact surfaces to the supporting members, thus

minimizing the temperature rise of the contact surface, as well as the pos-

sibility or degree of oxidation.

In most cases the surface resistance is of a much greater magnitude than

the actual resistance of the contacts themselves. The primary reason for

high surface resistance is the very small area which is in sufficiently good
contact for current to flow. No matter how carefully contact surfaces are

prepared, there will be minute high spots which will be the actual points of

contact. Films of gas, oil, dirt, and oxide will further reduce the effective

contact area.

As the contacts open by the force applied, the potential drop between

them rapidly increases and soon reaches the full potential difference of the

circuit. If the force to close the contacts is relatively large or is applied a

great number of times, it is apparent that the contact material must have

sufficient strength to withstand mechanical wear.

With low potential differences and light forces, a contact material must

be used that will interpose the least resistance in the circuit. Low surface

resistance will therefore be required, as well as resistance to oxidation and

to atmospheric tarnishing, which would tend to increase surface resistance.

(The contact resistance due to films, etc., is usually the more important

factor.) If heavy currents are to be carried for appreciable periods of

time, the material must have not only a low contact resistance, but also

a low specific resistance. Moreover, it must have a high thermal conductiv-

ity and a design that will permit rapid radiation of heat, so that the con-

tacts will maintain a sufficiently low temperature.

To open the circuit successfully, the contacts must be resistant to stick-

ing or welding, particularly when only light forces are available to separate

them. In circuits where an arc is formed at opening, the contact should be

of such composition that the high temperature and eroding effect of the

arc will not seriously damage the surface. A high melting point for a con-

tact material minimizes the possibility of welding or cohering. It also re-

duces the transfer of contact material during the arcing that occurs on

closing or opening a circuit. Relatively high hardness provides resistance

to mechanical wear. The outstanding material from a non-sticking stand-

point is carbon.

Such contact materials as copper, silver and gold have the best thermal

and current-conducting characteristics, but usually have a comparatively

low tensile strength, hardness and melting point. The last two metals are

subject to considerable transfer in use. However, elements such as tungsten,

molybdenum, platinum, and platinum-iridium have a high melting point
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and hardness. These, of course, are more expensive than the first group. The

specific resistance is high, but the contact resistance is low and constant.

Every practical contactor or relay contact design is generally a compromise

between the characteristics desired and those that can be obtained eco-

nomically.

In general, metals which are resistant to tarnish may be used at low con-

tact forces, while those subject to oxidation or tarnish require higher forces.

The higher force tends to break through the tarnish film or oxides.

It is generally assumed ^ that a metal or alloy of high conductivity will

be inherently low in contact surface resistance. This is not necessarily true.

Copper is an excellent conductor, but a poor contact material where low

pressures and low voltages are encountered. However, it is the most widely

used contact material. Tungsten and platinum are only fair conductors, but

excellent contact materials in the different services for which they are in-

tended. Silver is one of the best conductors, and is second only to copper

in the extent of its use as a contact material. The effectiveness of a contact

rnaterial, as far as surface resistance is concerned, is determined not by its

inherent conductivity, but by its ability to retain a surface of low resistivity

after prolonged use.

Important current characteristics in contact selection are: (1) amount

and type of current, (2) frequency of operation, (3) voltage to be inter-

rupted, (4) speed of opening and closing, (5) contact pressure, (6) ambient

temperature, and (7) atmosphere in which the contacts operate. Circuit

characteristics—inductive, restrictive, or capacitative—should be con-

sidered, as well as the methods used for closing contacts, whether gravity,

mechanical, or magnetic.

Electrical contact materials employed in circuit-breaker applications

have been known to weld or ''freeze" when heavy overcurrents or current

surges are passed between two contacts held together by a static force. It is

the function of circuit-breaker contacts to carry short-circuit currents and

heavy current surges without welding, so that the contacts may be parted

by the supporting mechanism when the trip device operates.

Welding of circuit-breaker contacts has been known to occur in the short

interval between the start of an abnormally high current and the operation

of the circuit-breaker mechanism moving as quickly as possible against the

inertia of its parts. However, welding is most probable in circuit breakers

when a time delay device, such as a bimetal strip, is employed to provide

an interval between the initiation of a current surge and the operation of

the circuit-breaker trip device.

The useful life of electrical contacts is determined to a great extent

by the degree of arcing that occurs when the contacts close or open a

circuit.
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The principal cause of arcing ® when contacts close to energize a circuit

is the rebound or bouncing of the moving contact off the stationary contact.

Also, a wiping or sliding action between the moving and stationary contact

surfaces produces some arcing, as the point of contact is transferred from
one point to another. Because the magnitude of the contact bounce or

wiping action is directly determined by the mechanical design of the

contact-operating mechanism, careful consideration must be given to the

mechanical design of contactors.

In general, the moving contacts of electromagnetically operated relays

and contactors shift extremely rapidly from one position to another. During

the closing operation, the kinetic energy of the moving contact assembly

often produces contact bounce. Sometimes this can be reduced by making

the moving contact assembly as light as possible, by utilizing a relatively

high initial contact force, or by decreasing the contact velocity to a mini-

mum practical value. Fortunately, there is usually some friction in the

moving contact assembly which helps to reduce the magnitude of the re-

bound and to damp the contact oscillation.

Failures

Practically all failures ^ come under one of the following classifications:

(a) Contacts fail to open.

(b) Contacts close, but fail to conduct current.

(c) Contacts overheat.

(d) Abnormal or excessive contact voltage drop.

(e) Abnormal or excessive wear or disintegration.

(f) Abnormal transfer of metal from one contact to the other.

There are two common causes of failure to open: either the contacts

actually weld, or they stick together mechanically because of excessive

transfer of material. When contacts stick suddenly with no preceding

marked increase in resistance, so that a force of several ounces is required

to separate them, the cause is actual welding. This can be prevented by

(1) using a non-welding contact material, if possible, such as tungsten,

graphite, or one of the refractory powdered metal compositions; (2) using

larger contacts of the same material; (3) altering the design of the device;

(4) increasing the break forces; and (5) altering the circuit.

In most cases ^ where contacts fail to open, it will be found that they have

stuck together mechanically because of pitting or transfer. Migration or

transfer of contact material involves the development of a pit in one contact

and a cone or pyramid of corresponding shape and size on the face of the

mating contact. This situation is most common in d.c. circuits and seldom

occurs in a.c. circuits. The direction of transfer sometimes can be altered

by reversing the current or by changing the circuit constants. Transfer can
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in many cases be reduced or entirely eliminated in d.c. circuits by using

dissimilar contact materials.

The appearance of the metal transferred from one contact to the other

will vary over a wide range. It is possible, however, to classify transfer

generally into two types: dome and needle. Dome transfer, as the name

implies, appears as a small mound of metal added to the contact face; a

corresponding depression or crater exists in the mating contact. Needle

transfer consists of a long thin spike; the crater in the mating contact often

looks as if a small hole had been drilled in the contact face. In some cases

a combination of both types of transfer may occur. Dome and needle

types of transfer are shown schematically in Figures 85 and 86.

Figure 85. Dome type transfer. Figure 86. Needle type transfer.

Transfer ^ to the negative contact is frequently attributed to the action of

the electron stream in the contact spark, where the length of the contact

opening is less than the main face path of the electrons. The cathode (nega-

tive contact) remains relatively cool because it is bombarded by only a

few positive ions, whereas the anode (positive contact) is heated by the

electron bombardment. As a result, the anode tends to vaporize at various

local hot zones. The positive metal ions thus formed are then trans-

ferred by the intense electrical field between the open contacts to the

cathode.

Figures 87 and 88 illustrate a severe type of negative transfer on punched

tungsten contacts. Figure 88 shows the transfer, somewhat of a dome type;

in addition, a small needle portion exists in the area in the upper left.

Figure 87 shows a section of the crater in the mating contact. It will be
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noted that the electrical conditions have been severe enough to tear the

grains of tungsten away from the adjacent metal.

Transfer to the positive contact is commonly explained® as occurring

when the length of the spark or arc is greater than the primary electrons

near the free path, so that the electrons emitting from the cathode strike

and ionize or excite the gas molecules in the gap. Then if current and voltage

are sufficient, an arc is formed. As a result, the cathode is bombarded by the

positive ions and it begins to vaporize more than the anode, with resultant

migration of material toward the anode.

If the nature of the failure is abnormal transfer, the cause may be

( 1 ) improper contact material
; (2) faulty circuit design, requiring a change

in inductive, resistive or capacitative values, or even the use of short leads

in the arc quenching circuit; (3) mechanical, where the speed of contact

separation or contact pressure must be changed; and (4) electrical, neces-

sitating the use of larger contacts or different contact material.

Transfer of contact material may be overcome (1) by using dissimilar

materials, (2) using greater break force, (3) changing the inductive, resis-

tive or capacitative value in the circuit, (4) more careful alignment of

contacts.

When contacts close, but fail to establish a circuit, the cause may be in-

sufficient pressure, oxidation or corrosion. By using greater closing force,

tension failure due to insufficient pressure can be overcome. Oxidation is

usually caused by arc action and can be overcome by employing a wiping

or rubbing action as the contacts close. A hammering action, which tends

to break up oxide, serves to keep the contacting surfaces clean. Oxidation

can also be remedied by using non-oxidizing materials, or by quenching the

arc by means of a condenser or resistor in the circuit.

Foreign material on the contacting surfaces will also cause failure to

establish a circuit, and can be eliminated by operating the contacts with

the surfaces in a vertical plane or by properly enclosing the contacts or the

entire device. When contacts close, but fail to conduct current due to cor-

rosion on the surfaces, it is advisable to use a more corrosion-resistant

material or to protect the contacts by enclosing them.

Overheating of contacts is caused by high contact surface resistance, by

improper contact, or by faulty assembly. The resistance may be at the con-

tact surface or caused by loose assembly. Contacts which operate at exces-

sive temperatures tend to arc more severely and thus to transfer and weld

more readily. If there is high contact surface resistance, the remedy is to

use larger contacts or dissimilar contact materials. Overheating due to im-

proper contact can also be corrected by this means. However, if it is due to

improper assembly, the method of assembly must be improved or larger

backings used.
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Sometimes high contact surface resistance is due to failure to dissipate

heat generated by the arc. This trouble is often overcome by increasing the

thickness of either the contact itself or the backing. Or it can be corrected

by assembling the contacts by welding or soldering, rather than by rivet-

ing or using lock nuts with screw-type contacts.

{Courtesy P. R. Mallory A Co., Indianapolis, Ind.)

Figure 87. Crater in mating contact to that shown in Figure 88.

Abnormal voltage - drop is associated with contact surface resistance. It

may be due to incorrect contact material, to circuit conditions or to me-

chanical conditions. Insufficient or too great arc quenching can cause this

difficulty. Bad mechanical conditions that also tend to increase contact

voltage drop are insufficient pressure, chattering, and lack of rubbing or

wiping action.

Abnormal wear may be purely mechanical, or it may be erosion caused

by arcing. Mechanical wear can be reduced by less pressure, less rubbing
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or wiping, or less hammering action. Changing to a harder contact material

is sometimes necessary. If wear is due to a circuit condition, it is wise to

reduce arcing or change the speed of make and break. If the contact material

is improper, arc-resisting or more wear-resistant material should be used.

{Courtesy P. R. Mallory <fc Co., Indianapolis, Ind.)

Figure 88. Negative transfer on tungsten contacts (lOOX magnification).

Design

The engineer designing circuit-interrupting equipment'® is interested in

obtaining electrical contacts that will give maximum performance at mini-

mum cost. These objectives can be best attained if consideration is given to

the shapes, tolerances, and physical characteristics of contacts that can be

produced by standardized manufacturing procedures, before the final design

of the device is completed.

The principal factors to be considered in contact design are: (1) Electri-
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cal and mechanical factors of the equipment, and (2) physical character-

istics of the contact material that may govern the construction and method

of fabrication.

From the variation in physical properties previously indicated, it is evi-

dent that different designs are required for different materials. Soft, ductile

materials, such as silver, most silver alloys, palladium and platinum, can

be cold-headed into many sizes and shapes. Rivets headed from wire can

be riveted or spun to the contact support. If the size of the rivet required is

large, a composite construction in which a disc of the contact material is

attached to a base-metal backing may be more economical. Such base-metal

backings in common use are steel, brass, bronze, copper, “Monel" and

nickel. Brass and steel adequately serve most applications.

In situations where pure platinum is too soft for contact uses, it can be

hardened by alloying with iridium, ruthenium, or palladium. Palladium,

generally unalloyed, is suitable for most applications at and below one

ampere. Composite designs are generally used for economy.

As pure tungsten is quite hard and somewhat brittle, composite designs

are used for practically all applications. Though tungsten contacts usually

employ a steel backing, nickel is sometimes preferred.

The ductility of the pressed powder compositions, such as silver-tungsten

and silver-molybdenum, is low, again generally calling for the use of com-

posite designs. The contact facing may be brazed to backing materials, such

as copper, steel, nickel, brass and bronze. The pressed powder compositions

are generally used where high currents are involved. Since copper and

copper alloys afford maximum electrical and thermal conductivities, they

are generally used for supports.

Make-and-break contact devices “ are fabricated in a variety of forms

for widely different purposes. They may be small switches or relays actu-

ated by light forces and carrying low currents, or they may be extremely

large units requiring greater force to actuate. Likewise, the contacts used in

such devices vary from small rivets of pinhead size to relatively massive

contactors requiring several pounds of material. Depending on the services,

the material used may range from relatively soft fine silver to extremely

hard tungsten.

Although contacts of many shapes and sizes are in use, the majority may
be found in one of the following groups:

( 1 ) Rivet type

(a) solid rivet

(b) composite rivet

(2) Screw type

(3) Button or projection welding type

(4) Special shapes



ELECTRICAL CONTACTS 307

Silver is furnished in the form of solid silver rivets, silver-steel laminated
buttons for projection welding, composite (silver-faced) rivets, and inlay

and overlay strip.

Silver-steel laminated buttons have become one of the most extensively

used types of contacts. Steel-back contacts were developed to provide con-

tacts which could be welded to their supporting members by means of pro-

jections formed on the steel back. The laminated construction offers econ-

omy in the use of silver. The silver facing consists of solid, hard-rolled silver

bonded to steel. "Monel” or nickel-silver may be used in place of steel in

the backing material where preferred to avoid rusting, and so forth.

Screws provide a means of easy adjustment and assembly of contacts in

many electrical devices. The contact facing material is usually silver, but

may be tungsten, platinum and their alloys.

Silver inlaid or overlaid on a base metal provides an economical and ideal

contact material for many devices. Economy is afforded by limiting the use

of silver only to the amount necessary for successful bonding to the base

metal. Mechanical strength, spring properties, corrosion resistance, ability

to withstand high temperatures, and other desirable physical properties can

be secured by the selection of the appropriate base metal.

Table 99 gives a tabulation of sizes of silver contact rivets which have

been found generally satisfactory for various current ranges.

Table 99. Sizes of Silver Contact Rivets

Maximum
amperes Diameters Thickness

Under 1 0.078"-0.125" 0.018"-0.031"

1-5 0.125"-0.250" 0.026"-«.047"

5-10 0.187"-0.312" 0.050"-0.062"

10-20 0.312"-0.500" 0.062"-0.093"

Selection * of contacts to make and break an electrical circuit involves

two fundamental factors: the choice of a material and the choice of a design.

The former depends upon the electrical and mechanical characteristics of

the apparatus. The design of the contacts is determined in general by the

size and shape of the circuit-interrupting portion of the device.

The many factors involved in selecting a contact material make it difficult

to offer specific recommendations for general applications. The choice of a

material and a design can best be made by balancing the physical and

electrical and mechanical characteristics of a given apparatus.

The design of the complete contact member is of fundamental importance.

The material from which the contact arm is fabricated, its design and the

method of assembly all directly affect the life and efficiency of the contacts.

There is always the possibility of using combinations of materials to

accomplish intermediate results. For example, tungsten may be used sue-



308 MATERIALS ENGINEERING OF METAL PRODUCTS

cessfully against fine silver, and platinum-ruthenium may be used against

tungsten. Such combinations give the net effect of one low-contact resistance

material operating against another which is resistant to welding. For

further pairing of contacts of dissimilar materials there are silver with

molybdenum and silver with silver-tungsten composition.

iCourte$y P. R, MaUory dt Co,, Indianapolis, Ind,)

Figure 89. Different contact designs.
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Contact members* can be made in various styles, shapes and sizes to

achieve certain desired results. Operating movements can be made slow or

fast, and contact pressure controlled to suit circuit conditions. A wiping,

rubbing, or hammering action can be employed to remove oxidation and

keep surfaces clean. A rolling or hinge action can be used to minimize dan-

ger of sticking or welding. Protection against arc erosion can be obtained

by the use of arc-quenching devices such as condensers or resistors, or by

proper balance of the circuit.

Figure 89 shows examples of many designs of electrical contacts for a

large number of types and sizes of electrical apparatus using contacts.

{Courtesy Oibson Electric Co., Pittsburgh, Pa.)

Figure 90. Transformer tap changer.

Figure 90 shows a straight-line transformer tap changer on which the steel

springs (1) maintain a heavy unit contact pressure between "Gibsiloy"-

faced contact sliders (2) and “Gibsiloy” contact buttons (3).

A number of registered trade-mark alloys are mentioned in this section.

The manufacturers of these alloys are as follows;
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Gibson Electric Co., Pittsburgh, Pa.

“Gibsiloy”

P. R. Mallory & Co., Indianapolis, Indiana.

1W3 G-12 “Elkonium” 1 ‘^Elkonium ” 36

3W3 G-14 >1
17

it 37

20S G-17 )) 18
it 38

50S G-18 »» 23
it 44

D-50 HA 30
>> 45

D-51 K it
31

))
70

D-52 MK >> 32
if

71

D-54 TC5 a 33 t) 217

D-58 ft 34
if 301

it 35
if 323

H. A. Wilson Co., Newark, N. J.

Agmolite ** ‘
‘ Agraphite ”

“Agnilite’* ^^Tungsil”
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Chapter XII

Thermostat Metals

Thermostat metal is defined as “a composite metal usually in the form

of sheet, strip, rod or wire, comprising two or more metals which by virtue

of the differing expansivities of its components, tends to change its curva-

ture when subjected to a uniformly distributed change in temperature.”

A thermostat metal comprising only two metal components is called a bi-

metal. Most thermostat metals produced today are bimetals.

As the name implies, bimetal is a composite metal half of whose cross-

section is composed of a high temperature coefficient of expansion metal,

and half of a low temperature coefficient of expansion metal. This dif-

ference in expansion is responsible for the unique property of moving, or

more properly bending, of the composite material with a temperature

change. One layer tends to expand or contract more than the other when
the temperature of the composite is changed, and forces are set up which

cause the strip to bend.

The two metals are permanently welded together throughout their entire

surface of contact by a direct high-temperature, high-pressure process with-

out any bonding material. This joint is very important, since a uniformly

good weld is necessary to resist the shearing stresses which exist in the

joining plane when the composite is warmed or cooled in service operation.

The composite plate of bimetal, after welding, is either rolled into sheet

or strip, or sheared and drawn into rod or wire. The material may also be

cut, trimmed and shaped into various forms.

The function of a thermostat metal is to convert heat energy or electrical

energy directly to mechanical movement. Therefore, differential expansion

offers a basis for indicating and controlling temperature over a wide, use-

ful range in an accurate and inexpensive manner.

When the bimetal ^ is heated, a warping action is produced. This change

in curvature, or the force developed by restraining this deflection, provides

a simple, reliable and compact means of transforming heat into mechanical

movement. The heating may be the result of electrical heating by induction

or resistance, or by conduction, convection or radiation.

Thermostat metal forms the temperature-sensitive element in devices

where protection from overheating or controlled temperature is necessary,

311
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or where the device is a measuring unit and automatic compensation for

changes in temperature is required.

Basic Principles

When an element of thermostat metal is heated, the component with a

high coefficient of expansion will expand a certain amount, while the other

component having a low coefficient of expansion will expand relatively little.

In the same manner, when the element is cooled, the component with a high

coefficient will contract a certain amount while the other component hav-

ing a low coefficient will contract very little. The result of this difference in

the expansion or contraction of the bonded metals is a bending action.

Thus, if a strip of thermostat metal is flat at some given temperature,

on heating it will bend to the arc of a circle with the high-expansion metal

convex. On return to its original temperature, the strip will again be flat.

If the strip of thermostat metal is cooled below the given temperature, it

will bend to the arc of a circle, but with the high expansion side concave,

again becoming flat on returning to its original temperature. This differen-

tial thermal expansion is schematically illustrated in Figure 91.

High ExpAAsion MeUl

a ;
Low Expansion Metal

Cold Position

Hot Pogitio&

High Expansion Metal

Low Expansion Metal

Figure 91. Differential thermal expansion.

This change in the radius of curvature depends on the thickness of the

thermostat metal, the difference in the coefficients of expansion of the com-

ponents, and the magnitude of the temperature change. This basic char-

acteristic is called "flexibility," and is defined by the following formula:

„ — R^
Ta-T,

where F flexibility or the change in curvature

per unit temperature change for unit

thickness

R =» radius of curvature in inches

t » thickness in inches

Tz — Ti - temperature change in ® F
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Curvature change, R, of a narrow bimetal strip of thickness t on heat-

^2 degrees, when the difference in mean expansivity of the
components over the temperature range chosen is A, is given by the

equation R = evident that the change in curvature,

other things being the same, is inversely proportional to the thickness of

the bimetal : the thinner the strip, the more it should move when heated.

Bimetal is often used as a cantilever; that is, a strip is held rigid at one
end and does useful work such as tripping a latch at the other end. This is

the simplest form of mounting and one well adapted to illustration.^ A
narrow bimetal strip so mounted is shown in Figure 92. Deflection x at

Figure 92. A bimetal strip mounted
as a cantilever beam b would rise to a
position a if the motion were not pre-

vented by an imposed load, as W.

the free end may be calculated from the curvature change on heating, and

the active length L by means of the relation x = \/2lJR when the change

in curvature is very small. Combining with the previous equation, we have

_ 3LM/?
^ 4t •

Thus it is seen that a given bimetal strip, heated over a specified tem-

perature range, will deflect an amount directly proportional to the square

of the length and inversely proportional to the thickness. Hence for maxi-

mum sensitivity it should be as long and thin as possible.

A bimetal is often required to exert considerable pressure at the free

end in order to actuate a mechanism. This means that a certain amount

of thermal deflection must be annulled. The efficiency of bimetal for this

type of service may therefore be measured by the load, W, at the free end

required to annul unit thermal deflection. This property is often called

"activity.^'

From elementary mechanics it may be stated that the deflection of a

cantilever loaded at the free end is inversely proportional to the elastic

modulus of the beam. Hence the activity of a bimetal is proportional both

to the difference in expansivity of its components and to the effective elastic

modulus of the combination. One may therefore improve the activity by

increasing either the difference in expansivity between its components or

their mean modulus of elasticity. Little can be accomplished by the latter
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alternative, however, because the elastic modulus of metals responds only

slightly to alloying.

The significance of the foregoing observations can be better appreciated

if the magnitude of the operating stresses is calculated. It has been shown

that the stress distribution at an elevated temperature in a bimetal free

from stress at room temperature is that shown in Figure 92, when the com-

ponents have the same elastic modulus. The stress at the joint between the

components is twice as great, and of opposite sign from that at the outer

surface of the same component. The value of the maximum stress, p, is

given in terms of the modulus, E, by the equation p = 1/2EAT. Thus a

strong, uniform joint is necessary.

Derivation of Thermometal Formulas ^

A mathematical analysis will show that a straight narrow strip of ther-

mometal will bend to an arc of a circle. The radius of this arc can be ex-

pressed:

_l ^ %fT(ti H~ t^i\U.E\Ei

R 3 {titi)Hit2EiE2 “h {tiEi "t" tiE^ {t]^E\ -j- t^E^^

Where R *= radius of curvature

T =* Tj — Ti « temperature change

/ = /i — A « difference in coefficient of expansion

h * thickness of element (1)

ti = thickness of element (2)

El s= elastic modulus of element (1)

Ei =» elastic modulus of element (2)

This is the fundamental relation between the properties of the two ele-

ments of a bimetal and its behavior with a temperature change.

Differences in the elastic moduli of the elements now being used in ther-

mometals affect the rate of curvature only slightly, and when the moduli

are equal the formula reduces to

J ^ QfTtitj

R (ti “h tiy

The curvature is greatest when the thickness of the two elements are

equal, so if the total thickness f

I ^ SfT

r"" 2t

Neither the rates of thermal expansion nor the elastic moduli of most

materials are uniform over wide temperature ranges, but in the practical

application of thermometals there is a temperature range where the curva-

ture can be expressed by the equation :
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where ft is a constant for each thermometal which depends on the difference

in thermal expansion and the ratio of the elastic moduli of the two ele-

ments.

If we have a straight strip fastened at one end and free to move at the

other then d, the distance moved by the free end, will be approximately
/2

where I is the effective length of the strip, so that

d ^ k
t

This is the form of the equation generally used for estimating the be-

havior of straight strips.

Many thermometal parts are in the form of helices and spirals. Neglect-

ing the relatively small change in length of the strip, it can be shown that

the angular rotation between the end of a coil is

A = 360 , TL
k—

TT t

= 114.6fc
TL

t

where A is the angular rotation in degrees.

When the temperature of a piece of thermometal is changed, a force is

required to keep it from moving. We can consider this force to be that which

would be required to restore the strip to its original position after it had

deflected freely. I'hen, by combining the temperature-deflection formulas

above with the more common load-deflection formulas of beams and coil

springs, we arrive at formulas expressing the relation between temperature

and force for thermometals. For a straight strip fastened at one end and

touching a stop at the other end.

P =
4 I

where P is force exerted at the end of a straight strip of uniform width w.

For coils

where M is the torque of coil.

In many applications thermometal must do work. If it is already sup-

porting a load and must merely move this load, the amount of movement

for a given temperature change will be the same as when the strip carries no

load. If the strip must pick up a load and also move it, the total tempera-

ture change required will be larger and can be divided into two parts. One

part is required to produce a force equivalent to the load and the remaining

part to produce the movement. An expression of the ability of a thermo-
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metal to do work is reached by combining the formulas for temperature-

deflection and force. With one half of the temperature change producing

force and the other half producing movement, we have for a strip of uniform

width fastened at one end,

The work which a piece of thermometal can do is proportional to its

volume, modulus of elasticity, the square of the constant k, and the square

of the temperature change.

Relatively high stresses are set up in thermometals by temperature change

alone, and the value and distribution of these stresses are changed when

the thermometal is not free to deflect, or if it carries a load. In a freely de-

flecting strip with elements of equal thickness and elastic moduli it can be

shown that the change in stress 5 will be:

4 3

Tension in high expanding side and compression in low expanding side at outer fiber.

sb
2 3

Compression in high expanding side and tension in low expanding side at junction.

If the Strip is fastened at one end and bears against a stop at the other

end the change in stress at the fastened end would be:

^ MI = 7A;igT^8 6
'

Compression in high expanding side and tension in low expanding side at outer fiber.

This is almost twice the maximum stress introduced in a piece which is

free to deflect. It is evident that a thermometal should not be strained over

a large temperature change.

Knowing the maximum stress which may be applied to the elements and

the temperature-deflection characteristics of a given thermometal, one can

approximate the temperature range over which it will operate without tak-

ing a set.

The distribution of stress in a thermometal depends on its history. Proper

treatment of a piece of thermometal would place low stresses at the dan-

gerous section at some intermediate temperature in the range of operation,

so that the stresses will be compressive at one limiting temperature and ten-

sile at the other.

Computed stresses should be used with care in any attempt to reach a
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limited load condition. Generally, observations on the performance of a

thermostat should be made after the assembly has been held at temperatures

below the minimum and above the maximum it will reach in service.

The derived formulas given in the foregoing apply strictly to narrow

strips, as only the longitudinal expansion and contraction were considered.

Actually the elements change dimensions in all directions and the trans-

verse expansion or contraction causes a strip to bend across its width as well

as along its length. In some applications the effect of this cross bending is

appreciable, particularly in short, wide strips and in curved strips, where the

width approaches the radius of curvature of the strip. No general formulas

can be given to cover the variables of shape and dimensions, but those given

above, with the constants, serve as a useful guide in determining approxi-

mate dimensions for the most common forms.

Thermostat Material

Alloys having the proper physical properties, including widely differing

expansion coefficients, are the most suitable materials for thermostat pur-

poses. The selection is also dependent upon the properties required in the

thermostat metal, i.e., high deflection, high torque, electrical resistivity

graduated for various electrical applications, and combinations of the above.

In general, single-phase (solid solution) alloys® are preferable to alloys

containing intermetallic compounds or those which are characterized by a

changing solubility of one of their constituents with changes in temperature.

The expansion rate must be reversible, not only in the temperature range

in which the thermostat is intended to function, but also in any range to

which it could be subjected.

The commercial applications of bimetal began after a low-expansion

alloy, such as “Invar” (34-36 per cent nickel, balance iron), became avail-

able. This alloy had an expansivity very close to zero at room temperature.

It also had the necessary strength and endurance for high-temperature ap-

plications.

Brass-“lnvar” bimetal has an exceptionally high sensitivity at room

temperature, as does also silicon bronze-” Invar.” These two combinations

are widely used, but they are not satisfactory where temperatures much

above 100° C. (212° F.) are encountered. “Invar” was used for the low-

expansive side, and various copper alloys for the high-expansive side.

Bimetals having better stability and ability to survive overheating are

desired. An austenitic corrosion-resistant steel can replace the brass or sili-

con bronze in these. Sensitivity is sacrificed here to obtain the improved

characteristics. If an austenitic nickel-manganese steel is used as the high-

expansion component, the stability of a ferrous alloy, as well as the high
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sensitivity of brass-'lnvar/' can be secured. These bimetals can withstand

overheating to 150° C. (302° F.) and still retain high sensitivity.

When applications for the use of bimetal at temperatures around 300° C.

(572° F.) arose, and where high sensitivity and stability were also re-

quired, a 42 per cent nickel-iron alloy was used in place of the 36 per

cent nickel alloy (“Invar*'). The expansivity of the 42 per cent nickel alloy

is higher at room temperature than that of “Invar.” However, at and above

150° C. (302° F.) “Invar** expands rapidly, whereas the 42 per cent alloy

has a range of low expansivity extending from 150 to 300° C. Consequently

bimetals employing the 42 per cent nickel alloy have a high sensitivity at

their operating temperature and a low sensitivity at room temperature.

One component used with the 42 per cent nickel alloy is “Monel” metal

containing about 67 per cent nickel and 30 per cent copper. The main ad-

vantage of using “Monel” is ease of fabrication. “Monel** is closer to the

low-expansion nickel alloy in physical properties, other than expansion,

than any other useful component. The chief disadvantage of “Monel” bi-

metal is low sensitivity—about two-thirds that of brass-” Invar.** Greater

sensitivity has been attained in high-temperature bimetal by using aus-

tenitic steels in place of “Monel,** but fabrication difficulties are encoun-

tered because of the difference in hardness.

A high-manganese alloy, containing 75 per cent manganese, 15 per cent

nickel, and 10 per cent copper, has been used as a material for the high-

expansion side of a thermostatic metal. Chace No. 772 Alloy, containing 72

per cent manganese, 18 per cent copper and 10 per cent nickel, is another

high-manganese alloy used for the high-expansion side.

In addition to bimetals, recent needs have also brought about the manu-
facture of trimetals.'* In many cases it was necessary to improve the current-

carrying capacity of thermostatic bimetals, and a layer of cadmium-copper

between the “Invar** and the brass has solved this problem.

To meet all present demands for dependable bimetal, thermometals are

available in many types, the more common of which are marketed under

the manufacturers* respective trade marks. In most cases the compositions

of the low- and high-expansive side of each proprietary thermometal are not

given, since they are not generally disclosed. However, the wide selection

of thermometals, covering a broad temperature range, enables the user to

select a metal exactly suited to the user or product.

Two well known commercial bimetals® known as “Highflex** and “High-

flex 45” have both the following compositions:

‘‘Highflex”: High-expansive side (18 Ni, 11 Cr, 0.25 C, bal. Fe)
Low-expansive side (36 Ni, 0.12 C, bal. Fe)

“Highflex 46”: High-expansive side (19 Ni, 0.9 Mn, 2 Ct, 0.5 C, bal. Fe)
Low-expansive side (36 Ni, 0.12 C, bal. Fe)
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Table 100 shows some typical bimetals with the average ratio of thermal

expansion of their component elements and also the maximum temperature

for active deflection; Table 101 shows some typical bimetals with their cor-

responding useful temperature ranges.

Table 100. Typical Bimetals^ Their Ratio of Thermal Expansion and Maximum
Temperature for Active Deflection *

Bimetal element

Average ratio of thermal
expansion of component

elements at 100° F.

Maximum temperature
for active deflection

C F.)
Low-expansive

side
(%Ni-Fe)

High-expansive
side

36 Iron 1:6.5 400
36 Nickel 1:8 430
36 67%Ni—23%Cu 1:8.5 460
36 Copper 1:10 400
36 22% Ni—8% Cr-Fe 1:10.5 480
36 Brass 1:12.5 300
40 Brass 1:5.5 300
40 67% Ni—23% Cu 1:4 550
42 67% Ni—23% Cu 1:2.5 600
42 22% Ni—8% Cr-Fe 1:3 750

Table 101. Typical Bimetals and Their Useful Range

Bimetal element
Useful temperature

range

Low-expansion side High-expansion side CC.) (° F )

“Invar’’ (36 Ni, Fe) 27 Ni, 5 Mo, bal. Fe
27 Ni, 5 Mo, bal. Fe

25-190 77-374

42 Ni, bal. Fe 60-500 140-932

“Invar” (36 Ni, Fe) Nickel 60-190 140-374

42 Ni, bal. Fe Nickel 20-350 68-662

42 Ni, bal. Fe
j

42 Ni, 6 Mo, bal. Fe 130-400 266-752

“Invar” (36 Ni, Fe) 42 Ni, bal. Fe 250-340 482-644

Properties. Since bimetal is composed of layers of metal, its physical

properties are determined by its components, its fundamental property

being able to change curvature with change in temperature. On these com-

ponents depend such properties of bimetal as permanence of calibration,

maximum allowable temperature, operation temperature, rate of deflection

with temperature change, mechanical stiffness and strength, workability,

electrical and magnetic properties, and size and shape of the bimetal unit

which must be used for a given application.

In addition, the useful properties of thermostatic metal, such as deflec-

tion and force exerted due to temperature change, depend on the strength
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Table 102. Type No. S65 Standard

Material: ‘‘Invar** and 60-40 brass.

Operating Range: 0-300° F.

Heat Treatment: 350° F. for one hour.

Electrical Resistance: 68 ohms/sq. mil ft.; 84 ohms/circ. mil ft.

Modulus of Elasticity: 17,500,000 psi.

Straight Strips

Deflection _ 0.00000807*

(inches) (

Pull „ 560TWt^

(ounces) L
PuU ^ 70,000,000dTr^^

(ounces) L*

Coils and Helices

Angular Rotation _
(degrees)

Pull

(ounces)

Pull

(ounces)

0.00096TL

t

r

400,000TF/8A

Lr

Type No. 360 Medium

Material: “Invar** and 22 per cent nickel, 3 per cent chromium steel.

Operating Range: 0-400° F.

Heat Treatment: 450° F. for one hour.

Electrical Resistance: 410 ohms/sq. mil ft.; 520 ohms/circ. mil ft.

Modulus of Elasticity: 25,000,000 psi.

Straight Strips

Deflection 0»00000707*L^

(inches) t

Pull ^ 7Q0TWt

(ounces) L
Pull ^ 100,000,000IF^^

(ounces) L^

Coils and Helices

Angular Rotation
(degrees)

Pull

(ounces)

PuU
(ounces)

0.00084TL

t

mTWt^
r

571,000TTM

Lr

Type No. Ji25 High Temperature

Material: 42 per cent nickel steel and 22 per cent nickel, 3 per cent chromium steel.

Operating Range: 0-6(X)° F.

Heat Treatment: 650° F. for one hour.

Electrical Resistance: 349 ohms/sq. mil ft.; 436 ohms/ circ. mil ft.

Modulus of Elasticity: 23,000,000 psi.

Straight Strips

Deflection ^ 0.00000697*L^

(inches) t

PuU ^ 6357*Tr^^

(oimces) L
Pull __ 92,000,000dif;<^

(ounces) L*

Coils and Helices

Angular Rotation
(degrees)

PuU
(oimces)

PuU
(ounces)

0.000797*1/

t

4237*^3

r

535,000ii?M

Lr

Key to Formulas

T « Temperature change in ° F. d =» Deflection in inches

L =* Len^h in inches r =« Radius
t « Thickness in inches A — Angular rotation in degrees

W = Width in inches
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and uniformity of the bond between the metals, the method and uniformity

of treatment in manufacture, and the physical properties of the metal com-

ponents.

Four new alloys were recently developed for bimetal use. Their trade

names and compositions are shown below:

Ni Ti Cr Mu Si A1 Fe

“Ni-Span 42 40.5-42.5 2.2-2.6 — 0.4 0.5 0.6 bal

^‘Ni-Span Lo” 45 44.5-46.5 2.2-2.6 — .4 .5 .6 bal

“Ni-Span Lo” 62 51-53 2.2-2.6 — .4 .5 .6 bal

“Ni-Span Hi“ 28-30 2.2-2.6 8-9 .4 .5 .6 bal

''Ni-Span Lo” alloys have low coefficients of thermal expansion and high

strength, while “Ni-Span Hi'' is a high thermal expansion alloy. Each of

the four alloys can be used as one element of a bimetal in thermostat con-

trols. These alloys respond to precipitation-hardening which results in

added strength and improved properties at elevated temperatures.

Figure 93 is a photomicrograph of a cross-section of Chase Thermostatic

Bimetal showing the perfect welded bond between the low-expansive and the

high-expansive sides. From the grain outline it is observed that there is no

seam.

Figure 93. Photomicrograph of cross-section of Chace thermostatic bimetal.

The characteristics of some typical bimetal materials (supplied by Baker

and Company) are given in Table 102.

To illustrate typical properties of thermometals there are shown in

Table 103 the properties of the ‘‘Wilco" thermometals.® These materials

can all be classified in general as follows:



68 82
375 427
372 427

530 623
355 437
350 421

325 396
320 400
310 CO

280 309
260 302
440 492

95 158
400 439
400 439

87 135
24 31

39 43 54

56 76 93
70 93 111

97 123 146

118 181 240
157 225 285
203 273 335

245 316 377
310 361 405
372 427 475

650*^ F.
650° F.

650° F.
650° F.
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Figure 94 shows temperature deflection curves of a number of ''Wilco”

thermostatic bimetals for strips 0.050" X 0.25" X 3.16".

In Figure 95 are curves showing relative deflection characteristics of three

commonly used bimetals: “
“lnvar''-brass, "lnvar"-nickel, 42% Ni-Fe and

22% Ni-8% Cr-Fe alloy.

Figure 94. Temperature deflection curves.

Heat Treatment

Thermostatic bimetal, to have proper resiliency and strength, receives a

certain amount of cold-rolling in manufacture. Internal stresses are set up

which should be removed by heat treatment before putting the parts into

service. In fact, all thermometals should be heat-treated® to insure con-

sistent and unchanging operation in service. This should relieve stresses due

to working or forming and should so condition the metal that repeated cycles

of operation result in no change in behavior. In all cases the finished thermo-

metal piece should be given a treatment above the highest and below the
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Figure 95. Curves showing relative deflection characteristics of three commonly
used bimetals.

lowest temperature it will reach in service. Rapid changes in temperature

should be avoided and the pieces should be free to deflect during treatment.

Heating in an oven and cooling in air produces satisfactory results.

The data sheets prepared by the manufacturers on the different types of

metal describe the heat treatments required.

It should be borne in mind that the thermometal is not the only part of

a thermostat assembly which may need heat treatment. Any metal which

has been machined or deformed may change shape, due to relief of stresses

over a period of time or at elevated temperatures. For accurate thermostats

it is recommended that, after mounting the thermometal but before final

adjustment, the assembled thermostat be given several cycles over the

maximum temperature range, heating and cooling between the minimum
and maximum temperature, and under conditions similar to those to which

it will be exposed in service.

In addition to changing the distribution of stresses, the heat treatment

changes the properties of the thermometal. Increasing the temperature of

the treatment causes a permanent decrease in the rate of deflection at lower

temperatures. As the temperature of the treatment is increased above
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800° F. there is a progressive annealing or softening, with a corresponding

decrease in the load-carrying ability of the thermometal. High-temperature

treatments should be used only when the metal will be exposed to such

temperatures in service.

One manufacturer® of thermometals recommends the following treat-

ments for their products: All Standard thermometal pieces should be held

for one hour at 350° F., even though the thermostat will be exposed to noth-

ing higher than atmospheric temperatures. “Highflex,'" “Highflex 45,''

^'Midflex," '‘Midflex 46," "H. T. Constant," "Highheat" and "Highheat 47"

should be held for one hour at a minimum temperature of 600° F. If in

service they will be exposed to temperatures above 550° F., then, instead of

the 600° F. treatment, they should be held for one hour at a temperature

50° F. higher than the maximum they will reach in service.

Characteristics

There is no well-defined classification of thermostat metals. The general

division® is into “low-temperature" and “high-temperature" types. The
low-temperature group includes “Invar" in combination with brass or

bronze, as previously indicated. This material is used only in applications

in which the maximum operating temperature is lower than that at which

the physical properties of the non-ferrous alloy components are adversely

affected. The high-temperature metals include all those which can be used

at higher temperature than are recommended for brass or bronze. Into this

group fall materials which are primarily intended to control at low tem-

peratures, but which can be heated to elevated temperatures without change

in their physical properties.

When a bimetal is subjected to heating or cooling the induced self-bend-

ing of the composite by the differential expansion or contraction of the two

materials is used to advantage for a multitude of temperature-control ap-

plications; moreover it may be put to work in a number of ways, such as

bending of straight strips, rotation of spirals and helices, opening or clos-

ing of U-shapes, and dishing of washers and discs.

Thermal deflection may be either linear, rotary or endwise. In other

words, the action caused by the bending of the bimetal unit can be con-

verted into an up-and-down movement, or a right-and-left movement, or

a twisting and turning movement. The shape of the finished bimetal unit

determines the kind of movement. The forces developed may be used to

produce changes in torque, tension or compression. The size and the type of

metal, as well as the varying degrees of temperature changes, determine the

force of the movement and its extent or distance. Parts can be designed to

give a maximum output of work for a given temperature change and to

occupy a minimum space for certain conditions.
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The deflection of a bimetal strip with one end fixed, measuring the move-

ment of the free end at right angles from the cold positipn, varies with the

square of the length, inversely with the thickness, and for practical purposes

is directly proportional to the temperature change up to a predetermined

temperature limit. For example, a piece eight inches long would have four

times the deflection of a four-inch length. Reducing the thickness one-half

doubles the deflection, and doubling the thickness reduces the deflection by

one-half.

The force exerted by the free end of a straight strip, assuming it to be

under restraint due to a change in temperature, varies directly with the

width of the strip, the cube of the thickness and inversely with the cube of

the length. This applies at normal temperature, and allowance must be made

for elevated temperatures, as under such conditions the strength of the

material is greatly reduced. In the formulas given for calculating the torque

of either spirals or helices, expressed in pound-inches, the radius may be

selected as the distance from the center to the point at which the load is

applied.

The angular deflection of a spiral or helix varies directly with the length

of the strip, inversely as the thickness of the material, and directly propor-

tional to the temperature change. Neither the number of turns nor the

diameter of either element materially affects the deflection. As far as an-

gular movement is concerned, with the same size of strip, there is no ap-

preciable advantage whether the coil is in the form of a spiral or helix. Coils

may be formed either to wind up or unwind with increase of temperature.

The formula estimating the maximum stress in a helix or spiral is the

same for both arrangements, so that any limitations mentioned regarding

the strength of a straight strip also apply to spirals and helices. At elevated

temperatures the strength is reduced.

The deflection of thermostatic metal is produced by stresses in the metal,

and the application of a load changes the amount and distribution of these

stresses. For any given temperature and for each metal there is a safe limit-

ing stress. Stresses below this value will not produce a set or permanent

change in the shape or condition of the metal.

The temperature change over which the metals may be restrained and the

load which they will carry without introducing a permanent set depend on

the form and temperature of the metals, and the temperature at which they

have been heat-treated. It is not possible to present accurate figures for these

limits. However, it may be stated that at temperatures above 1200® F. the

strength of the metals decreases rapidly; hence very little load should be

applied. /

It will be noted ® that the temperature change is directly proportional to

the deflection for all the bimetal shapes. This is true only for , a specified
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range of temperature for any specific type of bimetal. Fortunately, most

of the available bimetals on the market have a reasonably wide working

temperature range with uniform bending. Many controls are calibrated

from — 50® F. to + 600® F. At higher temperatures the rate of deflection is

greatly reduced. The physical properties of the alloys used as well as meth-

ods of fabrication determine the practical operating range of the product.

It may be well to point out that a tabulation of the important character-

istics of bimetal elements must include such factors as accuracy, sensitivity,

uniformity and endurance.

Selection of Elements

In general, the shape of a bimetal element depends on whether a straight-

line motion or a rotary motion is required. For simple thermostats, as in

ordinary electric irons, a straight strip is sufficient. For room-temperature

controls requiring sensitivity within one degree, the element may have sev-

eral turns at the stationary end in order to have sufficient length within a

reasonable mounting space. For indicating thermometers or oven controls

requiring a graduated dial, either a helix or spiral coil can be used.

In order to provide as great sensitivity as possible for a definite working

range, several types of thermostatic bimetal are available. High- or low-

temperature applications can best be met by selecting a type that gives the

greatest sensitivity within the desired working temperature. In other words,

the working temperature and the maximum temperature to which the bi-

metal element will be subjected determine whether high- or low-temperature

types will be suitable.

In general, the most sensitive type within the required range is selected,

as it reduces the size of the piece to a minimum. When a wide range of

adjustment is desired in a small space, a less sensitive metal may be best.

By referring to the deflection curves, a comparison of the different types

can readily be worked out.

In selecting the metals involved in bimetal fabrication, it is desirable to

select materials that have a maximum difference in their thermal expansion,

as this insures the greatest movement of the completed element under a

given temperature change, and reduces the size of the piece to a minimum,

which is, of course, economical from the standpoint of installation.

In circuit-breaking devices,® a variety of bimetals is used. In most applica-

tions a bimetal is required to produce movement and power when subjected

to change in ambient temperature alone; its electrical resistivity is of sec-

ondary importance. However, in many types of electric circuit-breakers,

deflection and power are developed by heat generated within the thermo-

metal by an electric current passing through it; the heating is proportional

to the square of the current and resistance of the path.
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Bimetals with definite electrical resistance have been developed to meet

such requirements. These thermometals are widely used in industrial circuit-

breakers for the protection of motors and other machinery subjected to

overloading. The suitability of thermal cutouts activated by a bimetal is

apparent. They give broad protection because their operation depends upon

the period of overloading combined with the percentage of overload. Fur-

thermore, they produce savings by eliminating fuses, which otherwise must

be replaced when overload conditions occur.

The necessity for corrosion-resisting thermometals for use in a variety

of applications resulted in the development of special combinations. Such

thermometals are adaptable to steam traps, mixing valves and other uses

where corrosive conditions prevail.

Design

In designing bimetal parts, after the material type has been selected,

factors which must be considered are size, fabricating problems, and prop-

erties developed. There are three ways in which the bending of a bimetal

with changes in temperature can be utilized.

(1) The part may move freely, actuating a free-moving dial hand, etc.

(2) The part may build up force without moving.

(3) A combination of (1) and (2).

If a bimetal part is required to move a certain distance and pick up a

certain load in a given temperature interval, the lightest piece can be used

when half the temperature interval is employed to produce movement and

half to produce force. This is not always practical. For instance, where the

force to be picked up is variable or frictional, the bimetal used should be

capable of building force at a greater rate, so that variations in load will

cause less variation in temperature intervals.

Since a bimetal deflects across its width as well as its length, the shape

of a heated piece approaches a spherical surface. This cross-bending has

little effect on narrow strips, but shows itself in non-uniformity of action

by strips which are less than three times as long as they are wide. Bimetal

used in rod form has the advantage of infinite adjustment by rotation of

the rod. This changes the one component of the deflection which is used.

Temperature deflection increases with length and decreases with the thick-

ness of the bimetal.

The ability to do work increases with the weight of the part. Straight

strips and U-shapes are used for small deflections; for large or angular

deflection, spirals and helices are used. The helical coil offers a large exposed

surface and the spiral coil maximum compactness.

U-shapes have parallel legs at only one temperature, unless the shapes are

mounted so that the legs remain parallel. In this case no deflection with
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temperature change will be produced. The temperature-deflection rate of an

equal-leg U-shape (very small U-radius) equals twice the deflection rate of

each leg, and is only one-half the deflection of a straight strip of the same

length.

The temperature-deflection rate of coils (spiral and helical) is independ-

ent of width if cross-bending is not considered. However, for certain limited

temperature ranges, a wide coil has a greater rate than a narrow coil; hence

for extremely narrow or extremely wide strips special formulas are neces-

sary for calculations. A spiral is usually wound with the high-expansivity

metal on the outside, so that an increase in temperature causes a small de-

crease in the diameter of the spiral. Likewise, a helix is formed with the

high-expanding metal on the outside so that increase in temperature causes

a small decrease in axial length. The pitch of a helix must be such that

the turns do not bind.

If a coil or helix is called upon to do work, the temperature-deflection

rate should be one angular degree per ® F. High-temperature torque rates

are obtained only with the use of wide or thick metal (weight) so that

rates are limited by available space. Where no work is required, the de-

flection rates may approach 3 angular degrees per ® F. The inside radius

of a helix or coil should be at least 5 times the strip thickness to aid in

winding.

Bimetal discs and washers are applied where little deflection and great

stiffness are required. If the discs and washers are dished too deeply no

deflection is possible; the depth of dish largely determines their rate of

deflection.

It is desirable that sufficient room be allowed between turns of a spiral

or helix so that under extreme temperature conditions there is opportunity

for air circulation as well as mechanical clearance to avoid any friction or

binding of the turns. For this reason it is recommended that coils be made
to unwind with increase of temperature. The turns may be wound either

right-hand or left-hand for helices to give the desired rotation. A helix un-

winding with increase of temperature has also a slight elongation. It is neces-

sary that this be taken into consideration so that no friction is introduced

by the end thrust of the coil. Parts may be stampings, formed elements,

spiral or helical coils, and may be spot-welded or silver solder-brazed to

brackets or shafts, or carry welded or brazed flexible cables, terminals or

contacts.

Since the fundamental property of a thermostatic bimetal is to change

heat into mechanical energy, the problem resolves itself into the best shape

to apply the available force.® One of the most important factors is the design

of a proper mounting to hold the thermostatic bimetal element. In general,

the mechanical loading of a bimetal must be within the elastic limits of the
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material, and sufficient temperature change must be provided to produce

the necessary thermal deflection to do the work.

Reverse-welded bimetal consists of at least two lengths of strip in which
the high-expansion side of one strip is welded to the low-expansion side of

the other. This is useful for ambient temperature compensation or for

lateral motion.

The relationships* existing between the deflection, force characteristics

and dimensions of thermometal strips are shown graphically for types of

"Wilco” thermometals in Figures 96 and 97. On one hand, these charts

permit convenient determination of the approximate size of a strip to meet
specified conditions of deflection and pull; on the other hand they indicate

the deflection and pull characteristics of strips the sizes of which are given.

It should be noted that these charts apply only in the case of flat strips

fixed at one end, the force and deflection being measured at the other end.

Their use is very simple once the significance of the different parallel sets

of lines is understood. There are four such sets: a vertical and a horizontal

set forming the coordinates, and two sets of heavier lines, one set running
at a slant from left to right, the other set at a slant from the bottom to the

top. The faint horizontal lines represent strips of a length indicated on the

right edge of the chart; thus the bottom line represents strips one inch long

and the top line strips 25 inches long. In a similar way the vertical lines

represent strips of a thickness indicated by the figures at the lower edge of

the chart; the vertical line marked .01 represents strips .010" thick, the next

line to the right from this represents strips .011" thick, etc. The point of

intersection of a horizontal and a vertical line represents a strip of the

length indicated by the horizontal line and of a thickness indicated by the

vertical line. For example, the point of intersection of the horizontal line

marked 3, and the vertical line marked .02 designates a strip 3 inches

long and .020" thick. Thus every point within the chart is made to represent

a strip of a length indicated by the horizontal line (actually drawn or im-
agined) passing through it, and of a thickness indicated by the vertical line

(actual or implied) passing through it.

The heavy lines running at a slant from left to right represent strips pos-
sessing a deflection per * F., indicated by the figures appearing at the left

or right terminals of these lines. For example, the second line from the top
represents strips having a deflection of .030° F. Since any point on this .030

line also corresponds to a strip of definite length and thickness (as explained
before), the line serves to give the dimensions of all possible strips (within
the limits of the chart) having a deflection of .030" per ° F.

The other set of heavy lines, running at a slant from the bottom part of
the chart upward, represents strips exerting a force (pull or push) per inch
width and per ° F., indicated by the figures appearing at the terminals of
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these lines. For example, the third line from the left, marked .020, represents

strips exerting a force of .020 oz. per inch width of the strips and per ° F.

Generally, then, every point on the charts represents a strip of:

(1) a length indicated by the horizontal line that has been or can be

drawn through it;

(2) a thickness indicated by the vertical line that has been or can be

drawn through it;

(3) a deflection per ° F. as indicated by the slanting line, actual or im-

agined, passing through it from left to right;

(4) a force per unit width and per ° F. as indicated by the slanting line

(actual or implied) passing through it from below upward.

Selecting a point corresponding to a strip of given length and thickness,

one can read at once the deflection and force characteristics of this strip. On
choosing a point corresponding to a strip of given thickness and deflection,

{Courtesy Weston^ Electrical Instrument Corp., \cwark, X. J.)

Figure 98. Cylinder temperature indicator.

the necessary length of the strip and its force characteristics become known.

Similarly, for given length and deflection the required thickness and result-

ing pull are indicated, and for given deflection and pull, the required thick-

ness and length. In all cases the effective length of the strip is under con-
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sideration. The part of a strip which is clamped to a mounting does not give

useful deflection.

Figure 98 shows the bimetal strip used as a spiral spring to shift the

pointer position on a cylinder temperature indicator. In this use, the spring

serves as a cold and compensating device for thermocouple temperature

devices. The pointer position is shifted in terms of the ambient temperature

change. The bimetal spiral spring is made of a brass and “Invar” combina-

tion and is accurately calibrated to fit the cylinder temperature dial gradua-

tions.

The proprietary alloys mentioned in this chapter are registered trade

marks of the following manufacturers;

Baker and Company
“Type No. 365 Standard”

“Type No. 360 Medium”
“Type No. 425 High Temperature”

W. M. Chace Co.

“No. 772 Alloy”

International Nickel Co.

“Monel”
“Ni-Span Hi”
“Ni-Span Lo” 42

“Ni-Span Lo” 45

“Ni-Span Lo” 52

. A. Wilson Co.

“Highflex” “Loflex” “R-24” “R-203”
“Highflex 45” “Midflex 46” “R-39” “R-245”
“Highheat” “Morflex” “R-56” “R-310”
“Highheat 47” “Muflex” “R-70” “R-372”
“H. T. Constant” “Ruflex” “R-97” “R-440”
“H. T. Special”

“Cirflex”

“Coflex”

“Saflex”

“Standard”
“R-118”
“R-157”

“R-530”
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Chapter XIII

Electrical Resistance Alloys

General Characteristics and Properties

The application of electrical energy ^ to industrial heating has so many
advantages that the field for electrical heating apparatus includes the entire

industrial world, there being scarcely a manufacturing plant that does not

require accurate and automatically controlled heating equipment, which

means electric heat.*

The modern home, where convenience and refinement are the prime con-

siderations, also requires high-grade electrical cooking and heating appli-

ances. It is therefore necessary to provide a resistor material that will endure

the high temperatures necessary for the satisfactory operation of electric

furnaces, ovens, heaters, ranges, instruments and special appliances. There

are also many applications for such materials in technical apparatus and

instruments, such as rheostats and resistance units, because of their com-

bination of high electrical resistance and temperature coefficient of re-

sistance.

The essential part of most heating units and electrical appliances is the

heating element, which consists primarily of a high-alloy wire or ribbon.

The lasting qualities of these elements depend greatly upon their controlled

composition and physical structure. The addition of some other substances

such as sulphur and oxides in the alloy lowers resistance to oxidation.

The life of the element will depend upon the temperature at which it

operates, providing there is no corrosion. The temperature of the surface

of the element is a function of the watts per square inch of the element

surface. For an element of a given size and length, the temperature will

vary with the dissipation of watt imput, since the surface area remains the

same. The design of an element is also important, since convection as well

as radiation may affect the temperature of the surface.

The physical principle on which all calculations for resistors as heating

elements are made is Ohm's Law: Resistance in ohms, R, equals voltage, E,

* With permission of the Driver-Harris Co., much of the information on resistor alloys

was taken from their latest bulletin.

335
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divided by the current, I

;

that is, R equals y . The amount of power in

watts, W, equals IE or PR or The alloys used as heating-element mate-

rials always have a greater resistance when hot than at room temperature,

although in many cases this difference is small. Therefore the value of R
in the above formulas is the resistance at the operating temperature. The

amount of change in resistance at various temperatures is normally stated

in manufacturers* catalogues.

In any electrical conductor, the resistance is: (a) directly proportional to

its length; (b) inversely proportional to its cross-sectional area; or (c) di-

rectly proportional to its resistivity.

With the aid of data supplied by the manufacturer for each alloy it is

possible to calculate the amount of resistance wire required for a certain

electrical appliance or furnace capacity at different temperatures.

Resistance material is produced to have a certain resistivity (ohms per

circular mil foot) at room temperature. The user, however, must know

that this resistance is going to increase with heat. The curves in Figure 99
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{Courtesy Driver^Harris Co., Harrison, N. /.)

Figure 99. Temperature resistance chart for "Nichrome" V.

represent the maximum and minimum relations between resistance and

temperature.^ The minimum curve is determined by using the standard

ASTM method for taking the temperature coefficient of resistance. In this

test the wire is cooled slowly from 1832° F. The maximum curve represents

the temperature coefficient of wire which has been quenched. The average

curve is based upon the average increase in resistance to be expected from

wire as shipped, but does not follow either the maximum or minimum curve,

because of the method of annealing.
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Since very small wires cool very quickly and heavy wires rather slowly,

smaller wires tend to follow the maximum curve, whereas heavy wires tend

to follow the minimum curve. Therefore, the “hot'' and “cold" resistances

are useful to anyone concerned with close specifications or extreme accuracy.

The average curve may be used for most design purposes, since it more

nearly represents the values of the commonly used sizes as produced.

The “cold" resistance of a wire refers to the resistance at room tempera-

ture of wire just as it is when taken off the spool, and therefore never sub-

jected to heat. The “hot" resistance is the resistance of the wire when it is in

operation as a heating element. The “hot" resistance is higher than the

“cold" resistance by an amount which varies in terms of percentage rise in

all resistance tables.

Such factors as the construction of the furnace, kind of current available,

voltage, etc., must be taken into consideration. The following circumstances

should be considered when determining the dimension of resistance ele-

ments.

The higher the temperature at which the furnace is to work, the heavier

the material of the resistance elements should be in order to increase their

life and to avoid deformation, which may lead to ruptures and short

circuit.

On the other hand, the resistance material should not be so heavy as to

involve the risk of overheating. The flat heating elements have a greater

ratio of surface area to cross section than the round ones, and the watts per

square inch is the controlling factor. On these grounds strip seems to

be preferable to wire for furnace temperatures higher than 2100° F.

(1149° C.). Resistors of spiralled wire have the advantage of being easier

to handle and can be replaced with greater ease. They can be conducted

through a furnace wall with smaller loss of efficiency and less risk of local

overheating.

Commercial electric resistor alloys may be divided into three general

classes: namely, (1) alloys of nickel and chromium with or without sub-

stantial percentages of iron, which is the major heating alloy; (2) alloys

of the iron-chromium-aluminum group, some of which also contain small

amounts of cobalt; and (3) alloys that contain copper as the major con-

stituent. There are other special alloys of different compositions adapted to

particular fields of application. Pure metals of high melting point and good

resistance to oxidation are also used, and in addition nonmetallic resistors,

such as the “Globar," for use in air, and carbon and graphite for use in

oxygen-free atmospheres.

Pure nickel has a melting point of approximately 2643° F. (1450° C.),

but at working temperatures of 1832° F. (1000° C.) or higher it oxidizes

rapidly. By combining pure chromium with nickel, alloys are obtained that
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(Courtesy Electromode Corp. and Driver-Harris Co.)

Figure 100. Electric Furnace.

resist oxidation at extremely high temperatures better than any other com-

bination of base metals. Wire and ribbon made of these alloys will with-

stand temperatures of about 2100“ F. (1150° C.) for a considerable time,

without appreciable oxidation, and do not become brittle with repeated

heating and cooling.

Nickel-chromium and nickel-chromium-iron alloys have important quali-

fications for service as electrical heating elements. They have remarkable

hot strength, excellent resistance to oxidation at high temperatures, high

electrical resistivity and good mechanical properties. For these reasons they

are used in most heating applications. Iron-chromium-aluminum alloys

possess higher ohmic resistance and possibly better resistance to high-tem-

perature oxidation than nickel-chromium and nickel-chromium-iron.^ How-
ever, the elevated-temperature mechanical properties of ferritic iron-
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chromium-aluminum alloys are relatively poor, particularly the creep.

They are also subject to considerable growth at their operating tempera-

tures and become brittle when cold. Because of their high melting point

they are said to be capable of operating at temperatures around 2462® F.

(1350° C). However, most heating applications do not require tempera-

tures above 2000° F.

The ideal resistor alloy should combine the electrical resistivity and oxi-

dation resistance of iron-chromium-aluminum alloys with the elevated-

temperature mechanical properties, resistance to growth and distortion, and

the relative ease of manufacturing of nickel-chromium and nickel-chro-

mium-iron. Alloys containing copper as the major constituent are limited

to operating temperatures not exceeding 752° F. (400° C.). Such alloys

oxidize too readily above this temperature.

These high-resistance alloys used extensively as electrical resistance ele-

ments are generally of the solid-solution type. They are combinations of

metals in such amounts as not to exceed the solid-solution range. Nickel-

chromium and nickel-chromium-iron alloys are austenitic (face-centered

cubic) in structure and have good elevated-temperature mechanical prop-

erties. They are also characterized by good resistance to growth, creep and

distortion at their operating temperatures.

Austenitic ferrous alloys containing more than 10 per cent chromium and

more than 25 per cent nickel have electrical resistance characteristics which

make them suitable for electrical resistor heating elements, although the

high-iron alloys tend to scale rather rapidly on heating and cooling.

Class I Alloys

( 1 ) 80 per cent nickel, 20 per cent chromium type alloy is the most highly

resistant to oxidation or corrosion of the nickel-chromium series. It is non-

magnetic and has about the lowest temperature coefficient of resistivity

of the high-resistance alloys. It combines the high electrical resistance and

low temperature coefficient of electrical resistivity with oxidation resistance

of a high order. This type of alloy is suitable for operation at temperatures

up to 1150° C. (2100° F.) and retains its strength well at high tempera-

tures. It is essential for resistor elements in the higher-temperature applica-

tions and for resistances in technical applications due to its combination of

desirable properties. It is used for industrial furnace elements, heating appli-

ances, radiant-type heating elements, volt-meter resistors, and precision

electrical instruments.

The alloy is marketed under a variety of proprietary trade names, such

as “Alray"' A, ‘'Chromer' A, A, ''Nichrome*' V, and “Tophet" A.

(2) 60-65 per cent nickel, 14-16 per cent chromium, 20-26 per cent iron

type alloy has the highest electrical resistivity of the nickel-chromium-iron



340 MATERIALS ENOINEERINO OF METAL PRODUCTS

series. Next to (1) it has the highest resistance to oxidation or corrosion.

It is recommended for heating elements operating at temperatures not over

925® C. (1700® F.). It is used for domestic appliances, electric toasters,

room heaters, flat irons, potentiometers, radio rheostats and resistors.

"Nichrome," analyzing 61 per cent nickel, 16 per cent chromium, balance

iron, and *'Chromer* C, analyzing 60 per cent nickel, 16 per cent chromium,

balance iron, are alloys of this type. ‘Tophet'' C and ‘‘Alray” C are similar

alloys.

(3) 30-35 per cent nickel, 15-20 per cent chromium, 45-55 per cent iron

type alloy, known as 'Tophet'" D, *'Chromax,'' and “Alloy 502,“ were de-

veloped to meet the demand for a more inexpensive alloy for electrical

heating where the conditions did not dictate the use of (1) and (2). While

it has a lower cold resistance, it has a higher temperature coefficient of

resistance than the other two types and can be substituted in many cases

size for size in the temperature range 760 to 870® C. (1400 to 1600® F.). In

general, it is not recommended for use at operating temperatures exceeding

1400® F. The increased resistance at this temperature is 20 per cent, and is

an important factor in designing heating elements.

(4) 30 per cent nickel, 5 per cent chromium, 65 per cent iron type alloy

is a lower-priced high-resistance alloy. It resists oxidation at lower tempera-

tures and has a maximum operating temperature of 705® C (1300® F.).

However, it rusts when exposed to moisture. It is used for heavy rheostats,

car heaters and heaters operating below red heat, that is, from low to

medium temperatures. “Chromin” D, “Comet" and “Chromel" D are typical

alloys of this type.

Class II Alloys

(1) 80 per cent iron, 15 per cent chromium, 5 per cent alumium type alloy

has a specific resistance at 20® C. of approximately 167 microhm cm. (800

ohms per circular mil foot) and a temperature coefficient of resistance of

—0.00035 through a temperature range of 20-500® C. The addition of

aluminum to the iron-chromium alloy increases the electrical and heat re-

sistance. It is claimed by the manufacturers that it can be used up to

1350® C. (2460® F.), owing to its high melting point. A series of iron-base

alloys^ containing chromium and 5 to 10 per cent aluminum has a specific

resistance approximately that of standard nickel-chromium alloys. The
materials have a higher melting point than nickel-chromium alloys and

they can be used for higher temperature ranges.

The fact that an alloy has a higher melting point does not necessarily

mean that it can be used for higher temperature ranges. For example, pure

iron or pure nickel could be specified, but the condition of the atmosphere

surrounding the element must also be considered.
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Iron-chromium-aluminum alloys do have; certain disadvantages, particu-

larly low creep strength at high temperatures and low corrosion resistance,

if used in the form of fine wires. In addition, in regard to straight oxidation

resistance at high temperature, this will actually depend on how fast the

alloy loses its alloying elements, such as aluminum or chromium, which

are known to migrate to the surface.

The commercial alloys of the 80 per cent iron, 15 per cent chromium,

5 per cent aluminum type are "‘Radiohm'" and "Ohmaloy.” They are used

for radio resistors and high resistances. Another alloy of this type, known
as ''Alchrome,” contains 14 to 20 per cent chromium, 3 to 6 per cent

aluminum and remainder iron.

A series of iron-chromium-aluminum alloys containing about 23 to 24

per cent chromium, 4 to 6 per cent aluminum, 2 per cent cobalt, balance

iron, have a resistivity 25 to 35 per cent higher than pure nickel-chromium

alloys and a specific gravity about 15 per cent lower. This makes it possible

to design and build electric heating units which are considerably more com-

pact and of higher capacity. They may be used in sulphurous atmospheres,

in which nickel-chromium alloys are readily attacked. However, when these

alloy heating elements have been used for some time they will be quite

brittle when cold, and if they are to be removed from the furnace for any

reason, they should be handled carefully to prevent breakage. In addition,

they must be well supported to avoid deformation in use. Several of them

are marketed under the name ''Kanthal.''

The iron-chromium-aluminum-cobalt alloys® have a maximum element

temperature of 1 1 50 to 1350° C. (2100 to 2460° F.), and a specific resistance

of 812 to 872 ohms per circular mil foot. The higher their aluminum con-

tent the higher the maximum element temperature and the higher the speci-

fic resistance. 1'he manufacturers of these alloys claim that the scaling tem-

perature lies above 1400° C. (2550° F.), giving a high margin of safety and

a high resistance to oxidation at the recommended operating temperatures.

However, life tests made at 2150° F. by certain laboratories showed that

scaling occurred much below 2550° F.

Class III Alloys

(1) 55 per cent copper, 45 per cent nickel type alloy has practically zero

temperature coefficient of resistivity, low coefficient of electrical resistance,

and a high thermal electromotive force against copper. It has a maximum
operating temperature of 510° C. (950° F.), and is used for precision rheo-

stats, voltmeter resistors, low-temperature heaters, heating-pad elements,

thermocouples, motor control rheostats, resistance coils particularly with

alternating current, and also for heavy resistors operating at low tempera-

tures, including motor speed controllers, etc. Its principal use is in the
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construction of electrical instruments in which the temperature coefficient of

resistance must be very low. Its corrosion resistance and unvarying resist-

ance with changing temperatures over practical ranges have caused its

selection for these precision purposes. Its high electrical resistivity, great

ductility and corrosion resistance make it particularly useful for winding

heavy-duty industrial rheostats. In general it has excellent mechanical and

electrical properties. Several of these commercial alloys are known as "'Con-

stantan,*' '"Advance,” "Copel,” “Cupron” and "Excelsior."'

(2) 30 per cent copper, 70 per cent nickel type alloy is intended prin-

cipally for use in electrical heating devices in which the resistance element

does not reach a temperature higher than about 595° C. (1100° F.). It will

not become brittle on repeated heating and cooling, and oxidation and

internal deterioration are negligible if the temperature does not exceed

595° C. (1100° F.). Typical commercial alloys of this type are "Monel,"

"Lucero" and "Jelliff" 70.

(3) To meet the requirement for a series of copper-nickel alloys* gradu-

ated downward as to specific resistance, other alloys of decreasing nickel

content have been developed, such as a 23 per cent nickel, 77 per cent copper

alloy, with a specific resistance of 30 microhms cm., a 1
1
per cent nickel, 89

per cent copper alloy with a specific resistance of 15 microhms cm., a 6 per

cent nickel, 94 per cent copper alloy with a specific resistance of 10 microhms

cm., and a 2.25 per cent nickel, 97.75 per cent copper alloy with a specific

resistance of 5 microhms cm. These are used for relay coils and radio

resistors.

No. 180 alloy contains 78 per cent copper and 22 per cent nickel. No. 90

alloy 88 per cent copper and 12 per cent nickel. No. 60 alloy 94 per cent

copper and 6 per cent nickel, and No. 30 alloy 98 per cent copper and

2 per cent nickel.

Special Alloys

(1) 86 per cent copper, 10 per cent manganese, 4 per cent nickel type

alloy in the form of wire has the high resistivity of 180 ohms per circular

mil foot. The thermal electromotive force against copper is so small (0.003

per ° C.) that temperature differences in the assembled circuit cause no

troublesome parasitic e.m.f.'s. This is important in low-voltage D. C. de-

vices, but not in A.C. equipment. The temperature coefficient of resistance

is low over the usual room temperature range of 15-35° C. (59-95° F.),

the highest resistance being at 25° C. (770° F.) (decreasing as the tempera-

ture rises or falls) ; hence the maximum change in resistance due to thermal

differences is less than 0.02 per cent. This material is very stable in resist-

ance and is not subject to change with ageing. It is necessary, however, for

the user to remove strains caused by the winding operation by heating the

completed spools to 120° C. (248° F.) for 24 hours.
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This alloy is suitable for all types of apparatus requiring assembled re-

sistance spools, coils or slide wires, such as bridges, potentiometers, and

resistance boxes; it is also used for instrument resistors and shunts. In gen-

eral it is used in standard resistances of high precision.

(2) 87 per cent copper, 13 per cent manganese type alloy is known com-

mercially as *‘Manganin” ^ and is used for resistors in many types of pre-

cision direct current apparatus. It has a resistivity of 48.2 microhms cm.

(290 ohms per circular mil foot). In the form of wire, it increases very

slightly in resistance from 15 to approximately 25° C. and then decreases

until the resistance at 35° C. is about the same as at 15° C. Artificial ageing

of assembled coils has been found necessary to avoid a slow decrease in

resistance with time. This is commonly done by baking at a temperature

between 120 and 140° C. (248-284° F.) for a period of 24 to 48 hours. The

high-manganese alloys are rather difficult to solder, and therefore oxidation

during heat treatment must be avoided.

All of these high manganese-copper alloys are subject to selective oxida-

tion of manganese even at room temperature. This leaves more copper, or a

copper-rich material, which will affect both the specific resistance and the

temperature coefficient of the alloy. Of course, this concerns only those cases

where extreme accuracy and uniformity of resistance with time are impor-

tant.

(3) 70 per cent nickel, 30 per cent iron type alloy is characterized chiefly

by its high temperature coefficient of electrical resistance (about 0.0022° F.

between 70 and 212° F.). Its resistivity is 120 ohms per circular mil foot

annealed and 140 ohms per circular mil foot hard at 70° F.

While this alloy has practically the same temperature coefficient of re-

sistance as pure nickel, its specific resistance is twice as great. It therefore

lends itself advantageously to uses requiring self-regulation by temperature,

such as immersion heaters and heater pads.

“Hytemco,*' analyzing 72 per cent nickel and 28 per cent iron, is a com-

mercial alloy of this type.

(4) A series of manganese-base alloys containing over 50 per cent man-

ganese, the remainder being nickel and copper, give extremely high resistiv-

ity values. They are not corrosion-resistant, however, and will deteriorate

after contact with perspiration. Some of the larger sizes have been used

successfully, but they are not usually applied for sizes under 20 B.&S. gage.

They are recommended for fixed or variable resistors but are not intended

for heating elements.

A number of silver-base alloys have also been developed recently, such

as silver-manganese-tin (80 per cent silver, 17 per cent manganese, 3 per

cent tin). Here again the temperature coefficient of resistivity varies with

the composition and heat treatment. Alloys of this type approach a zero

temperature coefficient over a range of 0-200° C. (32-392° F.), and, for



314 MATERIALS ENGINEERING OF METAL PRODUCTS

alloys containing 10 per cent manganese, .10 per cent tin, and the remainder

silver, it is possible to produce a negative temperature coefficient which is

desirable for compensating resistances.

Many pure metals such as copper, molybdenum, nickel, platinum, silver

and tungsten find application as electrical resistance materials because of

their high melting points and specific resistance. For work at very high

temperature pure molybdenum is used. In this case it is necessary to have a

protective atmosphere, such as hydrogen. A molybdenum wire coated with

beryllium oxide and a special refractory outer coating can be used as a

heating element operating in air; but for practical purposes, either pure

platinum or 10 to 20 per cent rhodium-platinum alloys are used for high-

temperature furnaces operating in air above the limit of the chromium-

nickel alloys.

'‘Mangrid'' and '‘Gridnic'' E are alloys containing 4-5 per cent man-
ganese, balance nickel. They have a resistivity at 20° C. of 110 ohms per

circular mil foot and a temperature coefficient of 0.0031 between 20 and

100° C. They are used for grid wire and for radio tubes. “Mangrid'" E, an

alloy containing 2-3 per cent manganese, balance nickel, has a resistivity

at 20® C. of 84 ohms per circular mil foot and a temperature coefficient of

0.0038 between 20 and 100® C. It is used for furnace lead wire.

Properties

Some of the typical properties of the pure metals for electrical resistance

material are shown in Table 104.

Table 104. Pure Metals for Electrical Resistance

Specific resistance

Copper Nickel Silver

(microhm cm.) (20° C.)

Temperature coef. resist.

1.724 10 1.629

(20° C.) 0.0039 0.005 0.0038
Specific heat (gram cal.)

Thermal conductivity

0.0921 0.130 0.05 59

(watts./cm./° C.) 3.88 0.615 4.19

Melting point (° C.) 1083 1450 960
Coef. linear exp. (20° C.) 0.0000166 0.000015 0.0000189

Specific gravity 8.92 8.9 10.5

Specific resistance

Molybdenum Tungsten Platinum

(microhm cm.) (20° C.)

Temperature coef. resist.

5.7 5.523 10.61

(20° C.) 0.0033 0.0045 0.003

Specific heat (gram cal.)

Thermal conductivity

0.0647 0.0336 0.0324

(watts/cm./° C.) 1.46 1.60 0.695

Melting point (° C.) 2625 3410 1773
Coef. linear exp. (20° C.) 0.000005 0.000004 0.000009
Specific gravity 10.2 19.3 21.45
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Some of the typical physical properties of the Class 1 alloys are given in

Table 105.

Table 105. Physical Properties of Class I Alloys

Specific resist.

80 Ni, 20
Or

65 Ni, 15
Cr, 20 Fe

35 Ni, 18Cr,
45 Fe

30 Ni, b
Cr, 66 Fe

(microhm cm.)

Temp. coef. resist.

108 112 too 95

(20-500° C.)

Specific heat
0.00013 0.00017 0.00031 0.00088

(gram cal.)

Thermal cond.

0.104 0.107 0.110 0.114

(watts/cm. /° C.)

Melting point

0.136 0.132 0.130 0.135

(approx. ° C.) 1400 1350 1380 1480
Coef. linear expansion

(20-500° C.)

0.000017 0.000017 0.0000158 0.000015

Specific gravity 8.41 8.25 7.95 8.15

Some of the typical physical properties of the Class 11 alloys are given

in Table 106.

Table 106. Physical Properties of Class II Alloys

Specific resist, (microhm cm.)

Temp. coef. resist. (20-500° C.)

Specific heat (gram cal.)

Thermal cond. (watts/cm. /° C.)

Melting point (approx. ° C.)

Coef. linear exp. (20-100° C.)

Specific gravity

80Fe, 15Cr. 24 Cr, 5 Al. 2
b Al Co, bal. Fe

112 130-160

750 ohms (c.m.f.)

0.00016

0.172

0.02

1480 1660

0.0000114 0.0000118-

0.0000139
7.31 7.1-7.25

Some of the typical properties of the Class 111 alloys are given in

Table 107.

Table 107, Physical Properties of Class III Alloys

Specific resist.

55 Cu, 45 Ni 30 Cu, 70 Ni 94 Cu, 6 Ni

(microhm cm.)

Temp. coef. resist.

49 48.2 10

(20-100° C.)

Specific heat

±0.00002 0.0010 0.00071

(gram cal.)

Thermal cond.

0.094 0.127 0.092

(watts/cm./° C.)

Melting point

0.218 0.250 —
(approx. ® C.)

Coef. linear expansion

1210 1350 1100

(20-100° C.) 0.0000149 0.0000125 0.000018

Specific gravity 8.9 8.9 8.9
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Some of the typical properties of the special alloys are given in Table 108.

Table 108. Properties of Special Alloys

4 Ni, 10 Mn, 86 Cu 13 Mn, 87 Cu

Specific resist, (microhm cm.) 49 48.2

Temp. coef. resist. (20-500° C.) 0.00004 ± 0.000015

Specific heat (gram cal.)

Thermal cond. (watts/cm. /° C.)

Melting point (approx. ° C.) 1020 1020

Coef. linear exp. (20-500° C.) 0.0000187 0.0000187

Specific gravity 8.19 8.19

70 Ni, 30 Fe

20
0.0045

0.125

0.289

1425

0.000015
8.46

The life of a resistance material is directly dependent on the working

conditions, i.e., furnace atmosphere, ceramic supports, temperature, radia-

tion possibilities, surface load, frequency of switching, and the design of

the heating element.

Figure 101 * shows the effect of temperature on the useful life of various

resistance wires, as determined by intermittent life tests ^ with the Bash and

Harsch testing apparatus. It is claimed by the manufacturer that the iron-

Figure 101. Comparative life

diagram of ''Kanthal" and nickel-

chromium alloys. ''Kanthal'" alloys

grades A, A-1 and D. Mean values

obtained with Bash and Harsch test-

ing apparatus.

(Courtesy C. 0. Jelliff Mfg. Corp., Southport,
Conn.)

chromium-aluminum-cobalt series of alloys (“Kanthal”) has a longer use-

ful life at higher temperatures than the other alloys.

The American Society for Testing Materials defines '^useful life'' as the
time required for the element to increase 10 per cent in resistance. The expe-

These curves were published by the manufacturers of “KanthaF' alloys.
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rience of other manufacturers has been that the iron-chromium-aluminum-

cobalt alloys have exceptionally long total life, because the resistance in-

creases so rapidly that on a constant voltage the temperature falls off to a

point where the wire lasts almost indefinitely. “Nichrome'' V or standard

“Nichrome'' would probably last for six months instead of 200 to 300 hours

on a total life test. Since the elements are purchased on the basis of useful

life, the data on total life may be misinterpreted and misleading.

In a life test made in the laboratories of a commercial manufacturer to

show how the resistance increases on a standard A.S.T.M. constant-voltage

life test for ''Nichrome'’ V and “Kanthal" A, both tested at 2150° F., the

latter burned out at 305 hours, but had a useful life of only about 13

hours, whereas “Nichrome" V burned out in 328 hours and had a useful

life of approximately 322 hours. The resistance of “Nichrome” V held to a

6 per cent increase up to almost the time of burn-out, while that of '‘Kan-

thaf A increased 13 per cent at the end of the first 24 hours' operation.

In addition to resistance increase the '‘Kanthaf wire increased in length

over 2 inches, or approximately 12 per cent during the test. Even if com-

pletely supported, it will grow. In a constant-temperature life test in which

0.081 inch diameter wire was mounted in a U shape and maintained at

2200° F. with photoelectric cells, '‘Kanthaf A-1 had a useful life of 98

hours as compared with 136 hours for '‘Nichrome" V.

In Figure 102 are plotted the time-resistance curves of “Nichrome** V,

0 40 eo /po m poo p40 pbo
Ttme.Hn.

{Acknowledgments to J. M. Lohr)

Figure 102. Typical life test curves for 0.025-in. wire.

“Nichrome” and a chromium-iron-aluminum alloy sold for similar applica-

tions. These were taken from standard life tests for 0.025-inch diameter

wire. Here is to be noted the meaning of and the difference between useful
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Table 109. Current-Temperature Characteristics of Nichrome” V (Straight Wire)

B.
&
S.

Dia.
in
Ins.

Temp. F. 400
Temp. C. 204

600
315

800
427

1,000
538

1,200
649

1,400
760

1,600
871

1,800
982

2,000® F.
1,093® C.

1 .289 78.2 109 140 177 219 268 322 378 434

2 .258 65.1 92.6 118 149 185 227 272 319 366

3 .229 54.9 77.0 99.0 125 156 190 228 268 307
4 .204 45.8 64.9 83.0 104 130 160 191 224 258
5 .182 39.1 55.2 71.0 88.8 110 135 161 189 217

6 .162 32.5 45.8 59.0 74.2 92.0 112 135 158 182

7 .144 27,4 38.5 53.4 62.2 77.1 95.5 114 134 153

8 .128 22.4 32.2 41.0 52.2 64.9 79.1 94.8 111 128

9 .114 18.8 27.0 34.6 43.9 54.6 66.9 80.0 94.0 108

10 .102 16.3 23.4 29.2 37.7 46.2 56.5 68.0 80.0 92.3

11 .091 13.8 19.1 24.8 31.3 39.1 47.7 57.5 67.1 77.8

12 .081 11.6 16.1 20.8 26.7 33.5 40.8 48.5 56.6 65.5

13 .072 9.76 13.6 17.7 22.5 28.1 34.3 41.0 48.0 55.5

14 .064 8.43 11.7 15.0 18.9 23.5 28.9 34.7 40.5 46.2

15 .057 7.21 10.0 12.85 16.1 20.0 24.6 29.4 34.2 39.2

16 .051 6.39 8.66 10.94 13.7 17.0 20.9 25.1 29.4 33.6

17 .045 5.53 7.48 9.51 11.8 14.5 17.6 21.1 24.6 28.1

18 .040 4.82 6.53 8,23 10.1 12.2 14.8 17.7 20.7 23.7

19 .036 4.26 5.84 7.21 8.77 10.6 12.8 15.2 17.9 20.4

20 .032 3.80 5.07 6,30 7.59 9.13 10.9 13.0 15.2 17.4

21 .0285 3.34 4.33 5.32 6.48 7.84 9.37 11.0 12.9 14.8

22 .0253 2.93 3.77 4.53 5.58 6.81 8.15 9.57 11.0 12.6

23 .0226 2.58 3.34 4.04 4.87 5.89 7.09 8.17 9.60 10.9

24 .020 2.21 2.88 3.46 4.18 5.06 6.04 7.10 8.12 9.40

25 .0179 1.92 2.52 3.02 3.58 4.32 5.18 6.10 7.25 8.04

26 .0159 1.67 2.15 2.61 3.16 3.79 4.49 5.25 6.06 6.95

27 .0142 1.44 1.84 2.25 2.75 3.29 3.92 4.58 5.28 5.96

28 .0126 1.25 1.61 1.96 2.39 2.86 3.23 3.94 4.51 5.11

29 .0113 1.08 1.39 1,74 2.10 2.51 2.96 3.44 3.94 4.44

30 .010 .92 1.18 1,48 1.79 2.14 2.53 2.93 3.33 3.75

31 .0089 .77 1.02 1.30 1.58 1.85 2.18 2.51 2.85 3.19

32 .008 .68 .90 1.13 1.38 1.62 1.90 2.18 2.47 2.76

33 .0071 .58 .78 .98 1.18 1.40 1.62 1.87 2.12 2.35

34 .0063 .49 .67 .83 1.01 1.17 1.42 1.61 1.80 1.99

35 .0056 .42 .57 .72 .87 1.03 1.22 1.38 1.54 1.71

36 .005 .37 .52 .63 .77 .89 1.05 1.17 1.28 1.49

37 .0045 .34 .46 .57 .68 .79 .90 1.06 1.18 1.29

38 .004 .29 .41 .50 .60 .69 .78 .88 .98 1.09

39 .0035 .26 .36 .43 .50 .57 .66 .75 .83 .92

40 .0031 .24 .31 .37 .43 .50 .57 .64 .71 .79
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life and total life to "'burn-out/' The graph therefore shows typical life-test

curves.

Table 109 shows the approximate amperes necessary to produce a given

temperature in straight wires of "Nichrome" V stretched horizontally in

free air.^

A number of registered trade mark alloys are mentioned in this section.

The manufacturers of these alloys are listed below:

Driver-Harris Co.

‘‘Advance”

“Chromax”
“Gridnic” E

“Lucero”
“Manganin”

“Nichrome” “Radiohm”
“Nichrome” V “Hytemco”

Alloy Metal Wire Co.

“Alray” A “Alray” C “Excelsior”

International Nickel Co.

“Monel”

C. 0. Jelliff Mfg. Co.

“Jelliff” A “Jelliff” 70 “Kanthal”

Hoskins Mfg. Co.

“Chromel” A
“Chromel” D

“Chromel” C
“Copel”

Wilbur B. Driver Co.
“ Alchrome”
“Cupron”
“Mangrid”
“Mangrid” E
“Ohmaloy”

“Tophet” A
“Tophet” C
“Tophet” D

No. 30

No. 60

No. 90

No. 180
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Chapter XIV

Corrosion and Its Prevention

Corrosion may be considered as the gradual decomposition of a metal by

some chemical means, or the destructive alteration of a metal resulting from

contact with a liquid or gaseous medium. In other words, corrosion* is a

phenomenon involving chemical reactions of metals with the non-metallic

elements of their environments, forming chemical compounds which are

either oxides or salts. The nature of these compounds, particularly their solu-

bilities in the surrounding medium, and the position with respect to the

metal surface, where they may be precipitated in solid form, has consider-

able influence upon the process and may determine whether it will continue

to the destruction of the metal or become stifled; if the latter, corrosion

resistance has been imparted to the metal surface.

1'he problem of corrosion is continuous and occurs wherever metals and

their alloys are employed. The extent to which it takes place and the rate at

which it proceeds depend upon the composition of the material employed,

the combination of metals and alloys in contact with each other, the com-

bination of metals and alloys in contact with non-metallic materials, and

the nature of the environment encountered in service.

Corrosion is very widespread. Rusting and tarnishing are everyday

examples of progressive and self-protecting atmospheric corrosion, respec-

tively; more complicated forms occur with rain, dew, salt spray, sun, and

active gases from atmospheric pollution. Perspiration and humidity are

eternally at work attacking, deteriorating and destroying valuable mate-

rials, which must be protected against these natural forces. The annual loss

due to corrosion of equipment in the United States is in excess of two billion

dollars.

A knowledge of the fundamentals of corrosion, the nature of attack, and

the resulting products and effects is necessary in order to recommend intel-

ligently the best materials for manufacturing and for service application.

Frequently, a material which is satisfactory metallurgically but not suffi-

ciently corrosion-resistant can be made so by suitable surface treatment.

A working knowledge of such surface treatments is advantageous. Fa-

miliarity with the special alloys which have been developed to resist specific

media at room and elevated temperatures is also desirable.

353
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Corrosion Reactions

Corrosion can manifest itself in a number of different forms, though they

are fundamentally the same. Corrosion reactions are usually classified

either as direct atmospheric chemical attack or as an electrochemical mecha-

nism. Although broad distinction is sometimes made between direct chemical

corrosion and electrochemical corrosion, it is difficult to maintain scien-

tifically in view of the electrochemical features of so many surface reactions.

However, in practice, the distinction is made according to whether meas-

urable currents in a definite circuit are absent or present, and also whether

the corrosion is occurring at elevated temperatures in the absence of

moisture.

The dry or direct-combination process is exemplified by oxidation and

tarnishing reactions. The oxidation of iron and steel at elevated tempera-

tures, the oxidation of aluminum and magnesium, and the tarnishing of

copper by the atmosphere illustrate corrosion by direct chemical or atmos-

pheric attack. The staining of nickel and silver by sulphurous gases in the

atmosphere is another example of corrosion by direct chemical attack of

the metal by another substance. Atmospheric corrosion can be due to the

action of sulphur dioxide and hydrogen sulphide, which are present in indus-

trial atmospheres. Under conditions of high temperature, the presence of

CO2 may convert the material to the carbonate.

Electrochemical attack occurs when a metal surface is corroded by a

chemical compound, such as an acid or alkaline solution, to form the com-

pound of the reactant and the metal. The reaction on the whole surface of

the metal will be fairly uniform and will proceed at a uniform rate. The
surface of a metal subjected to such attack will be smooth, but visibly

etched. An example of this type of attack is the effect of hydrochloric acid

on iron; the reaction tends to form iron chloride, with liberation of hydrogen

gas. As long as the hydrogen escapes or is removed by some means, the

reaction will continue, the iron being evenly dissolved away.

The electrochemical mechanism, which is the type of corrosion usually

encountered when metals are corroded in service, takes place when other

metals or hydrogen are displaced by more active metals in solutions of

electrolytes. In electrochemical corrosion the process is essentially electroly-

tic in character and involves the electrochemical reactions. The basis for

the interpretation of this type of corrosion is the electromotive force series,

an arrangement of the elements in order of their dissolution tendencies in

solution of their own ions of corresponding concentrations.

The Electromotive Series

When two dissimilar metals are in contact with each other or otherwise

or voltage is set up between the metal and the solution. The magnitude of
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this potential is determined by the nature of the metal surface exposed, the

composition of the liquid, and by other factors such as temperature, degree

of agitation, gas pressure, etc.

The tendency for pure metals to corrode by displacing hydrogen ions

from solution is indicated in a general way by their position in the electro-

motive series® shown in Table 110. It should be noted that the potential

values given in this table apply only to the conditions in which the metal

is in contact with a solution in which the activity of the ion indicated is one

mole per 1000 grams of water. In any other solution different values for the

potentials would be developed.

Table 110. The Electromotive Series

Metals electrode potential at 77° F. (25° C.)

Metal Ion Voltage

Magnesium Mg++ -2.34
Aluminum A1+++ -1.67
Zinc Zn++ -0.76
Chromium Cr+++ -0.71

Iron Fe++ -0.44
Cadmium Cd+^ -0.40
Nickel Ni++ -0.25
Tin Sn++ -0.14
Lead Pb++ -0.13
Hydrogen Arbitrary zero point

Copper Cu++ +0.34
Silver Ag+ +0.80
Palladium Pd++ +0.83
Mercury Hg++ +0.85
Platinum Pt++ + 1.2

Gold Au+++ + 1.42

Metals above hydrogen in this series displace hydrogen more readily than

do those below it; a decrease in hydrogen ion concentration (acidity) tends

to move hydrogen up relative to the metals, while an increase in the metal

ion concentration tends to move the metals down relative to hydrogen.

Whether or not hydrogen evolution will occur in any case is determined by

several other factors in addition to the concentrations of hydrogen and

metallic ions. These include the phenomenon of hydrogen overvoltage. In

this series the metals at the top of the list are very prone to go into solution,

whereas those at the bottom of the list have little tendency to corrode.

The Galvanic Series

When two dissimilar metals are in contact with each other or otherwise

electrically connected and exposed to a corrosive liquid or conductive solu-

tion, a potential is set up between them, and a current flows. In many cases

the corrosion of one metal is accelerated and that of the other metal de-

creased, compared to the corrosion behavior of the same metals when not
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in contact. Because of the electric currents and dissimilar metals involved,

this form of corrosion is called galvanic corrosion.

The electromotive force series, as far as galvanic corrosion is concerned,

gives an indication of the potential that should exist if two of the metals

are in contact in a given electrolyte. In addition it indicates that the metal

higher up in the series will probably corrode and the lower one will be

protected. The farther apart the metals are in the series, the greater the

potential and the greater the likelihood of galvanic attack. For example,

aluminum and copper represent a bad combination, since galvanic corrosion

would probably occur, and the corrosion of the aluminum be greatly ac-

celerated.

The galvanic series® for metals and alloys (Table 111) is based upon

actual experience with corrosion in practice and laboratory measurements.

Voltage figures are not given because they vary with every new corrosive

condition. The series as it stands is accurate for common dilute water solu-

tions such as sea water, weak acids, and alkalies. The metals at the top of

the list are anodic, those at the bottom cathodic. “Anodic" means that the

pole at which the current is flowing from the metal to the solution is the

anode and that the metal goes into the solution as positive charged ions;

“cathodic" means that the pole at which the current is flowing from the

solution to the metal is the cathode, and that positive charged ions are at-

tracted to it from the solution and plate out. For example, a piece of zinc

and a piece of copper immersed in a solution of 5 per cent sulphuric acid

but not in intimate contact will produce no noticeable action. If the two

metals are connected externally by means of a piece of wire, bubbles of gas

will begin to collect on the copper and the zinc will gradually be dissolved

away. The following reaction takes place:

At the zinc (anode): Zn® = Zn -f- 2e

At the copper (cathode): H2SO4 = 2H'** -f SO4
2H+ + 2e = H2

In other words, the zinc loses two electrons (e), thus becoming positively

charged and going into solution. The copper in turn gains two electrons,

which give it a negative charge. These electrons on the copper, however,

are immediately taken up by the positive charged hydrogen ions in solu-

tion, formed by ionization of the sulphuric acid, and become neutral hydro-

gen atoms which combine in pairs to form hydrogen molecules (gas) which

collect on the copper electrode.

In this galvanic series the metals close together have little tendency to

form galvanic cells with appreciable flow of current. However, if two metals

widely separated in this series are connected and immersed in a solution,

the metal higher up on the list will corrode and go into solution. This con-
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Table 111. Galvanic Series*

ANODIC END

Magnesium
Magnesium alloys

Zinc
Aluminum 2S
Cadmium
Aluminum 24ST
Carbon steel

Copper steel

Cast iron

4-6% Cr steel

f 12-14% Cr steel
]X

^
16-18% Cr steel

}
Active

[
23-30% Cr steel

J

Ni-Resist

f 7Ni- 17 Cr steel

I

8Ni-18 Cr steel

Y
{
14Ni-23 Cr steel

20Ni-25 Cr steel

[
12Ni-18 Cr-3 Mo steel

Active

Lead-tin solder

Lead
Tin

(Series continued at right)

f Nickel

2 )
60 Ni-15 Cr

(

Inconel

80 Ni-20 Cr

Active

Brasses

Copper
Bronzes
Nickel silver

Copper nickel

^^MoneL^

Z

Nickel

60 Ni-15 Cr
“InconeL'

80 Ni-20 Cr

Passive

X and Y <

12-14 Cr steel

16-18 Cr steel

7 Ni-17 Cr steel

8 Ni-18 Cr steel

14 Ni-23 Cr steel

23-30 Cr steel

20 Ni-25 Cr steel

12 Ni-18 Cr-3 Mo steel

y Passive

Silver

Graphite

Gold
Platinum
CATHOTIC END

dition existing between two metals causes a flow of current which can be

measured by means of an ammeter. The current generated determines the

rate of solution of the anodic metal or the rate of corrosion.

It should be understood that the series shown above does not hold true

in all cases. The position of any metal in the series can change with condi-

tions and environment; hence under specific conditions one metal may be

either anodic or cathodic to another. It is important, therefore, that the

prevailing condition be taken into consideration.

Corrosion, therefore, is a complex phenomenon ® which may take one or

more of several forms. The fundamental reaction involves a transfer of

electrons in which some positively charged ions in the corroding solution,

usually hydrogen ions, lose electrical charges. The complete corrosion re-

action is divided into an anodic portion and a cathodic portion, which occur

simultaneously at discrete points on metallic surfaces. The anodic reaction

* Some metals and alloys can become passive in certain environments and conditions.

These active-passive materials are designated in three groups, X, Y and Z, which under
certain conditions become passive and are then lower on the list.
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(oxidation) represents the acquisition of. charges by the corroding metal,

while the cathodic reaction (reduction) represents the loss of charges by the

hydrogen ions, which are discharged. The flow of electricity between the

anodic and the cathodic areas may be generated by local cells set up either

on a single metallic surface or between dissimilar metals. Sometimes an

electric current may be applied from some external source, either acciden-

tally or deliberately.

It is not always necessary to have dissimilar metals in contact; it is pos-

sible to form a galvanic cell with the accompanying flow of galvanic current

within a piece of apparently homogeneous metal. In an apparently uniform

piece of metal, any portion which has been subjected to strain or stress of

some kind will be less noble than an unstrained portion of the same metal.

Similarly, small grains are less noble than large grains; moreover, minute

inclusions of more noble impurities are often found in a relatively pure

piece of metal. These differences permit local galvanic cells to be set up, and

corrosion of the baser (anodic) regions will occur slowly in the presence

of air or moisture and more rapidly in the presence of stronger electrolytes.

The local galvanic cell can be caused by any of the following conditions

(the galvanic cell will result in a difference of potential between the metal

and the interface of the non-homogeneous portion)

:

Conditions for localized attack:

(1) Presence of metallic or non-metallic impurities.

(2) Grain boundaries. The potentials at the grain boundaries are dif-

ferent from those in the center of the grains.

(3) Differential orientation of the grains.

(4) Differential grain size. Fine grains have higher internal energy

than coarse grains.

(5) Differential thermal treatment.

(6) Differential mechanical treatment.

(7) Differential strain.

(8) Surface roughness.

(9) Local scratches or abrasions.

(10) Differential pre-exposure to air or oxygen.

(11) Differential concentration or composition of the corroding solution.

(12) Differential aeration.

(13) Differential heating. This may give rise to corrosion currents.

(14) Externally applied potentials.

Such variations in a metal and environment occur very often in practice,

thus corrosion of a metal can take place very easily if a liquid is present

which can act as an electrolyte. The electrolyte may be only moisture from

the air which has condensed on the surface of the metal, even though it be

only a very thin film.
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Rate of Corrosion

The rate of corrosion of any metal is proportional to the flow of current

per unit area. Several factors influence the corrosion rate in any of the

mechanisms described above, and they are important enough to warrant

brief consideration. One of the most important retarding factors is polariza-

tion of the electrodes, i.e., formation on the surface of the metal of a film

which resists the flow of current. Polarization is usually caused by a film

of hydrogen gas on the cathode, although corrosion products on the cathode

may also cause it. This is known as cathodic polariiation. The formation

of a film of oxygen on the anode, called anodic polarisation, also tends to

retard the rate of corrosion, though to a somewhat lesser degree than

cathodic polarization. Generally, anodic polarization is the result of the

accumulation of anodic corrosion products, either in solution or as films,

on anodic surfaces. Any action which removes the polarization effect,

whether it be agitation, chemical combination or solution, will of course

permit corrosion to proceed at its normal rate.

A second factor affecting the corrosion rate is the difference in potential

between local anodic and cathodic areas. The greater the difference between

the two, the faster corrosion proceeds, since there is a greater driving force.

Another important factor is the acidity of the electrolyte. The more acid

the environment, the more rapid the rate of corrosion, for the number of

hydrogen ions in a solution increases with increase in acidity. 'Phis is easily

understandable, for we have already seen that hydrogen ions act as a metal

and tend to be replaced by a metal.

Temperature also exerts a tremendous influence on corrosion rate. As in

any chemical reaction, the speed of the reaction increases with increase in

temperature. In corrosion mechanisms, elevated temperatures neutralize the

beneficial effect of polarization because of the decreasing solubility of gases

with increasing temperatures. The decrease in solubility of oxygen coun-

teracts the promoting effect of temperature on corrosion by reducing the

extent of cathodic depolarization and thus acting as a brake on the cor-

rosion process. Higher temperatures also increase the solubility of corrosion

products, thus removing them from metal surfaces and pushing the reaction

even further toward completion.

Other factors which may effect corrosion rate are the degree of aeration

or circulation of the electrolyte, the presence of inhibiting agents, such as

chromates, dichromates or silicates, and dissolved oxygen in the electrolyte,

which tends to prevent cathodic polarization by combination with the hy-

drogen.

In a particular galvanic combination, the relative areas of the two mate-

rials forming the couple have a very important bearing on the extent of
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corrosion. Under most conditions the extent of galvanic corrosion for any

metallic couple will be very nearly proportional to the ratio of the area

of the cathodic metal to the area of the anodic metal. Thus, if a piece of

aluminum having a surface area of 2 square inches is coupled to a piece of

steel with a surface area of 100 square inches, the galvanic corrosion is

roughly 50 times faster than it would be if the same piece of aluminum were

coupled to a piece of steel having a surface area of 2 square inches. For this

reason, it is wise to avoid galvanic couples where the exposed area of a metal

lower in the galvanic series is much greater than that of a metal higher in

the series. The higher metal will suffer accelerated corrosion to an extent

determined by the corrosiveness of the environment, the area of the more

noble metal, and the resistance of the galvanic circuit.

The corrosion rate can be decreased by the addition of inhibitors to the

environment of a metal or alloy. These may be divided into two classes,

depending on whether they impede the anodic or the cathodic reaction. A
further division may be made into inorganic and organic inhibitors.

In almost all cases, inhibitors reduce corrosion by forming films. In gen-

eral, anodic inhibitors thinly coat on the anodic areas, thus impeding the

anodic reaction; cathodic inhibitors retard the cathodic reaction in an

analogous manner. Often the use of ions, such as Ca^\ Mg''^ or Zn**, will

decrease the rate of attack on partly submerged steel structures. The pre-

cipitation of magnesium or zinc hydroxide on the cathodic areas provides

the inhibitor action by preventing or reducing oxygen diffusion to the

surface.

Some typical anodic inhibitors are chromates, silicates and phosphates.

Organic oxidizing agents (benzoyl peroxide) are also effective. Cathodic

inhibitors, which include a wide variety of organic compounds and are more

generally used than anodic inhibitors, are represented by aliphatic and

aromatic amines and their derivatives, heterocyclic nitrogen compounds

such as pyridine, and sulphur compounds such as thiourea, sulphides and

mercaptans. The important factors in organic inhibitors are the presence

of a polar or ionizable group.

Galvanic couples do not always result in corrosion attack of the anodic

metal, as indicated by the relative positions of the two metals in the gal-

vanic series. The condition that prevents the expected attack is called pas-

sivation. This is a relative term, because a metal or an alloy may be pas-

sive to one environment and yet react violently to another corrosive

medium.

The phenomenon of passivation is one of the reasons why metals behave

differently from what their positions in the galvanic series would indicate.

Passive surfaces on metals show more noble characteristics, that is, better

corrosion resistance. The most widely accepted theory postulates the forma-
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tion of a tenacious oxide, such as chromium oxide in stainless steel, on the

surface of the metal.

Alloys containing chromium are most pronounced in the passivity, which

accounts for the wide use of chromium in corrosion-resistant and stainless

steels. The corrosion behavior of a metal can be markedly changed because

of numerous surface reaction possibilities, such as oxide formation, the pres-

ence of physically or chemically adsorbed gases, or adherent corrosion

products. Passivity depends, therefore, on the nature of the solution: if it

is one that destroys passivity, the alloy is then said to become active and

will be attacked.

What is more important than the rate of corrosion in many cases is the

pattern of attack. For example, the rate in terms of weight loss of metal

per unit time may be low; but if this loss is concentrated at points or small

areas, the damage may be many times greater than the rate would indicate.

Thus the pitting type of corrosion may cause leak in a tank, or inter-

granular attack in a highly stressed part may lead to destruction, though

the actual loss of metal may be negligible. Intergranular corrosion can prove

quite serious under internal and applied stresses, particularly cyclic stresses

approaching the fatigue limits of metals and alloys in corrosive atmospheres

or environments.

Other Types of Electrochemical Corrosion

The corrosion mechanisms explained so far are of a simpler type. The
other types frequently met with in practice are (1) concentration or solu-

tion cell, which is a galvanic cell created by the presence of the same metal

in different concentrations of the same electrolyte or of the same metal in

different electrolytes; (2) dezincification, which is the dissolution (by elec-

trochemical mechanisms) of one constituent in an alloy, leaving the other

constituents intact (usually encountered in high-zinc brasses). This action

appears to be much more complex and involves redeposition of copper after

previous solution of the alloy as a whole or one of its phases; (3) stress cor-

rosion, and corrosion fatigue, which are the results of accelerated corrosion

in the metal because of internal stresses or fatigue stresses; (4) oxygen con-

centration cell, which occurs on metal surfaces at which the oxygen concen-

tration (in the presence of an electrolyte) at one area is higher than at

another.

Stress corrosion is corrosion accelerated by internal stresses or externally

applied stresses. Internal or residual stresses (locked-up stresses) are often

produced by methods of manufacture or assembly. Common examples are

stresses induced by internal structural changes, quenching, cold-forming,

and so forth. Stresses induced by assembly include those from welding, press

or shrink fit. Such stress corrosion manifests itself in the form of cracks.



362 MATERIALS ENGINEERING OF METAL PRODUCTS

Corrosion fatigue is stress corrosion in wJiich the stresses are fluctuating or

cyclic in nature.

In general, stress corrosion for a given material depends upon three fac-

tors, namely, the stress, the concentration and nature of the corrosive en-

vironment, and the temperature. Once localized attack in the form of a pit,

crack or crevice begins, the effect is accelerated because these areas serve as

stress raisers.

The most common method of combating stress corrosion due to locked-up

stresses consists of stress-relieving heat treatment. The use of protective

coatings or redesign of equipment to eliminate such stress-raisers as sharp

corners helps to minimize stress corrosion. Of course the use of more cor-

rosion-resistant material and changes in corrosive environment are factors

to be considered.

In stress corrosion, cracks always grow along grain boundaries and always

occur in regions of high stress concentration. Cracks are produced and ex-

tended by the electrochemical dissolution of anodic material in the grain

boundaries. Stress-corrosion cracks are mostly intercrystalline, slightly

transcrystalline and also slightly branched.

Localized precipitation along grain boundaries and also precipitation

along planes of slip induced by cold-working, which forms continuous

paths anodic to the surrounding grains in a specific corrosive solution,

have been demonstrated to be a cause of susceptibility to stress-corrosion

cracking.

Corrosion cracking of brass and the caustic embrittlement of boiler plate

are well known examples of this phenomenon. Austenitic stainless steels of

the 18-8 type disintegrate by progressive chemical attack along the grain

boundaries. Stressing of the metal, in combination with carbide precipita-

tion at grain boundaries results in accelerated attack. (See Figures 103 and

104.)

This preferential precipitation of chromium carbides along the grain

boundaries depletes the chromium content of the solid solution, resulting in

lowering the resistance to corrosion along these zones. Moist ammonia
vapor and aqueous ammonia solutions cause stress cracking (also called

season cracking) of certain brasses when under stress.

Stress corrosion or intergranular embrittlement are not confined to one

kind of material or to one kind of corrosive medium. For example, carbon

steel is affected by certain caustic solutions, stainless steel by acid chlorides,

aluminum and magnesium alloys by sea water, and copper alloys by am-
monia. But it is necessary that the material be under sufficiently high tensile

stresses.

The essential conditions for promoting failure by stress corrosion are:

(I) tensile stress at the surface of the component (either residual or ap-
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Figure 103. Intergranular corrosion of 18~8 stainless steel. (lOOX). Attack

at grain boundaries.

Figure 104. Intergranular corrosion of 18-8 stainless steel (lOOX). Crack follows

an irregular pattern around the grains.
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plied), and (2) an attacking medium. When fluctuating stress occurs with

simultaneous chemical attack, corrosion fatigue failure may occur. This

form of corrosion is probably similar to stress corrosion in that it is the

tensile stress part of the cycle which causes breakdown of the structure; the

corrosion-fatigue cracking follows an intercrystalline path until corrosion

ceases to have effect or until the part fails in tension because of loss of

section.

Rusting of Iron

Several points should be emphasized in order to give a clear under-

standing of the mechanism of rusting. When iron in contact with water first

begins to rust, it goes into solution as positively charged iron ions. Simul-

taneously, hydrogen ions formed by the ionization of water are deposited

as hydrogen gas. The hydrogen forms a thin, invisible film on the iron and

tends to retard and eventually stop the reaction. However, this film is

usually removed either by combination with dissolved oxygen or by escap-

ing as bubbles of hydrogen gas. As long as the gas film is continually re-

moved, the corrosion will continue. The secondary reaction resulting in the

formation of rust is the oxidation of the ferrous ions in solution to ferric

ions and the subsequent precipitation of insoluble ferric hydroxide.

The mechanism of rusting suggests a means by which it can be controlled.

As long as there is no dissolved oxygen present, le., as long as air is absent,

there would be little or no chance for the hydrogen film to be removed from

the iron, thus decreasing or stopping the reaction. In addition, there would

be no precipitation of hydrated ferric oxide, which accelerates the reaction

by removing ferrous ions from solution and allowing more iron to dissolve.

The formation of rust on the surface of the iron ordinarily would tend to

retard corrosion; but since the ferric hydroxide (hydrated iron oxide) is

porous and not very adherent, it does not completely stop the reaction.

The rusting of iron occurs preferentially under the portions of the metal

that are already covered with wet rust. As these parts are less accessible to

air, they tend to corrode, as long as oxygen is available to oxidize away the

discharged hydrogen ions at the other parts. A similar condition is respon-

sible for the corrosion of iron and steel covered with a partially protective

film, such as a loose layer of paint, or in contact over a portion of its sur-

face with a non-metal, such as wet wood or rope, etc. If oxygen has greater

access to some parts of a surface than to others, that part to which oxygen

does not have access will corrode. The parts of the metal which dissolve are

those having the smaller concentration of oxygen. The reason for the ob-

served fact is that hydrogen ions tend to discharge more easily where the

resulting hydrogen can be readily oxidized; these are the portions of the

metal where there is a good supply of air. In order to complete the gal-
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vanic cell, in which the discharge of hydrogen ions occurs, the metal must

dissolve at those parts to which oxygen has little or no access.

Prevention of Corrosion

Corrosion prevention is the art of protecting metals by means of applied

coatings, chemical treatments, or cathodic protection methods. There are

numerous general methods for accomplishing this, namely: (1) coating with

certain types of easily removable oils, greases and solvent mixtures,

(2) painting, (3) plating, (4) chemical treatments, such as oxide, phos-

phate, arsenate or sulphide coatings, (5) porcelain enameling, and (6) sup-

plying an electric current, either externally or by galvanic coupling. The
first method is referred to as temporary coating, and is applied to operating

or functioning metal parts to protect them during manufacture, shipment,

or storage. The cathodic protection method is a process of protecting costly

parts or equipment at the expense of cheaper and more easily replaced

metals. The principle of cathodic protection is the elimination of local

anodic areas by the use of an external anode.

Lowering the potential difference of a galvanic cell causes a reduction in

the amount of current flowing, which in turn means that the amount of cor-

rosion is reduced. An increase in the resistance of the galvanic circuit will

also lead to a reduction in the amount of corrosion.

A reduction in the galvanic potential can be accomplished in practice

(
1 ) by selecting materials which are close together in the galvanic series or

(2) by applying an opposing potential, usually a low direct current voltage

from a generator or rectifier. An increase in resistance can be obtained

( 1 ) by insulating the dissimilar metals, (2) by keeping the dissimilar metals

apart, (3) by adding a corrosion inhibitor or polarizer to the corrosive solu-

tion, (4) by coating the cathode surface with paint, tarry material, etc.

Cathodic Protection

Cathodic protection methods ^ are often used in industry for prolonging

the life of equipment by reducing or almost completely eliminating the cor-

rosion that would normally occur. Cathodic protection consists of supplying

an electric current, either externally or by galvanic coupling, to a specific

metal surface in such a manner that the usual electrochemical corrosion re-

actions are stifled or counteracted. If both electrodes of a couple can be made
cathodic by a current from some other source, in many cases galvanic cor-

rosion of the couple can be prevented. The source of the current may be an

inert electrode with externally applied potential, or a metal more anodic

than both of those comprising the couple.

Thus the methods of cathodic protection fall into two general classes:

those using sacrificial anodes and those involving impressed currents or



366 MATERIALS ENGINEERING OF METAL PRODUCTS

potentials. In the former, metals or alloys to be protected are electrically

connected with the sacrificial anode or the anode is placed in contact with

the equipment to be protected. In the second classification, a current is

applied by means of an external source of power.

Sacrificial anodes are usually made of zinc, magnesium and aluminum,

or alloys of these metals, depending on the nature of the metal or alloy to

be protected. The rate of corrosion on these anodes is accelerated, and the

attack on the other metal in the couple is reduced, because of galvanic cor-

rosion effects. The sacrificial anodes are so designed that they can be readily

replaced if necessary.

Another example of cathodic protection is the coating of a metal with

another metal or alloy more anodic than the base metal. Galvanized iron,

tin-coated copper, and ''Alclad'' aluminum alloys are examples of such

products.

Electroplated Coatings

A well-known method of providing improved corrosion resistance is by

the electrodeposition of metals which offer better resistance to corrosion than

the base metal. The chief object of electroplating is to provide a coating

which will protect the underlying metal from corroding when exposed to

atmospheric or other conditions.

The principle of electroplating requires that the article to be plated be

made the cathode of an electrolytic cell. The electrolyte or plating bath

consists of a salt of the metal to be electroplated. The anode of the cell is

usually the same metal which is to be electrodeposited, for this serves as a

means of replenishing the metallic ions which are withdrawn from the elec-

trolyte during plating. When current supplied by a direct current generator

or rectifier is passed through the cell, the metal from the anode enters the

solution as metallic ions, and metallic ions from the electrolyte are trans-

ferred to the cathode (part to be plated), where they are deposited in the

metallic state.

Although the process of electroplating is simple, several variables are

present which make it necessary to exercise careful control : chemical com-

position of the bath, temperature of the bath, and cathode current density.

These conditions determine the character of the deposited metal. This is

all-important if the coating is to serve as a protection for the base metal.

The deposit must be continuous and uniformly distributed over the surface.

It must be smooth, fine-grained, and free of porosity, and the plated metal

must adhere firmly to the base metal.

The part which porosity plays in the protection offered by an electro-

deposited coating depends upon the relative positions in the galvanic series



CORROSION AND ITS PREVENTION 367

of the coating and the base metal. If the coating is anodic toward the base

metal in the environment in which the part is being used, porosity in the

coating is not serious, for the coating is sacrificed to save the base metal.

However, if the base metal is anodic to the coating, i,e., if the plating is

cathodic, the presence of porosity results in corrosion of the base metal,

indicated by "'pinhole'' corrosion.

It is apparent that care must be taken in selecting the metal to be electro-

deposited on a part for the purpose of corrosion protection. Here again, the

galvanic or electrochemical series must be used as a guide. The same con-

dition holds true for plated coatings as in galvanic corrosion. Metals close

to each other in the series have little tendency to form electrolytic cells,

while those widely separated do so very easily. Another important fact to

bear in mind is that the generally accepted procedure in plating for cor-

rosion protection is to deposit a metal which is anodic to the base metal.

This practice will insure protection of the base metal even though the coat-

ing may become ruptured.

The metals most commonly used for electroplating are cadmium, zinc,

tin, nickel and chromium. Cadmium is used extensively for the protection

of iron and steel, since it is anodic to iron. Properly applied, cadmium coat-

ings on iron show no corrosion after 250 hours in the salt spray test. Zinc

is used quite frequently as an alternate for cadmium, though it does not

offer any better resistance to atmospheric oxidation. It does, however, pro-

vide good cathodic protection. One of the most satisfactory and inexpensive

coatings for atmospheric exposure is zinc applied by hot-dip galvanizing.

Other metallic coatings obtained by alloying such as sherardizing (zinc),

calorizing (aluminum), chromizing (chromium), siliconizing (silicon) and

also metal spraying are more expensive than hot-dip coats, but offer advan-

tages in certain cases. In other special cases coatings of the very noble metals

such as copper, silver, gold and platimfm are applied when necessary.

Tin-plating does not provide iron or steel with positive corrosion re-

sistance, because most electroplated tin coatings are porous, and in addi-

tion tin is generally cathodic to iron. Until recently, sheet iron for '*tin cans"

was always hot-dipped, since hot-dipped coatings were somewhat thicker

and less porous. However, a method has been developed which makes it

possible to electroplate tin cans with minimum porosity by ‘"flowing" the

plated tin by immersion in a hot oil bath. Actually both the hot-dipped and

the electroplated and "flowed" tin coatings may be very porous and severe

rusting occurs in many environments. The usefulness of tin coatings in tin

cans is not due to the absence of porosity, but to the peculiar galvanic rela-

tionship between tin and iron in a tin can, where the tin is anodic to the

iron.
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In the absence of air, i.e., inside a sealed can, the high overvoltage of the

tin, which is the nobler metal, prevents corrosion of the iron. When air is

present, however, the iron is readily attacked; in fact, faulty tin plate will

rust more readily than would the iron alone. The reason for this is that

numerous short-circuited cells are formed in which the iron is the anode,

and consequently dissolves.

Tin is frequently electroplated on copper and copper-base alloys for

corrosion protection, for appearance and for subsequent soldering opera-

tions. When applied to copper alloys, the tin is anodic to the copper, so any

porosity present will have little effect on the rate of corrosion.

Nickel is used on brass and bronze for both decorative and protective

purposes. It can be used on iron and steel, but its use in very thin coatings

is not recommended because of its porosity and because it is cathodic to

iron. However, coatings thicker than 0.005 inch are substantially free from

pores, and such electrodeposited nickel coatings have been used very ex-

tensively for protecting steel from chemical attack in the process industries

and petroleum and gas production equipment.

Chromium plating has become very important in recent years with the

development of hard chromium plating. By itself in thin coatings it does

not offer good corrosion resistance, so an undercoat, usually nickel, is ap-

plied before depositing the chromium. The principle advantage of chromium

is its hardness and resistance to abrasion. It is finding widespread use in

application to parts where excessive wear is usually experienced.

In the case of an electrodeposit to prevent corrosion, one essential object

is to coat a base metal with an adherent and continuous layer of a more

noble, and hence less susceptible metal. The effect of less noble metals such

as nickel and chromium is the result of their tendency to become passive

under oxidizing conditions, that is, become covered with an invisible but

strongly protective film of an oxide. *As a result, both nickel and chromium
may behave as noble metals and consequently are not easily attacked by
corroding media. Of course if the plate is faulty so that the underlying

metal is exposed, corrosion may be facilitated because of the short-circuited

cells set up.

Neither nickel nor chromium deposits resist solutions containing chloride

ions particularly well. These ions tend to prevent the onset of passivity by

destroying the protective oxide film.

Metal coatings are usually applied to iron and steel by hot-dipping,

electroplating, cementation or metal spraying.

Paint Coatings

The prime purpose of many surface treatments is to provide a good base

for subsequent paint coatings. Without doubt, paint offers the best method
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of improving the corrosion resistance of metals. Considerable progress has

been made in recent years in the paint industry, and paints are now avail-

able which will provide excellent resistance to corrosion even under the

severest of conditions. The effectiveness of a paint depends upon the im-

perviousness of the film. It must be continuous, non-porous, resistant to

abrasion, and properly applied, so that a good bond is obtained between

the base metal and the paint. The selection of a paint to withstand a par-

ticular environment must be made carefully. Many products are especially

designed for protecting certain metals and for resisting specific corrosive

media.

Painting ® greatly increases the resistance of the electrical circuit of the

possible couple. Obviously, if conditions permit, both the anodic and

cathodic alloys should be painted. However, if only one metal can be

painted, it would be expected that painting the cathode would be a better

procedure than painting the anode. If the anode alone is painted and the

coating breaks down at the local areas, then the same amount of attack

could be concentrated in these areas, whereas if not painted, it might spread

out over the entire area of the anode. Hence, painting of the anode alone

might result in highly intensified attack, especially under conditions ap-

proaching cathodic control.

Temporary Protection Methods. A method of providing temporary pro-

tection for either indoor or outdoor exposure is the use of slushing oils to

form a protective ''envelope'' around the metal. This is quite frequently

used to protect parts in the process of manufacture, as well as semi-finished

parts which must be stored while awaiting subsequent operations. These

slushing compounds contain lanolin, oils, waxes, and resins, and are avail-

able as soft, semihard or hard-film compounds. The soft-film compounds

containing lanolin are usually preferred because of the ease of removal;

hard-film compounds should be used for outdoor exposure.

Slushing compounds, or rust-preventive compounds as they are more

commonly called, are used extensively for protecting parts for domestic

or overseas shipment to insure arrival in a usable condition. A particular

kind of rust-preventive compound, known as the water-displacing or polar

type, can be used to definite advantage where water-soluble coolants are

being employed for machining or grinding operations. These compounds

have a greater affinity for metal than does water; hence they displace water

and form a protective film on the surface of the metal. Although this film

provides only temporary protection, it eliminates the inevitable rusting of

iron and steel which follows any operation which employs water or water-

soluble compounds.
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Protection of Iron and Steel

The surface treatments applicable to alloys of iron are many and varied.

In almost every case, they have a two-fold purpose: to protect the metal by

forming a film which is more resistant to corrosion than the base metal or

which corrodes in preference to the base metal, and/or to provide a good

base on which paint can subsequently be applied.

The most popular method of providing iron and steel parts with a mod-

erate protection and also offering a good paint base is the application of a

phosphate coating, such as in the “Parkerizing'" * and "Bonderizing" * proc-

esses. These treatments are very similar, differing only slightly in the solu-

tions employed and in the nature of the coating formed. They are straight

dip operations which bring about insoluble phosphate coatings of iron and

manganese on the surface of the iron or steel. The coatings are usually gray

in color and crystalline in structure, the “Bonderized'* being finer than the

'Tarkerized.'' The dimensional changes effected by the processes are slight

—

in the vicinity of + 0.0003 to -f 0.0005 inch. The coatings produced are

corrosion-resistant to some extent, though they are not considered to be rust-

proof unless they are impregnated with wax or oil. Surfaces to be sub-

sequently painted require no impregnating.

There are several other processes which are similar to Bonderizing and

Parkerizing in that they produce insoluble phosphate coatings on the sur-

face of iron and steel. The “Granodizing"' f and “Granosealing'" f processes

give coatings which offer moderate corrosion resistance and provide satis-

factory paint bases.

“Electro-Granodizing” f produces a zinc phosphate coating which is su-

perior in corrosion resistance to that produced by ''Bonderizing'' or "Par-

kerizing." However, this differs from the previously mentioned processes

in that it is electrolytic, and operates on alternating current. It requires only

a few minutes to produce the coating and the build-up may be as much as

0.005 inch. Although "Electro-Granodizing" produces one of the best rust-

proof coatings on iron and steel it is not widely used, probably because of

the high installation costs and the trouble usually experienced with elec-

trolytic processes.

A treatment known as the "Du-Lite" process has been developed $ for

producing a black, somewhat corrosion-resistant coating on steel. The coat-

ing is essentially molybdenum and iron oxides formed by the oxidation of

the steel surface. The process is a simple immersion operation and causes

no dimensional changes on the parts treated. It is used primarily as a color-

* Developed by the Parker Rust Proof Co.

t Developed by the American Chemical Paint Co.

t Du-Lite Chemical Corp.
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ing process, though the corrosion resistance, can be improved by impregnat-

ing with oil or wax. The "‘Du-Lite'* process is commonly used to blacken

such parts as guns, clock and camera parts, pins, needles, tacks, drills, and

dies.

Several chemical treatments result in the formation of a coating of mag-
netic iron oxide (Fe304 ) on the surface of iron or steel. The chief purpose

of these processes is to give a black finish and to provide some corrosion

resistance. Here again, the coating must be impregnated with oil or wax if

a reasonably corrosion-resistant finish is desired. The better known proc-

esses which result in a magnetic iron oxide coating are the '*Houghto-Black,''

the '"Black Magic,'' the "Ebonol," the "Penetrate," and the "Jetal."

The oxide coating is formed by immersing the parts in a solution con-

sisting essentially of a strong alkali containing oxidizing agents. The tem-

perature and time vary somewhat with the individual processes.

Other surface treatments for increasing the corrosion resistance of

iron and steel are "Calorizing," which produces an aluminum-iron alloy

coating on the steel, and "Siliconizing" or "Ihrigizing," which produces a

highly corrosion-resistant surface of about 14 per cent silicon-iron alloy.

"Calorizing" protects steel from oxidation and scaling at elevated tempera-

tures and is used on oil-refining equipment, rotary kilns, pyrometer protec-

tion tubes, and burner nozzles. "Siliconizing" improves the heat, wear, and

corrosion resistance, and is used for treating automotive parts such as rocker

arms, cylinder liners, and valve guides.

The "Sherardizing" process illustrates the application of the electro-

chemical theory to the prevention of rusting. The process consists of coat-

ing steel with zinc by heating the steel in an atmosphere of zinc dust. The
coating produced consists of iron-zinc alloys of definite composition, which

varies between the base metal and the outside surface of the coating. The

advantage of the treatment lies in the fact that since zinc is anodic to iron,

i.e., above iron in the galvanic series, it will corrode in preference to iron

if the coating is abraded or scratched so that the base metal is exposed. The
process is not extensively used, however, since it is slow and rather costly.

Galvanizing by hot dipping in a molten zinc bath and electroplating with

zinc for rust protection have been for many years the most widely practiced

methods. Hot tin dip and tin electroplate are also extensively used.

An excellent sample of the use of cathodic protection is its application in

the protection of iron pipe lines buried in extremely corrosive soils, where

even organic coatings break down in comparatively short times. The method

consists in placing metal anodes in the soil at definite intervals along the

structure. A small direct current is then applied in such a way that the

pipe line to be protected is at a more positive potential than the anodes, and

the current flows from the anodes to the pipe. Thus, the pipe line is cathodic
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to the auxiliary electrodes, which are slowly corroded by electrolysis. The

anodes are replaced when they have gone into solution completely, thus

assuring continuous protection of the pipe line.

Protection of Aluminum
The chemical treatments applied to aluminum and aluminum alloys are

fewer, but they are far more effective in corrosion resistance than those ap-

plied to iron or steel. The basis of the two types of treatment generally used

is the formation of a film of aluminum oxide on the surface of the metal.

This film is impervious and consequently offers excellent resistance to cor-

rosion; it also provides an excellent paint base.

The best method of forming an aluminum oxide film is known as anodis-

ing, so called because it is an electrolytic process, employing a suitable

electrolyte, in which the aluminum is made the anode. The two electrolytes

most commonly used are sulphuric acid and chromic acid, and the methods

are identified as the "'Alumilite*' process (sulphuric acid) and the “Chromic

Acid“ process.*

In the “Alumilite*' process, the parts are made the anode in a 15 to

18 per cent sulphuric acid solution maintained at room temperature, and

10 to 22 volts are applied with a current density of 12 amperes per square

foot. The time of electrolysis is 30 minutes, after which the parts are

“sealed’' in boiling water or boiling 5 per cent sodium dichromate to im-

prove the corrosion resistance. Properly “Alumilited” parts show no cor-

rosion after 700 hours in a standard salt spray corrosion test. The process

can be used on all aluminum alloys regardless of copper content, and it

effects a change in dimensions of + 0.0002 to — 0.0003 inch on a side.

The coating itself is approximately 0.0001 to 0.0004 inch thick, and is hard

and abrasion-resistant.

Owing to the absorptive nature of the oxide film, it is frequently dyed

black by immersion in a black dye bath containing nigrosine. This treat-

ment is solely for appearance and does not affect the corrosion resistance

appreciably.

The “Chromic Acid” anodizing process is similar, except that a 6 to 9

per cent solution of chromic acid is used as the electrolyte, and 30 to 45

volts are applied for a period of one hour. The coating produced by this

method also withstands a 700-hour standard salt spray test. This process

can be applied only to alloys of aluminum containing less than 5 per cent

copper. Also, the nature of the film is somewhat different from that pro-

duced by the “Alumilite” process, being softer, thinner, and less abrasion-

resistant. The dimensional changes effected by this treatment are approxi-

mately 0.0000 to + 0.0002 inch on a side.

The second type of process for developing an oxide film on aluminum
* Patented by the Aluminum Company of America.
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differs from those just described in that it is not electrolytic. Known as the

''Alrok'' process,* it consists of a simple immersion in a solution containing

sodium carbonate and potassium dichromate, maintained at 190° F. for

20 minutes. The coating formed is somewhat thinner and less abrasion-

resistant than anodized films, and it offers considerably less corrosion pro-

tection, though it gives a good paint base. The dimensional changes are of

the order of + 0.0001 inch. The main advantages of the “Alrok” process

over anodizing are that less costly equipment is required and that castings

containing inserts of other metals can be “Alroked'' but not anodized.

Adequate protection of aluminum may be obtained by the use of duplex

or clad aluminum alloys. The electrochemical action is such that the attack

of the alloy is confined to the coating and penetration of the base alloy is

prevented. The clad coating is anodic to the base alloy.

Protection of Magnesium

The position of magnesium at the very top in the galvanic series indicates

that protecting it and its alloys is a difficult problem. This assumption is

correct, for magnesium is very prone to oxidize, the oxide film so formed

being less corrosion-resistant than that formed on aluminum.

Considerable work has been done to develop a suitable protective coating

for magnesium. The generally accepted method has been the application

of paint to all exposed surfaces. There are, however, several treatments

which can be applied to magnesium alloys to provide improved corrosion

resistance and also a good paint base.

One of the most popular surface treatments for magnesium alloys is the

“Dichromate Coating" or the “Chrome-Pickle" treatment. The coating pro-

duced offers moderate protection to atmospheric corrosion, though it will

not withstand salt solutions or salt spray. It does, however, provide a satis-

factory paint base. The coating is a thin film consisting essentially of

chromates, dichromates, and chromium salts. The desired color is a matte

gray to yellow-red iridescent, with a uniform etch which is visible under a

microscope.

The process is a simple dip operation of to 2-minute duration in a

bath containing 1.5 pounds of sodium dichromate and 1.5 pints of nitric acid

per gallon. The etching action removes approximately 0.0006 inch of metal

on each surface. The color, luster, and etch produced vary with the age

of the solution, the composition of the alloy, and the type of heat treatment.

Die-castings and alloys containing high aluminum (8 per cent and over)

are difficult to chrome-pickle because of the formation of a powdery gray

deposit on the surface of the casting. This deposit (Mg3Al 2 )
can be elim-

inated by heating the solution to 120-140° F. (50-60° C.) and decreasing

the time of treatment to 10 to 15 seconds.

* Patented by the Aluminum Company of America.
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The chrome-pickle solution ordinarily employed cannot be used for ma-

chined surfaces because it removes too much metal. However, by reducing

the strength of the bath to 0.75 pound of sodium dichromate and 0.50 pint

of nitric acid per gallon, it is possible to treat machined castings with a

resultant loss in dimensions of about 0.0001 inch per surface. Castings con-

taining bronze, steel and cadmium-plated inserts can be treated by this

process.

An alternative treatment to chrome-pickling, which can be used when

dimensional changes must be kept at a minimum, is known as the '"Alkaline-

Dichromate’' treatment. No dimensional losses result from this treatment,

but increases in dimensions up to 0.0003 inch on a surface may occur. The

treatment requires a 20- to 60-minute immersion in a boiling solution of

ammonium sulphate, sodium dichromate, and ammonia. The coating formed

will vary in color from gray to black and offers a suitable base for paint.

Castings containing steel, brass, or bronze inserts can be treated satisfac-

torily.

The process which imparts to magnesium the best salt-water resistance

consists of a 5-minute immersion in a 1 5 to 20 per cent hydrofluoric acid

solution maintained at room temperature, followed by 45 minutes in a

boiling 10 to 15 per cent sodium dichromate solution saturated with mag-

nesium fluoride. The coating formed by this treatment will vary in color

from dark brown to black, depending upon the alloy composition and con-

dition of the bath. It consists essentially of magnesium oxide and complex

chromates and dichromates. As the treatment effects no dimensional

changes, it can be applied after machining. Castings containing brass,

bronze and steel inserts can be satisfactorily treated, but cadmium- or zinc-

plated inserts will be attacked by the hydrofluoric acid and must be pro-

tected.

A treatment for anodizing magnesium in the same manner as aluminum
has been successfully developed. It consists essentially in making the part

to be treated the anode in an electrolytic bath. The oxide coating can be

applied by either alternating or direct current, and the time required is ap-

proximately 30 minutes. The bath contains ammonium sulphate, sodium
dichromate and ammonia. It is usually recommended that the parts be

thoroughly cleaned before anodizing by immersing for five minutes in a

water solution containing 1 5 to 20 per cent by weight of hydrofluoric acid

at room temperature. As yet this process has not been used extensively.

Protection of Copper and Copper Alloys

Generally, copper and its alloys offer good resistance both to atmospheric

corrosion and to many corrosive atmospheres, because they are cathodic to

most of the common metals and alloys. Under ordinary atmospheric expo-
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sure conditions, copper and its alloys slowly, assume a black to green tarnish

which usually is not objectionable in appearance and offers some added pro-

tection. In locations where the concentrations of hydrogen sulphide and

sulphur dioxide are high, however, the attack is more serious, and often

results in pitting.

Several surface treatments are applicable to copper and its alloys, but

their main purposes are to provide a black color for appearance and a

good paint base. The coatings do, however, offer some improved corrosion

protection, since they are films of cupric oxide.

A treatment which produces a jet black, dull, velvet coating is known

as the ''Ebonol C" process. It is a very adherent coating of cupric oxide

and can be applied to* copper and most of its commercial alloys. The treat-

ment consists of immersion in '‘Ebonol C’ solution, maintained at 190 to

215° F. for a sufficient time to produce a uniform black coating. The dimen-

sional changes on parts so treated are negligible, being of the order of a

few thousandths of an inch.

Another treatment, known as the ''Electro-Jetal'' process requires an

anodic oxidation to form the cupric oxide coating. The coating so formed

is intense black, slightly velvety in character. In improves the corrosion re-

sistance of the base metal, but it can be used only on copper or copper-plated

metals. The coating is applied by making the part the anode of an electric

circuit suspended in the ''Electro-Jetar' bath and anodically treated at 20

to 30 amperes per square foot at 2 to 4 volts until the desired black color is

obtained.

The '*Bon White'" process is used on copper or brass. It is somewhat dif-

ferent from those previously described, in that it results in the formation

of a silvery white deposit of metallic tin on the surface of the part. How-
ever, it is an immersion treatment, not an electrolytic process. The work to

be treated is immersed in an aqueous solution containing sodium cyanide

and the '"Bon White"' paste. A ten-second immersion in this solution, main-

tained at 70 to 75® F., produces the required coating, which offers some

added corrosion resistance.

Protection of Zinc and Zinc Alloys

Since zinc and zinc alloys are very close to aluminum in the galvanic

series, they are very much like aluminum in their resistance to corrosion.

Zinc withstands ordinary atmospheric corrosion well because of the forma-

tion of a protective film probably consisting of zinc oxide or zinc carbonate.

The film is smooth and adherent, and forms quickly after the metal is

exposed to the atmosphere.

Various surface treatments are commonly applied to zinc and zinc-base

alloys to improve their corrosion resistance. The ‘'Cronak" process provides
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a good corrosion-resistant coating but a.poor paint base. Where the latter

is desired, the metal should be treated by the “Bonderizing'' process already

described.

“Cronak” coatings are produced by immersing the part in the ‘‘Cronak’'

solution maintained at 60 to 90° F. for 5 to 30 seconds. The solution con-

tains sodium dichromate and sulphuric acid. The coating produced varies

in color from a light, iridescent greenish-yellow to a deep yellow brown. It

consists of an insoluble layer and a slightly soluble film, and is composed

of chromates and dichromates of zinc plus some soluble alkali-metal

dichromates and chromates.

A treatment known as the “Ebonal Z” process offers some improved cor-

rosion resistance to zinc and zinc-base alloys. The cdating produced is jet

black in color and is probably composed of black molybdenum salts. The

process consists of immersion for 3 to 10 minutes in the “Ebonol T' solu-

tion maintained at 180 to 200° F. The coating produced is thin, and the

dimensional changes effected are of the order of a few hundred-thousandths

of an inch. The process may also be applied to electroplated zinc.

Summary

One who understands the mechanism of corrosion, and knows what con-

ditions, environment, or combinations of metals will cause or accelerate it,

is in an excellent position to eliminate, or at least minimize, corrosion by

his design and specifications. He can intelligently recommend a treatment

or protective coating to be applied to a metal or alloy so that its superior

physical or mechanical properties may be utilized, even though its re-

sistance to corrosion may be poor. Listed below are the most important

facts for the design and production engineer to keep in mind when recom-

mending materials for construction, so that loss due to corrosion will be

kept at a minimum.

( 1 ) Use care in selecting the metals or alloys; wherever possible use those

which are as close together as possible in the galvanic series.

(2) Insulate dissimilar metals by chemical surface treatments, electro-

plated deposits, or paint. Wherever possible, protect both the alloys. If cases

exist where it is not practical to do so, it is far better to protect the cathodic

than the anodic material.

(3) When necessary to employ combinations of metals which are far

apart in the galvanic series, design the part so that the area of the cathodic

metal is small and that of the anodic metal large. This will minimize cor-

rosion, since the cathodic area will ordinarily become polarized quickly

under corrosive conditions, thus retarding and often stopping the action.

For example, if a steel rivet were employed in a ‘'MoneF' plate, the small

anodic rivet would rapidly disintegrate in the presence of an electrolyte.
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This can be realized when we consider that to diminish or stop the process

of corrosion, the cathodic area must become polarized or covered with cor-

rosion. Thus, before the comparatively large “Monel” cathode could be

covered with a film of gas or corrosion which would retard the corrosion

rate, the steel rivet would be seriously attacked. The reverse combination

—

a “Monel” rivet in a steel plate—would, however, be satisfactory. It is good

practice to use the more noble metal for fastenings or other parts in equip-

ment built largely of less corrosion-resistant material.

(4) Iron will not corrode appreciably at normal temperatures in the

absence of moisture. Rusting of iron will be slower in slightly alkaline

solutions than in neutral or acid solutions.

(5) Discontinuities of any metal surface can result in galvanic corrosion

just as much as contact of dissimilar metals. Care should be taken to elim-

inate or insulate any discontinuities.

(6) Variations in the composition or concentration of a solution in con-

tact with a metal may result in a galvanic cell and cause serious localized

pitting. If possible, add inhibitors to the corrosion solution according to

the nature of the solution to be inhibited.

(7) Provide all metals which are subject to corrosion (except the most

noble metals) with some protective coating, the nature of which will de-

pend upon the environment to be encountered.

(8) Avoid joining materials well apart in the galvanic series by threaded

connections, as the threads will probably deteriorate excessively.

(9) Brazed joints should employ a brazing alloy more noble than at

least one of the metals to be joined.

Table 1 12, compiled by E. Thum, shows the corrodibility of some com-

mon metals and alloys. The estimated corrosion resistances under different

conditions are relative only. In designing equipment, service temperatures

are usually the deciding factors.

Figures 105A and 105B are photomicrographs showing intergranular cor-

rosion of nickel shrouding after several years of service in a high-tempera-

ture steam turbine in a chemical plant. Figure 105A shows the complete

cross-section of the shrouding as removed from the turbine. The holes and

pits on the surface and edges are due to actual grains of metal removed

during service or during polishing in preparing the specimen for photo-

graphing. Figure 105B indicates the complete envelopment of grains by

intergranular corrosion products. The material at the grain boundary is

probably nickel oxide.

Figure 106 shows the destructive effect of erosion-corrosion on a high-

alloy stainless pump impeller after several weeks of service. The form of

corrosion designated as erosion-corrosion (by Fontana) often causes un-

expected and rapid deterioration of plant process equipment. The rate of
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data furnished by several specialists. ^^Metal Progress Data Sheet” Nov. 1946.
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{Courtesy M. O. Fontana)

FIgjre 105A. (SOX). Figure 105B. (500X).

Intergranular corrosion of nickel shrouding.

{Courtesy M. H. Fontana)

Figure 106. Erosion-corrosion of pump impeller.

corrosion can be greatly accelerated when mechanical or abrasive con-
ditions are present, such as liquids moving at substantial velocities, solids

in suspension (that is, slurries), marked turbulence, and impingement.
Figure 107 shows pitting on a copper pipe which handled domestic fresh

water.

Figure 108 shows a section of a brass pipe after service in handling water.
The dark inner portion of the pipe is the dezincified area. The outer por-
tion is the unaffected yellow brass. Dezincification has progressed uniformly
through approximately half the wall thickness of the pipe.



€
(.Courtesy M. O. Fontana)

Figure 107. Pitting of copper pipe by domestic water.

Figure 108. Uniform dezincifi-

cation of brass.

(Courtesy M. O. Fontana)
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Figure 109. Weld decay zone in standard stainless steel.
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Figure 109 (top) shows intergranular corrosion in 18-8 stainless steel as

a result of welding and subsequent exposure to a corrosive environment.

A plate of standard stainless steel and a titanium-stabilized stainless steel

were welded together, and the photograph shows the top view of the weld.

The localized corrosion of the standard stainless steel just to the right of

the weld and the complete absence of corrosion of the titanium-stabilized

stainless steel at the left of the weld are readily apparent. Below is a

schematic sketch of the photograph, showing the critical zone of carbide

precipitation.
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Chapter XV

Hishly Corrosion*Resistant Materials

In designing, constructing and manufacturing parts and equipment for

use in the chemical industries, the materials selected must have the chemical,

physical and mechanical properties necessary for satisfactory life and per-

formance in service. They must be economical, and available in the re-

quired forms and condition for processing or fabrication. Moreover, the ease

with which they can be machined, stamped, spun, drawn, forged, heat-

treated or otherwise processed affects the overall cost of the finished product.

In many applications only certain materials can be used because of their

special and unusual properties; in other cases more costly alloys may be

preferred to cheaper alloys for increased service life and better performance,

thus compensating for the original high cost. It would be a simple matter to

select the strongest metal, or the hardest, toughest, or most corrosion-

resistant alloy. However, when the service conditions are unusually severe,

it is a question of searching for the metal or alloy having the most desirable

combination of essential qualities.

The economic importance of corrosion in industry is commonly known.

Corrosion is generally acknowledged to play an important, if not a domi-

nant part, in the commercial success of many processes. Therefore, where

corrosive materials are produced or are used in the production of other

materials, it has been the part of economy to seek those which will serve

usefully without excessive costs due to replacement and without danger of

contaminating the products.

Nickel-Base Alloys*

Nickel is one of the most important metals in modern engineering design

and construction. Its great demand in many fields of application is indicated

by the fact that it ranks ninth in the world's consumption of metals. Nickel

is a white, malleable, non-corrodible metal, having high strength, relatively

high heat conductivity and good heat-resisting properties. These character-

istics make it desirable for many uses where other metals are not suitable.

* This section on nickel-base alloys was previously published by the author in Afa-

ieriah and MethodSy December, 1946.
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As an alloying element in iron, steel, cx)pper and aluminum, the improve-

ments imparted by nickel are well recognized and established. In small per-

centages it toughens and strengthens iron, steel and copper. It makes alu-

minum maintain strength at elevated temperatures. In larger quantities,

especially when combined with chromium, it makes iron and steel cor-

rosion- and heat-resistant. Nickel also imparts special magnetic properties

to iron^nd has a marked effect on its coefficient of expansion.

The high-nickel alloys, i.e., the nickel-base alloys containing more than

50 per cent nickel, are in a class by themselves, as they have physical and

mechanical properties not readily duplicated by other base alloys. They are

tougher, stronger and harder than copper and aluminum alloys, and are as

strong as alloy steel. They are highly resistant to corrosion by most of the

normal and special corroding agents found in industries, and they resist

oxidation and scaling at elevated temperatures. All the high-nickel alloys

are characterized by exceptionally good strength, toughness and high ratios

of strength to ductility in all conditions of mechanical and thermal treat-

ments. Some of these alloys respond to a precipitation-hardening heat treat-

ment for maximum properties. All, with few exceptions, can be cold-

worked, with subsequent increase in strength and hardness.

Fabrication methods in general are more similar to those used for steel

than for the softer non-ferrous metals. High-nickel alloys can be readily

hot-worked; but this must be done in sulphur-free atmospheres because

of the embrittling effect of sulphur on nickel. During cold-working opera-

tions, such as deep-drawing and spinning, more frequent anneals are re-

quired between operations to remove the rapid hardening and stiffening

effect of the cold work. For either hot or cold working, heavier equipment

is required than for steel. These alloys are not difficult to cut, but their high

strength and ductility require machining procedures somewhat different in

detail from those employed for less tough metals and alloys. Several of the

alloys have been modified in composition to make them more free-cutting

and also suitable for automatic screw machines. These can be readily joined

to similar metals or dissimilar metals by normal procedures of soldering,

brazing and welding.

Because of their combination of excellent strength and high corrosion

resistance, high-nickel alloys are extensively used in equipment for han-

dling, transporting and storing acids, alkalies and other corrosive materials

used in the production of steel, oil and coal products, paper and pulp, paints

and varnishes, drugs, explosives, rubber, soap, textiles and commercial

chemicals. They are used for equipment for food processing, milk and dairy

products, laundry and dry cleaning, leather tanning and pickling. They
find wide use in architectural trim, marine applications, aircraft and rail-

road service. Agitator units, autoclaves, tanks, kettles, evaporators, mixers.
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pickling vats, heat exchangers, coils and pipe are just a few items listed to

illustrate the type of equipment for which high-nickel alloys are especially

well suited.

Their high heat resistance and ability to maintain strength at elevated

temperatures are utilized in parts and equipment requiring resistance to

oxidation, creep and scaling, e.g., heat-treating boxes, carburizing and

nitriding containers, furnace parts and aircraft engine exhaust manifolds.

Some of these alloys have exceptional magnetic and other properties, which

makes them suitable for electrical instruments and equipment. Several of

the wrought alloys are used for springs, especially in applications at

elevated temperatures where failures are ordinarily caused by corrosion

or heat.

Classification of Available Materials. The mill products of the high-

nickel alloys have been classified by Mudge *^ into six main groups accord-

ing to their composition. The kind and quantity of alloying element or

elements added to the nickel determine in which group the alloys belong.

This classification is shown in Table 113.

Table 113. Classification According to Composition

Group I. Nickel

93.5 to 99.5% nickel (and a maximum of 4.5% manganese)

Group II. Nickel-Copper

63 to 70% nickel, 29 to 30% copper

Group III. Nickel-Silicon

85% nickel, 10% silicon

Group IV. Nickel-Chromium-Iron
54 to 78.5% nickel, 12 to 18% chromium, 6 to 28% iron

Group V. Nickel-Molybdenum-Iron
55 to 62% nickel, 17 to 32% molybdenum, 3 to 22% iron

Group VI. Ni(!kel-Chromiuni-Molybdenum-Iron
51 to 62% nickel, 15 to 22% chromium, 5 to 19% molybdenum, and 3 to

8% iron

The trade mark alloys which fall into the above six groups and their

nominal compositions are shown in Table 114. The five grades of nickel,

the six "'Monels,"' and the one grade of "Inconel” are products of the Inter-

national Nickel Co., Inc. The four ‘"Hastelloy” alloys are manufactured by

the Haynes-Stellite Co., and the two "Chlorimet” alloys by the Duriron Co.

The "lllium” alloy is manufactured by the Burgess-Parr Co. However, the

60 nickel, 15 chromium type of alloy comprises a large number of alloys

under specific trade names of their manufacturers; some of these are "Mid-

valoy BTG,” "B & W 700” and "B & W 701,” "Firearmor A” and "Fire-
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Table 1 14. Nominal Chemical Composition

Material Ni*
(%)

“A-Nicker» 99.4

‘*L-Nicker» 99.5

^'Duranickel'' 93.5

^^D-Nickel” 95.2

E-Nickel” 97.7

‘‘Monel” 67.0

“R-Monel” 67.0

“K-Monel” 66.0

“KR-Monel” 66.0

“H-Monel” 65.0

“S-Monel” 63.0

“Inconel” 78.5

J 60Ni-15Cr 62-

\Type Alloy 54

“Illium G” 58.0

“Haetelloy A” 57.0

“HaetelloyB” 62.0

“Haetelloy C” 55.0

“Haetelloy D” 85.0

“ Chlorimet 2 ” 63.0

‘‘Chlorimet 3’^ 60.0

Cu
(%)

Fe
(%)

Mn
(%)

0.1 0.15 0.2

0.02 0.05 0.2— 0.35 0.30

0.05 0.15 4.5

0.05 0.10 2.0

30.0 1.4 1.0

30.0 1.7 1.1

29.0 0.9 0.85

29.0 0.9 0.85

29.5 1.5 0.9

30.0 2.0 0.9

0.2 6.5 0.25— bal. 0.1-
— — 1.0

6.0 6.0 1.25

20.0 2.0— 6.0 1.0— 6.0 1.0

3.0 — 1.0

— 3.0 1.0— 3.0 1.0

Si Or Mo
(%) (%) (%)

0.05 — —
0.15 — —
0.5 — —
0.05 — —
0.05 — —

0.1

0.05 — —
1.0 — —
1.0 — —
3.0 — —
4.0 — —

0.25 14.0 —
1 .0

-
12

- —
1.5 20 —

0.65 22.0 6.0

1.0 20.0

1.0 — 30.0

1.0 15.0 17.0

10.0 — —

1.0 32.0

1.0 18.0 18.0

C Other elements
(%) (%)

0.10

0.01

0.15 4.5 aluminum
0.10

0.10

0.15

0.10 0.035 sulphur

0.15 2.75 aluminum
0.30 2.75 aluminum
0.30

0.10

0.08
0.06-

1.0

0.20 Tungsten

0.15

0.15

0.15 5.0 tungsten
— 1.0 aluminum

0.15

0.07

* The nickel values shown in the above table include a small amount of cobalt, ap-

proximately 0.75% of the nickel content. (“Duranickel” was formerly “Z-Nickel”).

armor B/’ ‘'Amsco F5'' and ‘‘Amsco F6/' ‘Thermalloy A," “Tophet C/'

''Chromel C,” “Nichrome/' and many others.

Another group of alloys of the 80 nickel, 20 chromium type has been

developed particularly for electrical resistance wire and heating elements

at service temperatures up to 2100® F. They combine high electrical re-

sistance and low temperature coefficient with an oxidation resistance of a

high order. They also retain their strength well at high temperatures. They
are sold under a variety of trade marks of their respective manufacturers,

such as “Chromel A/' “Nichrome V/' “Tophet A"' and “Alray A."

Still another group comprises the nickel-iron alloys of 70 to 85 per cent

nickel content used as electromagnetic materials in electrical and magnetic

equipment. These alloys have high magnetic permeability after proper heat

treatment. They are discussed in detail in the chapter on Magnetic

Materials.

There are five specific grades of commercial nickel, namely, ''A Nickel,'*

“D Nickel," "E Nickel," "L Nickel," and "Duranickel," each having a

definite chemical composition for specific propertes and applications. The
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commercially wrought form of nickel is known as ‘'A Nickel’' and is gen-

erally referred to as “nickel” to distinguish it from electrolytic nickel (99.95

per cent pure) and from nickel-base materials containing minor quantities

of alloying elements which are added to impart special properties. ‘'D

Nickel” and “Duranickel” are two such special alloys, but “L Nickel’' is a

low-carbon grade of “A Nickel,” commonly known as “carbon-free nickel”

of 0.02 per cent maximum carbon content, used particularly for difficult

deep-drawing and spinnng operations.

“A Nickel” is the basic material and is the commercially pure, malleable

material having an average nickel content of 99.4 per cent, which includes

less than 1 per cent cobalt; the latter is counted as nickel because its effect

upon the significant properties of nickel is slight. The cast form of commer-

cial nickel contains about 1.5 per cent silicon to improve its fluidity and

castability. Wrought nickel combines excellent mechanical properties with

good corrosion resistance. It responds readily to all commercial fabricating

processes and practices, and can be joined by all regular methods of solder-

ing, brazing and welding. Its mechanical properties are similar to those of

mild steel. It resists hydrogen chloride, chlorine, caustic soda, oxidation and

scaling, retains its strength to an excellent degree at elevated temperatures,

and its ductility, toughness and strength at sub-zero temperatures. In fact

the yield point and elongation are 40 to 50 per cent higher at — 300® F. than

at room temperature. It has excellent corrosion-resisting properties and is

free from season cracking and other forms of stress corrosion in atmospheric

conditions.

Commercial nickel is used where strength combined with resistance to

corrosion and oxidation is required. The chemical, soap and allied indus-

tries use rolled nickel for the construction of evaporators, jacketed kettles,

tanks, heating coils and other processing equipment. Support wires and

other parts of incandescent lamps and hot cathodes in radio tubes are made

of nickel.

“L Nickel” has essentially the same nominal composition as “A Nickel,”

with the exception that the carbon content is kept to a minimum (0.01 to

0.02 per cent). It is softer than the regular grade and does not work-harden

as rapidly. Its yield strength and elastic limit are lower than those of

“A Nickel,” and the ductility is greater. For these reasons the “carbon-free’'

grade of nickel is often preferred for the fabrication of spun or stamped

articles. It is particularly used for applications which require resistance to

oxidizing atmospheres up to 2000® F., such as nickel crucibles and combus-

tion dishes.

“D Nickel” and “E Nickel” generally conform to the composition of

“A Nickel,” the most important difference being the inclusion of about

4.5 per cent and 2.0 per cent, respectively, of manganese replacing a like
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amount of nickel. The manganese addition increases resistance to atmos-

pheric attack and to sulphur compounds at elevated temperatures to a point

higher than that of “A Nickel.'' ‘'D Nickel" is used extensively for spark

plug electrodes, ignition tubes, radio tube grid wires, and for marine boiler

refractory bolts. "E Nickel" wire is found useful for furnace lead-in wires

and support wires in incandescent lamps.

"Duranickel" is a wrought, age-hardenable alloy containing approxi-

mately 93.5 per cent nickel; it has good strength, hardness and high resist-

ance to corrosion. It work-hardens much more rapidly than "A Nickel" even

prior to heat treatment, which does not destroy the effect of cold-working

during fabrication, but supplements it to produce unusually good mechan-

ical properties. The heat treatment is of the precipitation-hardening type

and is carried out below the annealing temperature. Tensile strengths as

high as 240,000 psi. and hardnesses up to Rockwell 45 C can be obtained

for heat-treated spring temper wire of small diameter. "Duranickel"

possesses the ability, characteristic of all nickel-base alloys, to retain its

impact strength and ductility at temperatures down to that of liquid air.

"Duranickel" is suitable for such applications as coil and flat springs,

diaphragms, radio antennae, safety tools, extrusion dies for plastics, pump
parts and other applications requiring a material combining high corrosion

resistance with unusually high mechanical properties. It is also used for

parts to resist very high temperatures.

Nickel-Copper Alloys, The second class of commercial nickel-base alloys

is the so-called "Monel" type, containing approximately two-thirds nickel

and one-third copper. There are six grades of such alloys: "Monel,"

"R Monel/' "K Monel," "KR Monel," "H Monel" and "S Monel." The
nominal compositions of these alloys are shown in Table 114 and their

typical physical and mechanical properties in Tables 115, 116, 117 and

118. These alloys are all strong, tough, rustproof and highly resistant to

corrosion.

"Monel" is the most important alloy in this group. Its combination of

high strength, ductility and excellent resistance to corrosion makes it a

general-purpose rather than a specialized material. "Monel" is more resist-

ant than nickel under reducing conditions and than copper under oxidizing

conditions. It cannot be hardened by heat treatment, but its strength and

hardness can be increased by cold-working. The properties of "Monel" are

not much affected by temperatures up to 750° F. Short-time tests show a

practically straight-line drop in tensile strength from 70,000 psi at 800° F.

to 15,000 psi at 1500° F. Creep stress required to produce 0.1 per cent

elongation in 1000 hours is 31,000 psi at 750° F., 24,000 psi at 800° F. and

12,500 psi at 900° F. Its toughness is not diminished by lowering the tem-

perature. Izod impact tests made at —300° F. yield about the same values
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as at room temperature. At the low temperatures the tensile strength and
yield strength are approximately 40 per cent higher.

'‘Monel” has high resistance to corrosion by salt water, dilute sulphuric

acid and strong caustic soda. It also resists cold hydrochloric acid, phos-

phoric acid, hydrofluoric acid, various organic acids and chlorinated

hydrocarbons. However, it is not resistant to nitric acid, sulphurous acid

and ferric chloride. It is used for all applications requiring strength and
high resistance to corrosion, as in building construction, vats, tanks, kettles,

valves, pumps, shafts and propellers in marine industries, oil refining and

chemical plant equipment, paper and pulp equipment and untold other

products.

“R Monel” is a free-cutting grade of “Monel” obtained by adding about

0.035 per cent sulphur to the alloy. It was developed primarily to improve

the machinability of “Monel” for automatic screw-machining. The addi-

tional sulphur does not impair or affect the strength or corrosion resistance

of the alloy. It can be fabricated readily by cold-forming operations, but is

not generally recommended for hot-forming. It is used for bolts, screws,

precision parts and many other items requiring considerable machining.

“K Monel'' and “KR Monel” are non-magnetic, age-hardening alloys of

high strength and hardness comparable to those of heat-treated alloy steel.

Figure 110. Hardening of

Monel. Effect of time at tem-

perature (1080® to 1100® F.).

Shaded area indicates range for

commercial hot-rolled rods or

forgings.

{Courtesy International Nickel Co., New
York, N. Y.)

They are highly corrosion-resistant. These alloys are of the “Monel” com-

position with about 2.75 per cent aluminum. “KR Monel” is similar in com-

position to “K Monel,” but has a higher carbon content to facilitate ma-

chining. The two alloys are available in wrought form only, especially as

hot-rolled or forged rods, tubes, cold-drawn rods and wires and strip of

various tempers. They are suited for applications requiring the high re-
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sistance to corrosion of “Moner' but higher mechanical properties, such as

turbo-pump shafts, marine pump shafts, steam valve disks and seats, hy-

draulic valves, springs, wearing sleeves, liners, surgical blades, etc. Their

non-magnetic properties are the basis of applications for high-strength parts

of oil-well survey equipment.

"H Monel” and “S Monel” are two cast alloys containing silicon for

castability. The former, with 3 per cent silicon, provides increased, but not

maximum, hardness, with adequate ductility. It is used for parts requiring

corrosion and erosion resistance where stresses are high, as in cast turbine

nozzles. ”S Monel,” with 4 per cent silicon, can be age-hardened to 350

Brinell and has good resistance to galling and erosion. The material is par-

ticularly suitable for valve seats and plugs, sliding and other moving ele-

ments, bushings and disks for high-temperature steam, pump liners and

sleeves that must withstand severe abrasion and corrosion.

Nickel-Silicon Alloys. ”Hastelloy D” is the best-known commercial al-

loy falling in the third group of nickel-base alloys. It contains about 10

per cent silicon and small percentages of copper, aluminum and manganese.

It is strong, tough and extremely hard. It has properties similar to a high

grade of alloy cast iron and is not workable. Because of its high hardness

(about 360 Brinell) it can be machined only with great difficulty and must

be finished by grinding. Its chief characteristic is its exceptional resistance

to corrosion in hot or cold sulphuric acid, acetic acid, formic acid and

phosphoric acid. However, it is not resistant to strong oxidizing acids.

"Hastelloy D” is a cast alloy and is well suited for use in equipment where

resistance to sulphuric acid and sulphuric anhydride is essential. It can be

used for kettles, evaporators, reaction vessels, mixers, pipe lines and fittings.

This alloy is supplied as castings and as cast welding rod.

Nickel alloys with smaller percentages of silicon (less than 3 per cent) are

sometimes used in wire or filament form for electronic tube cathodes and

as spark plug materials. The other grades of nickel-base alloys having small

percentages of silicon are not included in this group, since the silicon is not

present as the major alloying element.

Nickel-Chromium-Iron Alloys. The fourth class of nickel-base alloys

comprises those containing large percentages of chromium and iron as

alloying elements. There are two types of alloys in this group, the 78 nickel,

14 chromium type, represented by '"Inconel,” and the 60 nickel, 15 chro-

mium type, represented by a large number of cast and wrought alloys of

various manufacturers. "Inconel” has the highest nickel content of all the

alloys in this group, approximately 78.5 per cent nickel, while the other

alloys of this type have a lower nickel range of 54 to 62 per cent, but with

larger percentages of chromium and iron.

The 60 nickel, 15 chromium type has good resistance to oxidation, heat
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fatigue and to carburizing gases. It is used widely in cast and wrought

form for heat-treating equipment, carburizing and nitriding containers,

furnace parts, heating elements and other equipment that must withstand

temperatures up to lyOO"" F. and must be free from scaling and inter-

crystalline attack.

“Inconer' combines the inherent corrosion resistance, strength and tough-

ness of nickel with the extra resistance to atmospheric and high-tempera-

ture oxidation that is imparted by chromium. It resists the attack of such

corrosives as caustic soda, hot fatty acids, dilute hydrochloric acid, nitric

acid and other oxidizing liquids. The 60 nickel, 15 chromium type of alloys

have almost similar corrosion resistance but are not as effective. The un-

matched ability of “Inconel” to withstand repeated heating and cooling in

the range of 0 to 1600° F. without becoming embrittled makes it the out-

standing alloy for exhaust manifolds of airplane engines, for sheathing

electric heating elements and for hot upset-head bolts that are used to rein-

force the linings of fireboxes on ships. Its high corrosion resistance makes it

suitable for the construction of brine-jacketed tanks and cooling equipment

used for processing milk and milk products by the dairy industry, food-

processing equipment, heaters and condensers in the chemical industries,

and equipment in allied industries.

In addition to high corrosion resistance, “Inconel” possesses a desirable

combination of high strength and workability, both hot and cold. Tensile

strengths reach as high as 185,000 psi in heavily cold-worked wire. This

alloy is excellent spring material, especially at elevated temperatures, since

it can be used up to 900° F. without losing its spring properties. “Inconel”

exhibits excellent resistance to so-called relaxation of load loss when sub-

jected to such high temperatures while under high stress. The springs are

usually heated after forming for one hour at 900° F. for best resistance to

fatigue and to high-temperature exposure.

Gas welding wire and flux weldings electrodes of these materials are

supplied for welding of the alloys.

“Inconel X” is an age-hardenable “Inconel” and is one of the so-called

“super-alloys.” It was developed during the war for gas-turbine, super-

charger, and jet-propulsion parts and is available now in forgings, bar

stock, and wire. The alloy has good resistance to oxidation and high

strength at elevated temperatures. Its stress-to-rupture strength, 1,000 hours

at 1500° F., is in the range of 18,000 to 20,000 psi.

Nickel-Molybdenum-Iron Alloys

The alloys of the fifth class contain large percentages of molybdenum
and iron as alloying elements, and are comparable in strength and ductility

to alloy steel. Three well known alloys, “Hastelloy A,” “Hastelloy B” and
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'"Chlorimet 2/' fall into this group and afe characterized by their high re-

sistance to corrosion in hydrochloric acid and wet hydrogen chloride gas;

'"Hastelloy B'' is preferred for boiling acid. Maximum corrosion resistance,

however, is developed when the materials are in the soft condition obtained

by quenching from 2100 and 2150° F. Since the “Hastelloys"' are austenitic

they will not respond to age-hardening heat treatment, but can be cold-

worked for increased hardness. “Hastelloy B'' is richer in molybdenum and

nickel than “Hastelloy A’' and consequently has better mechanical prop-

erties and superior corrosion resistance. ''Hastelloy A'' resists hydrochloric

acid at moderate temperature and dilute sulphuric acid. “Hastelloy B” has

better corrosion resistance to boiling hydrochloric acid and sulphuric acid.

The 'Tlastelloys'' are supplied in both the cast and wrought iron forms.

They find wide use in the chemical and allied industries for equipment to

handle, transport and store acids and other corrosive materials. They are

used for agitators, mixers, kettles, condensers, heat exchangers, dryers,

evaporators and similar equipment.

“Chlorimet 2” is a nickel-molybdenum cast alloy containing approxi-

mately 63 per cent nickel, 32 per cent molybdenum and 3 per cent maximum
iron. It has good resistance to hydrochloric acid of all concentrations and

temperatures. It is recommended for use with all concentrations of sulphuric

acid up to about 176° F. and for concentrations up to about 60 per cent at

boiling temperatures.®

“Chlorimet 2'" can be age-hardened to 500 Brinell by water-quenching

from 2050° F., followed by an aging treatment at 1290° F. It is supplied

only in the cast form and is used chiefly for pumps and valves.

Nickel-Chromium-Molybdenum-lron Alloys

“Hastelloy C” and “1 Ilium G'* are in the sixth group of alloys which

contain large percentages of chromium, molybdenum and iron with nickel.

They are especially characterized by their high corrosion resistance to

oxidizing acids and mixtures, such as nitric, chromic and sulphuric acids,

copper sulphate, etc. They are somewhat hard, and while difficult to hot-

and cold-work, are available in several wrought forms as well as the more

common castings. Their machinability can be improved by air-cooling from

the annealing temperature of 2150 to 2200° F. Welding can be done by

either the oxy-acetylene or electric-arc method. “Hastelloy C” responds to

age-hardening heat treatment for increased strength and hardness. Both

alloys have high resistance to thermal shock.

These alloys are used in industries requiring a strong alloy to resist cor-

rosion in highly oxidizing acids and such oxidizing agents as free chlorine,

bleaching compounds, and the like. They are used extensively for pump
and valve parts, spray nozzles, piping and similar parts.
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“Hastelloy C” can be obtained, in addition to castings, in plate, sheet,

welded tubing and cast welding rod. “I Ilium G" is available only in cast

forms as castings, hardware, bar stock, centrifugally cast pipe and welding

rod.

“Chlorimet 3’*
is a nickel-molybdenum-chromium alloy containing ap-

proximately 60 per cent nickel, 18 per cent molybdenum, 18 per cent chro-

mium, and 3 per cent maximum iron. It is particularly useful for handling

wet chlorine and hypochlorites and for other oxidizing conditions. It is

resistant to sulphuric acid solutions up to 35 per cent in concentration at

temperatures up to about 176° F., and to a variety of acid chloride salts.

It is furnished only in the cast form and is used chiefly for pumps and

valves.®

Clad Plate

Nickel-clad, '"Moner’-clad and ‘'Inconer'-clad steel plates are also avail-

able. Clad plate is steel plate, usually “flange"’ quality, protected on one

or both sides by a dense, homogeneous layer of nickel, “Monel” or “In-

conel.” The material is bonded firmly to the steel plate by hot-rolling and

does not separate during fabrication or forming operations, nor during

pressure and temperature changes.

The thickness of clad is a substantial portion of the total plate thickness.

The composite plate, having a total thickness of %6 inch or more, is pro-

duced with thickness of cladding of 5, 10, 1 5 and 20 per cent. The 5 per cent

cladding is used only on yi inch or heavier plate. The choice among the

three compositions and thicknesses of cladding to meet particular corrosive

conditions is governed by service requirements. The availability of wide

and thick clad plates makes possible the construction of equipment such

as storage tanks, evaporators and tank cars with a corrosion-resistant inner

surface free from the many disadvantages of thin, loose linings.

The material responds readily to hot- and cold-forming, spinning, press-

ing, and bending. Therefore, any desired shape or form can be made in clad

material, especially since electric-arc welding can be done efficiently. In,

welding, the steel side of the clad plate should be welded with a steel elec-

trode and the clad side with the appropriate nickel or nickel alloy welding

rod.

Physical Characteristics

The most important physical constants of the wrought and cast materials

are shown in Tables 1 1 5 and 1 16. The specific gravity of each of these high-

nickel alloys exceeds that of steel and is about the same as that of copper

alloys. The melting points are lower than for steel but higher than for

copper alloys, while the electrical resistivity is much higher than that of
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Table 115. Physical Constant^ of Wrought Materials

Material
Speci&c

Melting
point

Thermal
conduc-
tivity

Btu/sq.
ft. /hr./

Specific
neat

Btu/lb./

Electrical
resistivity

ohms/cir.
Modulus
elasticity

gravity C F.) “F./in. o p mil foot 10*» psi.

*‘A NickeP^ 8.89 2,615-2,635 420 0.130 57 30
‘‘L Nickel" 8.89 2,615-2,635 420 0.130 — 30
*‘Duranickel" 8.75 2,615-2,635 420 0.130 260 30
‘‘D Nickel" 8.78 2,600 335 0.130 no 30

Nickel" 8.68 2,600 335 0.130 85 30

Monel" 8.84 2,370-2,460 180 0.130 290 26

*‘R Monel" 8.84 2,370-2,460 180 0.130 — 26
Monel" 8.47 2,400-2,460 130 0.130 350 26
Monel" 8.47 2,400-2,460 130 — — 26

'^Inconel" 8.51 2,540-2,600 104 0.010 590 31

60Ni-15Cr 8.2-8.6 2,450-2,550 95-100 — 675 31

“Haetelloy A" 8.80 2,370-2,425 116 0.094 760 27

/^Haetelloy B" 9.24 2,410-2,460 78.5 0.091 813 30.8

“Hastelloy C" 8.94 2,320-2,380 87 0.092 800 28.5

Material

Table 116.

Specific

Physical Constants of Cast Materials

Thermal
conduc-
tivity Specific Electrical

Melting Btu/sq. neat resistivity
point ft. /nr./ Btu/lb./ ohms/cir.

Modulus
elasticity

gravity r F.) ®F./in. op mil ft. 10* psi.

^‘A Nickel" 8.34 2,540-2,600 410 0.130 125 21.5

Monel" 8.63 2,400-2,450 180 0.130 320 18.5

“H Monel" 8.48 2,350-2,400 180 0.130 370 20.0

Monel" 8.36 2,300-2,350 180 0.130 380 21.0

^‘Inconel" 8.3 2,500-2,550 0.110 — 22.7

60Ni-15Cr 8.3-8.5 2,450-2,550 25-100 — 675 30-31

“Hastelloy A"
“Hastelloy B"

8.8 2,370-2,425 116 0.094 760 27.0

9.24 2,410-2,460 78 0.091 813 30.8

^'Hastelloy C" 8.94 2,320-2,380 87 0.092 800 28.5

‘‘Hastelloy D" 7.8 2,030-2,050 145 0.109 680 28.9

‘Allium G" 8.31 2,375 — 0.105 735 —

copper, iron and steel. As reported by the International Nickel Co., the

modulus of elasticity of their alloys is in general lower for the cast than

for the wrought material.

Mechanical Properties. Tables 117 and 118 show the mechanical prop-

erties of the high-nickel alloys in the cast and wrought condition. The
values are the maximum and minimum properties that can be obtained

in the different conditions of temper and treatment. For more detailed and
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Table 117. Mechanical Properties of Wrought Materials

Yield
strength
0.2%
offset

Tensile
strength

Elongation
in 2 in.

Reduction
area Brinell

Charpy
impact

Material psi. 10* psi 10* % % Hardness ft.-lb.

“A Nickel” 15-155 60-165 50-2 75-50 90-230 222-195

“L Nickel” 15-25 55-75 55-35 75-50 25-55(a) —
“Duranickel” 30-150 90-250 50-2 65-15 140-380 240-36(b)

‘‘D Nickel” 35-125 75-140 50-2 75-60 140-230 —
“E Nickel” 35-80 75-100 40-25 75-60 140-190 —
Monel” 25-160 70-170 50-2 75-50 110-250 220-150

^^R Monel” 25-130 70-140 50-4 70-50 110-230 196-140

*‘K Monel” 40-175 90-200 45-2 70-25 140-320 170-42(b)

‘‘KR Monel” 40-175 90-200 45-2 70-25 140-320 —
“Inconel” 25-175 80-185 50-2 70-40 120-290 77-62 (c)

60Ni-15Cr 40-160 80-175 35-0.5 70-40 180-235 78-68 (c)

“Hastelloy A” 47-52 110-120 48-40 54-40 200-215

40-34 (c)

“Hastelloy B” 60-65 130-140 45-40 45-40 210-235 —
“Hastelloy C” 55-65 115-128 50-25 — 160-210 •

(a) Rockwell B
(b) Specimens fractured completely

(c) Izod Impact

Table 118. Mechanical Properties of Cast Materials

Yield

Material

strength
0.2%
offset

psi. 10*

Tensile
strength
psi. 10*

Elongation
in 2 in.

%
Brinell

Hardness

Izod
impact
ft.-lb.

“A Nickel” 20-30 45-60 30-15 80-125 90-75

“Monel” 32.5-40 65-90 45-25 125-150 80-65

“H Monel” 45-75 90-115 20-10 175-250 45-35

“S Monel” 80-115 110-145 4-1 275-375 9-1

“Inconel” 30-45 70-95 30-10 160-190 85-70

60Ni-15Cr 40-60 60-70 5-2 170-210 —
“Hastelloy A” 43-45 69-78 12-8 155-200 35-25

“HastelloyB” 55-57 75-82 9-6 190-230 16-11

“Hastelloy C” 45-48 72-80 10-15 175-215 14-9

“Hastelloy D” 36-41 36-41 0 50-55(a) —
“Hlium G” 50-64 60-73 9-4 160-210 40(b)

“Chlorimet 2” 55 80 5 250 —
“Chlorimet 3” 50 75 10 225 —
(a) Rockwell C
(b) Charpy
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specific properties the reader is referred to the manufacturer of the alloys

and to their publications.

Hardness. Hardness is the most important factor, in addition to ductil-

ity and toughness, in effecting ease of fabrication and resistance to service

wear and erosion. The high-nickel alloys are all relatively hard and tough.

Some can be softened by regular thermal treatments or by a high-tempera-

ture quench. Others are hardened by cold-working or by age-hardening

heat treatment. These alloys, depending on their compositions and also on

their thermal and mechanical treatment, vary in hardness from 90 Brinell

for annealed nickel to 550 Brinell (55 Rockwell C) for as-cast ''Hastel-

loy D."'

Shear Strength. The high-nickel alloys have shear strengths approxi-

mately 12 to 25 per cent above those of steel for the equivalent hardness.

The ratio of shear strength to tensile strength is 0.5 to 0.77, depending on

composition and temper.

Compressive Strength. The yield strengths in compression are about

equal to those in tension. Tests of the alloys showing that the material does

not fracture indicate that service overloads may cause only permanent set

rather than sudden failures with subsequent damage to equipment. This is

an important point in design.

Fatigue Strength. The endurance ratio, i.e., ratio of endurance limit to

tensile strength, varies from 0.31 to 0.52 for the alloys depending on com-

position, temper, and thermal and mechanical treatments.

Impact Strength. The impact strength of the wrought materials is very

high, making them highly resistant to service shock and impact. Izod impact

values reach a high of 120 foot-pounds for hot-rolled or annealed nickel,

‘"Monel,” “K Monel” and “Duranickel” to a low of 25 foot-pounds for the

same alloys in the heat-treated condition. Annealed “Hastelloy” A and B

have impact values of 62 to 78 foot-pounds for the wrought material and

1 1 to 35 for the cast. It is to be expected that the impact values will be much
lower in the as-cast than in the as-wrought condition.

Corrosion Fatigue. High-nickel alloys have excellent resistance to cor-

rosion fatigue—the combination of corrosive conditions and fatigue stresses

acting together simultaneously. McAdam ^ showed (Table 119) how nickel

and “Monel” compare with carbon steels in their resistance to corrosion-

fatigue when exposed to fatigue stresses in air, in carbonate tap-water and

in brackish estuary water;

Modulus of Elasticity. In construction of equipment, depending on its

service and application, saving in weight can be made by selecting material

of high strength and high modulus of elasticity. The latter property deter-

mines rigidity and stiffness: the higher the modulus the stiffer the material

and the greater its resistance to sagging and deflection under load. Table 120
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Table 119. Endurance Limit and Apparent Corrosion-Fatigue Limit

Endurance Apparent corrosion-fatigue
limit limit 10* cycles psi.

10* cycles
Material Condition psi. Fresh water Brackish water

Nickel Annealed 33,000 21-24,000 20-22,000
Cold-worked 50,000 21-24,000 20-22,000

“Monel” Annealed 36,000 21-24,000 27-29,000

Cold-worked 50,000 21-24,000 27-29,000
Carbon Steels - 25-42,000 16-24,000 6-8,000

shows comparative modulus values of the high-nickel alloys and other struc-

tural materials. This table can be used as a working guide in design and

construction.

Table 120. Modulus of Elasticity

Material

Tension or
compression
Young’s

Shear or
torsion
rigidity

“Monel”

modulus
psi.

26,000,000

modulus
psi.

9,500,000

“K Monel” 26,000,000 9,500,000

“A Nickel” 30,000,000 11,000,000
“ Duranickel” 30,000,000 11,000,000

“E Nickel” 30,000,000 11,000,000

“Inconel” 31,000,000 11,000,000

Brass 14,500,000 5,000,000

Silicon Bronze 15,000,000 5,000,000

Carbon Steel 30,000,000 11,500,000

l4Cr-Steel 28,000,000 10,000,000

18:8 Steel 28,000,000 10,500,000

“Hastelloy A”
“Hastelloy B”
“Hastelloy C”
“Hastelloy D”

27,000,000

30.750.000

28.500.000

28.880.000

Magnetic Properties. Nickel is magnetic at temperatures below its

transformation point, approximately 680^" F. The magnetic induction is

approximately 6100 gauss at a field strength of 60 gauss. Permeability or

magnetic conductivity at low field strengths increases with temperature up

to about 600° F. The high nickel-iron alloys, mentioned earlier, possess

valuable magnetic properties. Certain of these, by special heat treatment,

can be made to emphasize one or more of the magnetic characteristics of

this group. The high nickel-iron alloys (70 to 85 per cent nickel) are char-

acterized by high permeability at low field strengths and a low degree of

magnetic retentivity or residual magnetism. The best magnetic properties

are obtained after a high-temperature annealing (about 2000 to 2100° F.)

in a hydrogen atmosphere followed by a very slow cool to room temperature

at a rate not exceeding 200° F. per hour. These alloys have been desig-
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nated 'Termalloys" by the Bell Telephone Laboratories and '"Mumetal" by

the Allegheny-Ludlum Steel Co.

The very low permeabilities of "K Monel" and of "KR Monel" are not

affected by cold-working or by age-hardening, and the non-magnetic alloys

can be used safely as low as —150® F. The permeability of "Inconel" varies

with cold work and thermal treatment. Cast "Monel" is weakly magnetic,

while the two silicon "Monels," "H" and "S," are non-magnetic down
to —70® F.

Electrical Properties, The electrical resistivity in ohms per circular mil

foot for the high-nickel alloys is shown in Tables 115 and 116. Some of

these are comparable to the special 80 nickel-20 chromium alloys, de-

veloped for their high electrical resistance (about 650 ohms per circular

mil foot). However, the 80 nickel-20 chromium and the 60 nickeI-15

chromium alloys are materials which give optimum life in an electrical

heating unit at high temperature. The maximum operating temperature

for the 60 nickel- 15 chromium alloys is about 1700® F., compared

to 2100° F. for the 80 nickel-20 chromium. "Hastelloy" and "lllium"

oxidize too rapidly at the service temperature to be useful for this pur-

pose.

High-temperature Properties, Two characteristics essential for heat re-

sistance are strong resistance to oxidation (scaling) and good mechanical

properties at elevated temperatures. All the nickel-base alloys have high

strength, high impact value and high resistance to oxidation, scaling, creep

and intercrystalline attack at elevated temperatures. Their tensile and im-

pact strengths are maintained at the high temperatures encountered in

service. The higher the nickel content of the alloy, the greater its resistance

to oxidation and scaling. The nickel-chromium-iron alloys are well estab-

lished as heat-resisting materials.

Because of its high melting point pure nickel is desired for industrial use

at temperatures up to 2300® F. under reducing and sulphur-free conditions,

where stress is negligible and resistance to scaling is of prime importance.

"Inconel" under the same conditions is recommended for use up to 2100® F.,

but it can operate under high stresses. For parts or equipment involving

oxidizing atmospheres, thermal shock and resistance to sudden or constant

stress, "Inconel" is preferred to nickel. However, if sulphur-containing gases

are present, it can be used safely only up to 1500® F. and nickel up to

1000® F. in oxidizing atmospheres, and to 1000 and 500® F., respectively, in

reducing atmospheres. The advantage of these heat-resisting alloys which

maintain their strength at elevated temperatures is that they do not deform

under load.

Low-temperature Properties. At subzero temperatures the nickel-base

alloys have increased strength and hardness, and at the same time retain
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their toughness. This is in marked contrast to other engineering materials,

which become brittle and have low ductility at low temperatures.

A summary of the low-temperature properties of nickel, “Monel,” “K
Monel” and “Inconel,” which shows that the strength factors increase as

the temperature is lowered, is given in Table 121. Freedom from low-

Tablb 121. Mechanicalroperties at Low Temperatures

Material Conditions Temp,
deg. F.

Monel” Forged 70
-297
-423

Annealed 70
-297

Nickel Hot-rolled 70
-112
-292
-310

Inconel” Hot-rolled 70
-315

Cold-drawn, 70

50% reduction -315

Monel” Cold-drawn, 70
age-harden -110

Yield
strength
0.2%
offset

Tensile
strength

psi.

Elonga-
tion m
2 in.

%

Reduc- Charpy
tion of impact
area strength
% ft.-lb.

psi.

67,000 92,000 31.0 72.7 216
91,500 128,250 44.5 71.8 216
96,400 142,000 38.5 61.0 —
31,300 78,650 51.5 75.0 216

49,500 115,250 49.5 73.9 212

24,600 65,600 — — 195

27,500 76,400 — — 236

28,000 98,000 — — —— 103,000 51.0 — 227

— 87,000 42.5 71.9 213— 116,750 51.0 72.7 169— 145,000 10.0 35.1 69— 182,000 10.0 49.5 61

125,900 157,300 15.5 37.4 —

.

134,600 171,550 17.3 41.1 —

temperature brittleness is indicated by the high impact strength at sub-

zero temperatures. The virtue of the nickel-base alloys for industrial use

at very low temperatures is that there is no appreciable loss in impact

strength, even though the tensile strength increases considerably. The

fatigue strength and modulus of elasticity likewise increase at lower tem-

peratures. In general the ductility, as measured by the per cent elongation

and contraction, also increases to some extent as the temperature drops.

Hot-Forming

Hot-Working. Hot-working and hot-forming of high-nickel alloys ne-

cessitates more careful control of atmosphere and temperatures than for

steel and other non-ferrous alloys. The susceptibility of nickel and nickel

alloys to intergranular attack by sulphur at high temperatures requires

working of the material in a sulphur-free atmosphere, or at least in an at-

mosphere produced from fuel containing not more than 0.5 per cent sulphur.

Q)al and coke as furnace fuels are not recommended, as they produce

atmospheres too high in sulphur. Satisfactory fuels are natural gas, butane.
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propane, and low-sulphur city gas or fuel oil. Excessively long periods at

high heat are undesirable, and soaking at high heat must be avoided. The
material should be heated just long enough to insure uniformity of tempera-

ture throughout the mass or throughout each piece. However, long periods

of heating are not particularly detrimental to “Hastelloys.''

Nickel-base alloys do not scale readily nor do they carburize. Thus a

slight excess of reducing atmosphere, about 2 per cent carbon monoxide, will

prevent oxidation. Furnace atmospheres must never be allowed to alternate

from reducing to oxidizing, as severe intergranular attack with resulting

embrittlement will occur.

After hot-forming the materials are cooled in air except the age-harden-

able alloys, which must be quenched in water to prevent hardening during

slow cooling.

Hot-Forging. Since nickel-base alloys are stronger and tougher than

steel at forging temperatures, heavier forging hammers and larger presses

are usually required, especially for single-blow operations, as in pressing

and in heading bolts. However, forging of these alloys can be readily done

by the hammer forge, drop forge or press forge, if correct heating methods

are followed. The “Hastelloys’' are somewhat stiffer at high temperatures

than the ''Inco'’ high-nickel alloys, and therefore do not forge as readily.

Best results are obtained with hydraulic forging presses. The heat-atmos-

phere in contact with the metal should be reducing to about 2 to 5 per cent

excess carbon monoxide.

The high-nickel alloys show important differences among themselves in

respect to proper forging temperatures, particularly in the upper safe heat-

ing limits, and in tendencies toward red-shortness. Too high temperatures

are damaging; nickel must not be heated above 2300° F. It is not practical

to forge ‘'Hastelloy C.” Of course it is understood that cast alloys cannot

be forged.

Hot-forging temperatures are the same as those used for hot-forming, as

shown in Table 122. ''Hastelloys’' must be forged at temperatures above

1900° F., preferably around 2100° F., because of the great danger of crack-

ing in the brittle range below 1900° F. These alloys have a brittle range

between 1200 and 1900° F., and cracking may occur in this range unless

the flow of the metal is extremely slow. If heat treatment is to follow the

hot-forging operation of the age-hardenable alloys, it is necessary to reheat

and quench to avoid self-hardening and setting up of stresses that, may re-

sult in cracks or surface tears. ''Duranicker' should be quenched from 1900

to 2000" F., and Moner' from above 1450° F.

The metal in the forging furnace should be supported on steel rails and

should not be allowed to touch the furnace floor because of possible con-

tamination with sulphur from the hearth slag. Billets should not be exposed
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to combustion gases in a heating furnace longer than the minimum time

required to heat them uniformly through.

The use of regular hot-rolled rods for forging is satisfactory provided that

they are overhauled at the mill. The overhauling of stock 1" and over con-

Table 122. Hot Working Temperatures

Material Temperature, ®
]

“A Nickel” 2,300-1,600
“L Nickel” 2,300-1,600

^‘Duranickel” 2,150-1,850

“D NickeF^ 2,150-1,600

‘‘E Nickel” 2,150-1,600
‘‘Monel” 2,150-1,600

“K Monel” 2,150-1,900

“KR Monel 2,150-1,900

“Inconel” 2,300-1,850

CONi-lSCr Type 2,250-1,850

“Hastelloy A” 2,200-1,950

“Hastelloy B” 2,200-1,950

“Haetelloy C” 2,250-2,000

sists of de-skinning on a special continuous turning machine. Rods under

1" are centerless-ground. Overhauling of sections other than rounds can

be done only by hand grinding.

Hot-Working Temperatures

The recommended hot-working, hot-forming and hot-forging tempera-

tures are as indicated in Table 122.

Precautions

:

Nickel stiffens rapidly at about 1600° F. Do not heat above

2300° F. Forge lightly between 1000 and 1200° F. for high physical prop-

erties. Hot bend between 2250 to 1900° F.

‘‘Duranicker’ stiffens rapidly below 1800° F.

“D Nicker’ and *‘Monel” must not be heated above 2150° F. Heavy

forging should be done above 1850° F., and the hot bending between 2150

and 1850° F.

“K Monel” and '‘KR Monel” should never be charged in a cold furnace,

but always in a hot furnace. The parts should be quenched from forging

or hot-working heat and should not be allowed to air-cool.

'‘Hastelloy A, B and C” harden and become brittle between 1200 and

1900° F., and this temperature range should definitely be avoided.

Die Steels: Nickel-chromium-molybdenum steel of about 0.50 to 0.55

per cent carbon, heat-treated to 42 to 44 Rockwell C, makes the best forging

dies. The tendency for the hot metal to stick to the die can be prevented by

swabbing the die faces with a mixture of heavy grease and graphite, or by

throwing sawdust into the die.
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Heat-Treating

Annealing, Nickel and the nickel-base alloys are subjected to annealing

heat treatments to soften them after cold-working, welding or machining;

to improve machinability ; and to restore corrosion resistance. The same

precautions must be taken during heating and cooling on annealing as on

hot-working.

Soft Anneal. The purpose of a soft anneal is to decrease hardness and

increase ductility of partially cold-worked material in order to complete

fabrication by cold work without rupture. As with other alloys, the greater

the amount of cold work to which the materials have been subjected, the

lower the annealing temperature required to produce the same degree of

softness without increased grain size, or the shorter the time required at

temperature. Soft annealing requires a sulphur-free atmosphere and ac-

curate control of time and temperature to avoid intergranular embrittle-

ment by the sulphur and abnormal grain growth by too high a tempera-

ture. The temperatures required are high enough to cause surface oxida-

tion. Heating in atmospheres that fluctuate from oxidizing (excess air)

to reducing (excess carbon monoxide and hydrogen) causes severe inter-

crystalline attack, with resulting embrittlement, even though the atmos-

phere is sulphur-free. This trouble can be avoided by maintaining a slight

excess of reducing gas in the atmosphere during heating and cooling. Since

the rate of cooling after anneal has no specific effect on the resulting soft-

ness of the material, it is advisable to quench from the annealing tempera-

tures to minimize oxidation. However, furnace-cooling is essential for

“Hastelloy D.” The age-hardening alloys must be cooled rapidly to prevent

self-hardening.

Material can be either box-annealed or open-annealed. Open-annealed

material should be quenched in a solution of 2 to 3 per cent denatured

alcohol in water to reduce the oxide flash when the work is brought into

the air, thus a silvery white surface on the part is obtained.

The recommended soft-annealing temperatures for open annealing are as

follows:

1,500 to 1,700" F. for “A Nickel,” ‘‘L Nickel,” “K Monel,” and “KR Monel”.
1,600 to 1,800" F. for ‘‘D Nickel,” Nickel,” and “Monel.”
1,600 to 2,000" F. for “Duranickel” and 60 Ni-15Cr Type
1,800 to 1,950" F. for “Inconel”
2,100 to 2,150" F. for “Hastelloy A and B”
2,200 to 2,250" F. for “Hastelloy C.”

Box annealing can be done about 250® F. lower than open annealing, but

it requires more time. It is not generally used except for small parts requir-

ing special handling. Special work with small parts can be soft-annealed
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in salt baths of molten chlorides and carbonates of sodium and potassium.

The addition of powdered borax or charcoal to the fused salt bath removes

all traces of sulphur which might embrittle the work. The annealed mate-

rial is quenched in water to remove the adhering salts, and then flash-

pickled.

Temper Anneal. Temper or partial anneal is limited to light sections

and is applied to strip and wire where full-annealed material is not re-

quired, or where partial softening is desired. The temper is lower than that

for stress-equalizing or stress-relief anneal. Lower temperatures and shorter

times are recommended for temper anneal.

Stabilii;ing Anneal. “Hastelloy*' alloys are usually used in the fully

annealed condition. They are given a stabilizing anneal at 1925 to 1960 ° F.

from 2 to 4 hours to reduce loss of corrosion resistance and toughness due

to exposure in the temperature range of 1200 to 1900° F. Hard, brittle

‘'Hastelloy D’* is toughened by heating at 1925 to 1950° F. for 2 to 4

hours and furnace-cooling. For “Hastelloy C’ it is recommended to air-cool

from 2050 to 2075° F.

Stress-Equalising Anneal. Stress-equalizing or partial stress-relief an-

neal requires a low-temperature thermal treatment of cold-worked or hot-

worked material to develop the optimum combination of strength and duc-

tility, and to prevent distortion and warping during subsequent machining.

This treatment does not relieve or remove the stresses and does not alter

the grain structure, but it does increase the proportional and elastic limits.

Hot-worked material requires a higher temperature than cold-worked for

this type of anneal. The recommended stress-equalizing temperatures for

cold-worked materials are: 525 to 750° F. for ‘'Monel,'’ “R Monel” and

nickel; 800 to 900° F. for “Inconel”; 950 to 1000° F. for the 60 nickel-

15 chromium alloys; and 1100° F. for “Hastelloys.” High-tensile forgings

of nickel, “Monel” and “Inconel” are treated at 1000° F. Cold-worked and

unage-hardened “K Monel,” “KR Monel” and “Duranickel” are treated at

525 to 750° F.

Bright Anneal. Most alloys can be bright-annealed in reducing atmos-

pheres containing small amounts of steam and carbon dioxide. However,

“K Monel,” “Duranickel” and the chromium-containing alloys require a

pure hydrogen or hydrogen-nitrogen atmosphere. Bright-annealing is easier

by open-annealing methods than by closed-box or pot methods. Suitable

atmospheres for bright-annealing include hydrogen, cracked ammonia,

nitrogen, cracked and sulphur-free natural or city gas, cracked hydrocar-

bons, or a generated atmosphere containing principally a mixture of carbon

monoxide and hydrogen. Hydrogen is preferred for the “Hastelloy” alloys.

Age-Hardening. Only six of the high-nickel alloys can be age-hardened

by suitable heat treatment: “Duranickel,” “K Monel,” “KR Monel,” “S
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Monel/' ‘'Chlorimet 2/' and '‘Hastelloy C/' The other alloys do not respond

to age-hardening thermal treatment and can be hardened only by cold

work. In this age-hardening heat treatment the alloys are quenched from

temperatures ranging from 1450 to 2225® F., and aged at temperatures

ranging from 900 to 1600® F., the exact temperature depending upon the

composition. The alloys are soft when quenched, and harden during the

aging cycle, which is the direct opposite of the hardening heat treatment

of steel, which hardens as quenched and softens on aging or tempering. The

age-hardening temperature used for 'Tlastelloy C is detrimental to its

corrosion resistance. The same precautions for proper atmosphere control

during age-hardening should be taken as for soft annealing.

The recommended aging treatments are: “K Monel," "KR Monel" and

"Duranickel," 6 to 16 hours at 1000 to 1 100® F.; "S Monel," 4 to 6 hours at

1080 to 1100® F.; "Hastelloy C," 8 to 16 hours at 1575 to 1600® F. and

air-cool.

The variation in time and temperature for each alloy depends entirely

upon the degree of cold work performed prior to age-hardening. Cold-

worked material responds more rapidly to heat treatment. For best results,

it is always recommended to age-harden in sealed boxes inside the furnace.

Cold-Forming

Most of the high-nickel alloys can be cold-worked. The cast alloys ('Tl

Monel," "S Monel," "Hastelloy D" and "Illium G") are too brittle and hard

for any cold-forming operation. "Hastelloys A, B and C" can be cold-

worked; but this is not very practical and they are, therefore, not supplied

in the cold-rolled or cold-drawn condition. Alloys that can be cold-worked

satisfactorily are available as cold-rolled sheet and strip, cold-drawn bars

and rods, and cold-drawn seamless tubing and wire.

Nickel, "Monel" and "Inconel" behave similarly in many respects to

mild steel in mechanical cold-working operations, such as cupping, drawing,

swaging, die-forming and bending. However, because of their higher elas-

tic limit, more power is required. "Inconel" is tougher to cold-work than

either nickel or "Monel." "L Nickel" is softer than regular nickel and does

not work-harden as rapidly. The ductility of "Duranickel" permits excessive

cold-working without danger of fracture, despite the fact that it work-

hardens more rapidly than regular nickel. However, more frequent an-

nealing is required for "Duranickel" during heavy cold-working. "K
Monel" is harder than "Monel" and also has a greater rate of hardening

with cold work. The high ductility of "K Monel" in the annealed condition

permits deformations without danger.

Cold-working increases the elastic limit and hardness of the material, and

excessive cold stress-cracking of the material may occur. Therefore, for
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heavy cold-working or severe cold-forming operations intermediate anneals

are required, the number depending on the severity of the cold-working

effect. The different alloys will work-harden at various rates. If heavy

drafts are taken, it is important to keep the surface free from tool and die

marks. For the more severe forming operations on these materials, best

practice calls for hot-forming. In other words, hot-forming at a few hun-

dred degrees above room temperature may be necessary for very severe

forming operations, to avoid stress-cracking or possible rupture.

Deep Drawing. Special, cold-rolled, deep-drawing quality nickel,

‘'Moner* and '‘Inconel” sheet and strip are recommended for deep-

drawing operations. A standard, cold-rolled, soft-temper sheet is pro-

duced that can be used for moderate drawing and all bending operations,

'['he former grade has higher ductility than the latter and is available in a

range of tempers from dead soft to full hard. Soft-temper stock with fine

to medium grain is the most suitable for deep-drawing. Dead soft material

has the highest ductility but has a coarse-grained structure, which causes

a pebbled surface on the finish-drawn part.

“Hastelloys A, B, and C” work-harden in deep-drawing, but not suffi-

ciently to necessitate subsequent heat treatment for maximum corrosion

resistance. Severe deep-drawing must be performed hot within the tem-

perature range of 1900 to 2200° F. The brittle range of 1200 to 1900° F.

for these alloys must be avoided. After all forming operations, either hot

or cold, the parts should be given a full anneal or stabilizing anneal for

maximum corrosion resistance.

For die materials, heat-treated nickel-chromium cast iron, hard alloy

bronze, chromium-plated hardened alloy die steel or carbides can be used.

Sulphur-free lubricants having high film strength are preferred for draw-

ing nickel and the high-nickel alloys; beef tallow, castor oil, or a mixture

of the two, is recommended.

Lubricants should be thoroughly removed from drawn articles, especially

those to be subjected to high temperatures or intermediate annealing; other-

wise embrittlement of the material by the lubricant is likely to result.

Water-soluble or oil-soluble lubricants containing fillers are also good lu-

bricants. In general, the same die equipment as that used for drawing steel

and brass is suitable for high-nickel alloys.

Spinning. In the annealed condition, nickel, “Monel” and “Inconel”

sheet and strip are less ductile than the softer materials, such as copper,

brass and aluminum, but have adequate ductility for the operation. More

power is required when spinning the nickel-base alloys and more frequent

annealing is necessary because of the greater rate of work-hardening. Work-

hardening affects the power required for spinning. Since hardness and elas-

tic limit increase with work-hardening, the more the material is deformed
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in Spinning, the more difficult it becomes to continue the spinning without

annealing. The work should be laid down on the chucks firmly with long,

powerful strokes; the metal should not be crowded, and reworking over

the same surface should be avoided as much as possible. Spinning should

be stopped as soon as the metal ceases to flow. If the spinning is carried

too far, numerous small surface cracks will be developed, indicating over-

strained material which cannot be restored by either annealing or bur-

nishing.

Hard alloy bronze, highly polished, is recommended for bar tools, and

hardened chromium-plated tool steels are preferred for roller and beading

tools. Spinning tools should be made broad and flat to distribute plastic

flow over a greater area and to reduce overstraining.

The lubricant used is an important factor in the successful spinning of

these materials. It should be heavy-bodied to withstand the high pressures

and temperatures developed. Yellow laundry soap is used most frequently,

but beeswax, tallow, or a mixture of the two is also satisfactory. Removal

of lubricants from spun articles is just as essential as from drawn articles.

Dead soft-annealed material is undesirable for spinning, because of the

coarse grain.

Special spinning stock is available from the mill and should be specified.

“L Nickel,” the carbon-free grade, spins almost as easily as copper.

Shearing. Shearing of nickel, ''Monel” and "Inconel” sheet and strip

require from about 1 15 per cent in the soft tempers to about 130 per cent

in the full hard tempers of the power needed for mild steel of equal gauge.

The "Hastelloys” require still higher power, closer to 150 per cent, and can

be sheared hot or cold. Shear blades must be set up tight and kept sharp.

Punching. Punching and perforating require about 1 5 to 20 per cent more

shear load for high-nickel alloys than for mild steel of equal gauge. The
material should be soft to skin-hard temper. Usually a total punch and die

clearance of 3 to 6 per cent of the thickness of the stock punched is satis-

factory for punching and perforating nickel, "Monel” and "Inconel.” It is

advisable to have close clearance between the punch and the stripper plate.

A heavy sulphur-base oil is recommended as lubricant. The same precau-

tion regarding the removal of lubricants should be observed as that de-

scribed previously for deep drawing and spinning.

Soft, skin-hard and quarter-hard temper material is recommended for

perforating. A cleaner cut is obtained with quarter-hard temper material,

and the choice of temper depends upon the job at hand.

Joining

The regular joining practices and processes of soldering, brazing and

welding employed for steel can be used for the high-nickel alloys, with
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slight modifications. The method of joining and the filler used depend on

the design, service stresses and service exposure to elevated temperatures

and corroding media. Each method produces satisfactory joints and has its

own field of application.

Soldering is satisfactorily performed with the 50-50 and 60-40 tin-lead

soft solders using ‘'cut acid” fluxes. Soldered joints can be used only in those

applications where the joint does not come into contact with corroding

agents, high temperatures and high stresses. Due to the chromium oxide

film on “Inconel” and the 60 nickel-15 chromium alloys, stronger fluxes are

required when soldering these than for nickel or the “Monels.” In all cases

the oxide film should be removed by grinding, polishing or pickling before

soldering. Pretinning the surfaces before soldering and after cleaning is

highly recommended; this can be done with the same solder as that to be

used for the joint. Soft soldering is performed with a soldering iron, with

an oxy-acetylene or an air-acetylene flame.

Brazing requires silver brazing alloys which flow at less than 1400° F.,

preferably those that melt or flow in the range of 1 160 to 1325° F. Two well

recommended alloys are Handy and Harman's “Easy-Flo” (50 Ag; 15.5 Cu;

16.5 Zn; 18 Cd) which melts at 1160° F. and flows at 1175° F., and their

Grade RT (60 Ag; 25 Cu; 15 Zn) which melts at 1260° F. and flows at

1325° F. “Handy Flux” is used with both of these brazing alloys with the

proper melting and flow temperatures. Borax and boric acid fluxes cannot

be used because they are not fluid at the brazing temperatures. Phosphorus-

containing alloys, although excellent brazing materials for copper and

brass, are not recommended for high-nickel alloys because of the high em-

brittling effect of phosphorus. Brazing operations are generally avoided with

the “Hastelloys” because of the severity of the corrosion problems involved.

The strength of a properly designed joint should be approximately

50,000 psi in tension and 30,000 psi in shear. Recommended clearances of

0.002- to 0.003-inch should be used to allow proper drawing of the molten

brazing alloy through the joint by capillary attraction. Excessive clearances

result in low strength.

Brazing can be done by heating with a neutral or slightly reducing oxy-

acetylene flame, by heating the assembly in an electric furnace, by induc-

tion heating, or by dipping in a bath of molten salt. Since brazing is per-

formed well below the annealing temperatures of the high-nickel alloys,

there is little softening effect. The age-hardenable alloys can be heat-

treated before or after brazing.

Furnace brazing, and copper and brass brazing of high-nickel alloys are

used for special purposes only.

High-nickel alloys can be welded by the oxy-acetylene, the electric arc

(metallic-arc) or the electric resistance method. Because of the low tern-
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perature of the oxy-hydrogen flame thi5 method of welding is not practical.

Hammer welding is not possible because union does not occur unless the

metal is actually melted. Carbon-arc welding, although practical, has been

displaced by the more efficient metallic-arc welding because of the highly

improved electrodes for this process. The atomic hydrogen and the *'Union-

melt" submerged metal welding methods are used for special purposes only.

Most welding is now being done by the metal-arc or oxy-acetylene meth-

ods, and the same procedures and practices used for steel are applicable to

the high-nickel alloys, with only slight modifications to insure adequate

fusion and penetration resulting from their different physical and mechani-

cal properties.

Castings of all these alloys, except 'T1 Monel" and ''S Monel" can be

welded satisfactorily by any of the above methods. Joining these castings

by welding is not recommended because of their tendency to crack.

For properly welded "Inco" alloys no thermal or chemical (passivation)

after-treatment is needed to retain or restore corrosion resistance, since the

joints are equivalent in corrosion resistance and strength to the parent

metal. Specific thermal treatments for stress-stabilizing anneal or for age-

hardening of the hardenable alloys are used and recommended. The "Has-

telloys" should be given a full anneal after welding to restore maximum
corrosion resistance and to overcome any hardening or embrittling that may
have occurred beside the welds where the sheet was held in the hardening

range of 1200 to 1900'' F.

Welding rods and wire are in general of the same composition as the

alloy being welded to insure uniform corrosion resistance without galvanic

effects.

Machining

The combination of high strength, high ductility and toughness of the

nickel-base alloys decreases their machinability rating below that of ma-
chinery steels and requires machining procedures somewhat different from

those employed for materials of lower strength, toughness, hardness and

ductility. The alloys are not difficult to machine when the proper tooling,

feed and speed and cutting compound are used. Furthermore, two of the

alloys, "R Monel" and "KR Monel," have been developed for free-cutting

and automatic screw machining.

The best grades of wrought nickel and "Monel" for easy machining are

those in the "as-cold-drawn and normalized" temper, while the desired con-

dition for "Inconel" and "K Monel" are annealed, hot-rolled or cold-

drawn bars and rods. Nickel and the high-nickel castings are nearly always

machined in the as-cast condition. "S Monel," which responds to hardening

by thermal treatment, has the highest order of machinability in the an-
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nealed condition. Unless difficult and extreme machining is involved, the

as-cast material is satisfactory. The ‘'Hastelloys/' “Chlorimet” alloys and
*'1 Ilium G** must be machined in the soft-annealed condition.

Slower cutting speeds and lighter cuts than for machinery steels are gen-

erally recommended. In turning and boring it is desirable and decidedly

more economical, from a tool life point of view, whether cutting dry or with

a lubricant, to take a deep cut and light feed rather than a light cut and

heavy feed. Cutting edges must be kept sharp and tools must be cutting

when against the work. If allowed to ride on the work without cutting, it

will be difficult for the tool to pick up and cut again. Tools must be prop-

erly supported, for otherwise chattering will develop. Sufficient true rake

on the tool face must be ground to keep chip pressure, chip abrasion, and

resultant frictional heat at a minimum and to provide for convenient chip

disposal.

Proper chip disposal is an important factor in heavy roughing operations,

and chip breakers aid materially. A heavy, continuous spiral chip cannot

be properly disposed of on heavy rough cuts with tools not utilizing a chip

breaker. Chip control is assisted by reducing the normal side rake to a de-

gree where the heavy chip will pack against the tool face, become embrit-

tled, and break when it curls back against the work.

In practice, recommendations are to use cutting tools ground with sharp

cutting edges having minimum relief, to avoid excessive speeds and feeds,

and to keep the work well flooded with lubricant. Carbon tool steels cannot

be used with the high-nickel materials, because of the high frictional heat

developed, which draws the temper of the cutting edge; high-speed and

super high-speed steels are recommended. The higher hot hardness of the

latter type affords longer tool life between grinds. The cast non-ferrous and

cemented carbide tools follow in order in respect to higher hot hardness and

increased cutting speeds. For machining the hard-cast alloys, it is advisable

to use tungsten- or tantalum carbide-tipped tools or non-ferrous cutting

tools, such as “Rexalloy,'' “Stellite 2400," “Star J" Metal or “Tantung G."

The selection of the cutting tool depends on the alloy, the condition of the

alloy being machined, and also on the machine tool set-up.

For intermittent cutting and heavy roughing, high-speed steel should be

heat-treated to 58 to 61 Rockwell C. For light, smooth lathe turning and

for automatic machining, tools above 61 Rockwell C hardness are pre-

ferred. The ground rakes and angles on the cutting tool vary with the

material being cut and with the particular machining operation. However,

they should be ground with sharp edges, greater rakes to reduce chip pres-

sure, and blunt noses to provide maximum support for the cutting edge.

Sulphurized oil is recommended for machining nickel and the high-

nickel alloys with high-speed steel tools, and a rich emulsion for cemented
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carbide tools. A rich emulsion of water-soluble oil is sometimes preferred

for planing and shaping because of its lesser tendency to smoke. Turpentine

or gasoline is recommended for drilling under % 2 "; lard oil, water-soluble

oil or sulphurized oil, depending on the alloy, is used for drilling for

Grinding is done with a lubricant of soda and water or a lean mixture

of soluble oil and water. The manufacturers of the “Hastelloys" do not

recommend the use of sulphurized oils for their alloys, but prefer water-

soluble oil, lard oil or mineral-lard oil. Discoloration produced by sulphu-

rized oil can be removed readily by soaking the work from 20 to 30 minutes

in a cold 10 per cent sodium cyanide solution.

Cleaning and Pickling

As with other base alloys the types of oxide produced in nickel-base alloys

vary with the composition and heating conditions. Thus, the proper pickling

solution for each case must be chosen accordingly. The nickel oxide film on

metal that has been properly heated is formed during contact with the air

after the work is drawn from the furnace. Hot-forgings, hot-headed bolts,

hot-rolled and hot-formed products, and annealed metal cooled in air are

all subject to oxide skin formation. Chromium-bearing nickel-base alloys

form a superficial chromium oxide film. 7'he oxide films are all thin and

tightly adherent. With improper heating heavy oxide films and scale may
result.

Drawn or spun parts, cold-headed rivets, cold-drawn wire and other cold-

worked products finished by annealing in a strongly reducing sulphur-free

atmosphere and either cooling out of contact with air or quenching in a

2 per cent alcohol-water solution may develop a slight discoloration or tar-

nish that will require pickling or brightening. Some materials acquire a

brown discoloration when machined at high speeds with sulphur-base cut-

ting oil because of the formation of sulphur compounds. The surface of the

metal may be attacked during heating if sulphur is in the atmosphere, or if

the hot parts come into contact with sulphur compounds in the furnace

hearth, sulphur-containing paint and marking pencils, or even oil or grease

from the preceding mechanical operation. In any case the metal has to be

cleaned and pickled before service. Thorough cleaning of the parts of all

oil, grease and dirt is essential before pickling.

Cleaning and Degreasing. Grease, oil, fats and lubricants can be re-

moved before pickling by standard cleaning methods. Soluble oils can be

removed with soap and hot water. Tallow, fats and fatty acids are removed

with a hot 10 to 20 per cent soda ash or caustic soda solution; while min-

eral oils and greases are removed by immersion in any organic solvent

(carbon tetrachloride or kerosene) followed by a final dip in caustic soda

or trisodium phosphate.
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Tarnish Removal by Flash Pickling. Cold-worked products, after

proper annealing in a sulphur-free atmosphere, develop slight discoloration

or tarnish. A bright, lustrous white finish can be obtained by flash pickling

or bright dipping. The recommended pickling bath for “Monel” and “K
Monel” contains 1 gallon water, 1 gallon 38° Be. nitric acid, and >4 pound

sodium chloride, maintained at 70 to 100° F. for 5 seconds maximum im-

mersion; the bath for nickel and “Duranickel” contains 1 gallon water, 1J4

gallons 66° Be. sulphuric acid and 2]/^ gallons 38° Be. nitric acid plus

pound common salt maintained at 70 to 100° F. for 5 to 20 seconds. “In-

conel” cannot be flash-pickled without first descaling.

Reduced Oxide Removal. Hot-worked products develop oxide films,

which after annealing in a sulphur-free atmosphere, are converted into

rather spongy and lightly adherent layers. This spongy layer on nickel is

reduced metallic nickel, and on “Monel” it is a mixture of reduced metallic

nickel and copper. Since the oxide film on “Inconel” does not respond to

complete reduction, but is reduced selectively to a mixture of metallic nickel

and chromium oxide, it becomes difficult to pickle. Nickel, “Monel,” “K
Monel” and “Duranickel” are pickled in a solution containing 1 gallon

water, ^ pint 66° Be. sulphuric acid and ^ pound sodium nitrate held at

180 to 190° F. for 30 to 90 minutes.

Oxide Film or Scale Removal. When hot forgings, hot-rolled or hot-

formed parts are annealed and allowed to cool in air, moderately thick and

tightly adherent oxide films form on all the alloys during contact with the

air. “Monel” and “K Monel” are pickled in a bath containing 1 gallon

water, 1.2 gallons 20° Be, hydrochloric acid, and pound cupric chloride

maintained at 180° F. for 20 to 40 minutes, then rinsed in hot water and

immersed in a second bath containing 1 gallon water, gallon 66° Be.

sulphuric acid, l%o gallons sodium dichromate maintained at 70 to 100° F.

for 5 to 10 minutes. Nickel and “Duranickel” are pickled in a solution con-

taining 1 gallon water, gallon 20° Be. hydrochloric acid, pound

cupric chloride held at 180° F. for 1 to 2 hours, followed, if desired to

brighten, by a dip for a few seconds in a solution containing I gallon

water, 1J4 gallons 66° Be. sulphuric acid, gallons 38° Be. nitric acid.

“Inconel” is pickled in a solution of 1 gallon water, 1 gallon 38° Be.

nitric acid, 1J4 pints 40 per cent hydrofluoric acid held at 70 to 100® F.

for 1 5 to 90 minutes.

Heavy Scale Removal. Sand-blasting or grinding may be necessary to

remove heavy scale, especially if the surface below the scale is rough and

cracked. Following this with a flash pickle will brighten the surface.

**Hastelloy* and *Tllium** Pickling. Because of the greater tenacity of

the oxide and scale on the surface of “Hastelloy” alloys, pickling is more

difficult, but it can be done efficiently by immersion in a bath containing
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18 parts water, 6 parts concentrated hydrochloric acid and one part concen-

trated nitric acid held at 200° F. for about 20 to 30 seconds, or in a solution

of 10 per cent sulphuric acid, 5 per cent sodium nitrate and 5 per cent

sodium chloride held at 200° F. for 30 to 60 minutes. ‘'Hastelloy C,'* being

more corrosion-resistant than “Hastelloy'' A or B, requires longer pickling,

“lllium G” is pickled in a solution of 10 per cent nitric acid and 2 per cent

hydrofluoric acid at 100° F. for a short time.

Discoloration Removal from Automatic Screw Machine Parts. During

high-speed machining in the automatic screw machines using a sulphur-base

cutting oil, brown discoloration may occur, especially on ''Monel.'' It can be

removed by immersion in a bath containing y2 to 1 pound sodium cyanide

to 1 gallon water held at 70 to 100° F. for 5 to 30 minutes.

Coppering. Unless proper precautions are taken during pickling opera-

tions coppering will occur occasionally on the high-nickel alloys containing

an appreciable percentage of copper. Small proportions of nitric acid or

ferric chloride added to the pickling bath will prevent it. The copper flash,

if it does occur, can be removed readily by immersing in an aerated am-

monia solution containing approximately 1 part of commercial aqua am-

monia to I gallon water at room temperature for a minute or so.

Corrosion

Nickel and the high-nickel alloys are especially characterized by their

high resistance to all kinds of corrosive media. They are highly resistant to

most of the normal and special corroding agents found in industries. An
attempt is made below to outline the resistance of these alloys to various

atmospheres and other corrosive conditions. For detailed test data and pene-

tration test results the reader is referred to the manufacturer.

In general these alloys are not attacked by inside and outside atmospheres

unless there is a sulphurous condition. Marine atmosphere may have slight

effect, but rural and suburban atmospheres have none. '‘Inconel'’ remains

bright and is not subject to fogging; "lllium" and the “Hastelloys” remain

bright; the nickel-copper alloys may take on a brownish to green tarnish in

sulphur-bearing atmospheres, but there is no destructive corrosion.

All the alloys are completely resistant to any corrosion by fresh water.

Quiet or stagnant sea water will attack all the alloys through pitting, ex-

cept "Hastelloy C" and "lllium G," but the nickel-copper alloys have their

greatest use in sea water under conditions of high velocity where resistance

to effects of impingement and cavitation are important.

Alkalies. All the nickel-base alloys are extremely resistant to alkalies.

Nickel has outstanding resistance to caustic soda, but ammonium hydroxide

in concentrations over 1 per cent will corrode nickel appreciably. The nickel-

copper alloys can be used in ammonium hydroxide in concentrations up to
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3 per cent, but the nickel-chromium-iron alloys resist all concentrations. In

concentrated caustic soda at 800° F. the chromium content of “Inconer' and

the other chromium-bearing alloys makes them subject to corrosion.

Wet and Dry Gases. Dry gases at room temperature do not affect these

alloys. “Inconel" is completely resistant to mixtures of steam, air and carbon

dioxide. However, wet chlorine, bromine, and sulphur dioxide attack nickel,

“Monel" and “Inconel.“ Wet nitric oxide and ammonia corrode nickel and

“Monel." Both nickel and “Inconel" resist mixtures of nitrogen, hydrogen

and ammonia in the nitriding process; “Inconel" is somewhat superior.

Chlorine and hydrogen chloride do not attack nickel and “Inconel" up to

1000° F. or “Monel" up to 850° F. Gases of sulphur compounds will attack

all the nickel-base alloys at elevated temperatures. “Chlorimet 2" resists wet

hydrogen chloride gas.

Neutral or Alkaline Salts. In general all the nickel-base alloys are highly

resistant to neutral or alkaline salts.

Oxidising Salts. Nickel and the nickel-copper alloys are attacked by

oxidizing acid salts. The chromium-containing alloys demonstrate useful

resistance to these media. Nickel, “Monel" and “Chlorimet 3" are not

resistant to solutions containing appreciable percentages of ferric, cupric

and mercuric chlorides. “Hastelloy C" has unusual resistance to ferric

chloride up to 160° F. and to cupric chloride up to 100° F. It also resists at

moderate temperatures such mixtures of oxidizing salts as chromates and

nitrates in sulphuric and hydrochloric acid solutions. “I Ilium G" resists acid

phosphates and acid sulfates, also mixtures of oxidizing salts in acid solu-

tions.

Oxidising Alkaline Salts. “Inconel" is unaffected by hydrogen peroxide

solutions. Hypochlorites are less corrosive to “Inconel" than to “Monel" or

nickel. The recommendation is to avoid exposure to solutions containing

more than 3 grams of available chlorine per liter and to use these alloys

only when the exposure is part of a cyclic operation in which there is inter-

mittent exposure to weak acid solutions. “Hastelloy C" possesses unusual re-

sistance to oxiding solutions, especially those containing chlorides, and to

hypochlorite solutions and moist chlorine. “Chlorimet 3" is used for han-

dling hypochlorite bleaches at temperatures below 105° F.

Mineral Acids. Nickel and nickel-copper alloys resist air-free sulphuric

acid under 80 per cent concentration. “Monel" is good in boiling solutions

in concentrations under 20 per cent. “Inconel" has fair corrosion resistance

to sulphuric and hydrochloric acids at atmospheric temperature but is not

used for hot or concentrated hydrochloric acid; in such cases, “Hastelloy"

A or B is preferred. However, “Inconel" has the higher resistance to hydro-

gen sulphide solutions. Strong oxidizing acids like nitric acid attack nickel

readily. “Hastelloy" A and B were developed primarily to resist hydro-
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chloric acid. ‘‘Hastelloy D’' resists concentrated sulphuric acid; “Hastel-

loy D’' does so at elevated temperatures; while ''1 Ilium G** resists sulphuric

acid under all conditions of concentration and temperature. ''I Ilium G" is

not recommended for strong or hot and dilute hydrochloric acid but is used

for phosphoric acid and hydrogen sulphide. '‘Hastelloy C’' is highly resist-

ant to all the mineral acids. Additions of small amounts of oxidizing salts,

such as ferric sulphate or cupric sulphate to sulphuric acid solutions in-

creases the passivity range of the nickel-chromium-iron alloys. “Chlorimet

T' also gives excellent service in sulphuric acid of 35 to 60 per cent concen-

tration at temperatures up to boiling. ''Chlorimet 3” is good for hot sul-

phuric acid solutions of less than 35 per cent concentration.

Oxidii[ing Acids. Nickel is attacked by such oxidizing acids as nitric

acid, and so are the nickel-copper alloys, except in concentrations below

1 per cent at room temperature. “Inconel*' and the nickel-chromium-iron

alloys are highly resistant to these acids at moderate temperatures, and the

higher the chromium content the wider the range of concentration and tem-

perature in which passivity exists. Sulphurous acid solutions, especially

when hot, attack nickel and “Monel'* but are resisted by the chromium-

containing alloys. “Hastelloy C* is resistant to dilute nitric acid up to

150° F., and to concentrations over 40 per cent only at room temperature.

“Hastelloy A, B and D" are not recommended for nitric acid or other

strongly oxidizing acids. Both “Hastelloy C" and “1 Ilium G” resist mixtures

of nitric and sulphuric acids, chromic and sulphuric acids, sulphuric and

dichromates, permanganates and persulphates, and similar combinations of

sulphuric acid and nitric acid over a wide range of temperatures.

Organic Acids and Compounds. Neutral and alkaline organic com-

pounds have no effect on nickel, but organic acids do corrode it moderately.

The nickel-copper alloys have good resistance to organic acids, neutral and

alkaline organic compounds, as well as fruit and other food acids. The
nickel-chromium-iron alloys have complete resistance to the organic acids

occurring in food products, are only fairly resistant to hot, concentrated

organic acids such as acetic and formic, but are particularly resistant to

fatty acids at elevated temperatures. The “Hastelloy" alloys and “Illium"

resist all organic acids and neutral and alkaline organic compounds.

Stainless Steels

The most familiar of the stainless steels is the austenitic 18-8 type, con-

taining 18 per cent chromium and 8 per cent nickel. As indicated in Chap-

ters 5 and 16 there are numerous modifications of this class of materials,

ranging from the straight-chromium steels (such as the 12 per cent chro-

mium) to alloys of chromium, nickel and molybdenum that are virtually

iron-free. They are all highly corrosion-resistant, the degree of resistance
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varying with the alloy content, carbon content, thermal treatment and
condition of the surface.*

Chromium is the only alloying element which has been found to produce

in iron alloys a condition approaching complete resistance to atmospheric

corrosion. More than 1
1
per cent chromium is necessary to provide this

characteristic, even in pure iron. The presence of carbon in the alloy

necessitates additional chromium because, under certain conditions, each

unit of carbon may combine with as much as 18 units of chromium and

render that portion of the alloying element ineffective in its protective

function.

In the 5 per cent chromium steels (Types 501 and 502) corrosion is re-

tarded to about one-fifth the rate of ordinary steel.^^ They are often alloyed

with small percentages of molybdenum and are largely used in oil-refinery

work, in preheater tubes, bubble caps, furnace parts and still bottoms, even

in the processing of very sour crudes.

The 7 to 9 per cent chromium steels containing some molybdenum are

used for somewhat more severe service conditions in the same applications

as the 5 per cent chromium steels.

The 13 per cent chromium steels (Types 403, 405, 410, 416 and 420)

resist corrosion from the atmosphere, mine waters, steam, carbonic acid,

crude oil, mercury, soap and sugar solutions. These steels, with less than

0.08 per cent carbon, are not hardenable by heat treatment, but do respond

to hardening heat treatment with increasing carbon content. Maximum cor-

rosion resistance of the hardenable grades is obtained in the fully hardened

condition.

The addition of nickel to the 13 per cent chromium grade (Type 414) im-

proves its corrosion resistance to certain chemicals and also makes the

alloy respond more readily to a hardening heat treatment.

The 17 per cent chromium steels (Types 430, 431 and 440) have better

corrosion resistance than the 13 per cent chromium steels, especially against

nitric acid and milk. This grade is used in the nitric acid industry, in the

rubber, oil, baking and meat-packing industries, and also for septic and

similar tanks.

These steels with carbon content below 0.12 per cent are not hardenable

by heat treatment, although with higher carbon contents they can be hard-

ened. However, the increase in carbon coptent impairs corrosion resistance.

Alloyed with about 2 per cent nickel, this steel (Type 431) develops good

heat-treating, tensile and corrosion-resisting properties, especially against

electrolytic corrosion in contact with some non-ferrous metals in the pres-

ence of salt water (sea water or brine) and similar electrolytes.

* See Chapter 5 for chemical composition of the different AISI types of stainless steels

according to the type number.
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The 20 per cent chromium steels (Types 442 and 443) are not hardenable

by heat treatment. They are similar to the 17 per cent chromium grade but

have slightly better corrosion resistance. The addition of 1 per cent copper

improves the resistance to corrosion in some media. In some respects the

apti-corrosion features, especially toward sulphuric acid, are also better, but

halogen acids attack the steel severely. The material is free from intergranu-

lar corrosion effects.

The 28 per cent chromium steels (Types 443 and 446) are not hardenable

by heat treatment but are among the most heat- and corrosion-resisting of

the stainless steels. They are used in applications where acid mine waters,

sulphur gases or mixed acids are encountered at high temperatures. Some
special analyses have been developed with about 5 per cent nickel and 2 per

cent molybdenum for more severe corrosion conditions.

Chemical passivity is imparted to chromium steels when they are first

cleaned with a 20 to 40 per cent solution of warm (130-150° F.) nitric acid

and then immersed in a mixture of per cent nitric acid and per cent

potassium dichromate and boiled for 30 minutes. This treatment effectively

removes surface impurities picked up in fabrication, and puts the metal in

a condition for best corrosion resistance. Passivation should be followed by

a thorough rinse in hot water.

The element nickel is next in importance to chromium as an alloy in the

field of corrosion-resisting steels, and the addition of nickel to straight-

chromium steels provides a series of alloys having superior resistance to

corrosion.

The composition 18 per cent chromium and 8 per cent nickel (Types 302,

303 and 304) has the best combination of resistance to corrosion and de-

sirable mechanical properties. These alloys are not hardenable, as they are

austenitic in structure. They are immune to most organic chemicals, steri-

lizing solutions, foodstuffs, dyestuffs and a wide variety of inorganic chem-

icals. They resist nitric acid well, halogen acids poorly, and the sulphur

acids moderately.

Aqueous solutions containing a chloride ion, as for example, solutions of

ferric chloride or sodium hypochlorite, have a tendency to pit 18-8 steels

rapidly. The addition of approximately 3 per cent molybdenum to 18-8

(Types 316 and 317) combats this tendency successfully.

Molybdenum in proportions above 2 per cent substantially improves the

resistance to a great number of severely corrosive media. It is particularly

advantageous where the corrosive media tend to be of a reducing nature.

The molybdenum grade of 18-8 steel has been notably successful in the

handling of sulphite pulp liquor, acid dyestuff, acetylating and nitrating

mixtures, sulphuric, sulphurous, phosphoric, formic, citric and strong lactic

acids, bleaching solutions, etc. Molybdenum also acts as a partial stabilizing



HIGHLY CORROSION-RESISTANT MATERIALS 417

agent in reducing localized corrosive attack resulting from carbide pre-

cipitation.

Carbide precipitation can be serious if the metal is exposed to active cor-

rosive agents. The lower the carbon content, the less the carbide precipita-

tion when exposed to the temperature range 800 to 1600° F., as explained in

detail in Chapter V. A carbon content of less than 0.08 per cent minimizes

intergranular corrosion. Therefore, low carbon and adequate heat treat-

ment is the answer to the intergranular corrosion problem in normal aus-

tenitic alloy steels. When the carbon is high, carbides precipitate at the

grain boundaries if the metal is heated for a short time within the critical

temperature range or cooled slowly through this temperature range. Active

electrolytes corrode the metal in the zone of the precipitated carbides and

gradual disintegration or sudden failure will occur eventually as a result

of the intergranular attack.

Stabilized stainless steels are of the 18-8 type to which a minimum per-

centage of titanium equal to four times the carbon content (Type 321) or

of columbium equal to ten times the carbon content (Type 347) has been

added to render the material immune to intergranular corrosion. These two

alloys, when properly heat-treated, exhibit complete freedom from this at-

tack even under the most severely corrosive conditions.

To insure maximum corrosion resistance to prolonged outdoor exposure,

parts made from the austenitic 18-8 type of stainless steel are passivated

by immersing them in a solution of nitric acid for 20 to 30 minutes, wash-

ing in water, and drying.

The industrial reagents which are incapable of attacking clean surfaces

of 18-8 would make a very long list, and no attempt will be made to tabu-

late all of them. However, an impression of the kind of environment in

which 18-8 is highly corrosion-resistant may be formed from the follow-

ing examples:

Acetic acid, cold, at any concentration

Acetic acid, hot, up to about 10%
Alkaline solutions in general, including ammonium hydroxide

Bichloride of mercury, dilute (usual antiseptic strength)

Carbolic acid

Carbonated water

Citric acid, cold, moderate strength

Copper sulphate

Fruit and vegetable juices

Hydrogen peroxide

Hydrogen sulphide

T^aundry solutions, with few exceptions

Milk and dairy products

Nitric acid

Photographic solutions

Salt solution

Sea water
Sulphuric acid, cold,

very slight action

Sulphurous acid

Wood pulp
Yeast

Zinc chloride, cold

Zinc sulphate

As is well known, stainless steels resist corrosion by the formation of an

oxide film which prevents further attack; hence, oxidizing conditions are

necessary for these alloys to resist corrosion. With a chromium content of
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approximately 12 per cent, normal atmospheric conditions are sufficiently

oxidizing to promote the formation of a protective film. With this chromium

content, stainless steels resist corrosion in normal atmospheric and similar

conditions. As the conditions of service become less and less oxidizing, suc-

cessively higher chromium contents are necessary to promote the formation

of a protective film.

It is well to mention that the most important factor affecting the service

obtained from stainless steels is the condition of the surface. To obtain the

best results and to facilitate film formation, it is necessary to have a clean,

smooth surface free from foreign material and imperfections.

Table 123 gives a partial list of the resistance of several stainless steels

to various corrosive media. As numerous factors affect the corrosion resist-

ance of materials, such as aeration, agitation and temperature, this listing

should be used as a guide rather than as a final recommendation.

The foregoing A.l.S.l. type numbers of the different grades of corrosion

resistant and stainless steels refer to the wrought material only. The stand-

ard designations of these alloy compositions for corrosion resistant castings

are shown in Appendix as published by the Alloy Casting Institute. Clad

stainless steels are used extensively for low cost equipment and in many
cases are just as serviceable as the non-clad materials.

Several high nickel-chromium alloys containing molybdenum and copper

are very resistant to sulphuric acid. “Durimet T,'' a low-carbon alloy con-

taining 21 to 23 per cent nickel, 18 to 21 per cent chromium, 1.75 to 2.25

per cent molybdenum and 0.90 minimum per cent copper has found its

greatest use in handling sulphuric acid. It is unattacked in any concentra-

tion of sulphuric acid at room temperature, and likewise will handle all

concentrations up to 78 per cent at 125° F. The presence of small amounts

of oxidizing agents, as nitric acid, ferric sulphate, or copper sulphate, greatly

improves the resistance under the most severe conditions. This alloy can be

cast, rolled and forged.

On stronger sulphuric acid solutions, '‘Durimet 20” or “Carpenter 20” is

recommended. The former is available only in cast form, while the latter is

available in wrought form. A nickel content of 28 to 30 per cent with 19

to 21 per cent chromium and 1.75 to 3.0 per cent molybdenum provides a

suitable matrix to place 4.0 to 4.5 per cent copper in solid solution, which is

of fundamental importance in securing good physical properties, together

with unusually high resistance to hot concentrated sulphuric acid.

In the cast form “Durimet T” has a tensile strength of 60,000 to 70,000

psi, a yield point of 25,000 to 30,000 psi, an elongation in 2 inches of 35

to 50 per cent, and a Brinell hardness of 130 to 150.

The mechanical properties of “Durimet 20” and “Carpenter 20” are

shown in Table 124.
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Table 124.

" Durimet 20
’

casting “ Carpenter 20
quenched-annealcd rolled

Tensile strength (psi) 65,000-75,000 85,000
Yield point (psi) 26,000-32,000 35,000

% Elongation (2") 50-35 35-50

% Reduction of area 60-40 50-70
Izod impact, foot-lbs. 88-80 —
Brinell hardness 120-150 150-180

The superior corrosion resistance of these two alloys compared with that

of 18-8 alloys is well established. For example, the rate of corrosion of 18-8

steel by a 10 per cent sulphuric acid solution is over 100 times greater than

the rate of corrosion on “Durimet 20." A similar difference in corrosion re-

sistance is that shown on 80 per cent acetic acid at 175° F.

For further information on the properties and fabrication characteristics

of these stainless alloys refer to Chapters 5 and 16.

Other Corrosion-Resistant Alloys

Wherever corrosive liquids and gases are encountered, the usefulness of

a 14 per cent silicon-iron alloy containing about 1 per cent manganese is

generally recognized. Such equipment as centrifugal and reciprocating

pumps, valves, pipe, fittings, kettles and exhaust fans are made of this

alloy under the trade mark “Duriron," which is practically unaffected by

sulphuric acid, nitric, acetic and most other commercial acids of any

strength or at any temperature. Hot hydrochloric acid of high concentration

has an appreciable action on '"Duriron”; however, it is the most economical

material that is commercially available because of its relatively long serv-

ice. It is not recommended for handling bromine, fused alkalies, hydro-

fluoric acid, hot concentrated ferric chloride, or the chlorides of sulphur.

“Duriron” is a cast alloy, too hard to machine with cutting tools. All

parts therefore must be cast to shape and all machining operations are ac-

complished by grinding equipment. However, ''Duriron" may be readily

welded with an oxy-acetylene flame. Careful preheating and cooling of the

parts to be welded are essential. "'Duriron" has high resistance to wear by

abrasion. Table 125 shows some of its physical properties.

Although hydrochloric acid and most of the chlorides have little effect on

“Duriron" at room temperature and low concentrations, for elevated tem-

peratures and higher concentrations an alloy known as “Durichlor" has

been developed. It has greatly improved resistance to the chlorides and has

found wide commercial use. “Durichlor*' has approximately the same physi-

cal characteristics as '"Duriron,"' but has greatly improved corrosion resist-

ance to hydrochloric acid in all concentrations up to the boiling point. This
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Table 125. Physical Properties of ^^DurironJ^

Specific gravity 7,00

Tensile strength (psi) 10,000

Transverse strength (lbs.) 1,000

Transverse deflection (inches) Ks M
Compressive strength (psi) 70,000
Melting point about 2,300° F.

Coefficient of expansion per ° F. 0.0000156

Shore scleroscope hardness 49-51

Contraction allowance in casting (in. /ft.)

Thermal conductivity (Ag = 1) 0.32° F.

all-purpose alloy results from the addition of molybdenum; the nominal

composition is 14.5 per cent silicon, 3 per cent molybdenum, 0.9 per cent

carbon, 1 per cent manganese, remainder iron.

The specific resistance to hydrochloric acid at 175° F. is shown in Fig-

ure 111. It will be observed that the time for film formation and passiva-

tion to develop optimum corrosion resistance requires from 32 to 48 hours.

This alloy is not recommended for use with mixtures of chlorine gas and

steam, or where strong sulphuric or weak nitric acid is alternated with

hydrochloric acid; the latter conditions break down the acid-resistant film,

resulting usually in a high rate of deterioration.

An aluminum bronze of the composition 87.5 per cent copper, 7.5 per

cent aluminum, 3.5 per cent iron and 1.5 per cent manganese or nickel com-

bines excellent acid-resisting properties and mechanical strength. It is re-

{CowteiV Duriron Co., Dayton, Ohio)

Figure 111. Specific resistance of ''Duriron'' to HCl.

sistant to many inorganic chemicals, and in addition, it can be used with a

wide range of organic acids, animal and vegetable oils or oil refinery sludge

acids. However, it is not suitable for hot concentrated hydrochloric acid,

nitric acid and mine water. It has good resistance to fatigue, retains strength

at elevated temperatures, resists wear and has in general good mechanical

properties. It can be cast, forged, rolled, drawn and machined. Some of the

physical properties of this alloy (“Alcumite'') are shown in Table 126. It
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may be annealed by heating to 1400-1600° F., and either quenching in

water or cooling rapidly in a blast of compressed air.

Table 126. Physical Properties of ^^Alcumite^^

Specific gravity, cast

Melting point ® F.

Coefficient of expansion, per ° F.

Thermal conductivity, Btu per ° F., difference in temp, per one foot

thickness

Electrical conductivity

Casting shrinkage (inch per foot)

Modulus of elasticity

7.75

1,900

0.00000935

60

9% of copper

Ke
16,600,000

Form Brinell
hardness

Green sand castings 110-120

Hot-rolled rod 160-210

(Not annealed)

Hot-rolled rod 150
(Annealed 1,400° F.)

Hot-rolled rod 130

(Annealed 1,500° F.)

Hot-rolled rod 110
(Annealed 1,600° F.)

Hot-rolled sheet 1 10

(Annealed)

Tensile
strength

(psi)

Yield
point
(psi)

% Elong.
in 2

inches

% Reduc-
tion of

area

75,000 25,000 30 35

85,000- 40,000- 15-25 20-25

100,000 60,000

76,000 35,000 40 45

76,000 28,000 40 45

76,000 25,000 40 45

76,000 25,000 40 45

A great many other base alloys of iron, copper, nickel, and aluminum are

used in the chemical and allied industries for corrosion resistance. These are

too numerous to discuss here and the reader is referred to the manufac-

turers' publications and bulletins for further information.

Figure 112 shows a reduction furnace viewed from discharge end. Tubes

in fire-box are centrifugally cast “Misco Metal" analyzing 35 per cent

nickel, 15 per cent chromium, balance iron.

Figure 1 13 shows an exhaust manifold made entirely of ‘'Inconel" by the

Kellet Autogiro Corporation.

Figure 114 shows a 17-foot hydrofluoric acid regenerator column, the

inside of which is lined with ir^^h “Monel" metal sheet. The two grids

are also made of “Monel."

Figure 1 1 5 shows a complete centrifugal pump of cast “Hastelloy" B, used

in the production of aromatic hydrocarbons, where the alloy successfully

resists hydrochloric acid and chloride catalysts. The pump bodies, impellers,

shafts, discharge pipes, and suction lines are all made of this alloy. Figure

1 16 shows the Simpson-Mantius sulphuric acid concentrator equipped with

“Hastelloy" D heater tubes, operated at 500 lbs. steam pressure, for con-

centrating spent sulphuric acid up to 96 per cent.



{Courteay International Nickel Co., New York, N. Y.)

Figure 112. Reduction furnace.

(Courteay International Nickel Co., New York, N. Y.)

Figure 113. ''Inconer exhaust manifold.

424
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(Courtesy A. 0. Smith Corporation, Milwaukee, Wis.)

Figure 114. Hydrofluoric acid regenerator.

(Courtesy Haynes Stellite Co., Kokomo, Indiana)

Figure 115. Centrifugal pump.
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{Courtesy Haynes Stellite Co., Kokomo, Ind.)

Figure 116. Sulphuric acid concentrator.

Figure 1 17 shows strip welding ''Hastelloy’' B 12-gauge liner in an isom-

erization tower. In this application, the alloy effectively resists the hydro-

chloric acid formed when the aluminum chloride catalyst hydrolyzes.

Figure 118 shows a ''Chlorimef' Durcopump installed in a pharmaceutical

plant. It was made of *'Chlorimet 2” alloy. A similar pump made of “Chlori-

met y was used successfully for nitric acid.

The various proprietary alloys mentioned in this chapter are registered trade names of

the following manufacturers:

American Manganese Division American Brake Shoe Company.
‘^Amsco F 5’^ ‘‘Amsco F 6''

Babcock-Wilcox Co.

'‘B and W 700^' ‘‘B and W 701”

Burgess-Parr Corp.
^Tllium^^

Carpenter Steel Co.
” Carpenter 20”

Driver-Harris Co.
“Nichrome”
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Duriron Co.
^‘Chlorimet 2’* ‘‘Durimet T”
“ChlorimetS” “Durimet 20"

“Alcumite"

Electro Alloys Division American Brake Shoe Co.
“Thermalloy A"

Haynes-Stellite Co.

^‘Hastelloy A"
^‘Hastelloy B"

Hoskins Manufacturing Co.

“Chromel C”
International Nickel Co.

“A Nickel"
Nickel"
Nickel"

“L Nickel"

‘‘Hastelloy C"
“Hastelloy D"

“Duranickel"
‘inconel"
Monel"

Monel"

Midvale Steel Co.
^‘Midvaloy BTC"

Michiana Products Corp.

“Firearmor A"
“Firearmor B"

Wilbur B. Driver Co.
“Tophet C"

"Duriron"
"Durichlor"

"K Monel"
"KR Monel"
"R Monel"
"S Monel"

iCowrte$y Haynes Stellite Co., Kokomo, Ind.)

Figure 117. Isomerization tower.
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(Courtesy The Duriron Company, Inc., Dayton, Ohio).

Figure 118. Chlorimet Durcopump.
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Chapter XVI

High-Temperature Materials

The principal fields of application for metals in high-temperature service

are in the oil-refining industry, furnace industry, chemical industry, metal-

lurgical furnaces, heat-treating equipment, automotive valves, power plant

equipment, gas and steam turbines, and jet propelled airplanes. Some other

fields are the manufacture of molds for cast metals and glass, radio tubes,

pyrometry and electrical resistance heating elements.^^

The requirements vary considerably with the field of application and

often within the same field. The properties of different alloys at elevated

temperatures show an equal or greater variation, and even today knowl-

edge about them is far from complete. It is certain, however, that no one

alloy or family of alloys can be selected having all the properties in the

desired degree for universal application.

Before he can even begin to select or develop suitable alloys for a given

application, the design engineer must be able to answer certain basic ques-

tions. The necessity for this information will become apparent when the

characteristic properties of metals at high temperatures are considered. The
most important questions are: What will the normal operating temperature

and the peak temperature be? Will service at these temperatures be con-

tinuous or intermittent? What is the load per square inch? Will it be con-

tinuous or intermittent, fluctuating or steady? What is the stress-weight

ratio? Is the part stationary, rotating, or reciprocating? What are the

hazards of sudden failure? How close must tolerances be held? What clear-

ances must there be between moving parts? What is the required life of the

part? Is the part subject to impact loads of appreciable magnitude at room

temperature and at elevated temperature? In what medium will the alloy

be required to operate?

Required Properties

At operating temperatures in excess of 800® F., room temperature prop-

erties begin to lose significance as a means of evaluating service perform-

ance. This is because load-bearing and a number of other properties are no

longer relatively independent of rate and duration of loading, and because

429
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such factors as thermal expansion and oxidation begin to play a more im-

portant part. The properties of most importance at elevated temperatures

are stress-rupture, creep, thermal expansion, structural stability and corro-

sion resistance. Fatigue resistance is often important, as are impact

strength, damping capacity and hot ductility.

Stress-rupture and creep properties are closely related, but are not iden-

tical. For example, stress-rupture tests that do not measure rate are made
at higher stress values than are used for creep and tell little about the low

rates of plastic deformation or initial deflection on loading which are of

interest in creep. On the other hand, creep tests give little information about

the load to fracture or the hot ductility. The latter are accelerated life tests,

requiring at least a thousand hours each. They are mutually complemen-

tary, and a complete evaluation of a metal or alloy for high-temperature

service requires that both be determined. However, in stress-rupture tests

that measure rates there is no dividing line between the two properties.

Proper study requires a family of tests, the lower stress members of which

may not break in the test period allotted. The short-time, high-temperature

tensile test is of value only as the initial point of the stress-rupture test, and

nothing of the life of the part can be predicted on the basis of this test alone.

It is more useful for estimating the hot-working properties of the material.

In general, creep values are of the order of fifty per cent of stress-rupture

values, but this ratio increases, fortunately, with the duration of the test.

Scatter bands for 1,000-hour rupture and creep of 0.001 per cent per hour

frequently overlap. Where repeated cycles of temperature changes of any

appreciable magnitude are to be encountered, a special type of creep test

(the relaxation creep test) may be used.

Thermal expansion of an alloy is a quite important property from the

standpoint of design, where close dimensional tolerances must be held, be-

cause of clearance and of other considerations at junctions between different

alloys or similar alloys at widely different temperatures. If these junctions

are rigid, destructively high stress concentrations may be set up. Warping

is another factor closely related to thermal expansion and generally must be

considered. For example, it has been found that the perfectly balanced rotor

of a turbine at room temperature may be badly out of balance at operating

temperature because of this factor; hence rebalancing at operating tem-

peratures becomes necessary.

Where long life of the unit is a consideration, structural stability of the

material is a requirement. Certain types of alloys, even though they possess

high initial strength, fail rapidly at much lower stresses at high tempera-

tures because of destructive changes in their internal structure, e.g., pre-

cipitation of brittle constituents at grain boundaries, or overaging of

solution-treated and aged alloys.
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Almost any medium in which a metal is used at high temperatures tends

to be corrosive. Corrosion tends to shorten the life and lower the permissible

stresses by reduction of section thickness and area over appreciable periods

of time. Mild general corrosion is not too serious a factor and can be al-

lowed for by a change in section in the original design. But differential cor-

rosion is more serious. Pitting and grain boundary attack rapidly lead to

failure—hence the interest in surface stability. Erosion by gases and dirt

may also be a factor.

Fatigue resistance tends to be proportional to stress-rupture properties,

but is, of course, affected by such stress raisers as differential corrosion and

structural instability. An alarming feature of fatigue life at elevated tem-

peratures is the fact that it does not tend to level off with time, as is the case

at room temperature. There is no specific load at which a guarantee can be

given that failure by fatigue will not occur, regardless of the number of

stress reversals. However, a redeeming feature is that fatigue resistance does

not decrease as rapidly as do other properties.

Where there is a possibility that the frequency of stress impulses may ap-

proach the resonant point of a metal or alloy, its damping capacity becomes

important. Unfortunately, alloys possessing very good high-temperature

properties usually have the lowest damping capacity. The method of proc-

essing the alloy, however, affects this: cast alloys generally have higher

damping capacity than wrought alloys of the same composition.

When failure without warning involves a hazard, hot ductility is impor-

tant. In general, values for this property are rather low for most of the high-

strength, high-temperature alloys and tend to decrease with time. Hot duc-

tility is also of importance in limiting the processing of the material by

forging or rolling and also fabrication by welding.

When the stress-weight ratio does not impose too great limitations, as it

does in aircraft design, much use can be made of the older alloys, though

the required high-temperature data of the type now found necessary may be

incomplete.

For high-temperature work an alloy must possess a definite strength at a

certain high temperature with a minimum allowable deformation for a

definite expected life. The main problems which face engineers are: (1)

determination of the ultimate strength of materials which are to be in

service at high temperatures for about 100,000 hours, and (2) the choice of

a material in which the influence of notches and multi-dimensional stresses

does not lead to excessive weakening.

In regard to the first problem, extrapolation over long periods is best done

on the basis of stress-rupture tests. Important conclusions as to structural

stability may be drawn from several factors. The reduction of area and

elongation are of great significance, as the true stress-contraction curves are
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essential for information on the notch sensitivity. Much useful data from

tests with notched bars can be obtained from these curves, which may be

S-shaped for many metals.

Room-temperature tensile and impact properties of specimens broken in

the stress-rupture test are also important, as well as changes in the metallo-

graphic structure. So far insufficient progress has been made to prescribe

maximum or minimum values which can be regarded as admissible limits.

To investigate the influence of notches and multi-dimensional stresses,

tests must be made on notched bars as well as on whole machine parts. With-

out the S-shaped, true stress-contraction curve, it is impossible to draw any

practical conclusion regarding notch sensitivity.

The view has been expressed that elongation measurements over short

periods may be capable of providing information as to the limits of useful-

ness of a highly heat-resistant steel; but other qualities, such as the tend-

ency to brittleness and structural stability, which cannot be determined by

such measurements, are also essential for designing purposes.

It is a thermodynamic fact that the hotter a turbine system is run, the

more efficient it will be. Thus if an alloy can be developed that can with-

stand higher temperatures than present existing alloys, a more efficient sys-

tem from an energy standpoint will result. The two most important physical

properties of such an alloy would be good yield strength and creep strength

at high temperatures. An alloy that had the yield characteristics exhibited

in Figure 1 19 as Alloy No. 1 would be far more advantageous than Alloy

TEMPCRATUKC • - Xncr««9ln^

No. 2, because the yield strength remains fairly constant or falls off very

slowly as the temperature increases. Although the above refers to hot yield

strength, cold yield strength is important under thermal fatigue con-

ditions.

The behavior of metals at elevated temperatures is entirely different from
that at room temperatures; consequently, room-temperature properties do
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not necessarily predict properties at the ejevated temperatures. The room-

temperature properties used for design purposes are based on the elastic

properties of the steel. Regardless of whether the design is based on a certain

fraction of the yield point or tensile strength, the resulting stress is always

below the proportional limit; consequently the part exhibits no measurable

elongation during service other than the elastic deformation which occurs

upon application of the load.

On the other hand, metals at elevated temperatures possess both elastic

and plastic properties, though the plastic properties predominate under cer-

tain conditions. At these temperatures an elastic deformation occurs upon

the application of a load below the apparent elastic or proportional limit;

but if the temperature is sufficiently high—and this varies with different

steels—this deformation is not independent of time, as was the case at room

temperature, but increases as the time of application of load is extended.

This increase in elongation with time under a constant stress is now called

creep.

In addition to strength and surface stability, high-temperature steels

must also have a suitable degree of structural stability and be capable of

retaining good ductility and shock resistance both at operating tempera-

tures and at room temperature after service at elevated temperatures. Hot

ductility is usually required for load redistribution and for avoiding thermal

stress cracking, rather than shock. Low-alloyed pearlite type steels undergo

spheroidization, which tends to decrease the load-carrying ability; whereas

austenitic steels undergo carbide precipitation in the grain boundaries,

which decreases the corrosion resistance and may impair the ductility.

Elastic properties ^ have little application to high-temperature design. In-

stead, the plastic or creep properties are employed. Resistance to deforma-

tion under constant load has been utilized as a basis for comparing the high-

temperature strength of different alloys.

Elevated-temperature tensile tests differ from most service conditions in

that they indicate behavior under stresses rapidly and continuously increas-

ing to fracture, while industrial applications ordinarily involve lower, more

constant stresses. With drastic overloading in service, accelerated elongation

will result and, if failure does not take place, plastic deformation will rap-

idly decrease the stress. Creep at high rates will then continue until ( 1 ) the

stresses are relieved by transfer of load to adjacent structural units, or

(2) stresses have fallen to safe working levels, or (3) fracture occurs at

some stress below the nominal yield strength.

Creep. It has long been known that metals undergo slow deformation,

known generally as ‘"creep,"' when subjected for long periods of time to

conditions of high temperature and stress. Creep is a continuing change

in the deformation or deflection of a stressed member. It is generally asso-
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dated with a time rate of deformation Continuing under stress intensities

well below the yield point, the proportional limit, or the apparent elastic

limit for the temperature in question.

The initial creep upon a material not previously strained is invariably

rapid, but as the straining progresses, the rate of creep decelerates until,

after an appreciable period, a constant rate is approximated. This initial

straining at a decreasing rate is frequently designated as the first stage of

creep. The second stage is the strain which occurs either at a constant rate

or in an asymptotic approach to a constant rate. The design of stressed

members is generally based upon the rate of second-stage creep strain. The
useful life of a structure is for some purposes adjudged to be the time

lapse before the termination of the second stage. The third stage is marked

by an accelerating creep rate, leading to fracture. Although stress intensifi-

cation and ''necking'* of the section contribute to the promotion of third-

stage creep, this stage is generally reached at much smaller deformations

than those sufficient to produce rapid creep to fracture through stress in-

tensification alone. Such evidence is held to be indicative of the marked

structural changes which strain, time and temperature produce in metals

and alloys.

The creep strength of a metal may be affected by a variety of factors, in-

cluding composition, melting and deoxidation practice, grain size (inherent

or actual) and heat treatment. Aside from these influences, creep or plastic

flow takes place in a more or less uniform manner, and creep tests show

that time-elongation curves take one of three forms, depending on test tem-

perature and on whether normal or excessive stresses are applied. This con-

dition is shown by Figure 120, wherein three types of curves are produced

by different constant loads.

In this figure. Part O to S is common to the three curves and represents

initial creep. Part S to F on the upper curve, A, is a constant high rate of

creep, and that portion from F upward is the final rapidly increasing rate
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leading to failure. On the intermediate curve, B, under the intermediate

loading, annealing or recrystallization counterbalance exactly, providing a

uniform rate of creep over a long period. On the lower curve, C, under

low loading, the rate of creep diminishes because of a strain-hardening

effect. To ascertain which of these conditions is likely to prevail, it is

necessary to extend the tests for an appreciable period—the longer the

better—to determine the true behavior under service conditions of stress

and temperature.

In general, the creep rate is taken in the so-called second stage of creep,

where the deformation rate is approximately constant, and is expressed as

per cent per 1,000 hours. Many prefer to express this as per cent per hour.

In the customary creep test, the applied stresses are usually low, so that

tests can be discontinued before fracture occurs.

Evaluation of the creep of highly heat-resistant alloys under sustained

loads is quite intricate and complex. It is currently receiving much atten-

tion because of the problems it presents in the design of gas turbines, par-

ticularly stationary turbines which must have a much longer life than air-

craft turbines.

In Figure 121 is shown stress for secondary rate of creep of 0.10 per cent

in 1,000 hours as it varies with temperature and alloy In the lower tem-

perature range it is probably safe to say that this also holds for I.O per

cent creep in 10,000 hours. This graph applies only to wrought alloys, as

castings are generally stronger.

Stress-Rupture

Stress-rupture tests offer a means of evaluating the characteristics of al-

loys operating under stress at high temperature over long periods of time.

The test is, in essence, a loaded creep test where the test is continued to

failure of the specimen. The tests are made by subjecting a series of bars to

static stresses of various magnitudes at the selected temperature level and

determining the time for fracture. Elongation may be taken during the test,

but the total extension of each specimen is taken at conclusion of the test

and these values, together with the stresses causing rupture, may be plotted

on log-log cross-section paper against time for rupture. The initial point on

such a curve is the short-time tensile value.

If the stresses and corresponding fracture times are plotted to Cartesian

coordinates, curves of the type^® shown in Figure 122 will result. These

curves appear to become asymptotic to definite limiting stresses, and it is

thus possible to obtain an indication of the stress below which fracture will

not result for very extended time periods.

A more definite relationship exists when the results are plotted to loga-

rithmic coordinates. This method of plotting usually results in a single
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Figure 121. Stress for secondary rate of creep of 0.10% in 1000 hrs. as it

varies >vith temperature and alloy. In the lower temperature range it is probably

safe that this also holds for 1.0% creep in 10,000 hrs.
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Figure 122. Stress-rupture curves for A-6 Cr-Mo-Si steel at indicated tempera-

tures. (Sicromo 55).

436



HIGH-TEMPERATIJRE MATERIALS^ 437

Straight-line relationship over the entire period, as shown in Figure 123

for 4-6 chromium, molybdenum, silicon steel.

The rupture test, in addition to determining the stress required to pro-

duce failure in a given time, supplies information on the hot plasticity, or

the ability to extend and suffer deformation. The abruptness of the fracture,

TIME FOR RUPTURE. HOURS.
{Courtesy Timken Roller Bearing Co., Canton, Ohio)

Figure 123. Stress-rupture curves at indicated temperatures for 4-6 Cr-Mo-Si

steel. (Sicromo 5s).

together with microscopic examination of the ends of the specimens, will

indicate whether failure occurred by intercrystalline or transcrystalline

fracture. In the former case, grain separation occurs and poor ability to

elongate under stress may be manifest, while in the latter case, plastic de-

formation of the grains themselves occurs, and greater stretch and reduction

of the cross-section is obtained before parting.

The rupture test gives information as to the relative strength of metals

and indicates how the rate of straining affects elongation and mode of

fracture. In general, rapid strain (or creep rate) favors transcrystalline

fracture and low strain (or creep rate) favors intercrystalline fracture. The

rupture strength of a given alloy is dependent on composition and is af-

fected to some extent by such factors as heat treatment, grain size and micro-

structure.

The results obtained from stress-rupture tests are valuable not only for

showing load-carrying ability but also for indicating hot ductility up to

fracture and degree of surface and structural stability under the given test

conditions. One of their chief merits is their ability to show the influence

of time, temperature and stress on the ductility up to fracture. Informa-

tion of this type is used to insure against brittle-type failures in service.

Figure 124 is a stress-rupture curve showing the relation between 1,000-

hour life to rupture and temperature for several wrought alloys.* Changes
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in the slope of the stress-to-rupture curve indicate either surface instability

(oxidation) or structural instability (carbide precipitation, grain growth,

phase change).

Creep Relaxation. A plot of strain against time is constructed in which

a single specimen of the alloy at a given temperature receives a series of

Figure 124. Stress-to-rupture

curves.

loads which are decreased every time a predetermined constant strain is

reached. Such information is especially useful for bolting material.

Damping Capacity. This appears to be an inherent characteristic of

each material ^ and is the ability of an alloy to cease vibrating through in-

ternal molecular friction. Since alternate pulsations, particularly associated

with partial admission turbines, can build up to very high vibrating stresses,

the ability of a material to “damp out“ quickly would seem to be of con-

siderable importance. This problem is closely associated with high-tempera-

ture fatigue. Damping capacity appears to be an inherent characteristic of

each alloy and is relatively unaffected by heat treatment or other processing

variables. It is much higher in ferritic materials than in austenitic alloys.

Mechanism of Deformation

Jeffries found that the path of fracture in metals varies with the tem-

perature, time and rate of deformation. At the lower temperatures (Figure

125) the path of fracture tends to be transcrystalline, while at the higher

temperature it is intercrystalline. The temperature of transition is referred

to as the equi-cohesive temperature, that is, the temperature at which the

grain boundary material and the crystals proper have equal strength.

For any given analysis this temperature is lowered as the rate of defor-

mation is increased. Relatively slight changes in composition may have a
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pronounced influence on the position of the equi-cohesive temperature and

the lowest temperature of recrystailization. The equi-cohesive temperature

is the lowest temperature at which the grain boundary material is suffi-

ciently mobile to allow deformation and hence fracture to occur in the

boundaries.

In considering the mechanism of creep, it is important to remember that

at elevated temperatures at or below the equi-cohesive temperature, or low-

TEMPERATURE—
Figure 125. Effect of temperature on the fracture of metals.

est temperature of recrystailization, the deformation or creep resulting from

the application of the stress over a given time is a running balance between

the yielding of the material and the strain-hardening caused by such yield-

ing. At or below this range, the strain-hardening tendencies should pre-

dominate, and continuous creep will not occur unless the stresses are suffi-

ciently great to overcome the resistance caused by strain-hardening.

The mechanism of deformation also varies at temperatures below the

equi-cohesive temperature. Deformation apparently occurs largely within

the crystals themselves and since these crystals are perfectly elastic bodies,

the metal exhibits elastic properties. Above the equi-cohesive temperature,

and if sufTicient time is allowed, deformation occurs by the movement of

the crystals themselves, that is, within the material surrounding the grains,

which is not elastic. Accordingly, metals at temperatures above this critical

point exhibit plastic rather than elastic properties.

Effect of Structure

Basically, the structure of an alloy is the connecting link between fabri-

cation factors and its properties, since most of the properties are directly

determined by the structure and are influenced by these factors only through
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their control of structure. It is well to remember, at this point, too, that the

structure of an alloy at the outset of its service life is of significance only if

it is reasonably stable. It is also necessary to remember that the term ''struc-

ture'' involves several orders of complexity, from macrostructure down
through microstructure to the basic lattice pattern.

Possibly because of its naturally greater stability strength and higher

ductility at elevated temperatures, the austenite lattice usually gives better

service than the ferrite lattice for alloys based on iron. From the standpoint

of corrosion resistance (especially of the pitting or intergranular type) and

ductility the solid solution type of structure is preferable, though more com-

plex structures of certain types produce higher rupture and creep strengths,

usually at the expense of ductility.

The amount and distribution of the secondary phase, with reference to

the matrix phase of these more complex microstructures, is of great impor-

tance. For optimum strength properties it should be in the form of micro-

scopic or submicroscopic particles uniformly distributed throughout the

grains of the matrix phase, and it should retain this distribution under op-

erating conditions. If the particles become rounded (e.g., spheroidized car-

bides) and/or agglomerated, the secondary phase ceases to be effective in

improving strength. If the secondary phase is segregated in the grain

boundaries of the matrix phase and is present in amounts sufficient to form

a more or less complete envelope around these grains it will be highly detri-

mental, especially if it is excessively brittle or excessively soft. Experience

indicates that alloys having the greatest load-carrying capacity at elevated

temperatures are those which are austenitic at normal temperature.

No structures are absolutely stable at the more elevated temperatures.

The low-alloyed pearlitic steels undergo spheroidization, which tends to

decrease the load-carrying ability, while the austenitic steels undergo car-

bide precipitation in the grain boundaries, which decreases corrosion re-

sistance and may impair ductility.

Not much is known of the eutectic type of structure, since it is of rare

occurrence in most wrought high-temperature alloys; but it is probably

inferior in ductility to the solid solution type and will be definitely detri-

mental if its melting point (hence its softening point) is low with reference

to the operating temperature. The eutectic structure, however, is common
in many cast heat-resisting alloys.

Regarding microstructure, it has been found that the cast structure is

stronger than the wrought for temperatures above 1300° F., while the

wrought structure is generally stronger and more ductile than the cast for

lower temperatures.

Grain size is also an important factor in structure. In general, it is

claimed that coarse grains (preferably elongated in the direction of stress)
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give better stress-rupture, creep and fatigue properties for operating tem-

peratures above 1300® F., while fine grain structures are preferable below

this temperature.

A fine grain size in either the actual or inherent grain structure gives

maximum load-carrying ability below the equi-cohesive temperature,

whereas a coarse grain structure is superior above this temperature. Since

rate of deformation has an important influence on the equi-cohesive tem-

perature, the effect of grain size on the creep and rupture strengths may
differ over certain portions of the temperature range.

The heat treatment producing the most suitable grain size imparts the

maximum load-carrying ability. For temperatures below the lowest tem-

perature of recrystallization, a quenched and drawn structure is superior,

while at higher temperatures an annealed or normalized and tempered

structure is superior. However, for austenitic alloys the strongest is the

solution heat-treated (quench-annealed) and aged to precipitate fine car-

bides.

Effect of Alloying Elements

Shown below are two convenient methods by Clarke^® of classifying the

more common alloying elements in ferrous materials. The first method de-

pends on whether the elements go into solid solution or prefer to combine

with the carbon to forming carbides. Certain of the elements fall into both

classes for, after all the carbon is consumed, the remainder will go into

solution. The second method of classification depends on whether the alloy-

ing element promotes the formation of ferrite or austenite. It should be

Solid Solution versiLS Carbide-forming ElementsMethod /.

A. Solid solution

Nickel

Chromium
Silicon

Manganese
Aluminum
Copper
Cobalt

B. Carbide formers

Chromium
Manganese
Molybdenum
Tungsten
Columbium
Titanium
Vanadium

Method II, Ferrite versus Austenite Formers

A. Ferrite

Chromium
Silicon

Aluminum
Molybdenum
Tungsten,

Vanadium
Columbium
Titanium

B. Austenite

Carbon
Nitrogen

Nickel

Manganese
Cobalt
Copper
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noted that the elements align themselves differently under the two methods

of classification. Not all the solid solution elements are austenite formers,

nor are all the carbide-forming elements ferrite formers.

The basic type and limits of variation of structure are fixed by the com-

position of the alloy. In general carbide formers are most effective in

promoting high-temperature strength, provided the carbides formed are

stable {i.e., neither go into solution, spheroidize nor agglomerate) at op-

erating temperatures. The elements entering solid solution which have

greater affinity for corrosive agents than the solvent and which cause the

formation of more dense and impermeable oxide layers with better adher-

ence are most suitable in promoting surface stability. Their effectiveness

depends in part on their ability to diffuse in sufficient amounts and with

sufficient speed to replenish the surface adequately. The softening tempera-

ture of the matrix is raised by those solutes which tend to precipitate, and

which have high melting points and high softening temperatures with refer-

ence to their melting points. Softening temperature is closely related to

creep and stress-rupture properties. Usually, but not always, the addition of

elements with high melting points improves creep strength, and this effect is

greater for austenitic than for ferritic alloys. In general, the influence on

properties exerted by elements entering into solid solution is proportionally

greater for small additions, and tends to level off as a certain critical per-

centage is reached. This influence is additive when a number of elements

are simultaneously involved, and this principle of course suggests that more

advantage can be gained by the addition of small proportions of several

elements than by an equivalent proportion of one or two elements.

The influence of individual elements is difficult to describe, especially

since it is usually modified considerably by the presence of other elements.

The following information is to be interpreted with this in mind, and is

supplemented by later discussion of various complex alloy systems.

Aluminum has been used in heat-resisting alloys for many years. It enters

into solid solution in both ferrite and austenite and also forms a series of

intermetallic compounds with iron and with chromium (though it is

soluble in chromium up to 30 per cent). It combines with nickel to form a

precipitation-hardening compound. It is also active toward nitrogen, form-

ing a complex AlFeN compound which is stable at rather high tempera-

tures. It is a strong graphitizing agent and probably for this reason tends

to stabilize ferrite at high temperature. In amounts greater than required

for deoxidation it is difficult to add, and forms brittle and very weak alloys

with iron at high temperatures. It is added to high-temperature alloys pri-

marily to increase oxidation resistance at red heat. In this respect it is su-

perior to almost all other possible additions. Oxidation resistance increases

with increase in percentage of aluminum. A binary alloy of iron and chro
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mium containing 7 per cent aluminum is equivalent in oxidation resistance

to an 80 per cent Ni~20 per cent Cr alloy. Its effect is independent of car-

bon content. Up to 3 per cent aluminum has been added to 18-8 stainless

steel to improve scale resistance and machinability. In general, aluminum

adversely affects high-temperature mechanical properties, particularly

creep, when used as an alloying element, and should be used only where

oxidation resistance is of paramount importance and load-carrying capacity

does not matter. It has been used as a coating for high-temperature ma-

terials (calorizing) with excellent results.

Beryllium and boron have been used in small proportions in some of the

newer heat-resisting alloys. Both have limited solubility of the precipita-

tion-hardening type, but in the amounts used it is difficult to decide whether

the improvement they effect is due to their deoxidizing and scavenging

action, to precipitation-hardening effects, or both. So far as is known
boron does not produce an improvement in high-temperature properties

at all proportional to its effect on hardenability.

Calcium has been used in a few alloys, but not enough information is

available to evaluate its effect. From theoretical considerations it should

rank near aluminum in promoting surface stability, since it is also an excel-

lent deoxidizer, but not enough is known about the type of scale it pro-

duces.

Carbon, up to 1,25 per cent, improves high-temperature strength but is

sometimes prone to grain boundary segregation, which is harmful from

both corrosion and creep-stress rupture standpoints. Combined with ele-

ments which form carbides which are small and highly stable (columbium,

titanium, tantalum and thorium) at elevated temperatures, it does not seg-

regate badly; hence in this form it is definitely beneficial except for its

effect on ductility.

Chromium is perhaps the most important element added to “high-tem-

perature'' steels. Its effect with or without the addition of nickel, in increas-

ing the resistance of iron alloys to corrosion is well known, as is indicated

by the wide variety of stainless steels now available, containing from 12

to 30 per cent chromium. Chromium is particularly effective in increasing

resistance to hydrogen.

Twelve per cent or more of chromium affects impact strength adversely,

especially after long heating at approximately 900° F. The ductility and

impact properties of chromium-iron alloys having a chromium content

of 20 per cent or more may be seriously impaired by slow cooling between

1100 and 700° F.

Cobalt aids in maintaining the properties of the alloy at high tempera-

tures and increases the creep resistance.

Columbium is at least a ferrite promoter because it combines with car-
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bon, thus decreasing the amount of carbon available for combination with

the chromium. It is indicated that when columbium is used in an alloy of

fixed chromium and nickel content the carbon will need to be increased

somewhat to produce a wholly austenitic structure. Columbium improves

creep resistance.

Copper has also been used in high-temperature alloys. It is somewhat

more soluble in iron at elevated than at room temperature (about 1.8 per

cent max. at room temperature) and is effective as a precipitation-harden-

ing constituent. However, it tends to segregate at grain boundaries and to

form brittle, weak, low-melting compounds with oxygen when so located

as to promote surface instability in air. These harmful effects are largely

eliminated, however, when sufficient nickel is simultaneously present.

Molybdenum is added to steels to improve their strength at elevated tem-

peratures, as well as to austenitic 18-8 stainless steels. It eliminates temper

brittleness in straight-chromium steels. In the 18 chromium-8 nickel and

the 25 chromium-12 nickel heat-resistant steels, molybdenum is a stabilizer

of the sigma phase.

Nickel is a toughening agent and a grain refiner. It is a strengthener for

alloys having 16 per cent or more of chromium which are more or less brit-

tle in the absence of nickel.

Nitrogen is a strengthening element and is equivalent to two or more

times as much carbon in alloys at room temperature and at elevated tem-

peratures. It is a potent austenite stabilizer. It improves the ductility and

strength of the 0.35 per cent carbon-28 per cent chromium steels when in

excess of 0.15 per cent, and when the nickel is in excess of 2 per cent.

Silicon may affect the load-carrying ability of steels by reduction of

creep strength, especially in the range 950-1200® F. It does, however,

effect increased surface stability that retards oxidation. Silicon affects the

scaling temperature of steels by changing the nature of the scale.

Titanium forms stable carbides and nitrides and also tends to be a

ferrite promoter. It also improves creep resistance. In the austenitic 18-8

stainless steels it retards and minimizes intergranular embrittlement.

Tungsten, together with molybdenum and vanadium, are carbide form-

ers (also ferrite formers) and their chief action is to make the steels more

resistant to creep or ‘Tow" at elevated temperatures. They tend to promote

resistance to softening on tempering and act as restrainers of grain growth.

Vanadium, however, impairs oxidation resistance.

Zirconium in alloys containing large percentages of nitrogen forms stable

nitrides. In addition, zirconium is a ferrite promoter.

Aluminum, chromium, silicon, titanium, and columbium are able to form

tightly adhering refractory oxide scales when added to steel alloys. They
thus markedly improve resistance to scaling, although columbium some-

times can seriously impair scaling resistance.
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Alloys*

Alloys capable of sustained operation when exposed either continuously

or intermittently to operating temperatures which create metal tempera-

tures in excess of 900° F. are classed as heat-resistant. Alloys used in parts

for such service fall into the following groups: iron-chromium, iron-

chromium-nickel, nickel-chromium base, chromium base, nickel base and

cobalt base.^^

Many low alloy carbon steels can be used successfully for certain low

stress applications up to 900° F., and a number of new highly alloyed non-

ferrous materials have been developed as super-high temperature alloys

for high-stress applications up to 1500° F.

Carbon Steel (killed). Killed carbon steel, analyzing 0.10-0.20 C,

0.30-0.60 Mn, 0.25 max. Si, 0.04 max. P, 0.045 max. S, is recommended

for general use in applications for service temperatures not exceeding

900° F., where corrosion and oxidation resistance is not important.^® Its

high-temperature properties are shown in Table 127.

Table 127. High-temperature Properties of Carbon Steel

Temp. Tensile
strength

Yield
stress

Elongation
% in 2 in.

Reduction
of area

Charpy
Impact

V
(psi) (psi) (%) (ft. -lbs.)

85 62,400 42,000 36.0 67.5 40

750 58,000 24,600 34.0 67.0 36-40

1,000 36,500 20, too 42.5 77.0 30

1,400 9,025 3,750 69.5 77.0 —
Carbon steel possesses a sufficient resistance to general attack at 1000° F.

but is subject to pronounced intergranular attack at this temperature.

At 1200° F. and over, it undergoes pronounced general attack and has

neither surface nor structural stability.

It is generally recognized that load-carrying ability in itself is not a

sufficient criterion of a steel’s suitability for high-temperature service. In

addition to satisfactory strength, there must be sufficient surface stability

to prevent the steel from becoming brittle or losing its original strength,

and sufficient hot ductility to prevent brittle fractures in service.

SAE 1015 steel was the first ‘‘high-temperature” alloy and is still em-

ployed in piping, boilers (firebox and flange steel), steam fittings, blower

casings, and wherever temperatures can be kept to 1000° F. maximum and

stresses are of a low order (not over 2000 psi at 1000° F. and 8000 psi

at 800® R).

Carbon-Molybdenum Steel. Carbon-molybdenum steel,'® analyzing

0.10-0.20 C, 0.30-0.60 Mn, 0.25 max. Si, 0.45-0.65 Mo, 0.04 max. P, 0.045

* With permission of the Timken Roller Bearing Co. much information and data on
steels for high-temperature service were taken from their published bulletins and used

in this chapter.
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max. S, has more than twice the creep strength of killed carbon steel. In

stability, corrosion and oxidation resistance it is about the same as carbon

steel. Its applications are therefore confined to service in which greater

safety is desired than can be obtained with carbon steel. It is used in

cracking-furnace tubes at temperatures up to 1000-1050° F. when corro-

sion and oxidation are not serious, and also for high-pressure boiler tubing,

superheating tubing, and high-temperature steam piping.

The tensile properties of annealed carbon-molybdenum steel are prac-

tically unchanged by long heating under stress at temperatures up to

1 100° F. There is a slight decrease in strength at 1200° F. Under prolonged

testing, this steel possesses, under given test conditions, a very low hot

ductility at 1000° F. and a relatively low ductility at 1200° F. Its tough-

ness and impact resistance are not changed greatly by heating under stress

at the temperatures up to 1200° F. (see Table 128).

Table 128. High Temperature Properties of C-Mo Steel

Temp.
(“ F.)

Tensile
strength

(psi)

Yield stress

0.2% set

(P»i)

Elongation
% in 2 in.

Reduction of

area (%)

Charpy
impact
(ft.-lbs.)

85 64,100 32,500 37.0 62.7 39
750 68,100 23,500 28.5 61.7 45

1,000 50,400 22,800 32.5 77.6 26

1,200 28,100 15,100 56.0 88.6 —
1,400 11,700 5,900 82.5 89.0 —

Carbon-molybdenum steel possesses sufficient resistance to general attack

at 1000° F., but is subject to pronounced intergranular attack at this tem-

perature. At 1200° F. it undergoes pronounced general attack as well as

intergranular attack.

Chromium-Molybdenum Steel This steel,^*'^ analyzing 0.15 max. C,

0.30-0.60 Mn, 0.30 max. Si, 0.80-1.10 Cr, 0.45-0.65 Mo, 0.04 max. P,

0.045 max. S, is a substitute for carbon-molybdenum steel where greater

creep strength and somewhat better corrosion and oxidation resistance is

necessary. It is used for cracking-furnace tubes at temperatures up to

I100°F. where corrosion and oxidation are not serious, and for high-

pressure boiler tubing, superheater tubing and high-temperature steam

piping.

The tensile properties of the annealed steel are practically unchanged

by long heating under stress at temperatures up to 1100° F. (see Table

129). There is a slight decrease in strength at 1200° F. as a result of sphe-

roidization. This steel possesses a high degree of hot ductility under the

combined influence of time and stress at 1100 and 1200° F., and a low

ductility at 1000° F. The decreased ductility at 1000° F. is caused by the

marked strain-hardening of this steel at this temperature under the higher
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Table 129. High-temperature Properties of Cr-Mo Steel

Temp,
r F.)

Tensile
strength

(psi)

Yield strength
0.2% set

(psi)

Elongation
% in 2 in.

Reduction
of area (%)

Charpy
impact
(ft.-lbs.)

85 62,500 42,250 34.5 73.7 56

750 63,500 24,350 33.8 70.3 45.5

1,000 51,250 20,750 33.3 78.9 26-32

1,200 32,100 17,000 52.0 88.2 53.5

1,400 11,350 6,500 94.0 97.8 —
stresses. Chromium-molybdenum steel possesses a high degree of surface

and structural stability at temperatures up to 1100° F.

Similar steels with silicon increased to 1.0 per cent and chromium in-

creased to 1.5 per cent show good stability up to 1200° F., and have higher

creep strength and higher short-time high-temperature properties.

Silicon-Molybdenum Steel. A silicon-molybdenum steel/® analyzing

0.15 max, C, 1.15-1.65 Si and 0.45-0.65 Mo, was designed for applications

in which a good combination of high-temperature strength and oxidation

resistance is required. In the temperature range of 1000 to 1200° F. it has

about twice the strength of carbon steel and oxidation resistance compar-

able to the 4 to 6 per cent chromium-molybdenum steel. It is recommended

for use in cracking-furnace tubes, pipe still heater tubes, and tubing for

high-pressure boilers and superheaters.

Silicon-Chromium-Molybdenum Steel. A silicon-chromium-molybdenum

steel, analyzing 0.15 max. C, 0.50 max. Mn, 1-2 Si, 4-6 Cr, 0.45-0.65 Mo,

is recommended for applications where best oxidation resistance is required

for temperatures up to 1 500° F.

Chromium Steels. Chromium steels,^® in addition to exhibiting remark-

able corrosion resistance and mechanical properties at room temperature,

are very resistant to the destructive elements encountered at elevated tem-

peratures when the correct grade is intelligently used.

Steels containing 4 to 6 per cent chromium resist excessive oxidation

up to 1000° F. Those containing approximately 12 per cent chromium re-

sist excessive oxidation up to 1300° F. With 16 per cent chromium, excessive

oxidation is resisted up to 1500° F., while with 27 per cent chromium exces-

sive oxidation is not encountered until temperatures in excess of 2150° F.

are reached in an atmosphere of normal air.

With sufficiently high chromium content excessive scaling does not occur.

Protection is obtained at high temperatures also by adding silicon or

aluminum to iron.

One condition that has contributed in many instances to shortening the

life of heat-resistant chromium steel equipment at elevated temperatures is

the presence of materials capable of carburizing the steel. At temperatures

over 1300° F. carbonaceous materials or gases can cause carbon to diffuse
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into the steel and alter its composition and constitution. It has been shown

that as the carbon content of chromium steel increases, resistance to scaling

at a given temperature decreases, as does overall corrosion resistance.

The high-temperature strength of the 4 to 6 per cent chromium steels is

little if any greater than that of plain-carbon steels, but the corrosion re-

sistance is superior.

The straight 12 per cent chromium steels are subject to temper embrittle-

ment, that is, loss of room-temperature shock resistance after service at

elevated temperatures within the range of 800 to 1100° F.; but this em-

brittlement can be eliminated by adding 0.50 per cent molybdenum or

1.0 per cent tungsten.

In the presence of a suitable proportion of chromium, both silicon and

aluminum are more effective than chromium alone in imparting a high de-

gree of oxidation resistance. The addition of 1.5 per cent silicon to the

4 to 6 per cent chromium-molybdenum type steel produces high resistance

to oxidation at temperatures up to 1500° F., while further addition of

0.50 per cent aluminum to this same steel greatly improves the resistance

even at 1750° F.

Oxidation resistance is very important in high-temperature service.

For instance the 4-6 per cent Cr-Mo (Type 502) steels show higher creep

and rupture resistance above 1000° F. than other straight chromium-

iron alloys with higher chromium content, but they cannot be exposed to

oxidizing conditions for more than a few hundred hours at temperatures

above 1150° F. without being seriously weakened by loss of section thick-

ness (see Table 130).

Table 130. Short-time High-temp(ratnre Tennle Properties of 4 to 6 Per Cent Chromium-
Molybdenum Steel

Temperature
rF.)

Ultimate
strength

Yield
strength*

Proportional
limit

Elongation
% in 2 in.

Reduction
of area

(psi) (psi) (psi) (%)

85 66,600 26,250 19,000 39.0 80.5

750 51,800 21,050 14,000 30.5 76.7

900 48,400 19,600 11,500 28.5 76.9

1,000 44,450 17,300 7,500 28.5 73.5

1,100 34,400 15,400 6,000 38.5 87.3

1,200 25,800 11,300 1,500 46.0 91.0

1,300 19,100 9,500 1,500 65.0 94.6

1,400 13,300 7,250 1,500 65.0 95.9

* Yield strength values are for 0.2 per cent permanent set.

The main applications of the 12 per cent chromium steels have been for

turbine blading, valve trim liners for pressure vessels, and in oil-cracking

units. They are used when corrosion resistance is the primary requisite and

the use of the austenitic type is not justified. The 12.0 to 14.0 per cent

chromium wrought alloys are the only straight-chromium steels which are
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not subject to temper embrittlement during service, although this is not

necessarily true for castings.

For temperatures up to 700° F. the regular 12 per cent chromium grade

of stainless steel, when properly hardened, will maintain a hardness of

approximately 300 Brinell when tested at room temperature, and will not

temper below this figure. However, for continuous service above 700° F.,

this steel will gradually soften through tempering. Above 900° F. the regu-

lar grades of chromium stainless steel, if in the hardened condition, temper

slowly and their strengths approach that of the annealed condition. For this

reason for service at temperatures of 1000° F. or higher, the material is

usually used in the annealed condition.

The addition of tungsten to 12 per cent chromium steel increases its

strength so that up to approximately 1100°F. such a steel has creep

strength slightly higher than 18-8 austenitic stainless steel. However, above

1 1 50° F. this steel loses its strength more rapidly than does austenitic

steel.

These alloys, containing from 10 to 30 per cent chromium and little

or no nickel, are useful chiefly for their resistance to oxidation and have

low strength at elevated temperatures. Their use is dictated by conditions

involving very low static loads under oxidizing or reducing conditions and

uniform heating. The amount of chromium depends on the temperature

to which they are exposed in service.

The 11.5 to 14.0 per cent chromium alloys are heat-treatable ferritic-

martensitic steels. The mechanical properties at room temperature depend

on the type of heat treatment received. For service at elevated temperatures

they are usually given a full anneal.

The 18 per cent chromium alloys with low carbon content are only

slightly hardenable and are ferritic. These alloys are also used in the an-

nealed condition and are largely confined to applications in which oxida-

tion resistance is the main requirement. With 1 per cent carbon, an 18 per

cent chromium steel responds readily to hardening by quench and temper.

The 28 per cent chromium type is used primarily for heat-resistant ap-

plications where strength is not a consideration, in high-sulphur atmos-

pheres, and in some services where the presence of sulphur cannot be tol-

erated. These alloys may be used up to 2000° F. Castings are supplied in

two carbon ranges: (a) 0.35 per cent carbon, used for normal high-tempera-

ture service, and (b) 3.00 per cent carbon, used where a hard material re-

sistant to abrasion is required for high-temperature service. The ductility

and ultimate strength of the 0.35 per cent carbon grade are improved by

the addition of nitrogen in excess of 0.15 per cent when the nickel is in ex-

cess of 2 per cent. Steels of this type are subject to grain-coarsening at tem-

peratures in excess of 1600° F., and also to temper embrittlement.
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The creep data and stress-torupture data^ for a 1000-hour test indicated

the superiority of 5 per cent chromium steel above 1000° F. to such alloys

as 12 per cent chromium, 18 per cent chromium and 28 per cent chromium

steels in spite of its relatively poorer oxidation resistance. However,

due to loss of metal section in time caused by surface scaling, failure

at higher temperatures would eventually occur, and would be charge-

able to oxidation rather than to low strength of the sound remaining

metal.

The foregoing statements indicate why the factors of stress, strain, time

and temperature must be taken simultaneously with many other considera-

tions in high-temperature design and metallurgy.

High-chromium ferritic steels are of more restricted utility and are less

widely used than austenitic stainless steels. They lack the ambient tem-

perature ductility of austenitic steels, are notch-sensitive, and are subject

to grain growth on welding or other heating to high temperature. Nitrogen,

an austenite former, is commonly added to the 27 per cent chromium alloy

for grain refinement and improvement in workability.

Chromium-Nickel Austenitic Steels. There are two groups of aus-

tenitic ferrous alloys.

(1) Those which contain more than 18 per cent chromium and more

than 5 per cent nickel, and as a general characteristic have the chromium

content higher than the nickel content. These alloys are used ordinarily

under oxidizing or reducing conditions such as are withstood by the

straight-chromium alloys, but in service they have greater strength and

ductility. They are used, therefore, to withstand greater loads and moderate

changes of temperatures. These alloys are used in reducing gases contain-

ing sulphur.

(2) Those which contain more than 10 per cent chromium and more

than 25 per cent nickel, and in which the nickel content is usually higher

than the chromium content. These alloys are used to withstand a reducing

as well as an oxidizing atmosphere, except where sulphur content is ap-

preciable. They do not carburize rapidly or become brittle, and do not take

up nitrogen in a nitriding atmosphere. These properties become enhanced

as the nickel content increases. These steels are used extensively under con-

ditions of severe temperature fluctuation.

It has been shown that austenitic alloys retain their ductility better after

heating to high and intermediate temperatures and have high strength

at elevated temperatures; they also have much better load-carrying capacity

at elevated temperatures, as determined by short-time tension and creep

tests, than partly ferritic alloys.

Table 131 shows the typical short-time high-temperature tensile proper-

ties for a low carbon 18/8 (Type 304) stainless steel.
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Table 131. Short-time High-temperature Tensile Properties of Type 304 Steel

(0.07 max. C, 17-19 Cr, 8-10.5 Ni)

Temperature
r F.)

Ultimate
strength

(psi)

Yield
strength*

(psi)

Proportional
limit
(psi)

Elongation
% in 2 in.

Reduction
of area

(%)

Young’s
modulus
xl0«

685 82,500 30,500 12,500 61.5 70.0 27.5

750 60,000 16,000 7,500 46.0 69.0 21.4

900 56,000 14,500 7,500 45.0 69.0 23.4

1,000 53,000 14,000 7,500 44.0 70.0 22.2

1,100 48,500 12,000 7,500 39.0 58.0 21.7

1,200 43,000 11,000 6,000 37.0 44.0 21.7

1,300 35,000 11,000 5,500 35.0 36.0 19.6

1,400 27,000 10,500 5,000 31.0 28.0 18.3

1,500 20,500 10,000 2,000 30.0 28.0 13.3

* Yield strength values are for 0.2 per cent permanent set.

Hardening of austenitic steels is accomplished by working the metal

below its recrystallization temperature. Strain-relief annealing is generally

done at approximately the operating temperature and eliminates those peak

strains which would be relieved in service. The chief advantage of strain-

relief annealing is dimensional stability.

Some of the austenitic alloys for high-temperature application have been

designed to include elements which cause age-hardening. After quenching

from a temperature high enough to cause solution of carbides and inter-

metallic compounds (segregated due to forging or rolling of the metal),

the part is reheated to a lower temperature, which causes them to precipitate

from this supersaturated solution in a fairly homogeneous pattern. The
amount of precipitation is dependent both on the temperature and the

length of the time at which the metal is heated or “aged'" at this tempera-

ture.

Although higher strengths are obtainable by cold-working most of these

age-hardenable austenitic alloys, it is generally more desirable for some

parts to eliminate cold work, as this is hard on forging equipment, increases

machining difficulties, reduces the ductility and does not produce as con-

sistent results as solution treatment followed by age-hardening.

The well known 18 per cent chromium-8 per cent nickel composition is

widely used for corrosion-resistant applications. It is also suitable for use

at temperatures up to 1600° F. When it is used for resistance to oxidation

at elevated temperatures, it is not necessary to keep the carbon content at

the low level specified for corrosion-resistant alloys. Additions of colum-

bium, titanium, molybdenum and tungsten are sometimes made to the

normal type composition to impart greater strength at elevated tempera-

tures.

Difficulties are experienced in welding these alloys. Some of the stainless

alloys, when heated to temperatures of 800 to 1600° F., are subject to inter-

granular corrosion and embrittlement caused by precipitation of chromium



452 MATERIALS ENGINEERING OF METAL PRODUCTS

carbide at the grain boundaries. In the Type 347 stainless alloys, colum-

bium is added because of its greater affinity for carbon than chromium,

thereby preventing depletion of the chromium at the grain boundaries.

However, this causes a slight hot-short condition which may result in

cracking during cooling. Rapid cooling will lessen the difficulties arising

from this cause, and in addition will tend to anneal the joint. Table 132

shows its typical properties at elevated temperatures.

Table 132. High-temperature Tensile Properhes'^ of Columhium Type 18-8 Stainless

Steel

Temperature
Tensile
strength

Yield stress

0.2% set

Proportional
limit

Elongation
% in 2 in.

Reduction
of area

V r .)
(psi) (psi) (psi) (%)

85 91,750 41,500 22,500 46.0 66.3

1,100 55,500 27,500 10,500 36.0 63.8

1,200 48,750 25,500 10,000 44.0 66.8

1,300 41,500 24,000 9,000 52.0 74.1

Columbium stainless steel is superior to standard 18-8 in its resistance

to certain types of corrosion an doxidation attack and is immune to inter-

granular attack.

The stabilizing grades. Types 321 and 347, containing columbium or

titanium, are used widely for applications that are in the range 900 to

1300° F. The carbides are stabilized so that those harmful intergranular

carbides do not form which decrease the impact resistance of the compo-

sitions within the temperature range mentioned.

The strength of 18-8 stainless steel containing molybdenum is consider-

ably greater at elevated temperatures as a result of the molybdenum than

the standard 18-8 grade. The other grades of 18-8, with additions such as

titanium and columbium, have strengths slightly above those of Type 304

stainless steel but considerably below that of Type 316.

Type 16-13-3 stainless steel, analyzing 16-18 Cr, 1 1-14 Ni, 2.5-3.25 Mo,

is an austenitic, non-magnetic alloy used for temperatures up to 1 500° F.

At elevated temperatures it possesses greater creep and rupture strength

than does standard 18-8. It is generally recommended for use in high-

temperature applications in which greater strength is required than can

be obtained with 18-8 and where increased resistance to certain acids and

salts is desired, especially for valves in reciprocating aircraft engines.

Its typical properties^® are shown in Table 133.

In alloys of the 25 per cent chromium- 12 per cent nickel type which are

not wholly austenitic, ferrite is the stable phase at 1800° F, while sigma is

the stable phase at 1600° F. and lower. Ferrite is weak but not brittle at

1800° F., whereas sigma is both weak and relatively brittle at or below

1600° F. In a few installations this alloy has been reported to have given



HIGH-TEMPERATURE MATERIALS 453

Table 133. High-iemperature Tensile Properties and Impact Resistance

Temperature
r F.)

Tensile Yield stress Proportional
strength 0.2% set limit

Elongation
% in 2 in.

Reduction
of area

Chart)y impact
t.-lbs

(psi) (psi) (psi) (%) 1 hr.* 1,000 hrs.*

85 103,900 36,750 21,000 59.5 77.0 78 —
1,000 73,500 20,250 11,500 46.0 64.8 68 68
1,100 69,100 19,600 11,000 48.5 65.1 67 56

1,200 60,500 20,500 11,000 40.5 50.8 59 50

1,300 50,200 18,750 9,500 43.0 49.9 60 43
1,400 39,000

31,500

17,900 9,000 49.5 57.8 60 36

1,500 17,500 8,000 54.5 63.0 54 37

* At temperature either 1 hr. or 1000 hrs., as indicated, prior to breaking at tern

perature.

unsatisfactory service because of excessive embrittlement and/or low load-

carrying capacity. It was shown that wide variations in the chemical com-

position of this alloy—particularly high percentages of ferrite-promoting

elements compared with austenite-promoting elements—may result in

substantial proportions of ferrite, which has low strength at elevated tem-

peratures, and may become embrittled at intermediate temperatures or on

repeated heating and cooling in certain temperature ranges. On the other

hand, the high chromium-low nickel alloy is generally considered to have

good resistance to oxidation and to sulphidation, and also to have very

good surface stability against the hot products of combustion and many
other reagents. Table 134 summarizes the properties of this type of alloy

in which the carbon content varies from 0.30 to 0.60 per cent.

Table 134. Summary of Average Mechanical Properties of Cast Commercial 2d Cr-12 Ni
Alloy

Tensile strength (psi)

As cast 75,000

Aged (1400° F.) 85,000

At 1800° F. 12,000

Yield strength (psi)

As cast 40,000

Aged 47,000

At 1800° F. 8,000

% Elongation in 2"

As cast 9.0

Aged *
4.0

At 1800° F. 27.0

% Reduction of area

As cast 16.4

Aged 4.4

At 1800° F. 44.4

Modulus of elasticity

As cast 24,300,000

At 1800° F. 2,800,000

* Teste for room-temperature properties after ageing at 1400^ Y. for 24 hours showed

elongation values as high as 30 per cent.
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The 29 Cr-10 Ni alloy has excellent resistance to corrosion at elevated

temperatures and is suitable for applications up to 2000° F. The material

is stronger and more ductile than the straight-chromium type.

The 25 Cr-20 Ni stainless steel is an austenitic alloy recommended for

temperatures of 1500° F. and even up to 2100° F. It possesses greater creep

and rupture strength than 18--8 and also increased scaling and high-tem-

perature corrosion resistance. However, like 18-8, under certain conditions

this alloy is subject to intergranular carbide precipitation with the subse-

quent detrimental effect on certain of its characteristics. The hjgh-tempera-

ture load-carrying capacity of 25-20 can be greatly influenced by heat

treatment and grain size control. Table 135 shdws its typical high-tem-

perature properties.^®

Table 135. High-temperaiure Tensile Properties of 25 Cr-20 Ni Stainless Steel

nperature
(o

F.)

Tensile
strength

Yield stress

0.2% set
(psi) (psi)

85 87,400 36,000

1,000 73,000 20,500

1,100 65,500 19,250

1,200 58,000 20,000

1,300 44,500 20,000

1,400 36,750 20,000

1,500 26,250 20,000

1,600 19,700 —
1,800 10,250 —

Proportional
limit

Elongation
Reduction
of area

(psi) % in 2 in.
(%)

10,000 54.0 76.0

17,500 46.0 52.0

16,000 32.0 37.0

12,500 21.0 25.0

12,500 17.0 22.0

11,000 19.0 24.0

10,000 15.0 22.0— 28.0 26.0— 24.0 24.0

The high-temperature properties of 25 Cr-20 Ni austenitic steel are

greatly influenced by the heat treatment employed. For optimum creep

properties the steel should be heat-treated for maximum grain size. On the

basis of the stress required for a creep rate of 0.10 per cent per 1000 hours,

the solution-heat-treated material is more than twice as strong at 1000° F.

as normalized steel, at 1200° F. ten times as strong, and at 1300° F. about

thirteen times as creep resistant. These differences are considerably greater

than can be attributed to grain size alone. However, the structure of fine-

grained steel is unstable, with a phase precipitating under the combined

influence of time, temperature and stress, and it is the appearance of this

sigma phase which greatly decreases the creep resistance.

At elevated temperatures^ ferrite is weak, but very ductile. It is not

necessarily detrimental to performance, since under some circumstances the

attendant ductility is known to be beneficial. In contrast, the undersirable

sigma phase, probably induced by chromium segregation, is weak and

brittle. Embrittlement resulting from small proportions of sigma phase,

however, may be no more serious than that associated with carbide

precipitation. Molybdenum is a sigma phase stabilizer in these alloys.
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Special Age-hardening-Alloys

Recently a series of alloys has been developed for service where high

strength is required in the range of temperature from 1000 to 1600® F.

These steels, known as “5-495,"' “5-497," “5-590," and “5-816," are age-

hardening alloys that can be solution-treated and aged to hardness in excess

of 300 Brinell. They retain this hardness even when treated to temperatures

in excess of 1500° F., and show strengths at elevated temperatures consider-

ably above those that can be obtained with the heat-resistant alloys previ-

ously available. The compositions of these steels are shown in Table 136.

Table 136. Composition of Age-hardening Alloys

c Cr Ni CO Mo W Cb Fe

“S-495” 0.40 14 20 — 4 4 4 bal.

“S-590” 0.40 20 20 20 4 4 4 bal.

“S-816” 0.40 20 20 43 4 4 4 bal.

The “5-816" alloy is solution-treated at 2150-2300° F. and aged at 1300-

1500° F. Its stress-strain data^ are given in Table 137.

Table 137. Stress to Rupture in Time Indicated of Alloy S-816

Hours 1200® F. 1350® F. 1500® F.

100 63,000 41,500 23,500

1,000 51,000 32,500 19,400

10,000 40,000 25,500 14,500

100,000 31,500 19,700 10,900

* Extrapolated.

Another excellent heat-resisting material is “Alloy 16-25-6." It has high

creep resistance at elevated temperatures and is used for gas turbine and

turbosupercharger applications. Its nominal composition is 16 per cent

chromium, 25 per cent nickel, 6 per cent molybdenum, 0.1 per cent carbon

and balance iron. As this alloy is an austenitic material,® it does not undergo

any phase changes on heating and, therefore, cannot be hardened by stand-

ard thermal treatments. Its physical properties, however, are materially

affected by cold work. Cold-working is effective to different degrees at tem-

peratures exceeding 1700° F. Finishing temperatures in rolling and forging,

therefore, greatly affect the final strength of the product. Tempering at

1200° F. after cold-working increases the hardness regardless of the amount

of cold work given. At higher temperatures, an equilibrium is reached at

different amounts of cold work where the increase in hardness due to pre-

cipitation-hardening is counterbalanced by the softening effect of stress

relief and precipitate coagulation. The maximum hardness values for a

given amount of cold work shift to lower temperatures of tempering with

increasing amounts of cold work.



Figure 126. Short-time tensile

properties of 16-25-6 alloy at

indicated temperatures, 1-in.

round bars.

{Courtesy Timken Roller Bearing Co.,
Canton, Ohio)
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Figure 127. Short time tensile

properties of 16-25-6 alloy at

indicated temperatures, 1 li-in.

round bars.

(Courtesy Timken Roller Bearing Co.,

Canton, Ohio)
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The ready response to cold work, as well as the precipitation-hardening

characteristics which have been shown to influence markedly the room-

temperature properties of “Alloy 16-25-6“ also affect its high-temperature

properties. Figure 126 illustrates the short-time tensile values® of hot-rolled

as well as solution-quenched material up to 1700° F. These graphs indicate

that the hot-rolled alloy possesses superior strength values at least up to

1450° F. It appears significant that a pronounced dip in the ductility curves

of the solution-quenched material occurs at 1300° F., which could not be

observed for the alloy in the “as-rolled” condition. Precipitation-hardening

explains this phenomenon.

The short-time tensile values® of the cold-worked alloy are shown in

Figure 127. Up to 1450° F. the cold work imparted a marked increase to the

proportional limit, yield strength and tensile strength of the material. The

solution-quenched alloy seems superior in these strength values to the hot

rolled material, although the difference is of small magnitude. However, the

bars solution-quenched before cold work lack the high ductility values

associated with “as-rolled” material.

Special Alloys for Ultra-high Temperatures

War developments® have given great impetus to the so-called “super-

alloys” for application at temperatures from 1000 to 1500°F. Postwar

developments in military aircraft and guided missiles are placing emphasis

upon the best of these, particularly for applications at ranges from 1400 to

1800° F.

They are chromium-base, nickel-base, cobalt, and other special types of

high alloy content. The applications of the super-alloys at such high tem-

peratures are primarily in highly stressed turbine blading and in high-

temperature sheet for cobustion chambers and exhaust systems.

Chromium-base Alloys. The very high strength exhibited by chromium-

base alloys (55 chromium, 25 iron, 20 molybdenum, and 60 chromium,

25 iron, 15 molybdenum) in rupture tests at 1350° F. indicates that they

are potentially among the most promising known for bucket service in gas

turbines. Some chromium-base alloys tested had rupture strengths as high

as 73,000 and 54,500 psi for fracture in 100 and 1000 hours, respectively.

The highest similar values published for other alloys are of the order of

50,000 and 40,000 psi. A strong precipitation reaction occurs at 1350° F.

which is stable at that temperature and is probably responsible for the

high strength.

The chromium-base alloys have certain rather severe limitations in their

present state of development. The most serious of these are brittleness at

room temperature and the necessity for melting and casting under high

vacuum to avoid the detrimental effects from atmospheric oxygen and
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nitrogen. Considerable progress has been made in overcoming these diffi-

culties, and further improvement seems quite possible.

At the present time the alloy most promising for service at 1350° F. ap-

pears to be a 60 per cent chromium, 25 per cent iron, 1 5 per cent molyb-

denum alloy with less than 0.05 per cent carbon and 0.5 to 0.7 per cent

silicon. It has the best combination of strength at 1350° F. and engineer-

ing properties at room temperature. With care it can be machined and

processed in the normal manner. Higher strengths can be obtained from

alloys with higher molybdenum content, but at the present time their in-

ferior properties at room temperature offset their higher strength.

Nickel-base Alloys. Both nickel and “Inconel" qualify as good heat-

resisting materials. Under reducing and sulphur-free conditions and at very

high temperatures, where resistance to scaling is more important than creep

strength, nickel is preferred to “Inconel" because of its higher melting

point; useful service has been obtained at 2300° F. When high creep

strength is the more important property, “Inconel" is superior to nickel and

is recommended for use up to 2100° F. For most purposes, under oxidizing

conditions, “Inconel" is superior to nickel at the highest temperatures. If

sulphur-containing gases are present, “Inconel" can be used up to 1500° F.

and nickel up to 1000° F. A nickel-manganese alloy, containing 4.5 per

cent of manganese and known as “D Nickel," is used for certain high-

temperature purposes in moderately sulphidizing atmospheres. Other nickel

alloys (“Monel," “K Monel" and “S Monel") serve usefully at tempera-

tures up to about 1 500° F.

“Inconel B" is a modification of “Inconel" in which the chromium con-

tent is increased from 12-14 per cent up to 16-18 per cent in order to

provide increased oxidation resistance.

For sulphidizing atmospheres at temperatures over 1000° F., the wrought

nickel-chromium-iron alloys (types 330, 311, 310 and 309 stainless steel)

and the corresponding cast grades are used.

“Inconel W" and “Inconel X" respond to age-hardening in which an

artificial ageing, after cold work, gives an increase in strength properties.

They can be used in work for temperatures up to 1500° F. Precipitation-

hardening characteristics are obtained by the addition of aluminum and

titanium.

The “Hastelloy" alloys contain more than half nickel, up to one-third

molybdenum, and minor percentages of chromium, tungsten and iron.

“Hastelloy C" is an age-hardenable material and can be heat treated to

give maximum physical properties at high temperature.

“Inconel X" has a high rupture strength at all temperatures up to

1500° F., and shows low creep rates under high stresses at 1200, 1350 and
1500° F. “Inconel W" is of almost the same composition, except that it
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contains no columbium. It has about 80 per cent of the strength of “Inconel

X'’ at room temperature and up to 1200° F. However, at 1500° F. it has

less than half this strength. Typical compositions of the nickel-base alloys

are given in Table 138.

Table 138. Compositions of Nickel-base Alloys

c Fe Cr Mo Cu Ti A1 Ch Ni

^‘MoneF' 0.15 1.4 — — 30 — — — Bal.

“K Monel” 0.15 0.9 — — 29 — 2.7 — Bal.

“S Monel 0.10 2.0 — — 30 — 4 Si Bal.

“Inconel” 0.08 6.5 14 — 0.2 __ __ — Bal.

“Inconel B” 0.15 9.0 17 — 0.5 — — — Bal.

“Inconel W” 0.03 6 14 — — 2.7 0.6 — Bal.

“Inconel X” 0.08 Max. 7 15 — — 2.5 0.7 1.0 Bal.

“Hastelloy C” 0.15 6 15 17 — — 5.. Bal.

The limiting service temperatures of some of these alloys in different

atmospheres are shown in Table 139; while the creep strengths at various

temperatures are shown in Table 140.

Cobalt-base Alloys. The cobalt-base alloys maintain their physical

properties and their resistance to creep at elevated temperatures by reason

of progressive ageing in a temperature range from 1300 to 2100° F. They

are difficult to machine because of the rapidity with which they work-

harden. Consequently, where machining operations are used, it is gen-

erally necessary to give a softening anneal of 2100° F. or higher to put the

alloy in the best condition for fabrication and assembly.

The use of cast in preference to forged alloys is indicated by the superior

physical properties in both stress-to-rupture and creep tests over long

periods and at higher temperatures, as compared with the similar proper-

ties of wrought materials under these conditions. The short-time, high-

temperature properties of the cast materials, however, are definitely lower

than those of wrought materials.

“Vitallium” is a high-cobalt alloy having high stress-to-rupture proper-

ties. Its typical composition is 0.2-0.3 per cent carbon, 28 per cent chro-

mium, 2 per cent nickel, 6 per cent molybdenum, balance cobalt. Such

alloy parts are usually made by the precision-casting process.

“Alloy X-40" containing 0.48 per cent carbon, 25 per cent chromium,

10 per cent nickel, 7 per cent tungsten and about 56 per cent cobalt, has

high stress-to-rupture values at 1500 to 1600° F. At 1500 hours the stress

necessary to fracture is 32,000 psi in 10 hours, 28,000 psi in 100 hours, and

26,000 psi in 1000 hours. This alloy is generally used for forgings.

“Haynes-Stellite’* Alloys No. 21, No. 23, No. 30 and No. 31 are cobalt-

base alloys containing 23 to 30 per cent chromium and 4 to 9 per cent of

either tungsten or molybdenum, the balance being cobalt plus varying
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amounts of nickel up to 17 per cent. Alloy No. 27 contains 30 per cent

minimum cobalt plus 5 to 7 per cent molybdenum, the balance being nickel.

The chemical composition of these alloys are shown in Table 141.

Table 141. Chemical Composition of Haynes-Stellite” Alloys

c Cr Ni Mo Cb W Fe Co

H. s. m 0.20-0.35 25-30 1.50-3.5 4.5-6.5 — — 2 max. Bal.

H. s. m 0.35-0.50 23-29 1.50 max. — — 4-7 2 max. Bal.

H. S. 0.35-0.50 23-29 Bal. 5-7 — — 2 max. 30 Min
H. s. m 0.35-0.50 23-29 13-17 5-7 — — 2 max. Bal.

H. S. #31 0.45-0.60 23-28 9-12 — — 6-9 1.50 max. Bal.

It is not necessary to heat-treat or pre-age high-temperature alloys based

on cobalt, since they have excellent elevated-temperature properties as-cast,

which are maintained and supplemented by ageing in service in the range

from 1300 to 2000° F.

Variations in ultimate tensile and yield strength at temperatures from

room to 1800° F. for the cobalt-base alloys,® both as-cast and after ageing

at 1350° F., are shown in Table 142. Short-time strength in the temperature

Table 142. ShorUiime Tensile Tests of Precision-cast Specimens

Alloy Condition 70° F.
psi

1,000° F.
psi

1,500° F.
psi

1 ,800° F.
pai

“Vitallium” Ag-cast, T.S. 101,500 69,000 — 33,300

Y.S. 82,000 39,000 — —
Aged, T.S. 86,000 <K),000 60,000 32.500

Y.S. 74,700 71,500 49,000 —
“X-40’' As-cast, T.S. 101,000 80,500

Y.S. 74,000 50,200 — —
Aged, T.S. — — —

Y.S. — — 44,700 —
range of 1000 to 1200° F. is considerably increased by ageing; however, the

ductility (elongation in 2 inches) is greatly reduced. The beneficial effect

of ageing on the yield strength of these alloys is known to be quite

marked.

Table 143 shows the average stress-rupture data for four of the Haynes-

Stellite Alloys.’’’ It is to be noted that Alloy No. 21 is similar in composition

to “Vitallium'' and that Alloy No. 31 is similar to “Alloy X-40.“

Other Alloys. “K42B" is a nickel-cobalt-chromium-iron corrosion- and

heat-resistant alloy analyzing about 42 per cent nickel, 22 per cent cobalt,

18 per cent chromium, 14 per cent iron, 2.2 per cent titanium, 0.7 per cent

manganese, 0.6 per cent silicon, 0.3 per cent aluminum and 0.05 per cent

carbon. It responds to age-hardening heat treatment by additions of

aluminum and titanium, and its service temperature ranges from 1250 to

1450° F. depending on the character of heat treatment.
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Table 143. Average Stress Rupture Data for Precision-cast H. S. Alloys

H. S . No.
Test
temp.
(° F .)

10 hrs.

21 1,200 70,000

1,300 54,000

1,400 42,000

1,500 —
1,600 —
1,700 17,000

1,800 12,500

2,000 4,200

23 1,200

1,300 50,000

1,400 —
1,500 —
1,600 —
1,700 17,000

1,800 12,500

27 1,200 58,000

1,300 45,000

1,400 35,000

1,500 29,200

1,600 —
1,700 16,000

1,800 12,500

30 1,350 _—

_

1,500 33,000

1,600 24,200

1,700 19,000

1,800 14,000

2,000 5,500

Stress (psi) for rupture in

100 hrs. 500 hrs. 1,000 hrs.

51,900 — 44,200

43,000 — 27,000

24,000 — 15,000

22,000 15,800 14,200

16,700 13,400 13,200

13,000 10,700 10,000

9,400 7,700 7,000

58,000 50,000 47,000

39,000 32,300 30,000

36,000 28,000 25,000

27,200 22,500 21,800

16,000 13,000 12,000

14,000 12,200 11,500

8,600 6,200 5,400

55,000 49,000 46,000

37,000 31,500 29,000

28,000 — —
23,400 19,700 18,400

16,000 12,900 12,000

12,000 9,700 8,600

9,300 7,500 6,800

47,000 — —
28,600 24,100 21,700

18,800 15,500 14,800

16,000 12,300 11,500

10,000 7,900 7,100

3,000 — —
The elevated-temperature properties of '‘K42B’' compared to ‘‘Inconer’

are shown in Table 144.

Table 144

Tensile strength (psi)

Yield strength (psi)

% Elongation

“K42B’'
‘

‘ Inconel”

70° F. 1 ,000° F. 1,000° F. 70° F. 1 ,000° F. 1 .600° F.

158,000 ia5,ooo 30,000 85,000 80,000 24,000

90,000 90,000 28,000 35,000 22,000 18,000

29 26 45 49 21 32

“Refractalloy 70" is a cobalt-chromium-nickel-iron high-temperature

alloy analyzing about 30 per cent cobalt, 20 per cent chromium, 20 per cent

nickel, 15 per cent iron, 8 per cent molybdenum, 4 per cent tungsten, 2 per

cent manganese and 0.1 per cent carbon. This alloy is also strengthened by

precipitation-hardening. Typical stress-rupture values at 1500® F. are

shown in Table 145.
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Table 145

Stress Time (hours) Elong.
(psi) for rupture (%)

25,000 8.2 17.0

20,000 62 22.1

16,000 562 12.3

15,000 1,016 11.8

Time in hours for deformation of

1 % 2 % 5%
0.8 1.7 4.3

188 342 498

430 680 857

'‘Alloy ATV3” has a typical composition of 0.35 per cent carbon, 15 per

cent chromium, 28 per cent nickel, 4 per cent tungsten, and balance iron;

it has high stress-to-rupture values at 1500° F.

"Kovar,” containing 54 per cent iron, 18 per cent cobalt and 28 per cent

nickel, is an excellent heat-resistant alloy recommended for high-tempera-

ture applications.

There are many other special composition alloys which have been de-

veloped for extreme high-temperature applications. Some have proved

their commercial value, while others are still being tested in service.

Selection of Alloys

The problem of selecting proper and economical material for use at

elevated temperatures requires a knowledge not only of the strength and

stability of the materials under stress at high temperatures, but also of

their resistance to oxidation and corrosion. High creep strength alone is

not sufficient; it must be associated with good corrosion and oxidation

resistance for service at the expected high operating temperatures. There-

fore, metals and alloys which are suitable for high-temperature uses must

have two principal characteristics, both are equally important; vi^, good

resistance to oxidation and high strength at elevated temperatures.

In many cases the selection of promising materials has been based on

creep and rupture results alone. However, the development of materials in

use requires knowledge of all properties of each material and extensive

laboratory testing, including behavior under vibration, stress or tempera-

ture variation, heat shock, notch sensitivity, ductility and stability, in

addition to galvanic corrosion and corrosion by hot gases. Other useful

characteristics are high endurance limit, impact strength and hardness.

Test data have shown that it is not chemical composition alone that

determines the properties; fabrication procedure and heat treatment also

are potent factors. The ready response to cold work as well as the pre-

cipitation-hardening characteristics of many alloys, which have been

shown to exert marked influence on room-temperature properties, also

affect high-temperature properties.

Except in age-hardening alloys^* of the "Inconel W" type, high yield

strengths of these super-alloys at room temperature are obtained only by

so-called hot-cold working the alloy about 20 per cent or more at a tern-



HIGH-TEMPERATURE MATERIALS 465

perature below 1700° F., usually near 1200° F. While this working of the

alloy serves to accelerate precipitation, its major function is to raise the

low-temperature yield strength without affecting the ultimate strength. Hot-

cold worked materials have better load-carrying ability under high stresses

and for short periods, while annealed or solution-treated materials are better

under low stresses for longer periods.

At about 1350° F. alloys given a solution treatment with or without

ageing treatments usually develop the best properties. At 1500 to 1600° F.

either hot or cold work develops properties inferior to those obtained from

solution-treated and aged materials.

Comparison of properties of wrought and cast alloys indicates that the

alloys have better rupture strengths above 1350° F. in the cast than in the

forged condition.

In the design of high-temperature equipment it is desirable to have a

working picture of both the creep and the rupture properties of a material

at the temperature in question before arriving at safe working stresses.

Depending upon the particular application, either creep or rupture after

the long periods may be the criterion of successful operation. Where close

tolerances are required, creep is usually the limiting factor. In the case of

materials which fail by intergranular cracking after long periods, it has

been found that the amount of elongation preceding fracture may be greatly

reduced. In such cases, the relation of the long-time rupture strength to the

long-time creep strength of the material assumes added importance.

With some materials there is good reason to believe that the amount of

elongation accompanying long-time fractures will be very small indeed.

Usually these materials possess high creep strengths and fail by a process

of intergranular cracking. On the same basis, materials that do not fail

by intergranular cracking in tests of long duration normally show much

larger factors of safety against failure.

Materials which are free from scaling at high temperatures and high

enough in creep strength do not deform under load. Consequently they re-

tain a constant size during service and the same area of metal is available

at all times to support the required load. The safe working load is the

maximum stress in pounds per square inch which could be supported at any

temperature.

7'he field of dynamic loading,^ with combined radial and transverse

forces, is quite different from the ordinary sphere of application of heat-

resistant materials, which involves the selection of oxidation- and/or

corrosion-resistant alloys to withstand fairly simple static stress systems

(furnace parts, oil refinery stills, etc.). Although dynamically loaded high-

temperature equipment has been in successful service for many years

(blowers, steam turbines, etc.), it has been possible to keep both tempera-
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tures and stresses within the capabilities of materials which are relatively

weak at high temperatures. In contrast, the newer equipment, such as air-

craft turbosuperchargers, diesel engine exhaust superchargers, gas turbines

and jet engines, will not perform this function successfully unless they can

operate at much higher stresses and/or temperatures than heretofore be-

lieved possible.

The four vital factors which must be considered simultaneously in select-

ing the proper alloy for a particular design and application are temperature,

stress, strain and time. The following illustrations show the commercial ap-

plications of these high-temperature alloys.

Figure 128 shows a 9.5" Westinghouse Jet Engine and a 19-XB West-

inghouse jet Engine; the latter was used in guided missiles. It is the type

{Courtesy Westinghouse Electric Cory., Philadelphia, Pa.)

Figure 1 28. Westinghouse jet engine.

used in the carrier-operated Navy airplane. Figure 129 shows a cut-away

of the Westinghouse 19-XB Jet Engine shown in Figure 128.

Figure 130 shows a Westinghouse 2000 horsepower locomotive gas tur-

bine (from the left, two lOO-hp. generators, the reduction gas, air inlet,

compressor, combustion, gas turbine, and exhaust.)
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Figure 131 shows the rotor for the Elliott gas turbine, which operates up

to 1400° F. This rotor is made of 19-9W-Mo heat-resisting alloy. Figure

132 is a schematic layout of the Elliott gas turbine showing the grade of

alloy used for the different high-temperature parts.

Figure 133 shows the 'Thermoflex'’ blanket for jet engines. The asbestos

is sandwiched between two layers of “Inconel” mesh. Outside this is a sheet

of metallic foil held in place by another layer of mesh. The “Thermoflex”

blanket laces neatly around the red-hot engine cones of the new jet engines.

{Courtesy Westinghouse Electric Corp., Philadelphia, Pa.)

Figure 130. Westinghouse 2000 HP locomotive gas turbine.

{Courtesy Elliott Company, Jeannette, Pa.)

Figure 131. Gas turbine rotor.
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Its 54" to thickness protects the surrounding air-frame from these ex-

cessive temperatures, which would literally burn it up.

Figure 134 shows ‘"Inconel” exhaust manifolds made by the Poliak Manu-

facturing Co. for Eastern Airlines.

Figure 135 shows a stack of carburizing boxes and covers made from

“Amsco F-6” (60% Ni-12% Cr-bal. Fe).

Figure 136 (top) is a photograph of the cast blading made of the highly

heat-resistant alloy “Vitallium” for the Houdry type gas turbine; below

{Courtesy International Nickel Co., New York, N. Y.)

Figure 133. ”Thermoflex” blanket for jet engines.

is a photograph of the machined gas turbine blading with integral root for

the same type gas turbine but made of a tungsten-molybdenum “Alloy

19-9.”

Figure 137 shows a typical petroleum-refining furnace at the fluid

catalytic cracking installation of The Texas Company at Port Arthur,

Texas. Interior view shows wall, roof and convection bank tubes sup-

ported by 25 Cr-12 Ni steel cast brackets. The tubes in this particular fur-

nace are carbon steel; however, similar furnaces are tubed with G-Mo,
Cr-Mo and 18-8 steel. Design and construction were by the M. W. Kellogg

Company.

Figure 138 shows the interior of the regenerator of Gulf Oil Corporation's

fluid catalytic cracking unit with insulating block (bottom) and 12 per

cent chromium steel shingles protecting insulation on top head. The six



{Courtesy International Nickel Co., New York, N, Y .)

Figure 134. Inconel exhaust manifold.

{Courtesy Electro^Alloys Dw., American Brake Shoe Co., Elyria, Ohio)

Figure 135. Carburizing boxes and covers.
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Cast Cast Machined

{Courtesy Allis-Chalmers Mfy. Co., Milwaukee,

Figure 136. Gas turbine blading.

{Courtwy M. W, Kellogg Co., Jertey City, N, /.)

Figure 137. Petroleum Refining furnace.
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Figure 138. Interior of regenerator of fluid catalytic unit.

cyclone separators are of 12 per cent chromium steel; the structural mem-

bers are 18 Cr-8 Ni and the gratings for the walkway are carbon steel.

The spot of light at the right is an open manhole. Working temperature for

the regenerator is 1060° F. Design and construction of this unit was by the

M. W. Kellogg Company.

The various proprietary alloys mentioned in this chapter are registered

trade names of the following manufacturers:

Allegheny-Ludlum Steel Co.

“S-495 Alloy''

“S-590 Alloy"

‘‘S-816 Alloy"

Austenal Laboratories

"Vitallium"
General Electric Co.

"X-40 Alloy"
Haynes-Stellite Co.

"Hastelloy C" "Haynes-Stellite" Alloy Nos. 21, 23, 27, 30, 31

"Stellite"

International Nickel Co.

"D Nickel" "Inconel"
‘

‘ Monel " " Inconel B ' ’

"K Monel" "Inconel W"
"S Monel" "Inconel X"

Midvale Steel Co.

"ATV3 Alloy"
Timken Bearing Co.

"Alloy 16-25-6"

Westinghouse Electric Corp.

"K.42-B Alloy"
"Kovar"
" Refractalloy 70 "
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Chapter XVII

Mechanical Testing

It has been stated that the testing of materials is doubtless as old as man’s

use of materials for his weapons, tools and machines. In early times such

testing was an incident in the manufacture of the weapon or tool; later it

was a test before construction began.

In order to use engineering materials in design, fabrication and construc-

tion, a knowledge of their mechanical properties is necessary. These are ob-

tained by mechanical tests such as those for hardness, tension, impact, tor-

sion, fatigue, bend, creep, and so forth. The mechanical properties are used

in evaluating the quality of a material and in determining its conformance

or nonconformance to specifications. Further, they furnish a basis for the

determination and the selection of engineering design values. In addition,

manufacturers of metal products use such data for control of manufacturing

methods as well as for guidance in the development of new materials.

Strength with plasticity is the most important combination of properties

a metal can possess. Strength is the ability of a material to resist deforma-

tion, while plasticity is its capacity for withstanding deformation without

breaking.

In mechanical testing, the significance of the results depends upon three

things: the accuracy and sensitivity of the testing machine and the instru-

ments used; the care used in preparing the samples; and the exactness and

skill of the operator.

Errors of the testing equipment naturally result in errors in the values

obtained; therefore, adequate calibration of all mechanical testing equip-

ment is necessary. This involves determination of both the accuracy and the

sensitivity of the equipment. A sensitive instrument or machine is not neces-

sarily accurate, but the accuracy is, in general, limited by the sensitivity.

Many methods of testing have been conceived and pursued. Tensile and

hardness testing procedures at room temperature have been well standard-

ized throughout the world and direct comparison of these properties, regard-

less of who determines them, may be made with some degree of confidence.

However, impact, shear, and many other mechanical tests have not been

thoroughly standardized in all countries. The validity of comparing such
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values obtained by different investigators for various metals is therefore un-

certain. Consequently, the methods standardized by the American Society

for Testing Materials are accepted by the engineering profession and by

industries in the United States.

The character, method and equipment used in the various tests to obtain

the mechanical properties of metallic materials are herewith given in the

order of apparent importance or relationship. The reader is advised to refer

to the “Standards of the American Society for Testing Materials” or to those

of similar societies in other countries for more detailed and more exact in-

formation on the standardized design of the test specimens and on the

specified procedures for each mechanical test.

Hardness ^

Hardness testing plays an important role in determining the properties

of metals.^ Penetration hardness, which is the most common hardness

designation, may be defined in general as that inherent property of a metal

which offers resistance to deformation or penetration by another material

having a greater hardness. The hardness of a metal may be manifested by

its resistance (1) to cutting operations, (2) to abrasive wear, (3) to strike

and rebound, (4) to indentation, and (5) to deformation. A number of

different types of hardness testing machines are available, each designed to

operate under one of these principles.

Hardness testing, which may be applied to parts of any metal of any

shape, is the most widely used specification test. The general trend in pro-

duction hardness testing leans toward testing the semi-finished and finished

products with light loads, such as are used with the Rockwell machine. On
hard steels, the depth of indentation with the Rockwell Superficial tester is

less than 0.001" when using 30-kg load against a depth of indentation of

0.0035" under “C scale conditions of test pn the normal Rockwell tester,

using 150-kg load. Testing raw material such as bars, rods, plates, forgings

and castings is usually done with the Brinell hardness tester.

The Brinell Test. The sample is indented with a 10-mm hardened steel

ball, or carbide ball, under a load of 3000 kg for 30 seconds. The impression

diameter is measured under a microscope and the Brinell Hardness Num-
ber is read from the table. This hardness number is equal to P/A, where

P is the load on the ball in kilograms, and A is the spherical area of the

impression in square millimeters. The area A is obtained from

= Y (z> - - c?)

in which D is the ball diameter and d is the measured diameter of the im-

pression in millimeters.
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For softer metals, or from about 100 Brinell down, a load of 500 kg is

used, and the hardness numbers are also included in the table. In exceptional

cases a different ball diameter and load are used; thus, to secure comparable

hardness readings, the same ratio of P to should be used, or 3000

100 = 30. The actual hardness number is obtained from P/A by using the

foregoing formula for A.

As soon as the hardness of the sample exceeds about 400, an error in the

Figure 139. Brinell hardness tester.

(Courtesy Tinius Olsen Testing Machine Co.,

Philadelphia, Pa.)
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determination is introduced owing to the flattening of the steel ball. Better

hardness determinations of such materials can be made with a Hultgren ball

up to 62 Rockwell C, or a tungsten carbide ball up to 67 Rockwell C, or

by means of a test which uses a super hard diamond penetrator.

Figure 139 is a photograph of one model of a Brinell hardness tester.

The Rockwell Test. The sample is indented with a small, hardened steel

ball or a diamond cone. The depth of penetration is determined as a measure

of the hardness, while the corresponding Rockwell number is read from a

reversed dial scale on the instrument. A minor load of 10 kg is first applied

on the indenter to set the zero point. With the ball, a load of 100 kg

is applied, and upon releasing the load, the hardness number is read from

the ‘"B” scale. With the diamond cone indenter for the harder materials,

the zero point is set as before; a load of 1 50 kg is applied, and the hardness

number is read from the “C* scale. The reading is made while the minor

load is still on the penetrator. Other scales have been devised to cover a

wider range of hardness and thinner samples. These are given in fable 146.

Table 146. Rockwell Scales

Scale Load (kg) Penetrator Dial readings

A 60 Diamond cone Black
B 100 Ho" ball Red
C 150 Diamond cone Black
D 100 Diamond cone Black
E 100 H" ball Red
F 60 Ho" ball Red
G 150 Ho" ball Red
S 60 H" ball Red

The “A” scale is useful for hard carbides, cold-rolled steel strip, case-

hardened steel, and nitrided steel. On hard carbides the lighter load mini-

mizes breakage of the diamond. In any case a chipped point should be

guarded against, for it produces an error. Figure 140 is a photograph of the

standard Rockwell Hardness tester.

Superficial Rockwell Test. The Superficial Rockwell test is used for

very thin samples (thin rims and cases, etc.) where only a very shallow

penetration can be tolerated or where heavier loads are likely to break

D.P.H. =
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the diamond point. The principle is the same as before, though the minor

load is 3 kg and the major load is either 15, 30, or 45 kg. The reading of

the hardness number is given a designation in accordance with the pene-

trator and load used, as shown in Table 147.

The Tukon Tester. The Tukon hardness tester is by far the most sen-

sitive and the most satisfactory for determining either superficial hardness

Figure 140. Standard Rockwell

hardness tester.

(Courtesy Mechanical histrument Co.,

New York, N. Y.)

or the hardness of microconstituents of metals and alloys. This machine

resembles the standard Rockwell tester. The indenter and loads, as well as

the mode of operation, constitute the principal differences. The testing

loads may be varied from 25 to 3600 grams, according to the requirements

of the situation, thus causing penetrations of minute depths and areas.

The indenter is pyramidal in form, giving a diamond-shaped (rhombic)

indentation, of which the length of the long diagonal is approximately 7

times that of the short one. Measurement of the long diagonal provides a

sensitive indicator of the penetration. The Tukon hardness is expressed in

the same manner as the Brinell hardness.
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In another model of the Tukon tester’ the loads can be varied from 25

to 50,000 grams. For macrohardness testing, loads up to 50 kg may be

applied and the instrument used for general hardness test purposes.

Vickers Hardness Test. The Vickers hardness test uses a diamond pyra-

mid penetrator with a load which varies from 5 to 120 kg, depending on

the thickness and hardness of the sample. The diagonal dimension of the

square impression is measured under a microscope and the Vickers hardness

number is obtained from a table or by use of the calculation

H = 1.8544 P/d^

where P is the load in kg and d is the diameter in mm.
This is a very satisfactory test, especially when used on thin samples

and on hard surfaces up to over 1000 Brinell or Vickers hardness

number.

Monotron Hardness Test. The Monotron hardness test uses a diamond

ball penetrator, 0.75 mm in diameter. The hardness reading corresponds

to the load in kg required to penetrate the surface to the standard depth

of 9/5000 in. When the depth gage shows this penetration the pressure gage

gives the hardness reading directly.

Scleroscope Hardness Test. The scleroscope determines the hardness of

the sample by measuring the height of rebound of a diamond-tipped tup.

The tup falls from a fixed height and, as it rebounds, the height is secured

from an arbitrary scale reading which gives the hardness number. This is a

shop test which finds considerable use in spite of its shortcomings and

arbitrary nature. Hollow parts and thin sheet stock give incorrect values.

Mohs Scale of Hardness. Mohs' scale of hardness is based on the

scratch hardness of minerals as shown in Table 148. Talc is the softest and

diamond the hardest.

Table 148. Mohs* Hardness Scale

Mohs*
hardness

White
mineral

Black
mineral Equivalent

1 Talc Graphite

2 Gypsum Stibnite Fingernail = 2.5

3 Calcite Galena Copper coin = 3.5

4 Fluorite Chalcopyrite

5 Apatite Niccolite Knife blade = 5.5

6 Feldspar Magnetite

7 Quartz

8 Topaz
9 Corundum
10 Diamond WC = 9±

Any mineral on this list will scratch any mineral of lower hardness and,

in turn, will be scratched by any mineral of greater hardness. An unknown
mineral will scratch and will be scratched by the mineral of equal hardness.
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To distinguish between the true scratch and a chalk streak, the minerals on

the left can be used for the dark minerals and those on the right for the

light minerals. In terms of the absolute hardness, each mineral of this

series is roughly twice as hard as the mineral next below it in hardness,

though the diamond undoubtedly exceeds this materially.

The File Test, A hardened steel file is commonly used to test quenched

or quenched and tempered steel for “file hardness'’ by the scratch method.

Special files may be secured for the purpose. File hardness usually cor-

responds to about 62 to 65 Rockwell C, though variations from this are re-

ported. A handy set of files can be prepared by tempering one each to

different temperatures after quenching to produce about the range in hard-

ness which it is desired to cover.

'Fable 149 is a conversion table of hardness numerals as furnished by the

Wilson Mechanical Instrument Co. The accuracy of the conversion will de-

pend on the material tested. However, it is an excellent working table and

guide for commercial practice.

Tensile Tests

Essentially, a tensile-testing machine consists of four parts or groups

of parts: namely, (1) the grips for holding the specimen; (2) a mecha-

nism for applying the stress load, which may be a screw operated by a motor

through a system of gears or a hydraulic cylinder actuated with oil under

high pressure; (3) a device for measuring the load, which for motor-driven

machines is usually a system of levers, with the last arm forming a gradu-

ated beam, and for hydraulic machines a dial or dials connected through

small tubes to the pressure cylinder; and (4) a frame of suitable design

and strength for supporting and holding these parts together. In general,

testing machines vary in size from 100 to 2,000,000 pounds capacity, the

smallest being used for fine wires, etc. Figure 141 shows the 60,000-pound

capacity tensile testing machine (hydraulic type).

The test is carried out in machines which vary widely in detail, but all

consist of two essential members: (1) a device for straining the specimen,

and (2) a device for measuring the resistance of the specimen to this strain-

ing. A strain gage or extensometer is used to measure the strain over the

2-inch gage length.

From the tension test there may be obtained the following tensile prop-

erties: the proportional elastic limit, the elastic limit or set elastic limit, the

yield point, the yield strength or yield stress, Johnson’s apparent elastic

limit, the ultimate strength, the modulus of elasticity, the per cent elonga-

tion, and the reduction of area.

The ultimate strength of a material is the load per square inch of cross-

section required to fracture it; but a metal may be rendered useless with-
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out being actually broken if it is stressed to the point where it yields or

deforms permanently.

Tensile strength is the maximum tensile stress which a material is capable

of withstanding. It is measured by dividing the maximum lead carried dur-

ing a tension test conducted to rupture under definite prescribed conditions

{Courtesy Baldwin Locomotive Works, Philadelphia, Pa.)

Figure 141. Tensile test machine.

by the original cross-sectional area of the specimen. It is expressed in

pounds per square inch. English practice uses tons per square inch and

Continental practice kilograms per square millimeter.

Yield point is the stress in a material at which there occurs a marked in-

crease in strain without an increase in stress. For material that has a

*'sharp-kneed'' stress-strain diagram and consequently exhibits at a cer-

tain stress the special characteristic of yielding without increase in stress,

the yield point may be obtained from the load determined by the "'drop”

of the testing machine beam, or by use of dividers on the gage length. For

material whose stress-strain diagram in the region of yield is a smooth
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curve of gradual curvature, the “yi^ld strength” is preferred. It is expressed

in the same units as the tensile strength.

Yield strength is the stress at which a material exhibits a specified limit-

ing permanent set or specified elongation under load, generally from 0.1 to

0.2 per cent of the gage length. For material possessing the special charac-

teristic of yielding without increase in stress the yield strength and yield

point are substantially the same. It is expressed in the same units as the ten-

sile strength, but the specified value of ”set” used is stated after the term

“yield strength.”

FAastic limit is the maximum stress to which a material may be subjected

without permanent deformation or set upon complete release of the stress.

It is the maximum stress at which a material exhibits a slight deviation

from the straight line (proportional limit), but will return to the original

length on release of the load. It is expressed in the same units as the tensile

strength.

Proportional limit is the stress upon a material beyond which the strain

ceases to bear a constant direct relation to the stress. It is expressed in the

same units as tensile strength.

Johnsons elastic limit is the point on the stress-strain diagram at which

the rate of deformation is 50 per cent greater than it is at the origin. It is

expressed in the same units as tensile strength.

Elongation is the difference in the gage length before the tensile test

specimen has been subjected to any stress and after rupture, expressed in

percentage of the original gage length. The gage length usually taken is

either 2 inches or 8 inches. The latter is used for wire.

Reduction of area is the difference between the original cross-sectional

area and the least cross-sectional area after rupture, expressed as a per-

centage of the original cross-sectional area.

The per cent elongation and the per cent reduction of area obtained in a

tensile test of a material are an indication of the ductility of the material.

For most applications yield strength data are sufficient to act as a basis

of design. However, there are many other applications which require that

we know just how far a metal may be stressed without taking any perma-

nent set or even without varying from a straight line relation of stress to

strain.

Such applications require a knowledge of the proportional limit or the

elastic limit of the material. The proportional limit is a maximum stress

under which a material will maintain a perfectly uniform rate of stress to

strain. This is illustrated by the lower portion (from 0 to about 4000 psi)

of the stress-strain curve shown in Figure 142. Such a curve is drawn from

stress and strain measurements taken during a tensile, compressive, shear

or torsional test.
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Most materials can be stressed slightly above the proportional limit with-

out taking any permanent set. That is, the material will exhibit a slight

deviation from the straight line, such as would occur at a stress of about

42,000 or 44,000 psi on the chart, but will return to the same original length

when the load is released. The maximum stress from which a material can

recover completely is the elastic limit.

Elastic limit determinations are quite lengthy, because the process entails

alternate loading and unloading of the specimen, each time using a slightly

greater load, until the specimen fails to return to its original position. The

stress corresponding to the last previous load is then taken as the elastic

limit.

Different metals yield differently,® as illustrated in Figure 142. Curve A
is typical for mild steel and for almost all soft steels. It shows a distinct dip.

Figure 142. Stress-strain curves.

indicating that when a certain stress is reached the metal stretches rapidly,

even if the load is slightly reduced. Thus, a material of this type shows a

sharply defined yield point. Hard steels and some non-ferrous metals have

a characteristic as shown in Curve B, There is no actual dip in the curve,

but there is a definite break which may be noticed during testing. Most non-

ferrous metals show a curve similar to Curve C. There is no definite break,

but a gradual curvature. Here it becomes impossible to measure a yield

point, since there is no point which can be picked out during the test. For

such materials the yield strength is measured as the stress required to pro-

duce a certain permanent set, usually 0.2 per cent of the gage length.

Young*s modulus or modulus of elasticity is defined as the ratio of the

unit stress to the unit strain. It is the slope of the straight-line part of the

stress-strain curve below the proportional limit. The modulus of elasticity
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is a measure of the stiffness of a material; it measures the resistance of a

material to elastic deformation. The higher the modulus, the stiffer the

material. Metals and alloys of high moduli must be more heavily loaded

to produce a given sag or deflection.

Compression Tests

It is usually tacitly assumed ^ that materials are equally strong in tension

and compression, or that if any difference exists, the compression strength is

the greater of the two. With metals compression tests are much less com-

monly used than tension tests.

From the compression test there may be obtained the following compres-

sive properties: the proportional limit, the elastic limit, the yield point and

the ultimate strength. Compressive ultimate strength is the maximum com-

pressive stress to which a material may be subjected without failure. It is

expressed in pounds per square inch. Compressive yield point is the stress

in compression at which a marked deformation continues without failure in

load. The compressive yield strength is the maximum stress that a metal,

subjected to compression, can withstand without a predefined amount of

deformation. Both are expressed in pounds per square inch. Compressive

elastic limit is the maximum compressive stress to which a material may
be subjected without permanent deformation or ''set" upon complete release

of the stress. It is expressed in pounds per square inch.

In compression, the ultimate strength is easily determined in brittle

materials which shatter at failure, but in ductile materials there is no defi-

nite value for it. For materials that do not fail by shattering fracture, the

value obtained for compressive strength is an arbitrary one, dependent upon

the degree of distortion regarded as indicating complete failure of the mate-

rial. In many ductile materials the maximum usable compressive strength

is the compressive yield strength. If it is desired to compare two ductile

materials in compression, a definite limit for the deformation may be set

and the loads required to cause this deformation compared.

In the compression test the movable cross-head of the machine should

move in a straight line at right angles to the stationary crosshead, without

appreciable lateral motion and without wobbling.

Torsion Test

The suitability of a material for parts which must withstand twisting and

wrenching stresses is judged by measuring its properties as it is twisted in

the torsion test. Torsional properties evaluate the character of materials for

engineering uses which involve lateral as well as longitudinal stresses.

From this test there may be obtained the following torsional properties:

the proportional limit, the elastic limit or possibly the shearing yield
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Strength, the ultimate shearing strength or the modulus of rupture, and the

modulus of elasticity in shear (sometimes called the modulus of rigidity).

Torsional strength is the ultimate shear strength in torsion expressed in

pounds per square inch. Torsional yield strength is generally defined as the

maximum stress developed by a torque producing an offset of 0.2 per cent

from the original modulus line, analogous to the method used for determin-

ing tensile yield strength. It is expressed in pounds per square inch. Tor^

sional elastic limit is the elastic limit in torsion, expressed in pounds per

square inch, and is analogous to the elastic limit in tension. Modulus of

rupture is the maximum stress, expressed in pounds per square inch, in the

extreme fiber tested to rupture, as computed by the empirical application

of the flexural formula to stresses above the transverse proportional limit.

Modulus of elasticity in shear is the ratio of stress within the proportional

limit to the corresponding angular strain in radians. It is obtained by unit

shearing deformation, and is expressed in pounds per square inch.

The torsion test actually is used to determine the physical constants of

materials in shear. A torsion-testing machine applies a twisting moment to

{Courtesy Riehle Testing Machines Div., American
Machine & Metals, Inc., East Moline, III.)

Figure 143. Riehle torsion test machine.

a specimen in a plane at right angles to the axis of the specimen. This is

accomplished by a rotating head arranged with a set of jaws to hold one

end of the specimen so that its axis will coincide with the axis of rotation.

The other end of the specimen is held by similar jaws in the fixed or weigh-

ing head of the machine where, as the head is rotated, the twisting moment
can be measured by a suitable weighing system. The displacement of a
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point on the surface of the specimen is measured with respect to some other

point in the same element to give the angle of twist (Figure 143).

In plotting a stress-strain diagram for a torsion test it is customary to

plot torque in inch-pounds on the vertical axis and unit deformation on the

horizontal axis.

Shear Strength Test

Shear strength is the stress, expressed in pounds per square inch, required

to produce fracture when impressed vertically upon the cross-section of a

material. The amount of energy which must be supplied to shear a unit

volume of metal increases with increasing tensile strength of the material

which is being deformed. Shear stress is the component of stress acting on

the plane of shear.

Shear yield point, expressed in pounds per square inch, is the stress at

which deformation in shear occurs with little increase in stress. In ductile

materials, the yield point in shear is considered the maximum shear strength

for practical purposes. Since the stress and strain are proportional up to the

elastic limit, there is a modulus of elasticity in shear as there is in tension

or compression. It is known as the modulus of rupture or the modulus of

rigidity.

In practice, nearly all parts which are subjected to shear are also stressed

in tension or compression at the same time, and the combination of these

stresses may be considerably in excess of either of the primary stresses.

The shear fracture is quite distinct from either the tension or compres-

sion fracture. There is no reduction of area or elongation, and the fracture

has a distinct texture which shows the twisting effect.

For single shear tests, any convenient jig which will hold one end of the

test specimen securely can be used. The cutter is attached preferably to

the movable head of the tensile machine and pressed vertically on the

specimen.

Notch Impact Test

The impact test, which is an indication of the shock resistance or notch

sensitivity of a material, consists usually of the determination of the energy

absorbed in breaking a notched specimen by a single blow. The results of

the test are stated only in terms of impact value, indicative of the total

energy to break a standard specimen by a single blow under standard con-

ditions, and should not be generalized and applied quantitatively to other

sizes of test specimens or other conditions. Although there are a number of

methods of performing the impact test, those in general use are (a) simple-

beam test (Charpy), and (b) cantilever-beam test (Izod).

In the Charpy or Izod machine the pendulum acquires a certain energy
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during its fall from the starting position! A definite portion of this energy

is used in rupturing the test bar. The energy remaining in the pendulum

causes it to rise to a height dependent on the remaining energy, of which

it is a measure. The energy of rupture is therefore deteripined by the dif-

ference in energy in the pendulum before and after the rupture.

For the Charpy test, the specimen is broken by a blow at the center on a

face opposite the notch with the ends supported on an anvil. In the Izod

test, the specimen is broken by a blow at one end of the notched face, the

Figure 144. Riehle impact tester.

{Courtesy Hiehle Testing Machines Div., American
Machine & Metals, Inc., East Moline, III.)

other end being held rigidly in a vise for one-third of its total length.

In both tests, the pendulum striking the blow is released from a height

sufficient to break the specimen. Swinging downward in a vertical plane, the

tup on the pendulum contacts the specimen at the lowest point in the arc

of swing, breaks it, and continues in an arc till the pendulum stops. From
the weight of the pendulum and the angle of fall, the total energy in foot-
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pounds it contains at the instant of impact can be calculated, and from the

angle of rise, the energy remaining in the pendulum after the contact can

be found in the same units. With the machine illustrated in Figure 144,

results for all tests are read directly in foot-pounds on a uniformly gradu-

ated scale. The greater the amount of energy absorbed by the specimen

during impact, the less will be the upward swing of the pendulum.

Generally speaking, the shock-resisting power of a material may be esti-

mated by considering both its strength and ductility. These properties are

measured by applying loads at a very slow rate. However, materials which

exhibit good strength and ductility under such conditions may not neces-

sarily possess good resistance to shock and impact loads.

Impact strength evaluates the toughness of a material better than any

other single test. Both the Charpy and Izod tests are affected somewhat by

the susceptibility of the material to failure due to localized stresses near a

sharp notch.

Tension Impact Test ,

Tension impact is the^^energy, in foot-pounds, absorbed in rupturing a

specially prepared specimen by allowing a moving weight to strike the

specimen in such a manner that the specimen is parted suddenly in tension.

Both the Izod and Charpy impact machines are equipped for such impact

tension tests. In the Charpy machine the specimen is held by one end in a

threaded socket on the back of the pendulum and the other end carries an

auxiliary cross arm which contacts the anvil on the downward swing. In

the Izod machine the specimen is clamped in an auxiliary anvil attached

to the regular anvil and also carries a cross arm which is struck by the pen-

dulum in its downward swing.

In the Riehle Impact Tester (Figure 144) two anvils of equal length are

provided to perform the test. They are mounted as illustrated after the

Charpy and Izod anvils have been removed. The standard tension speci-

men is threaded on both ends, one being screwed into the rear of the bob,

the other into the impact crosshead. As the bob swings through the lowest

point in its arc, the crosshead strikes the anvils, causing the entire inertia

of the bob to be exerted axially upon the specimen.

Torsion Impact Test

Torsion impact is the energy, in foot-pounds, absorbed in rupturing a

specially prepared specimen by allowing a moving weight to strike the

specimen in such a manner that the specimen is ruptured suddenly by tor-

sion. The torsion impact machine consists of three parts: (1) the momen-
tum unit, (2) the sliding unit carrying one end of the specimen, holding it

against rotation, and (3) a substantial base.
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A test is made as follows: The specimen is clamped in the sliding head

with a steel strike-bar attached to its free end. The sliding member is

pulled entirely to the right so the strike-bar clears the bosses on the wheel.

The momentum unit is brought up to a predetermined speed indicated on

the tachometer, a small motor providing the turning effort through a fric-

tion drive. The “bomb-proof* cover is then closed by moving the handle

from right to left. The knob on the end of the sliding member on the far

right is then sharply pushed home; this brings the strike-arm within the

(Courtesy Baldwin Locomotive Works, Philadelphia, Pa.)

Figure 145. Torsion impact testing machine.

“bomb-proof* cover into the path of the hammers, so the specimen suffers

sudden fracture in torsion impact. The residual speed is then read on the

tachometer (Figure 145).

The kinetic energies for various wheel speeds are given in a table accom-

panying the machine. The energy in foot-pounds absorbed in breaking the

specimen is the difference between initial and residual energies, correspond-

ing to initial and residual speeds. One operator can mount the specimen

and complete a test in less than two minutes.

A method of obtaining approximate stress values from work deformation

data has been developed.

W = aS

158,800
4- 0.185 X 10-W

W = torsion impact value

a = twist of the total deformation in degrees

S = shearing strength in pounds per square inch

This equation may be reduced to the following form:
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S* + 34,200aS + (-5.4 y lOW) = 0

which reduces to

S = 10,000(~ 1.71a -h V2.9a* + 54

Figure 146 shows the relation between torsion impact and Rockwell

hardness for a hardened chromium ball-bearing steel.

Figure 146. Torsion impact results. Chromium ball-bearing steel.

Ductility Test

Ductility is that property of a material which allows it to be deformed

without rupture; in other words, the ability to be manipulated by cold-

working methods (bending, deep-drawing, spinning, cold heading) with-

out undue effort. The lack of ductility is commonly called brittleness.

Ductility can be determined ® by measuring the per cent elongation and

reduction of area in a tensile test, by the increase in diameter resulting

from a compression test, by the deflection at maximum strength in a shear

test and by the depth of cup in the Ericksen or Olsen test.

Most ductility tests are made by the cupping method. This method is the

depth of impression, or cup, coinciding with the fracture of sheet metal

when tested using a %-inch diameter ball and a 1 54-inch vertical-sided

die. The value is expressed in inches or millimeters, with the fracture load

in pounds or kilograms.

Figure 147 is a photograph of the Olsen ductility testing machine for

testing sheet metal. The load is applied hydraulically through a piston to

the test sample. A direct-connected, motor-driven rotary pump gives the

utmost in smoothness of operation. The automatic stop, which is particu-

larly useful in the determination of the load at 34-inch depth of cup is

provided. The test is then continued by throwing the small hand lever
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below the handwheel. The maximum load and maximum depth of cup can

be noted. The depth of cup measured in thousandths of an inch is taken as

the measure of ductility.

These machines are exceptionally fast in operation. Once the valve is set

for the testing speed, all that is required of the operator is to remove the

{Courtesy Tinius Olsen Testing Machine Co., Philadelphia, Pa.)

Figure 147. Olsen ductility testing machine.

handle shown to its uppermost position to apply the load. The specimen is

placed in the opening between the grips, the load is applied uniformly to

grip the specimen, and this is immediately followed by the penetrator

forming the cup. After the test is completed, the handle is moved to its

lowest position, which quickly returns the piston with the ball support to

its original position. After the specimen is removed from the machine, an-

other is placed in the head; the operator then repeats the above sequence of

operations.

Various capacities of machines are made depending on the thickness and
the material under test: 12,000-pounds capacity will take materials up to

%6-inch thick; 24,000-pounds capacity will take materials up to J^-inch

thick; 50,000-pounds capacity will take materials up to %e-tnch thick;

and 60,000-pounds capacity will take materials up to ^-inch thick.
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In the Ericksen test, the specimen of the sheet or strip is clamped between

two ring-shaped dies and held in such a way that the metal can flow, while

a tool having a rounded end (hemispherical) is moved gradually forward

under the influence of a ram, actuated by a micrometer screw, until frac-

ture occurs. The test piece is under permanent observation of the operator,

so that the point of fracture can be determined with great accuracy (0.01

mm). The depth of impression, that is, the height of the dome, required to

obtain fracture, can be read off directly from a micrometer scale or dial

gage and represents the “Ericksen Value“ in hundredths of a millimeter.

This cupping method of test determines in a simple and rapid manner

the actual workability of metal sheets to the point of fracture.

While the Olsen and Ericksen machines differ in many respects, they are

similar in the manner of applying the test. However, the test results are sen-

sitive to variations in gage

Bend Test

A large part of all structural members in service is subject to bending,

which produces tension, compression and shear stresses in the member.

The stress caused by bending is not uniform over the cross-sectional area,

but varies from a maximum compression on one side to a maximum tension

on the opposite side.

Various tests are used to determine the ductility of sheet or plate that is

subject to bending. These tests may include determination of the minimum
radius or diameter required to make a satisfactory bend, and the number

of repeated bends that the material can withstand withdut failure when

bent through a given angle and over a definite radius.

The bend number is the number of ' reversed bends through a specified

angle (usually 90°) about a specified radius to which a specimen can be

subjected without fracture.
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From the bend test there may be obtained: unit stresses in tension and

compression, modulus of rupture for brittle materials and modulus of elas-

ticity. Ductile material produces no fracture in the bend test; therefore it

has no modulus of rupture.

Transverse Strength Test

Transverse strength tests are actually bend tests. They are used for the

evaluation of strength and toughness of hard and brittle material such as

cast iron, sintered carbides and hardened tool steels. The test is made by

placing the prepared specimen horizontally on cylinders or knife edges as

beam supports. The load is applied at the center of the span through a ball

or cylindrical surface, which usually has the same radius as the supports,

until rupture occurs. The rate of loading is unimportant in brittle materials

as long as it remains lower than the speed of shock-loading.

This test is not applied for the purpose of determining the actual work-

ing strength of the material, but only for comparative purposes. Conse-

quently the results are usually stated in terms of the breaking load applied

in pounds and the deflection in inches.

Therefore, transverse strength may be defined as the ultimate strength in

bending for brittle materials when tested to the point of rupture, as a beam

on simple supports with concentrated central load. Transverse deflection is

the specified deflection of the material, tested in the transverse test, pro-

duced by some specified load, dependent upon the size of the specimen. It is

the maximum deflection to rupture.

The amount of flexure of the beam under load may be utilized as a

measure of the ductility of the material. In addition, the modulus of rup-

ture for cast iron can be calculated from this test with the formula

R = ^
which R is the modulus of rupture, L is the span length

or distance between supports in inches, 5 is the breaking load in pounds,

and D is the diameter of the test bar in inches.

Fatigue Test

In many structures, certain members are required to withstand repeated

or fluctuating stresses. Many machine parts are subject to vibration. The
behavior of metals when they are subjected to such alternating stress is

therefore extremely important. Under such conditions of repeated stresses

metals are likely to break under loads much less than the static loads they

are capable of supporting. It has been shown that the repeated application

of such stresses may cause failure even when the stresses are below the

elastic limit of the material. Failure by such alternating stress is called

fatigue.
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The fatigue limit or endurance limit is that unit stress a metal can with-

stand for an indefinitely large number of cycles of stress. It is the maximum
stress to which a material can be subjected an indefinitely large number of

times without causing failure and is expressed in pounds per square inch.

Values of endurance limit are usually obtained by using a machine of

the rotating simple-beam type, in which the outermost fibers of a solid

{Courtesy Baldwin Locomotive Works, Pluladelplim, Pa.)

Figure 149. R. R. Moore fatigue testing machine.

cylindrical specimen are subjected to cycles of completely reversed stress

from tension to compression.

To determine the maximum number of stress cycles that can be applied

without breaking the specimen, it is customary to start the test with rela-

tively large stresses, say two-thirds of the yield strength in tension, and

repeat the test with smaller loads until the load the specimen can withstand

indefinitely is reached. To find this load, the results of the several tests are

plotted with the stress as ordinate and the number of repetitions of the stress

as abscissa, the latter on the logarithmic scale.

Of prime importance for high fatigue life are the smoothness and lack of

stress-raising imperfections on the metals used. Fatigue limit increases with

the tensile strength, and in ductile steels is approximately 50 to 60 per cent

of the tensile strength. However, corrosive conditions on the surface of the

metal greatly decrease the fatigue strength even at low stresses.
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A number of types of fatigue-testing machines are available. In the most

common type, a round test bar is rotated horizontally with a load applied

by means of a weight hung on one end, and the stresses are calculated from

the applied load and the dimensions of the test specimen. In such a test, the

load varies from a tensile stress to a compressive stress of equal magnitude.

Figure 149 shows the R. R. Moore high-speed fatigue-testing machine,

which incorporates a special design based on the rotating-beam principle.

In this machine the specimen functions as a simple beam symmetrically

loaded at two points. The machine consists essentially of two housings, each

of which supports a rotating spindle. The tapered ends of the test specimen

are drawn into tapered holes in the end of each spindle by bolts which lock

the specimen firmly in place. The housings are supported on trunnions

which permit deflection of the housings in a vertical plane when the load is

applied. Knife-edge seats mounted on opposite sides of each housing receive

the knife edges mounted in the ends of the hanger yokes which carry the

load weights. The machine is driven by an electric motor through a flexible

drive link which offers no restraint to the required deflections of the hous-

ings.

Creep Strength Test

Creep is the gradual plastic flow (permanent elongation) of a metal in-

duced by a combination of high temperature and a steady stress below that

required to produce a permanent set, as determined by short-time tests at

the same temperature.

The creep strength or limiting creep stress of a metal is its ability to

withstand creep, expressed as the maximum stress that may be applied at a

given temperature to cause plastic flow of the material at a given rate, or

not exceeding a certain amount in a specified number of hours, e.g,, 1.0,

0.1, or 0.01 per cent elongation in 1000 or 10,000 hours. It is generally ex-

pressed as pounds per square inch to produce a 0.10 per cent elongation in

10,000 hours.

In making a creep test, a specially prepared specimen is heated to the

desired temperature in an electric furnace, usually under a small load, and a

predetermined load is applied under conditions that will permit accurate

measurement of the elongation of the specimen with an extensometer scaled

to permit readings to 0.0001 inch per inch of gage length. Readings are taken

just before and immediately after the load is applied, then at intervals of

24 hours or more for the duration of the test (Figure 150).

The creep test is used to determine the combined effects of time, tempera-

ture, and stress on the flow of a material. As usually conducted, the rate of

flow is determined for a constant temperature and stress. A strain-time

curve plotted for most metals shows three stages: an initial rapid but de-
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creasing creep rate is followed by a period of approximately constant rate,

which eventually increases until failure occurs. In general, the rate during

the second period is used to determine the ‘'creep rate’' for a given stress,

and the test is usually discontinued after this rate has been established.

(Courtesy University of Michigan, Engineering Research Institute, Ann Arbor, Mich.)

Figure 150. Battery of creep test units.

Creep rates are commonly reported as percentage elongation per thousand

hours based on a secondary period of at least several hundred hours.

The first period is known as the initial creep, and the second as the sec-

ondary creep or period of constant creep, though it is not certain that the

flow is constant for the whole of this period.

Creep may be an effect of consequential magnitude at normal tempera-

tures as well as at elevated temperatures, depending on the material under

consideration.

Stress-Rupture Test

For high-temperature applications materials are given the stress-rupture

test. This short-time test differs from the long-time creep test in that the

specimens are carried to actual fracture and the deformation rate is not

necessarily determined. The results obtained are of value not only in in-

dicating the actual load-carrying ability of the material but also in yielding

important information with respect to the influence of time, temperature
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and stress on the hot ductility, as well as on the surface and structure sta-

bility.

In the rupture tests the stresses at each temperature are selected so that

the fracture time varies from a few minutes up to at least 1000 to 1500

hours. The specimen, of modified threaded tensile variety, is suspended in

{Courtesy University of Michigan, Engineering Research Institute, Ann Arbor, Mich.)

Figure 151. Battery of stress-rupture test units.

a furnace and dead weight-loaded through a lever system. The furnace

temperature is automatically maintained. Strain measurements are made

periodically (Figure 151).

When the stresses and corresponding fracture time periods are plotted

to logarithmic coordinates, a single straight-line relationship results over

the entire time range, provided the material possesses a sufficient degree

of surface and structural stability under the given test conditions.

Because of the definite relationship which exists between stress and frac-

ture time, it is possible to obtain, from the logarithmic plot, stresses cor-

responding to fracture time periods well beyond those actually used in the

tests. It is customary to express these findings in terms of the stresses re-

quired for fracture in either 10,000 or 100,000 hours.

For relatively rapid evaluation of elevated temperature properties, the
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so-called stress-rupture or time-to-rupture test is valuable. It is intermediate

between a short-time tensile test (which gives no measure of creep charac-

teristics) and a long-time creep test.
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Chapter XVIII

Non-destructive Testing and Inspecting

In the manufacture of industrial products, accessories, apparatus and

machinery, inspection and tests of various types are required. These tests

may be for the quality of the material, quality of assembly and/or quality

of performance of the finished unit. Raw material going into a product can

readily be tested by the inspection department or by the laboratory by

destructive or non-destructive methods, depending upon the particular item.

However, finished products requiring 100 per cent inspection must be tested

by non-destructive methods to avoid damaging the part or the completed

assembly.

There are a number of methods and types of equipment for non-destruc-

tive testing and inspection of material, parts, and assemblies. The equip-

ment and apparatus herewith cited under proprietary trade names are typi-

cal and do not necessarily mean that they are the only ones of their type

available or the only methods used for the particular test or inspection.

Magnetic Particle Inspection. '‘Magnaflux’' is a rapid visual inspection

of magnetic parts to locate defects by a technique of applying magnetiza-

tion and ferromagnetic particles. When a suitable magnetic field is set up

by means of an electric current in the part in the proper direction, sudden

interruptions to this magnetic field, such as cracks, inclusions or seams

occurring at or near the surface of the part so magnetized, crowd some of

the magnetic flux outside the surface of the part. These so-called leakage

fields attract and hold finely divided ferromagnetic particles.

The powder of fine particles of magnetic material, either dry or suspended

in a liquid, is applied over the surface, and some of the powder in the

vicinity of such a leakage field will be attracted and held by the leakage

field, thus setting up a magnetically held pattern outlining the discon-

tinuity. The inspector in examining these parts sees in the accumulation of

particles a definite indication of the exact location, extent and shape of the

discontinuity.

For more sensitive indication of the defects in parts, fluorescent particles

are used ('^Magnaglo'') which glow brilliantly in darkness under black

light. Figure 152 is a photograph showing the '‘Magnaflux” inspection of an

aviation engine crankshaft.

504
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Fluorescent Penetrant Inspection. Fluorescent penetrant inspection (fre-

quently referred to as ''Zyglo*' inspection) is used to locate discontinuities

open to the surface in all solid materials, particularly non-ferrous metals,

ceramics, plastics, and glass. By this method significant discontinuities are

revealed by black light as fluorescent indications.

Parts to be inspected are wetted by dipping, brushing or spraying with a

special fluorescent, penetrating liquid which is allowed to seep into dis-

(Courtesy Magnafiux Corp., New York, N. Y.)

Figure 152. Magnetic particle inspection. Wet method being applied to

crankshaft.

continuities. The excess liquid is then drained from the surface of the parts

and a developing agent is applied to draw the fluorescent liquid back out

of the discontinuities by capillary action. Upon examination under suitable

near-ultraviolet light, discontinuities are revealed by a line of bright,

greenish-yellow fluorescence. Figure 153 is an aircraft engine crankcase nose

section casting showing “Zyglo’' indications of service cracks (white) be-

tween holes and also surface pin-hole porosity (white).

Magnetic Analysis. A purely magnetic test^ is applicable for discon-

tinuities in material of uniform cross-section, such as bar stock. The mag-

netic disturbance to a longitudinal field is usually recorded on an oscillo-

graph, or by means of suitable amplification and relays is caused to indicate

its presence as the bar is carried longitudinally through a constant or alter-

nating magnetic field. This equipment detects in bars flaws like cracks,

seams, laps, slivers, pin-holes, weak welds; and also mix-ups in analysis,

grades, processing, heat treatment, hardness and structure.
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''Cyclograph/' The operating principle of the cyclograph utilizes the

fact that correlation exists between the physical, electrical, and magnetic

properties of metals. To compare these properties rapidly, the parts to be

tested are made the core of a test coil. The coil characteristics, which are

iCouTttiy Magnaflux Corp.)

Figure 153. Zyglo indications of cracks and porosity.

governed by the core properties, influence the operation of the oscillator

and can be visually evaluated by observation of a simple amplitude change

in the pattern on a cathode-ray tube indicator screen.

Since the ''Cyclograph” is a comparator, known standard parts must

be used to set up the instrument. The instrument then indicates which parts

do or do not conform to the selected standards. It is found that different

physical properties predominate at certain frequencies. For example, at low
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or medium frequencies (3000 to 12,000 cycles) correlation is usually ob-
tained with analysis or structure. Higher frequencies (over 12,000 cycles)

provide information on the surface layers of the metal part and may be

successfully used to classify parts according to case depth, decarburization

and plating thickness.

This instrument, therefore, is recommended by the manufacturer to

easily determine, by comparing the luminous shape of the cyclogram with

the reading of a predetermined standard piece, whether or not the sample
possesses a desired metallurgical characteristic, such as certain case depth,

depth of decarburization, amount of cold work, brittleness (stress gradients)

or structure, and also to easily sort magnetic or non-magnetic material ac-

cording to chemical analysis, heat treatment, structure, internal stresses or

thickness of plating or cladding.

Figure 154 shows the “Cyclograph" being used to control an automatic

sorting device to separate bolts of mixed analyses with a speed of approxi-

mately ninety per minute. Each bolt, as it passes through the field of the

test coil, produces a definite core loss, the magnitude of which depends on

the analysis of the steel in the bolt. The core loss produced by each bolt

is used as a signal to operate the relay system; at a pre-determined level the

relay will produce a 1 10-volt signal which operates the solenoid controlled

gate on the feeder. Since one analysis level can be so set as to give a signal



508 MATERIALS ENGINEERING OF METAL PRODUCTS

for one analysis only, the solenoid-controlled gate will cut out one analysis

and pass the others.

Radiography. Radiography is used for the examination of both metallic

and also non-metallic materials by x-rays or gamma rays to locate defects,

that is, interruptions in the continuity of the material. Defects and voids in

the material will absorb the rays to a less extent than the adjacent areas

and the rays passing through will strike the film with varying inten-

sities. The developed negatives, or radiographs,® serve as shadow pictures,

wherein changes in density or thickness are revealed by dark and light areas.

Voids, cracks and holes appear as dark areas because they permit readier

passage of the x-ray to the film. The colors will be reversed on prints made
from these negatives.
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The radiograph produced is really a shadow picture of the object that

has been placed in the path of the rays. The appearance of the image thus

recorded is materially influenced by the relative position of the object in

the beam. The density of any radiographic image depends upon the amount

of radiation reaching the sensitive emulsion on the film. The amount of

{Courtesy General Electric X-Ray Corp., Milwaukee, Wis.)

Figure 156. G. E. Industrial 200KV x-ray unit.

radiation in turn is influenced by the distance from the source of the rays

to the film, the ray-emitting power of the source, and the time of exposure

to the rays.

The sharpness of the image of a defect obtained increases linearly with

the distance from the source to the defect and decreases linearly with the

distance from the defect to the film.

The thickness of the section through which x-rays may penetrate is lim-

ited by the capacity of the machine and will vary with the metal being

examined. X-ray equipment rated at 220 kv is suitable for up to 3 inches of

steel. Rays from one million-volt equipment can be used up to 6 inches of

steel.

Radiography using radium depends upon the emission of penetrating

gamma rays given off by radium. These rays are similar to x-rays, but have

shorter wave lengths and higher penetrating power.

Fluoroscopic radiography is used for quick inspection, a fluorescent

screen being used in place of the film. By means of this screen the observer
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can examine the shadowgraph produced on the screen when the x-ray beam

is passing through the object.

Figure 155 is a print made from a radiograph (''Exograph”) of a steel

casting approximately Ij4" thick showing cracks (white).

Figure 156 shows an industrial 200-kv x-ray unit, mounted on a flange

wheel truck, radiographing the welds in a steel plug at the Grand Coulee

Dam in the state of Washington.

(Courtesy General Electric X-Ray Corp., Milwaukee, Ww.)

Figure 1 57. G. E. 1 ,000,000 volt x-ray unit.

Figure 157 shows a 1,000,000-volt x-ray unit positioned for radiography

of steel crankshafts.

Betatron. A 20-niillion-volt betatron has been constructed generating

x-rays .ten times more powerful than, apy before used in practical industrial
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radiography. With this machine, penetration of metal has been extended
to as deep as 20 inches with great accuracy and high speed. It enables

radiographing entire assemblies, individually or on a continuous line basis.

Through higher-energy x-radiation, it has greatly reduced the time required

for exposure. A flaw of %2 inch is detectable in steel thicknesses from 2 to

iCowrteBV Allis-Chalmers Mfg. Co., Milwaukee, Wis.)

Figure 158. 20 million volt Betatron.

12 inches, and from 12 to 30 inches the minimum detectable flaw is

inch.

Figure 158 is a photograph of an installation of a 20-miIlion volt beta-

tron, showing the concrete wall for personnel protection from x-rays. The
top of the power unit is visible at top center.

X-ray Photometer. X-ray photometry is a new branch of non-

destructive testing utilizing a combination of x-rays and phototubes for

measuring x-ray absorption of materials. The method uses a divided x-ray
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beam; half the beam is passed through a standard absorber and the other

half through the test specimen. The two beams then impinge upon a fluores-

cent screen; the light created by fluorescence is picked up by a phototube

and amplified. A calibrated wedge-type variable attenuator disk rotates in

the beam, which passes through the test specimen in such a fashion as to

insert a known absorption, depending upon the angular position of the disk.

Thus, the position of the disk gives a direct indication of the difference in

absorption of the two samples.

Many applications are possible for an instrument of this nature. It opens

a band above the ultraviolet spectrum and in the lower end of the x-ray

spectrum to industrial inspection and test methods. It can reach up into the

normal radiographic range and find applications such as control of thick-

ness of hot-rolled steel. It has wide application in quantitative chemical

analysis.

It is particularly desirable in those measurements where the controlling

component is of considerably higher atomic number than that of the other

constituents of the product being measured. It has the unique advantage

that the absorption of x-rays is independent of the physical state of the

matter being transversed. The material to be tested is not harmed in any

way, since there is no physical contact.

To illustrate the applications of x-ray photometry, the following are a

few possible uses: the copper content of aluminum sheets can be checked;

lead glass can be distinguished from soda glass, or the percentage of lead

in glass determined; the thickness of silver deposit on glass mirrors may
be determined; and the thickness of silver emulsion on films may be

measured.

Sonic Tests. Vibration tests have been used to locate cracked car wheels

by tapping the wheels with a hammer. The major effect of a crack is to

change the damping capacity and, therefore, the length of time the metal

will sound after having been struck. The result is a difference in sound or

ring. The minor effect is the change in the harmonic content of the resulting

sound. Both effects are quite evident to the trained ear.

Sound or percussion tests are performed in this manner, thus producing

a characteristic tone which will be changed by the presence of discontinui-

ties. They can be used only to detect very large defects, and even then are

not always dependable tests. Methods such as these are only qualitative.

They can tell only whether a piece is good or bad and can indicate nothing

about location or size of flaws.

Supersonic Inspection. Supersonic inspection methods® are used as a

means of detecting flaws in materials. Supersonic waves are able to pene-

trate thick sections of materials and can examine the interior to locate

accurately any discontinuities present. There are two principal supersonic
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methods: (1) the reflection method and (2) the through-transmission

method.

(1) ''Supersonic Reflectoscope" utilizes the reflection or echo principle.

Sound waves are sent into the part and measurement is taken of the length

of time required for these vibrations to penetrate the material, reflect from

{Courtesy Sperry Products, Inc., Danbury, Conn.)

Figure 159. A typical reflection pattern on the Reflectoscope oscilloscope.

A—base line graduated in inches of thickness; B—indication of the initial sound

pulse; C—reflection of sound wave from opposite side; D—reflection of sound

wave caused by a defect.

the opposite side or from an internal flaw, and return to the sending point.

The essential parts of the “Reflectoscope” are: a generator which creates

the supersonic waves, the quartz crystal which radiates the sound waves into

the material and also receives the back reflections, an electronic amplifier,

and a cathode-ray oscilloscope which measures the round trip of the waves.

It can be calibrated for each type of material to indicate visually the thick-

ness of the material and the location of the flaws.

In operation, if the piece has no flaws, the two peaks in the pattern which

shows on the oscilloscope indicate the two edges of the piece. If discontinui-

ties are present they will be indicated by additional peaks between the nor-

mal peaks (Figure 159). This method is generally not good for thicknesses
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of material below ^ inch. The shape and form of the material to be in-

spected must be such as to provide an intimate contact between the crystal

and the surface. It is best suited for detecting deep-seated defects which

present a reflecting surface to the beam. It is not particularly adapted for

surface or near surface defects.

(2) '‘Hypersonic Analyzer’' and 'Thruray” (Figure 160) utilize a

through-transmission method which measures the change in energy level of

the sound beam when it passes through the material. When a beam of

sound energy is directed through a piece of material some of the energy is

(Courtesy Sperry Products, Inc., Danbury, Conn.)

Figure 160. Sperry Thruray.

dissipated. If a discontinuity such as a crack is also encountered during

the passage, the energy pattern is further weakened. This difference, in

addition to the normal losses between the energy of the sound wave enter-

ing one side of the material and that picked up on the other side, indicates

the presence of discontinuities in the specimen.

The equipment for the "Hypersonic Analyzer" consists of an electronic

supersonic generator which creates a signal, a piezoelectric crystal trans-

ducer which converts the supersonic signal into mechanical supersonic

energy, another piezoelectric crystal transducer which serves as a receiver

of the transmitted sound and converts the mechanical energy into an elec-

trical signal, an electronic amplifier, and an indicating device for signalling

the presence of flaws. The forms or shapes inspected must have a uniform

cross-section so that the sound beam goes through the same thickness of

material at all points. This equipment can examine material from 0.001
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inch to 5 inches thick. Figure 161 is a schematic sketch of the reflection and

through-transmission methods of supersonic inspection, showing the prin-

ciples of operation.

Brittle Lacquer Coating. Brittle lacquer coating is used for studying

local strain distribution. Essentially, this is an extension to the elastic field

of the method of loading structures until the local yield point is reached,

the latter being located by the production of Liiders lines, usually shown by

Figure 161. Schematic sketch of reflection and through-transmission methods

of supersonic inspection, showing the principles of operation.

the detachment of scale at the point of local overload. The scale itself acts

as a brittle coating, but only in the range beyond the elastic.

The '‘Stress-Coat” method consists of spray-painting the surface of the

part for which stress-distribution is to be determined with a coating of a

brittle lacquer. The lacquer is allowed to harden and the load is then ap-

plied. The strain set up by loading will cause cracking of the lacquer at a

stress well below the elastic limit of the material. By means of the crack

pattern thus formed it is possible to determine the stress distribution not

only in the regions of highest stress but also in other regions as well. Since

the cracks always occur in the direction perpendicular to the algebraically

larger principal strain, this provides a direct method for establishing the

directions of the stresses in the structure. The number of cracks per inch

of lacquer is proportional to the percentage of stretch.

This method is used to advantage on surfaces of odd-shaped bodies. It

is not limited in respect to the kind of materials to which it can be applied,

and it works satisfactorily on steel, brass, copper or cast iron. It can be

used for both static and dynamic testing.
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Figure 162. Straight tension loading on

steel plate with hole. Enlarged 2.5X.

Cross Section A-A

'Bonding
cemeni^

t-l-

yPaper

t
Strain
scnsitit/e

Figure 163. Plan and cross-section

views showing construction of a typi-

cal wire resistance strain gage.

(Courtesy Baldwin Locomotive Works,
Philadelphia, Pa.)

Lead wires'"'
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Figure 162 illustrates the principle of the "Stress-Coat” method in its

application on straight tension loading on a steel plate with hole.

Strain Gage. Strain gages* of the “SR-4” type make possible the ac-

curate, inexpensive indication of either static or dynamic loads of almost

any nature. This electric strain gage depends on changes in the electrical

resistance of metal when it is stretched or squeezed. It takes the form of a

series of loops of very fine wire cemented to a thin paper membrane which

in turn is cemented to the surface of the structural part to be analyzed. A

{.Courtesy Baldwin Locomotive Works, Philadelphia, Pa.)

Figure 164. Strain gages on connecting rods.



518 MATERIALS ENGINEERING OF METAL PRODUCTS

surface deformation of 5 ten-thousandths of I per cent of the length is

measurable, and instantaneous variations in strain can be observed.

These strain gages are used in place of the brittle lacquer method where

greater analytical precision is needed.

Figure 163 shows the plan and cross-section views illustrating construc-

tion of a typical wire resistance strain gage.

Figure 164 shows '‘SR-4” strain gages mounted on the blades of two air-

plane engine connecting rods. Resistance wire gages of special construction

are also mounted in the bore of the connecting rods.

Photoelasticity. The photoelastic method''^ is used for studying stresses

in a finished part. In this method, models are made of some suitable trans-

parent material and examined in polarized light. These models, upon being

subjected to stress, show colored patterns when white light is used. An idea

Figure 165. Photoelastic stress pattern showing regions of high stress in meshing
gears.

as to the appearance of a stressed photoelastic model in the polariscope can

be obtained from Figure 165 which illustrates the photoelastic stress pat-

tern found in regions of high stress in meshing gears. The heavy black lines

in the picture of the stressed models are called isochromatics. Each line
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represents a constant value of a stress. It is evident that two kinds of infor-

mation can be gained from photoelastic stress diagrams: (1) the pattern

of the stresses occurring in a structure can be studied and even from a very

rough visual observation the locations of highest stress may be determined

by noticing the regions in which the isochromatics are crowded closest to-

gether; (2) the magnitude of the stress at any point can be determined by

merely counting the number of isochromatic lines from a reference point

to the point at which it is desired to compute the stress. It is necessary, of

course, to calibrate the model material so that the stress magnitude cor-

responding to each one of the lines can be evaluated.

Besides its use in determining stress-concentration factors the photo-

elastic analysis has a very definite advantage over some other methods

because it shows the complete stress distribution in the model and gives a

graphic representation of the entire distribution at once. On account of this

characteristic it can be used to locate regions of both high and low stress

with equal ease.

Electric Conductivity. The electric conductivity of a solid metal ^ is

locally disturbed by the presence of a discontinuity, and the resistance fac-

tor offers excellent opportunity for test methods. This disturbance in con-

ductivity is the basis of the Sperry rail test, in which transverse fissures are

located by the local change in the conductivity of the rail. A generator

aboard the detector car introduces current (4500 amperes at 2 to 3 volts)

into the rails by means of sets of copper brushes. Each of these brush clus-

ters carries a searching unit consisting of a pair of electrically operated coils.

When a fissure in the rail is encountered current is forced to pass around

the internal break and a change in the density of the flux occurs. The elec-

tromotive force produced operates automatic pens on recorders and a paint

gun beneath the car, A bullet of white paint is shot onto the rail at the

suspected point.

The Sperry Detector (Figure 166) is used to detect longitudinal defects

in both ferrous and non-ferrous metals or magnetic and non-magnetic mate-

rials, since it is independent of and unaffected by magnetic properties. It

detects surface and sub-surface defects which extend to within Vie inch of

the surface, and indicates size and location.

The unit is based on the relationship between an electric current flowing

in a metal and the resistance offered by the metal to the flow. By the ap-

plication of electronic principles, the Detector also signals by a light the

presence of a defect and stops the movement of the material. It is particu-

larly applicable for the fast low cost, non-destructive production testing of

tubing, bar stock and lead sheath.

Pressure Tests. Pressure tests are used to locate leaks in castings, fab-

ricated units, and joined assemblies. Hydrostatic testing consists of filling
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the part with water under a specified pressure and examining the part for

leaks. Steam and air may be used in pressure tests.

Chemical Reactions. Chemical reactions, such as etching, both macro

and micro, are in extensive use to identify the material and also to show the

presence of defects. An illustration of the use of spot testing to detect flaws

{.Courtesy Sperry Products Inc., Danbury, Conn.)

Figure 166. Sperry magnetic detector.

is the application in the ball-bearing industry of a light, non-destructive

etch to show extremely local soft spots and fine cracks.

Spot tests are applications of a few drops of a specific chemical reagent

on the surface of the material to cause a desired chemical reaction or color

change for the identification of certain elements present.

Spark Testing. Spark testing * is a crude, yet simple and quick method
of identifying and sorting material. The material is held against a high-

speed abrasive wheel and the resulting sparks are examined with the naked
eye. It may be said that spark testing is a means of separating different

grades of steel when the chemical compositions are known, and of determin-

ing the grade of unknown steels. The steel held against the silicon carbide
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Figure

167.

Spark

test

for

metals.

(Reprinted

from

''Grits

and

Grinds"

(Norton

Co.),

June

1940.)
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wheel, or vice versa, throws ofT a patten of sparks known as a spark stream.

This is made up of numerous carrier lines which are the visible trajectories

of the incandescent particles thrown off by the grinding wheel. These car-

rier lines transport the effects of the various elements throughout the spark

stream.

Spark characteristics are largely a function of the oxidation of the chemi-

cal elements present in the specimen. The color, shape and size of the sparks

are greatly affected by the type and quantity of these elements (Figure

167). Carbon appears as bursts, and this effect intensifies as the carbon con-

tent increases. Silicon suppresses the carbon bursts and appears throughout

the entire stream in the form of small beads of light. As the sulphur con-

tent increases, a candle flame swelling of increasing intensity appears

throughout the entire spark stream. Phosphorus appears at the very end

of the individual carrier lines in the form of spear heads. Molybdenum

is seen as a well defined spear head at the very end of the stream. The

molybdenum spear head is short and very distinct, while the phosphorus

spear head is long and rather indistinct. Molybdenum imparts an orange

color to the entire spark stream. Nickel manifests itself as definite blocks of

light along the carrier lines. Chromium has the effect of whitening the

carrier lines and making them more distinct throughout the entire stream.

Coating Thickness Measurement

Filmeter. The Filmeter is used to measure rapidly and non-destructively

the thickness of non-conducting (insulating or non-metallic) coatings de-

posited on non-magnetic base metals. The coatings may be paint, varnish,

shellac, lacquer, enamels, plastics, ceramics, and the like, and the base

metal may be any non-magnetic material such as aluminum, magnesium,

copper, brasses and bronzes.

The thickness that may be measured is from 0 to 0.005 inch with an

accuracy of 3 per cent of full scale. The base metal must not be less than

0.011 inch thick for copper or aluminum, and not less than 0.020 inch

thick for brass and bronze. There is no limitation on the maximum thick-

ness of the base metal.

The Filmeter consists of a battery operated electronic beat-frequency

oscillator. The inductance coil of one oscillator is mounted in the end of a

tripod-mounted inductor and is connected to the instrument by means of a

shielded, rubber-covered cable. Earphones enable the operator to deter-

mine when the two oscillators are set to the same frequency.

The principle of operation is based on the inductance effect which the

coated base metal has on the coil in the inductor. The current flowing in

the coil induces eddy currents in the base metal which have an intensity

that varies with the distance between the coil and the base metal. These
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eddy currents produce a change in the inductance in the coil, causing a

change in frequency of the oscillator to which it is connected. This change

in frequency is measured by rotating the 4-inch diameter dial (which is

coupled to a variable condenser) until the frequency returns to its original

value. The fixed oscillator is used as a reference standard. Conversion of

the dial reading to thickness is made by means of an adjustable calibration

curve supplied with the instrument.

Film Thickness Gage. Thickness gages quickly measure the thickness

of non-magnetic material on magnetic iron or steel. Measurements are made

from one side of the coatings without marking the surface.

The Type A thickness gage consists of a gage head, and indicating unit,

and suitable leads. This gage is used primarily for measuring the thick-

ness of thin metallic or non-metallic, non-magnetic coatings on magnetic

steel parts. The normal measuring range is 0.0001 to 0.010 inch of coating

thickness. However, the sensitivity of the gage can be adjusted to permit

measurements down to 0.00005 inch.

The gage head is made up of two magnetic poles, each pole being sur-

rounded by a coil of wire. On the front panel of the indicating unit are

mounted an indicating instrument, a power switch, two three-position

switches—one for adjusting the electric circuit for the thickness of the

coating to be measured, the other for adjusting the sensitivity of the elec-

tric circuit—a potentiometer for adjusting the zero position of the indicat-

ing instrument pointer, and a potentiometer for finer adjustment of the sen-

sitivity of the electric circuit.

The Type B thickness gage (Figure 168) consists of a gage head, a con-

trol unit, and suitable leads. It is used primarily for measuring the thickness

of paints, enamels, heavy platings, bearing linings, and other non-magnetic

coatings on magnetic steel parts. The standard scale range is 0.0001 to

0.100 inch. However, it can be supplied with a special scale range which

is extended to 0.300 inch for non-metallic coatings only. For metallic coat-

ings, the range can be extended to a value somewhere between 0.100 and

0.300 inch, depending upon the resistivity of the metal.

The gage head consists of a steel spool wound with a coil of wire and

fitted with a handle connected to the indicating unit. The gage head is

placed on the coating and the instrument reading is noted. A suitable thick-

ness standard is inserted between the coating and the gage head. If the new

reading of the instrument is not equal to the original reading plus the thick-

ness of the standard, the rheostat has to be adjusted until the instrument

indicates the anticipated value of coating thickness plus standard. Repeat-

ing this procedure several times will adjust the gage correctly for the

particular base metal.

The accuracy varies from approximately plus or minus 5 per cent to
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Figure 168. G-E thickness gage. Type B, being used to measure thicknesses

of carbon deposit on head of removed automotive piston during engine tests.

{Courtesy American Instrument Co,)

Figure 169. Magne-Gage.
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plus or minus 10 per cent of the thickness of the standard used to set the

gage.

Magne-Gage” The “Magne-Gage” consists essentially of a small,

permanent bar magnet freely suspended from a horizontal lever. The latter

is actuated by a spiral spring which is coiled by turning a graduated

dial. The attractive force between the magnet and the specimen is indicated

on the graduated dial, and the readings obtained are converted to thick-

ness by reference to a calibration curve. The instrument is adapted to the

different applications by means of four readily interchangeable magnets

(Figure 169).

To measure thickness, the tip of the magnet is brought into contact with

the specimen and the dial turned until the magnet is detached. The instru-

ment may be calibrated to indicate coating thickness since the thinner the

coating, the greater will be the force necessary to effect the separation.

It is used for measuring nickel coatings up to 0.001 inch thick on non-

magnetic base metals such as copper, brass and zinc nickel coatings up to

0.002 inch thick iron or steel, and non-magnetic coatings up to 0.080 inch

thick on iron or steel. These non-magnetic coatings may be electrodeposited

copper, zinc, cadmium, tin, or chromium; and also non-metallic materials

such as paint or enamel.

The kind of base metal on which the coating is placed does not affect the

magnetic measurements, provided the base metal is non-magnetic. On non-

magnetic coatings on magnetic bases, such as iron or steel, the method is

based on the decrease in magnetic attraction resulting from the interposition

of any non-magnetic material between the magnet and the steel base.
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Weights of AUoys and Metals

Pounds Pounds
Alloys and Metals per per

eu. ft. eu. in.

Alumbum 103 0.0043

Aluminum and Tin:
A191%, Sn9% 178 0.103

Aluminum, Copper, and Tin:
Al 85%, Cu 7.6%. Sn 7.5% 188 0.1087

Al 6.25%, Cu 87.5%, Sn 6.26%. . . . 469 0.2656

Al 5%, Cu 5%, Sn 90% 425 0.2459

Aluminum and Magnesium:
Al 70%, Mg 30% 125 0.0723

Aluminum and Zinc:

A191%, Zn9% 176 0.1012

Antimony 419 0.2424

Babbitt AUoy 454 0.2627

Bismuth 611 0.3535

Bismuth. Lead, and Tm:
Bi 53%. Pb 40%, Sn 7% 659 0.3813
Wood’s Metal:
Bi 50%. Pb 25%, Cd 12.5%,
Snl2.6% 605 0.3501

Brass:

Cu 90%, Zn 10% 636 0.3101

Cu70%. Zn30% 527 0.3049

Cu 60%. Zn 40% 521 0.3015
Cu 60%. Zn 50% 611 0.2967

Bronze:
Cu90%. Snl0% 648 0.3171

Cu85%. Snl6% 655 0.3211

Cu80%, Sn20% 645 0.3153
Cu 75%. Sn 25% 651 0.3188
Cu90%. A110% 480 0.2777
Cu95%, A15% 622 0.3020

Cu97%, A13% 642 0.3136

Bronze. Phosphorus, Average 637 0.3107

Bronze. Tobb, Average 503 0.291

Cadmium and Tin:

Cd 32%, Sn 68% 480 0.2777

Chromium 436 0.2523

Cobalt 633 0.3084

Copper 657 0.3223

Copper and Nickel:

Cu 60%. Ni 40% 664 0.3206

German Silver:

Cu 60%. Zn 20%, Ni 20% 630 0.3067
Cu 62%. Zn 26%, Ni 22% 627 0.3049
Cu 69%, Zn 30%, Ni 11% 620 0.3009

Cu 63%, Zn 30%, Ni 7% 618 0.2997

Gold 1208 0.699

Gold and Copper:
Au 98%, Cu 2% 1176 0.6806
Au 90%, Cu 10% 1071 0.6197

Au 86%, Cu 14% 1027 0.5943

Gun Metal. Average 544 0.3148

Iridium 1396 0.8078

Iron. Cast 450 0.2604

Iron. Wrought 480 0,2777

Alloys and Metals
Pounds

per
eu. ft.

Pounds
per

eu. b.

Lead ... 708 0.4097

Lead and Antimony:
Pb 30%. Sb 70% ...450 0.2604
Pb 37%. Sb63% ...460 0.2662
Pb 44%, Sb 56% ... 476 0.2748
Pb 63%. Sb 37% ... 614 0.2974
Pb83%, Sb 17% ... 696 0.3449

Pb 90%. Sb 10% ...658 0.3807

Lead and Bismuth:
Bi 67%. Pb 33% ...639 0.3697
Bi 60%, Pb 60% ... 656 0.3796
Bi 33%, Pb 67% ...682 0.3946

Bi 26%, Pb76% ... 697 0.4033

Bi 17%. Pb83% ... 702 0.4062

Bi 12%, Pb 88% ...703 0.4068

Lead and Tin:
Pb 87.5%, Sn 12.5% ... 661 0.3825
Pb 84%. Snl6% ... 644 0.3726
Pb 63.7%. Sn 36’.3% ... 588 0.3402

Pb 46.7%, Sn 53.3% .... 645 0.3153
Pb 30.6%, Sn 69.6% .... 514 0.2974

Magnesium .... 109 0.063

Manganese .... 499 0.2887

Manganese. Copper, and Nickel:
Mn 12%, Cu84%, Ni 4% ...530 0.3067

Mercury ...849 0.4913

Nickel ...650 0.3182

Osmium ...1402 0.8113

Palladium ... 712 0.412

Platbum . . . . 1344 0.7777

Pbtbum and Iridium:
Pt 90%, Iridium 10% ...1348 0.780

Rhodium ... 765 0.4369

Ruthenium ...765 0.4427

Silver ... 654 0.3784

Steel, Cast ... 490 0.2835

Tb ... 460 0.2662

Tb and Antimony:
Sn 60%, Sb50% .... 424 0.2453
Sn 76%. Sb 25% .... 442 0.2567

Tb and Bismuth:
Bi 78%, Sn 22% ... 687 0.3396
Bi 63%, Sn 37% ... 570 0.3298
Bi 60%. Sn 60% ...546 0.3169
Bi 37%, Sn63% ...530 0.3067
Bi 22%, Sn 78% ... 504 0.2916

Tb and Lead:
Sn 97%. Pb 3% ... 456 0.2638
Sn 89%. Pb li% ... 475 0.2748
Sn 80%, Pb 20% ... 487 0.2818
Sn 67%. Pb 33% ... 512 0.2962
Sn 50%, Pb 60% ... 550 0.3182

Titanium ... 224 0.1296

Tungsten . ..1078.7 0.6242

Zbo ... 437 0.2528
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Weights of Various Materials

Average
per

Material cubic
foot in

pounds

Brick

Common 100

Cements

Portland 94

Coal and Coke
Anthracite 60

Bituminous 49

Charcoal 18.5

Coke 20.3

Concrete
Cement, fine 137

Rubble, coarse 119

Earth
Loam, dry, loose. . 76

Loam, packed ... 95

Loam, soft, loose

mud 108

Loam, dense mud . 125

Glass

Flint 192

Floor or skylight. . 158

Plate 172

Window, common . 157

Gravel
Dry, packed 118

Wet, packed 130

Lime

Quick, loose lumps. 53

Quick, fine 75

Stone, large rocks. 168

Stone, irregular

lumps 96

Masonry
Dry 138

Granite or lime*

stone 165

Average
per

Material cubic
foot in

pounds

MASONRY—Cont'd

Mortar, rubble 164

Sandstone,dressed. 144

Metals

Aluminum 166

Brass, cast 524

Bronze 548

Copper, cast 537

Copper, rolled or

wire 555

Iron, gray cast.. . . 445

Iron, white cast.. . 475

Iron, wrought 490

Lead, cast 708

Lead, rolled 711

Nickel 637

Steel, cast 490

Steel, rolled 495

Steel, stainless 473-516

Tin, cast 455

Zinc, cast 443

Oils

Crude 48

Engine 55

Gasoline 43

Petroleum 55

Rocks

Chalk 145

Granite 165

Gypsum 143

Limestone and
marble 164

Pumice Stone 57

Quartz 165

Salt, coarse

Salt 49

Material

Average
per
cubic
foot in

pounds

Rocks—

C

ont'd

Sandstone 150

Shales 162

Slate, American.. . 175

Soapstone 170

Sand

Dry, loose 100

Dry, packed 110

Water

As ice 58.7

At 39.2® F. (maxi-

mum density) . . 62.425

At60®F 62.37

At 212® F 69.76

Woods, Dry

Apple 48

Beech 43

Birch 45

Black Walnut .... 35

Cedar, American.. 35

Chestnut 41

Ebony 76

Elm 35

Hemlock 25

Hickory 53

Ironwood 114

Mahogany 35-53

Maple 49

Oak, live 59

Oak, white 50

Pine, white 25

Pine, yellow north-

ern 34

Pine, yellow south-

ern 45

Spruce 25



APPENDIX 531

Thermal Properties of Metals

Motcriol

Mean
Sp. Ht.

60 F to M.P
Btu/Lb.

per deg. F

Melting

Point

deg. F

Heot
in Solid

ot M.P

Btu/Lb.

Lotent

Heot

of Fusion

Btu/Lb.

Heot

in Liquid

ot Melting

Temp. Btu

per Lb.

Average

Pouring

Temp,

deg. F.

Heat in

Liquid a1

Pouring

Temp, deg

Aluminum 0.248 1215 169.0 455.0
Antimony 0.054 1166 59.7 70.0 129.7
Bobbitt-Leod Base 0.039 462 15.8 26.2 42.0 625 48.0
Bobbirt-Tin Bose 0.071 464 28.6 34.1 67.7 916 91.0
Bismuth 0.033 418 15.1 18.5 33.6 620 37.2

Bross, Muntz Metal 0.105 1630 MB 69.0 234.0 1850 261.0
Bross, Red 0.104 1952 HSEH 86.5 283.5 2250 317.8
Brass, Yellow (85 Cu-15 Zn) 0.104 1877 84.4 273.4 2150 305.0
Bronze, Aluminum 0.126 1922 98.6 333.6 2200 368.0
Bronze, Bearing 0.095 1832 168.3 799 248.2 2050 272.0

Bronze, Bell Metal 0.100 1634 157.4 76.3 233.7 1900 265.4
Bronze, Gun Metol 0.107 1850 191.5 84.2 275.7 2100 302.0
Bronze, Tobin 0.107 1625 167.5 73.5 241.0 1850 268.9
Cadmium 0.058 610 37.4 19.5 56.9 750 10.0
Chromium 0.157 2929 479.0 479.0 —
Copper 0.104 1982 200.0 91.0 291.0 2200 24.0
Die Casting, Aluminum Base 0.236 1150 257.3 163.0 420.3 1400 481.0
Die Casting, Lead Base 0.038 600 20.5 17.5 38.0 820 146.C
Die Costing, Tin Bose 0.070 450 27.6 30.2 57.8 650 70.C

Die Casting, Zinc Base 0.103 780 74.0 48.0 122.0 990 150.C

German Silver 0.109 1850 194.0 86.2 280.2 2100 311.(

Gold 0.033 1945 62.2 28.5 90.7 2150 97.1

Iron, 60 to 2786 F 0.165 2786 447.0 89.0 536.0 2912 555.(
Iron, 60 to 2560 F 0.158 — •395.0 3.5 t399:0
Iron, 60 to 1700 F 0.158 — •258.0 12.5 t270.5 — —
Iron, 60 to U35 F 0.150 •187.5 11.5 tl99.0 —
Lend 0.032 621 18.0 10.0 28.0 720 31.<

Linotype 0.036 486 15.3 21.5 36.8 620 4l.(

Magnesium 0.272 1204 311.2 83.7 394.9 1380 441.
Mangonese 0.171 2246 374.0 66.0 440.0 2400 469J

Molybdenum 0.060 4750 __
Monel Metal 0.129 2415 304.0 117.4 421.4 2750 468.
Nickel, 60 to 2644 F 0.134 2644 346.0 131.5 477.5 2850 505.
Flotinum 0.032 3224 48.0
Rhodium 0.060 3570 — — — —
Silver 0.063 1762 107.0 46.8 153.8 1950 167.

Solder, Bismuth 0.040 232 9.3 16.4 25.7 330 29.

Solder, Plumbers 0.051 414 18.0 23.0 41.0 500 45.

Steel 0.165 Not given because of the many kinds of steel

Stereotype 0.036 496 15.5 26.2 41.7 620 46

Tin 0.069 450 27.0 25.0 52.0 650 64
Tungsten 0.035 6120 79.0 —
Vonodium 0.118 3110 — — —
Zinc 0.107 786 77.8 48.0 125.8 900 142
Zirconium 0.066 3090 — — —

* H€a$ in iolid up to transformation point, t Heat in solid after aUotropic chtnge.

{Materials & Methods, January 1



532 APPENDIX

Coefficients oj Linear Expansion

For 1 degree Centigrade.

For 1 degree Fahrenheit, multiply by 5/9.

20 20 20 20 20 20 100 200 300 400 600
Centigrade to to to to to to to to

!
to to to

Material
100 200 300 400 600 600 200 300 400 500 600

70 70 70 70 70 70 210 390 670 750 930
Fahrenheit to to to to to to to to to to to

210 390
!
670 750 930 1110 390 570

!

750 930 1110

Aluminum Cast 23.8 24.7 25.7 ESI 27.7 28.7 25.5 27.5

i

29.5 31.5 33.5
Antimony 10.5*'

Arsenic 5.0*

Bismuth 13.2*

Brass. Soft (72 Cu cN00CM

Rolled & Ann. 17.8 18.5 19.1 19.8 20.5
Brass. Soft (66 Cu . 34 Zn)

Rolled A Ann. 19.5 20.0 20.5 21.1 21.6
Brass, Naval (60 Cu. 1 Sn,

39 Zn) Rolled 19.8 20.5 21.2 21.8 22.5

Bronze. Aluminum Cast 17.6 17.9 19.2
Bronze, Lead Cast 19.1 19.2 19.4 19.5 19.6
Bronze, Manganese Cast 20.0 20.4 20.8 21.6 22.7
Bronze, Nickel Cast! 17.3 17.7 18.1 18.4 18.8
Bronze, Phosphor Cast 18.1 18.4 18.8 19.1 19.4

Cadmium 31.6*
1

Carbon (Graphite) 7.86*
Cobalt 12.36*
Copper Rolled 16.6 17.1 17.6 18.1 18.6
Duralumin 23.8 24.7 25.7 26.3 27.2

Gold 13.8**

Gun Metal Cast 18.7 19.1 19.6 20.0 20.4
Lead 27.09*
Magnesium 25.8*

Monel Metal Rolled 13.9* 14.4* 14.9* 15.5* 16.0*
«« <« ** 13.5* 14.1* 14.7* 15.3* 15.9*
u as Cast 16.5* 16.6* 16.8* 17.0* 17.2*

Muntz Metal (60 Cu. 40 Zn)
Rolled 19.5 20.3 21.0 28.0

Nickel Rolled 13.1* 13.8* 15.5 13.5 14.8 17.2 16.6 17.1
Nichrome Rolled 12.4* 13.0* 13.6* 14.1* 14.7*
Palladium 11.76*
Platinum 8.99*

Silicon 7.63*
Silver. 19.21*
Silver Solders 19.0* 19.2* 19.6* 20.4* 21.3*
Tantalum 6.5*
Tin — 22.95*

Tungsten 4.3* 4.4* 4.5* 4.6* 4.6* 4.5 4.6 4.7 4.8
29.76*

EXPANSION OF WATER
MAXIMUM DENSITY-

1

C® Volume C® Volume C® Volume Ic® Volume C® Volume |c- Volume

0 1.000126 10 1.000257 30 1.004234
1
^ 1.011877 70 1.022384 1 90 1.036829

4 1.000000 20 1.001732 40 1.007627 |60 1.016954 80 1.029003 m 1.043116

Starting at 0®C or 32® F,
-•25-105® C or 75—210® F.
Data on coefficient of e»>an8ion abstracted from **Symposium on Effects of Temperature on the Proper-

ties of Metals/* American Society for Testing Materials and American Society of Mechanical Engine^
June 1931—^See Mochel. p. 509 on **Thermal Expansion of Metals.**

All coefficients of expansion in table have been multiplied 10*. For example, the table gives 12A,
but the actual coefficient is 12.4 x 10^ — .0000124.



APPENDIX 533

Coefficients oj Linear ^Expansion

For 1 degree Centigrade.

For 1 degree Fahrenheit, multiply by 5/9.

BH 0 0 0 100 KSWl 300 400 500 600
to to to to to to to to to to

Material
200 400 500 600 200 300 400 500 700

32 32 32 32 212 390 570 750 930 1110
Fahrenheit BTH to to to to to to to to to to

390 570 750 390 570 750 930 1110 1290

Electrolytic Iron 12.0 13.3 N 13.0 14.5 15.3 15.9 16.8 17.4
Armco Iron 12.2 12.8 13.4 13.9 KM
Cast Iron:

1.10 SI, .300 P, 0.70 Mn,
2.75 GC, 3.06 TC 11.1 11.6 12.2 12.7 13.2

2.00 Si. .255 IP, 0.93 Mn,
2.48 GC. 3.12 TC 10.6 11.3 11.9 12.5 13.2

1.44 Si, .291 P, 0.85 Mn.
2.88 GC, 3.66 TC 10.4 11.1 11.7 12.3 12.9

Rolled Carbon Steels:
0.17 C, 0.42 Mn Rolled 11.8 12.4 13.0 13.6 14.2
.08-.18 C, under .55 Mn.

Rolled 12.8 13.3 13.9 14.4 14.9
S.A.E.1025 Rolled 12.0 12.6 13.2 13.7 14.3
S.A.E.1035 Rolled 12.6 13.1 13.6 14.0 14.5

0. H. Screw Stock
Cold—Drawn 12.2 12.8 13.5 14.2 14.8

0.41 C, 0.64 Mn..Annealed
|

11.1 12.7 14.3 12.2 14.3 15.8 15.7 16.0 16.6
0.59 C, 0.92 Mn..Annealed

!
11.1 12.9 14.6 12.5 14.6 15.4 16.1 16.8

I

16.6
0.49 C, 1.21 Mn..Annealed 11.3 12.7 14.5 12.2 14.2 16.3 17.7 15.4 16.7

Forged Carbon Steels:
0.40-0.45 C, 0.40-0.80 Mn,

Nor. and Ann 11.3 12.1 12.9 13.6 14.4
S.A.E. 1025... Q. & D. 12.2 12.8 13.4 14.0 14.7
8.A.E. 1055.... 11.1 11.8 12.5 13.2 13.9

Cast Carbon Steels:
0.25-0.35 C, 0.40-1.00 Mn.

Annealed 11.9 12.6 13.3 14.0 14.7

Nickel Steels:
0.33 C. 0.78 Mn, 3.59 Ni.

Annealed 10.9 12.1 13.8 11.5 13.6 15.2 15.1 15.7
0.33 C. 0.78 Mn. 3.59 Ni.

Q. & D. 10.9 11.6 12.3 12.9 13.6

5% NI Roiled 11.5 12.0 12.4 12.9 13.4
Ni 3.7 9.2 13.6 8.4 14.1 16.6 18.4 18.8 19.1

36M% Ni. (Invar)t 2.9t 10.9: 14.61

Nickel-Chromium Steels:
8.A.E. 3145 Q. & D. 11.8 12.3 12.9 13.4 14.0
8.A.E. 3440 Q. & D. 11.5 12.1 12.7 13.3 13.9

Chromium -Vanadium
Steels:

S.A.E. 6115.... Annealed 11.6 12.7 14.0 12.5 13.7 14.6 15.2 16.0 15.8
S.A.E. 6135.... Annealed 11.6 12.9 14.6 12.6 14.2 16.0 15.9 16.4 16.9

Chromium Molybdenum
Steels:

S.A.E. 4140.... Annealed 11.1 11.7 12.3 13.0 13.6

Stainless Steels:
0.30 C, 13.00 Cr...Annealed 10.0 11.0 12.0 10.6 12.0 12.6 13.5 13.9 13.7
0.13 C, 13.50 Cr...Annealed 10.2 10.5 10.9 11.3 11.7 12.1

«

0.15 C. 18.00 Cr. 8.00 Ni.
Rolled 17.3 20.2^

0.07 C, 18.00 Cr, 8.00 Ni 16.0 19.0^

_ 20—1000® C, or 70—1830® F X Invar 2,9—20® to 126® C; 10.9—20® to 506® C;
i 600-^1000® C, or 1110- 1830® F. 14.6—20® to 971® C.
M O— 800® C, or 32—1470® F.
Data on coefficient of e^nsion abstracted from “Symposium on Effects of Temperature on the Proper-

ties of Metals/* American Society for Testing Materials and American Society of Mechanical Engineers,

June 1931—See Mochel, p. 509 on “Thermal Expansion of Metals.*’
All coefficients of expansion in table have been multiplied by 10». For example, the table gives 12.4,

but the actual coefficient is 12.4 x 10*«: - .0000124.
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II 3,272 2,516 1.139 2,730 2,640 4,622 1,413 2.140 7,600 2,550 4,000 5,200 5,972 4,170 4,700 2,640 8,670 5,430

Melting

point
®F.

1,220 1,167
1,497

a

2,460

519.8

4,172

609.6

1,490 6,300 1,184 2,939 2,696 3,542 1,981 1,945

311
4,262 2,795

Atomic weight 26.96
121.77

74.96
9.02

209.0

10.82
112.41

40.07
12.000

140.25
52.01 58.97 92.91 63.57

197.2 114.8 193.1

55.84

loqniXg — ftco T3o8 a;>iHOpfi:dS)PQ««000 00000< hSAPm

Element

Aluminum

Antimony
Arsenic

Beryllium

Bismuth

Boron

Cadmium

Calcium Carbon

Diamond
Graphite

Cerium

Chromium

Cobalt

Columbium

Copper

Gold
Indium Iridium

Iron

Alpha
Gamma
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Elastic Properties

Rlflditj or stiffneM is usually eoasldsrsd as onh of the fundamental

attributes of metals. For certain applientioiiv such as springs^ we think of

flexibility. The engineer realises that both of these ideas are represented by

the same property, modulus of elasticity.

The modulus of dastlcity of a mat^al is the ratio of unit stress due to

an applied load,* to the nult strain or deformation, within the elastic limit.

It U expressed in pounds per sq. in. It is not dependent upon the tensile

strength or yield point of the material, nor with the heat treatment or

processing of the material. Beryllium copper Is an exception to this rule, in

that changes in heat treatment actnally produce a change in modulus of

elasticity. Temperature of operation also affects the modulus, rising tempera*

ture causing a decrease.

While the ralues giren In Table II Illustrate the effects of bending, the

same proportionate relationships bold approximately true lor these materials

in torsion.

Table I

Modulus of Elasticity for Some Common Materials

(in millions of pounds per sq. in.)

E C

Aluminum alloys 10.3

Beryllium copper 16.0 to 18.5 6.0 to 7.0

Brass (70.30) IS.O 5.5

Cast iron 14.0 to 18.0

Chrome vanadium steel 30.0 11.5

Flat spring steel 30.0 11.5

Hard.drawn steel spring wire 29.0 11.5

High carbon steel wire 30.0 11.5

Hot.rolled steel bars 28.5 10.5

Inconel 31.0 11.0

K Monel
!

26.0 9.5

Magnesium alloys 6.5

Malleable iron 25.0

Monel 26.0 9.5

Music wire 30.0 11.5 to 12.0

Nickel silver 16.0 5.5

Oil-tempered steel wire 29.0 11.5

Phosphor bronze 15.0 6.25

Plastics 0.5 to 3.0

Stainless steel 28.0 10.0

Z nickel 30.0 11.0

In springs, the material must frequently undergo twisting. The modulus of

dasticity in bending, which has been described, is nsually represented by
the symbol E, while the modulus of elasticity in shear, expressing stiffness

in twisting. Is expressed as G. These moduli are related by a definite value

called Poisson's ration, having the value '

As a guide to the deflections produced by a given weight in various
materials, the following table has beep constructed to show the deflection
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of Materials

in incbet th«t will be produced in a rod 1 in. in diem., 10 in. long, held

at one end and aupportlng a 10*lb. weight at the other:

Table U

Material Deflection Load to Produce
0.001 -in. Deflection

Aluminum alloys 0.0066 in. 1.5 lb.

Cast iron 0.0043 in. 2.4 lb.

Copper alloys 0.0043 in. 2.4 lb.

Magnesium alloys 0.0105 in. 0.95 lb.

Malleable iron 0.0027 in. 3.7 lb.

Steel 0.0023 in. 4.4 lb.

The following conditiona or atatee of a given material are aometimes

erroneoualy thought of aa affecting ita modulua of elaaticity: (1) Hardneaa,

(2) heat treatment or temper. (3) variationa in alloy compoaition. and

(4) method of production.

Except for very alight changea aometimea produced by variationa in

compoaition. and for the exception already noted in the caae of beryllium

copper; modulua of elaaticity ia independent of any changea in theae

propertiea. It ia therefore impoaaible to attempt to reduce deflection under

load for a given material by heat treating it. The only effect of hardening

ia to enable the material to carry a higher load without taking a permanent

deformation. It doea not affect ita flexibility under loada below the elaatio

limit.

Modulua of elaaticity for the common ttructural metala ia abown in the

accompanying bar graph. Theae valuea alao repreaent the relative rigidity of

the materiala.

Modulus of Elasficify^Millions ps.i.
. — N> hO ojo 'J'* o u? o m o

iurn Allo' 'S

(h

V
\

^ \

\
\
\

\

AluminuTn Alloys

Copper-base Alloys,Cast Iron

Steel, Nickel Alloys ^

The modulua of elaaticity finda a practical uae in calculating aiiea when
aubatitnting one material for another in a apring. The formula expreaaing theae

aixe relationahlpa iai

where ti and Ei are the thiokneaa and modulua of eUaticity. reapectively. of

the new material, and ta and Ea are the valuea for the material being replaced.

Valuea of C are not given, aa changing materiala in a helical apring usually

requires a more complete redesign of the part.

(Courtesy Materials & Methods, January 1945)

Prepared by Kenneth Rose. Based in part upon a Materials Laboratory

letter of Sperry Gyroscope Co., Inc.
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AISI STANDARD CARBON STIILS

BASIC OPEN HEARTH, ACID OPEN HEARTH AND ACID BESSEMER

Applicable only to BARS, RODS, BILLETS, BLOOMS AND SLABS

SubiMt fe ParmitiibU Vorlgtioni for Chock Analytoi

B dcflotes sdd bessemer ctrbon steel C denotes basic open hearth carbon steel

D denotes add open hearth carbon steel

Chemical composition limits, per cent

AISI SAE
Number c Mfl P, max. S, max. Number

C1005 0.06 max. 0.35 max. 0.040 0.050 —
C1006 0.08 max. 0.25-0.40 0.040 0.050 1006

C1008 0.10 max. 0.25-0.50 0.040 0.050 1008

ClOlO 0.08-0.13 0.30-0.60 0.040 0.050 1010

C1012 0.1(H).15 0.30-0.60 0.040 0.050 —

C1013 0.11-0.16 0.50-0.80 0.040 0.050 —
C1015 0.13-0.18 0.30-0.60 0.040 0.050 1015

CI016 0.13-0.18 0.60-0.90 0.040 0.050 1016

C1017 0.13-0.20 0.30-0.60 0.040 0.050 1017

C1018 0.13-0.20 0.60-0.90 0.040 0.050 1018

C1019 ‘0.13-0.20 0.70-1.00 0.040 0.050 1019

C1020 0.18-0.23 0.30-0.60 0.040 0.050 1020

C1021 0.18-0.23 0.60-0.90 0.040 0.050 —
C1022 0.18-0.23 0.70-1.00 0.040 0.050 1022

C1023 0.20-0.25 0.30-0.60 0.040 0.050 —

C1024 0.19-0.25 1.33-1.65 0.040 0.050 1024

C1023 0.22-0.28 0.30-0.60 0.040 0.050 1025

C1026 0.22-0.28 0.60-0.90 0.040 0.050

C1027 0.22-0.29 1.20-1.50 0.040 0.050 1027

C1029 0.25-0.31 0.60-0.90 0.040 0.050 —

C1030 0.28-0.34 0.60K).90 0.040 0.050 1030

C1033 0.30-0.36 0.70-1.00 0.040 0.050 1033

C1034 0.32-0.38 0.30-0.80 0.040 0.050 1034

C1035 0.32-0.38 0.60-0.90 0.040 0.050 1035

C1036 0.30-0.37 1.20-1.30 0.040 0.030 1036

C1038 0.35-0.42 0.60^.90 0.040 0.050 1038

C1039 0.37-0.44 0.70-1.00 0.040 0.050 —
C1040 0.37-0.44 0.60-0.90 0.040 0.050 1040

C1041 0.36-0.44 1.33-1.65 0.040 0.050 1041

C1042 0.40-0.47 0.60-0.90 0.040 0.050 1042

C1043 0.40-0.47 0.70-lX)0 0.040 0.050 1043

C1045 0.43r4>.50 0.60-0.90 0e040 0.050 1045

C1046 0.43-0.30 0.70-100 0.040 0.050 1046

C1030 0.48-0.55 0,6(H)e90 0U>40 0.050 1050

C1031 0.45-0.56 0.85-1.15 0.040 0.050 —
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AISl STANDARD CARBON STULS

BASIC OPEN HEARTH, ACID OPEN HEARTH AND ACID BESSEMER

Applicable only to BARS, RODS, BILLETS, BLOOMS AND SLABS

SttbiMt to PonniMiblo VorioHont for Chodc Anolyios

B denotes add bessemet carbon steel C denotes basic open hearth carbon steel.

D denotes acid open hearth carbon steel

Chemical composition limits, per cent

AISI — SAB
Number c Mn P, max. S, max. Number

C1052 0.47-0.55 1.20-1.50 0.040 0.050 1052

C1054 0.50-0.60 0.50-0.80 0.040 0.050 —
C1055 0.50-0.60 0.60-0.90 0.040 0.050 1055

C1057 0.50-0.61 0.85-1.15 0.040 0.050 —
C1059 0.55-0.65 0.50-0.80 0.040 0.050 —

C1060 0.55-0.65 0.60-0.90 0.040 0.050 1060

C1061 0.54-0.65 0.75-1.05 0.040 0.050 —
C1062 0.54-0.65 0.85-1.15 0.040 0.050 1062

C1064 0.60-0.70 0.500.80 0.040 0.050 1064

C1065 0.60-0.70 0.60-0.90 0.040 0.050 1065

C10C6 0.60-0.71 0.85-1.15 0.040 0.050 1066

C1069 0.65-0.75 0.40-0.70 0.040 0.050 --

C1070 0.65-0.75 0.60-0.90 0.040 0.050 1070

C1071 0.65-0.76 0.75-1.05 0.040 0.050 —
C1074 0,70-0.80 0.500.80 0.040 0.050 1074

C1075 0.70-0.80 0.40-0.70 0.040 0.050 —
C:078 0.72-0.85 0.30-0.60 0.040 0.050 1078

C1080 0.75-0.88 0.600.90 0.040 0.050 1080

C1084 0.80-0.93 0.600.90 0.040 0.050 —
C108S 0,80-0.93 0,70-1.00 0.040 0.050 1085

C1090 0.85-1.00 0.600.90 0.040 0.050 1090

C1095 0.90-1.05 0.300.50 0.040 0.050 1095

B 1006 0.08 max. 0.45 max. 0.07-0.12 0.060 —
BlOlO 0.13 max. 0.300.60 0.07-0.12 0.060 —

D1049 0.43-0.50 0.500.80 0.050 0.050 —
D10S4 0.50-0.60 0.500.80 0.050 0.050 —
D1039 0.55-0.65 0.500,80 0.050 0.050 —
D1064 0.60-0.70 0.500.80 0.050 0.050 —
D1069 0.65-0.75 0.400.70 0.050 0.050 —
D1075 0.70-0.80 0.400.70 0.050 0.050 —
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AISI STANPARD SULPHURIZED CARBON STEELS

BASIC OPEN HEARTH AND ACID BESSEMER SULPHURIZED

Appllcobb only to BARS, RODS, BILLETS, BLOOMS AND SLABS

Subl^ct to PormiiiibU Varlafiont for Check Analyses

(Sulphurized steel is not subject to check analysis for sulphur)

Chemical composition limits, per cent

AISI SAE
Number c Mn P, max. S, max. Number

C1106 0.08 max. 0.30-0.60 0.045 0.08-0.13 —
CU08 0.08-0.13 0.3(K).80 0.045 0.07-0.12 —
C1109 0.08-0.13 0.6(H).90 0.045 0.08-0.13 1109

ClllO 0.08-0.13 0.30-0.60 0.045 0.08-0.13 —
Cllll 0.08-0.13 0.60-0.90 0.045 0.16-0.23

cm3 0.10-0.16 1.00-1.30 0.045 0.24-0.33

CU14 0.10-0.16 1.00-1.30 0.045 0.08-0.13 1114

CU13 0.1>O.18 0.60-0.90 0.045 0.08-0.13 1115

C1U6 0.14-0.20 1.10-1.40 0.045 0.16-0.23 1116

C1U7 0.14-0.20 1.00-1.30 0.045 0.08-0.13 1117

ClllS 0.14-0.20 1.30-1.60 0.045 0.08-0.13 1118

C1U9 0.14-0.20 1.00-1.30 0.045 0.24-0.33 1119

CU20 018-0.23 0.70-1.00 0.045 0.08-0.13 1120

C112S 0.22-0.28 0.60-0.90 0.045 0.08-0.13 —
cim 0.23-0.29 0.70-1.00 0.045 0.08-0.13 1126

cm? 0.32-0.39 1.35-1.65 0.045 0.08-0.13

CU38 0,34-0.40 0.70-1.00 0.045 0.08-0.13 1138

C1140 0.37-0.44 0.70-1.00 0.045 0.08-0.13 1140

ClUl 0.37-0-45 1.35-1.65 0.045 0.08-0.13 1141
C1144 0,40-0.48 1.35-1.65 0.045 0.24-0.33 1144

C1M5 0.42-0.49 0.70-1.00 0.045 0.04-0.07 1145
CU4< 0.42-0.49 0.70-1.00 0.045 0.08-0.13 1146
cnsi 0.48-0.55 0.70-1.00 0.045 0.08-0.13 1151

Bim 0.13 max. 0.60-0,90 0.07-0.12 0.08-0.15 1111

Bim 0.13 max. 0.70-1.00 0.07-0.12 0.16-0.23 1112

B1U3 0.13 max. 0.70-1.00 0.07-0.12 0.24-0.33 1113

(a) Silicon content may not be specified on bars ordered as Merchant Bar Quality.

(b) Silicon ranges as noted below may be specified for open hearth grades of Special Bar Quality.

Low sulphur Sulphurized Silicon

Up to 1015 excl.

Iul5 to 1025 incl.

Over 1025

Up to 1113 excl.

1113 to 1151 incl.

0.10 max.
0.10 max., 0.10-0.20 or 0.15-0.30

0.10-0.20 or 0.15-0.30

If other iimiutioos are ^nired, the grade becomes non-ftandard.

(c) Bessemer compositions of either Merchant or Special Bar Quality are not supplied with
specified silicon content.

(d) Copper may be specified as an added element to a low solphur standard steel without causing

the grade to become non-standard.
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MSI STANDARD ALLOY STEELS

OPEN HEARTH AND ELECTRIC FURNACE

Applicable only to BARS, BILLETS, BLOOMS AND SLABS

Subject to Peminible Variations for Check Analyses

Chemical composition limits, per cent

SAE
Numbett C Mn P S Si Ni Cr Mo

1320 0.18-0.23 1.60-1.90 0.040 0.040 0.20-0.35 _
1321* 0.17*0.22 1.80-2.10 0.050 0.050 0.15-0.35 — — —
1330 0.28-0.33 1.60-1.90 0.040 0.040 0.20-0.35 — — —
1335 0.33-0.38 1.60-1.90 0.040 0.040 0.2(H).35 — — —
1340 0.38-0.43 1.60-1.90 0.040 0.040 0.20-0.35 — — —

2317 0.15-0.20 0.40-0.60 0.040 0.040 0.20-0.35 3.25-3.75 —
2330 0.28-0.33 0.60-0.80 0.040 0.040 0.20-0.35 3.25-3.75 — —
2335* 0.33-0.38 0.60-0.80 0.040 0.040 0.20-0.35 3.25-3.75 — —
2340 0.38-0.43 0.70-0.90 0.040 0.040 0.20-0.35 3.25-3.75 — —
2345 0.43-0.48 0.70-0.90 0.040 0.040 0.20-0.35 3.25-3.75 — —

E2S12 0.09-0.14 0.45-0.60 0.025 0.025 0.20-0.35 4.75-5.25 — —
2515 0.12-0.17 0.40-0.60 0.040 0.040 0.20-0.35 4.75-5.25 — —

E2S17 0.15*0.20 0.45-0.60 0.025 0.025 0.20-0.35 4.75-5.25 — —

3115 0.13-0.18 O.4O-O.6O 0.040 0.040 0.20-0.35 1.10-1.40 0.55-0.75 —
3120 0.17-0.22 0.60-0.80 0.040 0.040 0.20-0.35 1.10-1.40 0.55-0.75 —
3130 0.28-0.33 0.60-0.80 0.040 0.040 0.20-0.35 1.10-1.40 0.55*0.75 —
3135 0.33-0.38 0.60-0.80 0.040 0.040 0.20-0.35 1.10-1.40 0.55-0.75 —
3140 0.380.43 0.70-0.90 0.040 0.040 0.20-0.35 1.10-1.40 0.55-0.75 —
3141 0.38-0.43 0.70-0.90 0.040 0.040 0.20-0.35 1.10-1.40 0.70-0.90 —
3145 0.43-0.48 0.70-0.90 0.040 0.040 0.20-0.35 1.10-1.40 0.70-0.90 —
3150 0.48-0.53 0.70-0.90 0.040 0.040 0.20-0.35 1.10-1.40 0.70-0.90 —

E3310 0.080.13 0.45-0.60 0.025 0.025 0.20K).35 3.25-3.75 1.40-1.75

E3316 0.14-0.19 0.45-0.60 0.025 0.025 0.20-0.35 3.25-3.75 1.40-1.75 —

4017 0.15-0.20 0.70-0.90 0.040 0.040 0.20-0.35 — 0.20-0.30

4023 0.20-0.25 0.70-0.90 0.040 0.040 0.20-0.35 — — 0.20-0.30

4024. 0.200.25 0.70-0.90 0.040 0.035-0,050 0.20-0.35 — — 0.20-0.30

4027 0.25-0.30 0.70-0.90 0.040 0.040 0.20-0.35 — — 0.20-0.30

4028 0.25-0.30 0.70-0.90 0.040 0.035-0.050 0.20-0.35 — — 0.20-0.30

4032 0.30-0.35 0.70-0.90 0.040 0.040 0.20-0.35 — — 0.20-0.30

4037 0.35*0.40 0.70-0.90 0.040 0.040 0.20-0.35 — — 0.20-0.35

4042 0.400.45 0.70-0.90 0.040 0.040 0.20-0.35 — — 0.20-0.30

4047 0.45-0.50 0.70-0.90 0.040 0.040 0.20-0.35 — — 0.20-0.30

4053 0.500;56 0.75-1.00 0.040 0.040 0.20-0.35 — — 0.20-0.30

4063 0.600.67 0.75-1.00 0.040 0.040 0.20-0.35 — # — 0.20^.30

4068 0.63-0.70 0.75-1.00 0.040 0.040 0.20-0.35 — — 0.20-0.30.

4130 0.28-0.33 0.40-0.60 0.040 0.040 0.20-0.35 — 0.80-1.10 0.15-0.25

E4132* 0.30-0.35 0.40-0.60 0.025 0.025 0.20-0.35 — 0.80-1.10 0.18-0.25

E4135* 0.33-0.38 0.70-0.90 0.025 0.025 0.20-0.35 — 0.80-1.10 0.18-0.25

4137 0.35-0.^ 0.70-0.90 0.040 0.040 0.20-0.35 — 0.80-1.10 0.15-0.25

E4137* 0.35-0.40 0.70-0.90 0.025 0.025 0.20-0.35 — 0.80-1.10 0.18-0.25

4140, 0.38-0.43 0.75-1.00 0.040 0.040 0.20-0.35 — 0.80-1.10 0.15-0.25

4141* 0.40-0.45 0.75-1.00 0.040 0.040 0.20-0.35 — 0.80-1.10 0.15-0.25

4145 0.43-0.48 0.75-1.00 0.040 0.040 0.20-0.35 — 0.80-1.10 0.15-0.25

4147* 0.45-0.50 0.75-1.00 0.040 0.040 0.20-0.35 — 0.80-1.10 0.15-0.25

4150 0.48^).53 0.75-1.00 0.040 0.040 0.20-0.35 — 0.80-1.10 0.15-0.25

*These steels are not SAE staadards

541



MSI STANDARD ALLOY STEILS

OPEN HEARTH AND ELEQRIC FURNACE
AppllcabI* only to BARS, BILLETS. BLOOMS AND SLABS

SwbiMt to Pormltiiblo Voriatiom for Chock Analytoi

Chemictl composition limits, per cent

SAE
Numbers

C Mo P S Si Ni Or Mo

4317 0.15-0.20 0.45-0.65 0.040 0.040 0.20-0.35 1.65-2.00 0.400.60 0.200.30
4320 0.17-0.22 0.45-0.65 0.040 0.040 0.20-0.35 1.65-2.00 0.400.60 0.200.30

B4337* 0.35-0.40 0.60-0.80 0.025 0.025 0.20-0.35 1.65-2.00 0.700.90 0.200.30
E4340^ 0.38-0.43 0.60-0.80 0.025 0.025 0.20-0.35 1.65-2.00 0.700.90 0.200.30

4340 0.38-0.43 0.60-0.80 0.040 0.040 0.20-0.35 1.65-2.00 0.700.90 0.200.30

4608 0.06-0.11 0.40 max. 0.040 0.040 0.25 max. 1.40-1.75 — 0.150.25
4615 0.13-0.18 0.45-0.65 0.040 0.040 0.20-0.35 1.65-2.00 — 0.200.30

E4617 0.15-0.20 0.45-0.65 0.025 0.025 0.20-0.35 1.65-2.00 — 0.200.27
4620 0.17-0.22 0.45-0.65 0.040 0.040 0.20-0.35 1.65-2.00 — 0.200.30

E4620* 0.17-0.22 0.45-0.65 0.025 0.025 0.200.35 1.65-2.00 — 0.200.27
X4620 0.18-0.23 0.50-0.70 0.040 0.040 0.200.35 1.65-2.00 — 0.200.30

4621 0.18-0.23 0.7(H).90 0.040 0.040 0.200.35 1.65-2.00 — 0.200.30
4640 0.38-0.43 0.60-0.80 0.040 0.040 0.200.35 1.65-2.00 — 0.200.30

E4640* 0.3S-0.43 0.60-0.80 0.025 0.025 0.200.35 1.65-2.00 — 0.200.27

4812 0.10-0.15 0.40-0.60 0.040 0.040 0.200.35 3.25-3.75 — 0.200.30
4815 0,13-0.18 0.40-0.60 0.040 0.040 0.200.35 3.25-3.75 — 0.200.30

4817 0.15-0.20 0.40-0.60 0.040 0.040 0.200.35 3.25-3.75 — 0.200.30

4820 0.18-0.23 0.50-0.70 0.040 0.040 0.200.35 3.25-3.75 — 0.200.30

5045 0.43-0.80 0.70-0.90 0.040 0.040 0.200.35 ... 0.550.75 —
5046 0.43-0.30 0.75-1.00 0.040 0.040 0.200.35 — 0.200.35 —
5120 0,17-0.22 0.70-0.90 0.040 0.040 0.200.35 ... 0.700.90 —
5130 0.28-0.33 0.70-0.90 0.040 0.040 0.200.35 — 0.80-1.10 —
5132 0.30-0.35 0.60-0.80 0.040 0.040 0.200.35 — 0.80-1.05 —
5135 0.33-0.38 0.60-0.80 0.040 0.040 0.200.35 — 0.80-1.05 —
5140 0.38-0.43 0.70-0.90 0.040 0.040 0.200.35 — 0.700.90 —
5145 0.43-0.48 0.70-0.90 0.040 0.040 0.200.35 — 0.700.90 —
5147 0.45-0.52 0.75-1.00 0.040 0.040 0.200.35 «— 0.90-1.20 —
5150 0.48-0.53 0.70-0.90 0.040 0.040 0.200.35 0.700.90 —
5152 0.48-0.55 0.70-0.90 ao40 0.040 0.200.35 — 0.90-1.20 —

E 50100 0.95-1.10 0.25^.45 0.025 0.025 0.200.35 ... 0.400.60
E 51100 0.95-1.10 0.25-0.45 0.025 0.025 0.200,35 — 0.90-1.15 —
E 52100 0.95-1.10 0.25^.45 0.025 0.025 0.200.35 lJO-1.60

V
6120* 0.17-0.22 0.70-0.90 0.040 0.040 0.200.35 ... 0.700.90 0.10 min.
6145* 0.43-0.48 0.70-0.90 0.040 0.040 0.200.35 ... 0.80-1.10 0.15 nio.

6150 0.48-0.53 OilO-0.90 0.040 0.040 0.200.35 0.80-1.10 0.15 Ain.

E6130* 0:48-0.53 0.70-0.90 0:025 0.025 0.200.35 — 0.80-1.10 0.15 Ain.

6152 0.48-0.55 0.70-0.90 0.040 0.040 0.200.35 — 0.80-1.10 0.10 Ain.

Mo
8615 0.13-0.18 0.70-0.90 0.040 0.040 0.200.35 0.40-0.70 p.40-0.60 0.150.25
8617 0.15-0.20 0.70^.90 0.040 0.040 0.200.35 0.40-0.70 0.400.60 0.150.25
8620 0.18-0.23 0.70-0.90 0.040 0.040 0.200.35 0.40-0.70 0.400.60 0.150.25
8622 0.20-0.25 0.70-0.90 0.040 0.040 0.200.35 0.40-0.70 0.400.60 0.150.25
8625 0.23-0.28 0.70-0.90 0.040 0.040 0.200.35 0.40-0.70 0.400.60 0.150.25
8627 0.25-0.30 0.70-0.90 0.040 0.040 0.200.35 0.40-0.70 0.400.60 0.150.25
8630 0.28-0.33 0.70-0.90 0.040 0.040 0.20-0.35 0.40-0.70 0.400.60 0.150.25
8632 0.30-0.35 070-0.90 0.040 ao4o 0.200.35 0.400.70 0400.60 0.150.25

8633 Q.33-0.38 0.73-1.00 aOtO

^These steels sie oot SAB suodards

0.040 0^200.35 0.400.70 0.400.60 0.150.25
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AISI STANDARD ALLOY STEELS

OPEN HEARTH AND ELEaWC FURNACE
Applicable only to BARS, BIUETS, BLCXDMS AND SLABS

Subfecf to PormiiilbloVariatlont for Chock Anolytot

AISI
and

Chemied composidon limits percent

SAE ^
Numbers ^ Mn P S Si Ni Cr Mo

8637 0.35^.40 0.75-1.00 0.040 0.040 0.20-0.35 0.40-0.70 0.40-0.60 0.15-0.25

8640 0.3a-0.43 0.75-1.00 0.040 0.040 0.20-0.35 0.40-0.70 0.40-0.60 0.15-0.25
8641 0.38-0.43 0.75-1.00 0.040 O.OM.060 0.20-0.35 0.40-0.70 0.40H).60 0.15-0.25

8642 0,40-0.45 0.75-1.00 0.040 0.040 0.20-0.35 0.40-0.70 0.40-0.60 0.15-0.25

8«4S 0.43-0.48 0.75-1.00 0.040 .0.040 0.20-0.35 0.40-0.70 0.40-0.60 0.15-0.25

8647 0.45-0.50 0.75-1.00 0.040 0.040 0.20-0.35 0.40-0.70 0.40-0.60 0.15-0.25

8650 0.48-0.53 0.75-1.00 0.040 0.040 0.20-0.35 0.40-0.70 0.40-0.60 0.15-0.25

8653 0.50-0.56 0.75-1.00 0.040 0.040 0.20-P.35 0.40-0.70 0.50-0.80 0.15-0.25

8655 0.50-0.60 0.75-1.00 0.040 0.040 0.20^.35 0.40-0.70 0.40-0.60 0.15-0.25

8660 0.55-0.65 0.75-1.00 0.040 0.040 0.20-0.35 0.40-0.70 0.40-0.60 0.15-0.25

8720 0.18-0.23 0.70-0.90 0.040 0.040 0.20-0.35 0.40-0.70 0.40-0.60 0.20-0.30

8735 0.33-0.38 0.75-1.00 0.040 0.040 0.20-0.35 0.40-0.70 0.40-0.60 0.20-0.30

8740 0.38-0.43 0.75-1.00 0.040 0.040 0.20-0.35 0.40-0.70 0.40-0.60 0.20-0.30

8742* 0.404).45 0.75-1.00 0.040 0.040 0.20-0.35 0.40-0.70 0.40-0.60 0.20-0.30

8745 0.43-0.48 0.75-1.00 0.040 0.040 0.20-0.35 0.40-0.70 0.40-0.60 0.20-0.30

8747* 0.45-0.50 0.75-1.00 0.040 0.040 0.20-0.35 0.40-0.70 0.40-0.60 0.20-0.30

8750 0.48-0.53 0.75-1.00 0.040 0.040 0.20-0.35 0.40-0.70 0.40-0.60 0 20-0.30

9255 0.50-0.60 0.70-0.95 0.040 0.040 1.80-2.20 — —
9260 0.55-0.65 0.70-1.00 0.040 0.040 1.80-2.20 — — —
9261 0.55-0.65 0.75-1.00 0.040 0.040 1.80-2.20 — 0.10-0.25 —
9262 0.55-0.65 0.75-1.00 0.040 0.040 1.80-2.20 — 0.25-0.40 —

E9310 0.08-0.13 0.45-0.65 0.025 0.025 0.20-0.35 3.00-3.50 1.00-1.40 0.08-0.15

E9315 0,13-0.18 0.45-0.65 0.025 0.025 0.20-0.35 3.00-3.50 1.00-1.40 0.08-0.15

E9317 0.15-0.20 0.45-0.65 0.025 0.025. 0.20-0.35 3.00-3.50 1.00-1.40 0.08-0.15

9437 0.35-0.40 0.90-1.20 0.040 0.040 0.20-0.35 0.30-0.60 0.30-0.50 0.08-0.15

9440 0.38-0.43 0.90-1.20 0.040 0.040 0.20-0.35 0.30-0.60 0.30-0.50 0.08-0.15

9442 0.40-0.45 1.00-1.30 0.040 0.040 0.20-0.35 0.30-0.60 0.30-0.50 0.08-0.15

9445 0.43-0.48 1.00-1.30 0.040 0.040 0.20-0.35 0.30-0.60 0.30-0.50 0.08-0.15

9747 0.45-0.50 0.50-0.80 0.040 0.040 0.20-0.35 0.40-0.70 0.10-0.25 0.15-0.25

9763 0.60^).67 0.50-0.80 0.040 0.040 020-0.35 0.40-0.70 0.10-0.25 0.15-0.25

9840 0.38-0.43 0.70-0.90 0.040 0.040 0.20-0.35 0.85-1.15 0.70-0.90 0.20-0.30

9845 0.43-0.48 0.70-0.90 0.040 0.040 0.20-0.35 0.85-1.15 0.70-0.90 0.20-0.30

9850 0.48-0.53 0.70-0.90 0.(M0 0.040 0.20-0.35 0.85-1.15 0.70-0.90 0.20-0.30

^Thesc steels tre not SAE suodiuxls.

Note 1—Grades shown in the above list with prefix letter E are manufactured hy the basic elec-

tric furnace process. All others are normally manufactured by the basic open hearth process, but may
be manufactnitd by the basic electric furnace or acid open hearth processes with adjustments in

phosphorus and sulphur.

Note 2~Thc phosphorus and sulphur limitations for each psocess are as follows:

Basic electric fbrnace O.Oo pet. max. Add electric furnace 0.05 pet. max.
Basic open hearth fbrnace 0.04 pet. max. Add open hearth furnace 0.05 pet. max.

Note 5—The lowest fflinimum silicon limit to be specified for add open hearth or aad electric

furnace alloy sted is 0.15 pet.

Note 4-^mall quandues of certain elements mar be found in alloy and dectric furnac^t^bon
steels which are not specified or required.' These elements are to be considered as inddentd and

accepuble to the following maximum amounts:
f I ! A Acopm, 0.35; nickd, 0.25; chroi

Note 5—Where minimum and
phuriaed steels.

0.20; molybdenum 0.06 pet.

mum sulphur contents are shown, it is indicadon of sol-
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APPENDIX 547

Properties oj Important Wrought Chromium'llron Alloys

NominafAtloy
AT. SI Type No.

ChemicB! composition
Chromium ITStoZi

MoNbdenmi ao
Mnimax.) 065
Csrtxjn 0.15ms.

Specific gpBvity

Lb. per OJ. tn.

(MiJd steel- 1.00)

Resistance at 70 ^f:

Micro/ynspo' cm3
(Mikfsteei-lOO) —

Meiting range. "R
Top —
Bottom —

Structure (normal) Pearhtu

Magnetism
Ferromagnetic Yes

Perme-rAsannealed
ability * Cold worited 10%

—

Specific heat
Cg s units, 0 to 100V. 0 If

(Mild steel-100) IQ

Thermal conductivity
*C9 S.unitsatlOOV
(Mild steel-100) —
Cg s units at SCXJV.

Thermal expansion
per ^Fx 1.000,000

From 52 to 212V
(Mild steei-i.OO)

From 52to 952V 75

s%o
602

9%Ch 12%Cr
410:416

Cutlery
420

I7%cn
450

4to6 dtoK) 10to 14 22to 14 16 to 16

as lOorlS (Q.6max.) — (OSrmxNi)
050 OS 06 0.55 as

OKI to020 OlSmex. 0.l6max 050toQ40 012max

028 0.282 028 0276' 0277
0.99 1.00 0.96 098 096

55 67 60 60
52 — 6.2 5.5 6.5

2600 2790 2750 2750
2700 — 2700 2560 2700

Martensitic Mertensit

\

ic Martensitic
orFernhe

Martensitic F&ritic

Yes Yes Yds Yts Yds

____

Oil Oil 0.11 0117 0.11 .

10 1.0 1.0
\

1.1 1.0

0.0874 0.0595 0.054 00595
0.75 050 045 0.50
0.0804 — 0.0666 ““ • 00624

6.2 6.2 6.1 57 56
094 0.94 095 0.67 0.66

69 67 6.6 6.7

25 to27
(lOmax.NI)

IS
assmax

Scaling temp,V 1100 1.150

Initial Forging temp.,V 2200 2100 to 2200
Finishing temp,V 1500 1500 to 1600
Annealing treatment t ftt

Cold
Annealed Wonted

(Wire)

500 xwtoteo

9,000 11,000 12,000
4,500 6,950 4,POO
2,100 2,400 2,200

i4nn

2,000102,100 L900 to 2,050 1,900 to 2,000
1700to 1,750 1.500 1,500X01.450

Coo! from Air cool From Rapid coo! From
1450to 1550 1,400 10 1450 1,450 10 1,550

* Thermal conductivity is measured as calories per sg.cm per sec per V. per cm.
tt Oil quenched From 1850Vand tempered
* * Furnace coo! From 1550 to nooV, oram coo! From tong heatat 1250 tO 1550*F

» * Cool From 1525 to I5?5Vor slow coo! From raoo to igpsv
... ... ... ... ... ... ... ... rsestoiGQQv

* Furnace coo! from 162Q*F

(Courtesy Metal Progress)
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Thennal

conductivity

<<;gs

units)

0.11

0.11

0.11

0.11

O-ll

Electrical

][es.

(microhms)

80-100

80-

100

80-100

80-100

80-100

80-100

Minoetic

permeability

(gausses

with

Hat

100)

9000

9000

9000

9000

9000

9000
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Wrought Aluminum

Compositions, Properties, and Designations

Compiled by H. S. Jerabek, University of Minnesota,

prindpnl manufacturers, the American Society of

Engineers.

designations exposition
Aluminum-BBlance FcmlOsted.

Psisile

Str&^th
ta

SA.£.

No

A.S.T.M.
1 Mcoa

Norn
EevnoUs

(til
bpec.

NO.
A]lO)f

No gHaml ottm Min.

m.wam \i mr
25 B2S A2 2S-0 26 99A/ w&^t I5(f5.5m

B25 A2 SS-i^H 17 16

B25 A2 29'H 24 22
,

29 B79 Ml 5S'0 dS '! 1.2 mm ted^max.
B79 Ml 21 19.5

B79 Ml 5S-H mlmsiiiii 29 27

201 BI09 MR! S2S-0 523 fm 2.5 0.25Cr -t- 29(3fmax.

BI09 MR! 52S‘f/^H 37 34
BI09 MR! 52S'H H: 4t 39

^

B urn
26 B76 CM21 ns-o J7S D as 1/16’ Sheet 2S(35mat

B78 CM2I i7$-r II 62 58
B69 CM2I I7S-T '/z'Poo ExtruaeO 55

I7S-T Forgings 60 55

24 24$’0 248 46 06 1$
__

m' Sheet 27fi6mBA
24S-r 66 64
24S’Rr -»• #* 73 69

240 AICM24S-T PureClad24S 64 59
Alciaom-m 70 66

24S-T Hi f/2*5xt Shapes 60

260 I4S-0 4.4 0.6 0.6 0.4 mmi '/z-Ext Shapes 1^
146-N Kjffl

I4S'T By/J 159
l4S-r 143 65

AlCldOMS-T 65 64
R30P7 4.5 i.o 0.6 0.4 68 63

m 75SD 1.6 SSIn 0.2 2.5 o.scr m' Sheet 33/40mdX
75$^T -#• -#• 82 77

'Alclad75S-T 76 72
75$-T '/z’Ext Shapes 80

Hli nSOi-TSTS 1.5 6.SZn 2.5 0.5Cr -f- 65 60

26! 6IS-ki nsei 0.25 0.6 IIBl Va’ Ext Shapes 55 30
6is-r IIBfl| ->r- »#• 45 42

262 5bS-W nssi 0.7 mm •A'BoOExtruM 33 25
55S-T mmM -r- -f- 39 32
55S-T HH Forgings 36

SOI ASIS-T ASI3 IM 10 0.6 0.25Cr Forgings m 44
'

27 25S-T 253 lEU 0.6 0.6 55
270 I6S-T I6S El 0.5 2NI 55
290 32S-T 32$ 12.5 10 om iBI 52

tma \55 lasBilasPb '^Bod 45

\

R5I7^T
1

4 (p5Bhl£L\o.s lasPb l1 55

(w Aluminum Go. ofAmerica allo^ numbersandheat treatmentdesignationsiO^annealed, W-asquenched, T"

H-coid rolled to hard temper, m^halfhard temper, E^^coldrolled afterheat treatment, S^^Nrought at!

(b) Tieynolda pfetels Company deagnations.

W)m thousands ofpoundsper square inch. strength taken at GSVipermanantset
tdiSOOmlSion emotes in reverse bendihg-



Alloys

of American Commercial Alloys

July 1946, from handbooks and specifications of the

Testing Materials, and the Society of Automotive

11^1

Uses and Characteristics

9.5 S A A
// 7 B A

\
Good corrosion resistance,lduyieldstrength.

15 8.S F A \ cooking utensHs; sheetand tubira.

30
\
SS SB a 7 A A Similar to zs

6 \
s 40 14 9 C A Slightly Strongerand less ductile.

4 55 iS iO 6 A Cooking utensiiS; Sheet metai uork.

25 20 45 16 17 A A
iO 6 67 2! iB O A
7 4 65 24 19 G A

wmmm.
) 10
40 34

32
30 30

) // 19 12

46 42 19 17
57 52 13 12
43 39 13 15

66 62 6 3
44 12

) 14 18
\
12

40 32 25
I
12

60 55 13

55
58 57 9
60 56 i

; 15 17 10
72 66 11 6
67 62 11 6

70 6
77 72

21 16 22 16

40 35 12 10
20 14 22 16

33 25 14 14

30 14

54 12

30 16

40 10
40 5

47 36 IS 10
32 12

j^nctiedsnefe^

11 B £
18 H D

27

18 D
42 18

120 41
130 42

40

45 18

100 34
135 42
125 42

41

43

150 47
46

48

65 24
95 30
65 20
SO 24
75 24

90 32
100 35
100 39
115 38

95 30
105

duralumin. Original strong alloy.

Hardened byquenching andaging.
Being replaced someuhat by strongeralloys:
24s, 75$ and B303.

Stronger than I7$
used widely m aircraft construction.

More difficult to form than I73.

Aiciad has improved corrosion resistancoi

786, cold worHed beftire aging.

Standard alloy for thin extrusions.

Strong alloy for extruded shapes,

wm not age harden at room temperature.

Strongest forging alloy

Higher yield strength than Alclad 243
Clad with heat treatable alloy, hj

New alloy of highest strength.

Lower ductility than 24S.

Strongest Alciadproduct
Strongest alloy for extrusions.

High strength alloy for sheet,rod, forgings.

Good forming properties; nigh yield stn
Will not age harden at room temperature.
Good forming properties and corrosion
resistance.

For intricate forgings.

Good forgeability. Lower cost.

Strong at elevated temp. ;forged pistons.

Forged aircraft pistons. “Low-x'!

Free cutting, screw machine products

(6) Balative Forming properties in cold bendirg; A •best
(f) Hdative resistance to salt water corrosion» Attest
igi Can be hardened by cold work only.

(h) ^ ^ heat treatment

ai CfaMing anoytLOMg, a7$i,o.5Mn,

Progress Data Sheet, Novemlier 1946 )
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Aluminum Casting

Compositions, Properties, and Designations

Compiled by H. S. Jerahek, University of Minnesota,

principal manufacturers, the American Society for

Engineers.

Designations Compiailics)
Aluminum-Balance FormT^d

(buc)

Tensiie

Strength
(d)

if
SA.E
No

A.S.TM.
1

spec.m Alloym
Alcoa
No.'a> m7M m othersB l^j Ave.

i"ANL CA6THS

55 B26 CS22 115 7.0 20 17 14 As Cast 24 19 IS

212 8.0 1.2 AS Cast 25 19 14

HP 70 17 As Cast 24 19 IS

645 2.7 10.5 2.0 As cast 29 25 17

510 B26 ZG4I as 5.5 (0.5Cr) 0.2Ti As Cast;Aged 50 25
55 BPS SI.S2 45 5.0 0.8 As Cast 19 17 9

45 10.0 As Cast 21 ttl 10

57 12.0 0.8 As Cast "Modified' Isk H
526 tOB 4.0 50 1.2 As Cast 2! 19 14

520 BPS Gt 214 3.8 0.6 As Cast 25 22 12

56 B2S d I95T4 4.6 0.8 1.0 SolnH-T'oi 52 29 16

56 B2S d 195762 Soln.H.T;Aged(« 40 56 50
525 B?e C2 5.8 20 1.2 S0ln.u.7.iDl 27 16

522 BPS SC2I 5S5TS 15 5.0 0.5 0.6 $oln.H.7.:Agedf^^ 55 52 25
522 BPS SCP! 555TSI $oln.H.7.\Aged<(i^ 59 56 55
525 B36 SGI 55676 7.0 0.5 0.6 Soin.HTiAgedf^i 55 50 24
524 BPS 220-T4 m 0.5 Soin.H.ifar 46 42 25
59 BPS CNS! I48T57I 40 LS 10 2NI Som.H.TiAgedf^f 52 26

PERMA!VENSKS
55 BIOS C5 115 70 2.0 17 1.4 AS Cast 28 24 19m 7.0 5.6 As Cast 50 25 24

458 too 4.0 05 AS Cast 26 26 24
BIOS SC! Am 4.5 5.5 1.0 As Cast 26 24 16

55 BIOS SKS2 45 5.0 0.8 AS Cast 24 2! 9
57 12.0 0.8 As Cast

A2I4 58 LB AS Cast 27 22 16
580 BIOS CS4 BI96-T6 4.5 2.5 12 AS Cast 45 55 55
54 BIOS CGI 122-752 mm 0.2 1.5 Sotn.H.7(h) 35 50 31

3^
1

BIOS CGt I2PT65 som.H.TiAgedfr) 46 40 56
59

1

BIOS CN2t I4PT6I 4.0 1.5 W 2Ni Soin. P.7.:Aged 47 40 42
52! BIOS SN4I AI52-T65 0.6 12.0 1.2 1.5 2.5NI Soln.H.7:Aged(c» 47 40

BIOS SC41 1.5 122 0.9 0.75Mn Som.H.Tftii 55
500 I52T74 7.0 5.5 E9 IS Som.H.TiAgedf^^ 55 50 26
522 555-T6 1.5 5.0 0.5 0.6 Soln.H.TiAgedfC) 45 57 27
523 BIOS SGI 556-76 7.0 05 0.6 Soln.H.TiAgedfCf 40 55 27

1 7507555 1.0 (INI) 65$n Soln.H.7.;Aged(0) 20 IS 6.5

in504 B65 S4 43 5.0 2.0 As Cast 50 29 14

505 BBS S5 15 12.0 2.0 As Cast 57 55 IS
560 9.5 0.5 AS Cast 42 25

E506 B85d SOS 580 5.6 8.5 15 AS Cast 45 54 25
507 BBS SCP 85 4.0 6.0 2.5 As Cast 40 25 22
512 7.0 2.0 17 2.5. As Cast 55

218 3.0 Hi As Cast 42 25

(a) Aluminum Co. ofAmerica aiioy numbers. Heat treated alters designated by letter Tend
heat treatment number after alloy number. T4 is solution treatment

(b) Solution heat treatment: soaking at high temperature followed by quenching,

(Cl S(riuti<xi hest^&VBtment ^knast tv artifkiel aging atme room temponature.
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Alloys

of American Commercial Alloys^

July 1946, from handbooks and specifications of the

Testing Materials, arul the Society of Automotive

Eton-
gai/on,%
imin. i|i11^1‘1

Alcoa
,

.

Uses and Charaoterishes

Ave. 3

IS 70

.

20 9 27 115 Genera! casting alloy;not heat treated.

2 65 20 a 0.6 27 212 ..a*

IS 70 20 9 0.6 27 112 •«.

4 2.S 70 22 7.5 2.0 27 645 Touohness drops on aoinp at room temp.

e
3
3 40 14 6.5 /

C
B 45

Nigh strength after aging at room temp,
7hin wallea, pressure tight castings.

45 IS 45 16 6 B 45 Excellent casting properties.

6 5 50 18 6 3 B Aipax or SHumm. HiQh strencjth ’as cast’
2.5 IS 55 20 a 103 used mostly ’as cast’txjt responds to H.T.
9 6 50 20 5.5 3.6 A 214 Good com resistance and toughness.

Heat treatable. Hbh strength, roughness
Fully hardenedalloy has Tou ductility.

Hign strength and ductility.

as 6 60 24 6 2.8 C 19544
2

3
95 3/ 7 15 C

C
195462

2.5 2 60 50 a.5 /./ C 35546 Liquid cooled cylinder heads.

1 90 52 06 C 35546! Good strength at elevated temperatures.

4 3 70 27 a 10 A ssers Intricate heat treated castings.

14 12 75 33 7 4.5 A 22044 Good com resistance; highest toughness.

as as 27 a G 1427571 Good strength, stability at elevated temperatures

WSS^ m
2 70 25

9.5

27 ns Low cost alloy. Not heat treated.

1 60 22 1 27 CHS •»- -#»

0.5 100 22 \ 1 27 158 Nigh temperature strength, hardness.

2
9 5

70
45

25
16

27

B
Am
43

Good casting properties.

AhSi alloys nave excellent casting properties and
B comosion resistance.

7 2.5 60 22 A A2I4 Excellent resistance to corrosion.

5 2 90 32 10 C BI9546 Nigh strength, heat treatable alloy.

/ 100 25 27 122452 Standard piston alloy, Nign temp, strength and
140 30 9 27 i22T65 good wear resistance.

as
0.5

no
125

3/

27
95 g 142461

AI32-T65
Nigh temp, strength and stability.

Pistons. Beducea thermal expansion.

3 Piston alloy.

as 100 29 Rl 152774
4 IS 90 30 9 35546 Good strength at elevated temperatures

Intricate castings. Nigh temp, strength.s 3 90 35646
10 8 45 14 9 mH 7504533 Bearing alloy.

1I
Charp
45 B 45 Tough, corrosion resistant,good casting propertix.

IS 2 B 13 Corrosicn resistant;good casting progenies.
B 360 Hah strength and corrosion re&stance.

High strength and hardness.2 25 27 380
2 17 2.5 27 as >#> -e-

1 IS

3.2 27

A 218
LOH cdstgenerei pumose atoy.

Hgh corrosion resistance, strength, toughness

() In thousands ofpounds per square inch. Yield strength tatm at 0.2% permanent set
() 500 million cycles in reverse Pending.

ifi ModifiedCharpy impact toughness;40mm. span,

(Q) nelative resistance to salt mter corrosion A^Pest
iMetal Progress Data Sheet, November 1946)
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Magnesium Alloys

Tension
Compres-

sion

M Psi.

Shear

M

Psi.

Brinell

Rockwell

E

hX 0-

u. ^

ji

tJiC*

il

Resistance

to

Salt

Water,

A
=

Best

Relative

Cost

A
=

Lowest

Color

Code

AS

=

Aluminum

Stripe

Yield

Strength

M Psi.

%E
in 2

ong.i
rd.
Str.Typ.

22 B 21 nB M 56 67 12 B B Red-AS

33 26
1

11 BB B 73 83 14 — B B Red-AS

23 BBHB 15 20 59 71 14 — A D Brown-AS

34 B 9B 30 21 72 82 16.5 — A D Brown-AS

15 — BB 12 17 48 55 9 — C A Yellow

29 22 HH 20 17 56 67 10 — C A Yellow

30 22 D 60 17 19 49 Q 14 B A B Red-AS

32 26 D — 20 B 58 18 A C Gray-AS

33 25 11 9 — 22 B 55 77 19 B A D Whitc-AS

26 20 10 3
— 14 B 42 41 9 B B A Yellow

26 20 14 8 HnB 50 59BB A BB
28 22 16 9 BIBB 64 76 A B
29 25 9 6 B B 67 78 A D
20 17 9 3 H B 46 50HB B B
21 li 16 BB 46 51 A B Red-AS

21 D 14 Bla — 50 60 — — A C Gray-AS

21 H 9 H 10 — 42 41 — — B A Yellow

13 2mM 13 n 65 2 D A Purple

12 8 B 12 62 4 D B Purple

19 17 2 — 54 19 21 69 80 10 2 D C Purple

14 10 6 4 45 14 18 50 59 11 3 C A Green

14 10 5 2 — — — — 11 — C B Green

14 10 12 7 46 14 19 55 66 14 5 C B Green

19 16 5 3 50 19 20 73 83 13 2 C C Green

17 13 7 4 — — — 59 71 13 — C C Green

14 10 2 1 55 16 18 65 77 11 1 C A Orange

14 11 2 —

-

— — — — — 11 — C B Orange

16 10 10 6 60 16 20 63 75 14 4 C B Orange

,23 18 >2 1 70 23 21 84 90 13 1 C C Orange

20 16 3 1 — — — 75 83 13 — C C Orange

4.5 — 5 27 4.5 11 33 3
— 9 B B Yellow

22
.

3 58 22 20 60 72 14 2 A B Blue

(Courtesy Materials & Methods, May 1947}

Modulus of Elasticity—6,500,000 psi.

Coefficient of Therman Expansion-^.000016 inch per inch per degree F(6S to 750 F.)
, - . ,

NOTES: t Heat treatment: AC = as cast, HT = solution heat-treated, HTA = heat-treated and aged, S(ACS
and HTS) = stabilized, a = annealed, h = hard rolled.

557



Properties

of

Commercial

Brasses

558 APPENDIX



APPENDIX 559

CO ^coco

COC^ CD CMCDtO QQ 009 OQ OQ tQ CO tO
-Hcj pH cO'^’^ 25® eg® cg25 C4 ® 25®^

cg®®co cg^®®
®® ® ®0 ® OC^ QC^ ®ph OC^ O'sI’O
^CM *Hcgcg eg ® ®cg ® pH^ncg

-Hcoeg® SSifi'QfS'^eo®c» ®®®®
o' oScooS ^“tP eg'®" c>j*‘p-^ eg"®** q‘®c5®® 25 ®®2S ®F^ ®c^ ®® ®c^ ®®25

i

®® !$ SS S 8 ®®2

W M _

QPj S.oow®
ss-gloq S g.ooW®

8
<U 0) <1> 4) 4) d) 9
9 0 9 9 9 9 9MMMJi®®®® ®®®®

OCDCDCD CDOCDO

TJnd'TJ ^3 S S'TJ S TJ'tJ'tJ

SMM 3 i MKXX PC . ®^ ®hC ®^ WKW
'=
3 =g=a

=3l 8l 8^ 8l =3 =
3^»s» »s ds dx dx KKn:

•aj§ -9 4j-9 si II ii II £1-9
rHC/3 rH OO HH OO HEh

I II I iil if
I

II 111 ypiiiiill ROTE;

The

above

figures

are

typical

and

are

not

to

be

used

for

minimum

specification

requirements.

Variations

must

be

expected

In

practice.

(Courtesy

Chase

Brass

&

Copper

Co.)
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Specifications

lor

Beryllium-Copper

Alloy

Rods,

Bars,

Sheet,

Strip,

and

Wire

A.S.TJWL

Designation:

B

120

-

41

T

ISSUED.

1939:

REVISED,

1940,

1941.
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564 APPENDIX

Physical Properties of Copper

N«mt
Dtnsity

Lbs. psr Cu
Inch

Mtlting Point
Dtg.r

CSotfficiant o£
Thtrmsl Ex>

ponsion Avtrsgt
2S*Cto

300«C X 10.«

sotriesl
Conductivity
%IACS
(Anntsltd)

Thermal
Conductivity

Cal. /to. cm./cm./
Sae./dtg. C at
^dtg.C

Electrolytic

Tough Pitch Copper 0.323 1980 17 7 101 0.94

Oxygen*Free 0>pper 0.323 1980 17 7 101 0.94

Hiah Conductivity
Phosphorixed Copper 0.323 1980 17 7 101 0.94

Low Conductivity

Phosphorixed Copper 0.323 1980 17 7 80-90 0.77-0.85

Arsenical Copper 0.323 1980 17.7 45-80 0.46-0 73

NOTE: Th« obov* tiQuivt art typical and art not to bt uitd for minimum •ptciiicalion rtquirtmeni* Variations must exptcttd in prartict

Hardness and Tensile Properties of all the Types of Copper

Ttmpar

Rockwall
Hardnoaa Tansila Strength

p.s.l.

Yield
Strength
atV^^g

elongation
under etreas

p.e.l.

Elongation
In 2" par cent

Shear
Strength

p.e.i.
r B

0.040"' Sheet— 0.015 mm Anneal 45 35,000 10,000 45 24,000

0.040" Sheet — 0.030 mm Anneal 40 32,000 10,000 45 22,000

0.040" Sheet— Hard 50 50,000 45,000 6 28,000

0.040" Sheet— Spring 60 55,000 50,000 4 29,000

1" X 0.049" Tube— 0.030 mm Anneal 40 32,000 10,000 45 22,000

Tx 0.049" Tube -Hard 90 50,000 45,000 12 28,000

No. 12 BAS Wire (0.081") 0.030 mm
Anneal 32,000 10,000 45 24,000

No. 12 BAS Wire -Hard 60,000 55,000
]

8 30,000

l"Rod— Hard 45 40,000 33,000 30 22,000

NOTE: Tht abovt ligurtt art typical and art not to bt uttd for minimum tptcltlootlon rtquirtmtntt. Varittlont mutt bt ttptcitd in proctict.

(Courtesy Chase Brass & Copper Co,)
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High'Permeability Materials

Typical Data jor

Approximate 1
Typical

Material Form Per Cent Composition I Heat

Pe Ni Co Mo Other
ITIEATMENT

(®C.)

Cold rolled steel Sheet 98.5 950 Anneal
Iron Sheet 99.91 — — — — 950 Anneal
Piirified iron Sheet 99.95 — — — — 1480 H, + 880

4% Silicon-iron Sheet 96 — — — 4 Si 800 Anneal
Grain oriented* Sheet 97 — — — 3 Si 800 Anneal

45 Permalloy Sheet 54.7 45 — — 0.3 Mn 1050 Anneal
45 Permalloyt Sheet 54.7 45 — 0.3 Mn 1200 H. Anneal
Hipemik Sheet 50 50 — — 1200 H. Anneal
Monimax Sheet — — — — 1125 H, Anneal
Sinimax Sheet — — — — 1125 H. Anneal
78 Permalloy
4-79 Permalloy

i

Sheet
Sheet

21.2

16.7

78.5*

79
0.3 Mn
0.3 Mn

1050 -f '600 Q**
1100 -f Q

Mu metal Sheet 18 75 2Cr, 5Cu 1175

Supermalloy Sheet 15.7 79 — 5 0.3 Mn 1300 Hj + Q
Permendur Sheet 49.7 — 50 0.3 Mn 800 Anneal
2V Permendur Sheet

1

49 —
I

49 2V 800 Anneal
Hiperco 64 — 34 Cr 850 Anneal

2-81 Permalloy
Insulated
powder
Insulated
powder

17 81 — 650 Anneal

Carbonyl iron 99.9 — — ^9 — — —
Perroxcube HI Sintered

powder MnPe; + znPejO, — —

•Properties in direction of rolling. tSimilar properties for Nicaloi, 4750 alloy,

Permanent Magnet Alloys

Material
Percent

Composition
(Hemainddi Fe)

Heat Treatment*
(Tempirature, ®C.)

Magnetizing
Force
H„„.

OUtSTEDS

Carbon steel 1 Mn. 0.9 C Q800 300
Tungsten steel 5W, 0.3 Mn. 0.7 C Q850 300
Chromium steel 3.5 Cr, 0.9 C. 0.3 Mn Q830 300
17% Cobalt steel 17 Co, 0.75 C, 2.5 Cr, 8W 1,000

36% Cobalt steel 36 Co. 0.7 C, 4Cr, 5W Q950' 1,000
Remalloy or Comol 17 Mo, 12 Co Q 1200, B 700 1,000
Indalloy (sintered) — Mo, — Co — — 1,000
Alnico 1 12 Al, 20 Ni, 5 Co A 1200, B700 2,000
Alnico n 10 Al, 17 Ni, 2.5 Co, 6Cu A 1200, B600 2,000
Alnico II (sintered) 10 Al, 17 Ni, 2.5 Co, 6Cu A 1300 2,000
Alnico IV 12 Al, 28 Ni, 5 Co Q1200, B650 3,000
Alnico V 8A1, 14 Ni, 24 Co, 3Cu AF 1300, B 600 2,000
Alnico VI 8A1, 15 Ni, 24Co, 3Cu, ITi ^ — 3,000
Alnico Xn

1 6A1, 18 Ni, 35 Co, 8Ti 3,000
VicaUoy I 52 Co, 10 V B600 1,000
Vicalloyn (wire) 52 Co, 14 V CW + B600 2,000
Cunife (wire) 60 Cu, 20 Ni CW + B600 2,400
Cunico 50 Cu, 21 Ni, 29 Co ..... ... 3,200
Vectolite 30 PCjOi, 40 Pe,0| ^ «... 3,000
Silmanal 86AAg. 8AMn, 4.4A1 ... .... 20,000
Platinum-cobalt 77 Pt, 23 Co Q1200, B650
Hyflux Fine powder 2,000

"Value given is Intrinsic H,. tHR - Hot rolled or forged.
*Q-Quenched in oU or water. A -Air cooled. B-Baked, drawn. M-Macblned. a-
7-Cooled in magnetlo fieUL CW-Cold worked. P- Punched. Cr-Cast. Sn-

000



Magnetic Materials

Pesmeability
AT

B = 20
Gausses

Maximum
Permeability

Saturahon
Flux

Density
B, Gausses

HYSTERESISt
IiOSS,Wfc
ergs PER
Cu.Cm.

COERCIVBt
Force

Oerstids

Resistivity,
Microkm-Cm.

Density,
G.per
Cu.Cm.

180 2,000 21,000 __ 1.8 10 7.88
200 5,000 21,500 5,000 1.0 10 7.88

5,000 180,000 •300 0.05 10 7.88
500 7,000 3,500 0.5 60 7.65

1,500 30,000 nil i^l — 0.15 47 1.61
2,500 25,000 ^Br nil i^B 1,200 0.3 45 8.17

4,000 ^Br [iiiii^B — 0.07 45 8.17

4,500 70,000 220 0.05 50 8.25

2,000 35,000 0.1 80 8.27

3,000 35,000 11,000 — 90
8,000 10,700 20a 0.05 16 8.60

20,000 200 0.05 55 8.72

20,000 — 0.05 62 8.58

100,000 800,000 — 0.002 60 8.77

800 5.000 24,500 12,000 2.0 7 8.3

800 4,500 6,000 2.0 26 8.2

650 10,000
1

24,200 — 1.0 25 8.0

125 130 — <1.0 7.8

55 132 — — — 7.86

1,000 1.500 2,500 — 0.1 5.0

Carpenter 49, Armco 48. tAt saturation. **Q Quench or controlled cooling.

Coercive
Force
He

Oersteds

Residual
Induction

Be
Gausses

Energy
Product

X 10-^

Method of
PABRICATIONt

Mechanical
PROPERTIESt

Weight,
Lb. PER
Cu. In.

50 10,000 0.20 HR,M,P H,S msm
70 10,300 0.32 HR,M,P H,S 0.292
65 9,700 0.30 HR, M,P H,S
150 9,500 0.65 HR,M,P H,S
240 9,500 0.97 HR,M,P H,S 0.296

250 10,500 1,1 HR,M,P H 0.295

240 9,000 0.9 HR,M,P H 0.290

440 7,200 1.4 C,G H,B 0.249

550 7,200 1.6 C,G H,B 0.256

520 6,900 1,4 Sn,G H 0.249

700 5,500 1.3 Sn,C,G H 0.253

550 12,500 4.5 0,G H,B 0.264

750 10,000 3.5 C,G H,B
950 5,800 1,5 C,G H,B 0.26

300 8,800 1.0 C,CR,M,P D
510 10,000 3.5 C,CR,M,P D 0.292

550 5,400 1.5 0,CR,M,P D,M 0.311

660 3,400 0.80 C, CR,M,P D,M
1,000 . 1,600 0.60 Sn,G W
6,000^*> 550 0,075 C,OR,M,P D,M
2,600 4,500 3.8 C,CR,M D —
390 6,600 0.97 — — 0.176

CR-Cold rolled or
Must be ground.
Sintered.

m-Hard. B- Brittle. S- Strong. D-DuctUe.
M- Malleable. W-Weak. ^ n j nh ^

Compiled by R. A. Chegwidden

{Metal Progress Data Sheet, November 1948)
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Molded Thermosetting

General Properties

Typ« Filler Coloft AppIkatioM,

FK Lh.

Ml*.
Notch
Im*
P«t

Fkxttrol Tnnilk
hi.

Wettr
AbiorjH
tieni
48 Hr.

Meat
RmIi-
tonca
Con.
tlnu*

ousF

DIoloc

Str., V
Mil $H

‘aji
Spa

25C
1

trie

m'bl
•t In

-In.

e.

looT

Spat.

Gray.
Itv

Shrink,

ooa In.

par In.

talk
Foctor

fktMlk None Amber
treen.ruby,

turquoise,

tortoiN

shell

Milkint machine parts

and steriliuble c^oip*

ment also ustd (or bard

synthetic Jewels J4.
0.44

10,000.

14,000
7,000.

8,000 0.1 248 11 1.28

0.009.

0.011 2.25

PktMlk Wood.
flour

All colors

except

pastels

General purpose mold*

ing applications 0.30.

0.40

0,000-

12,000

6,000-

8,000

0.5.

1.0 248
300-

450
60-

125

1.33.

1.45

0.006.

0.009 3

Phwiolk Wood.
flour

Natural

and black

General purpose ,high.

dielectric applications 0.28 10.000
7,000.

8.000

0.8-

1.0 248
350.

500
100.

200

1.33.

1.35

0.007-

0.008 3

Wood.
flour

Natural

and black

Parts requiring good

water resistance, mini,

mum odor

0.30-

0.3$

9,000-

11,000

5,000.

7,000

0$.
0.8 248 250 50 1.40 0.008 3

B Wood.
flour.

Kraphiie

Gun *

metal
Bearings, cams, caster

wheels, etc. requiring re-

duced friction 0.30

8,000-

9,000 6.000
0.8.

1.0 248 1.42

0.007-

0.008 S

Asbeitot,

wood.
flour

Moat
colon
except

pastels

Heater plugs and^ jn.

sulating pieces requiring

good heat resistance
0.30

9,500.

11.000 6.000
0.2.

0.5 392
250.

400
50.

80

1.67.

1.80 0.005 3

Short fibre

aibeitot

Black and
brown

Parts requiring better

heat resistance and for

low power arc resutance

9.000.

10.000 6.000
0.01.

0 I 428
250-

400
50-

80

1.80-

1.90 n
PhMolk Long fibre

aibettoi

Black and
brown

Best phenolic for
^
heat

resistance, low moisture

absorption, kw coefi*

cient of expansion, max.

imum dimensional sta.

biliiy P.®

9,000.

9,500

5.000-

6.000
0.01.

0.1 428
250-
400

50-

80 1.80

0.003.

0.004 3

PhcRolk Atbeatoa.

craphite

Gun
metal

Bearings, slides, ealves.

cams, etc requiring

miximuin heat.resis*

tance, dimensiona|.tta.

bility good wear resis-

tance 0.28

8.000-

9.000 6,000 IT- 428 1.75

HT7!Tn1
PlMHOliC Afbetioi Natural

and
brown

High-heat and high im-

pact applications

0.50 10,000 6,500 0.3 428 125 SO

1.80-

1.85 i
PkMOlIC Aibettoi Natural

and dark
tan

High heaulow flame,

high impact appliations
3.40 10,000 6,200 0.8 392

70-

100

50-

70

1.60.

1.70

0.003-

0.004 5

Phenolic Mica Natural
and Mack

Electrical appiiations

requiring improved heat

and low.moisture ab-

sorption 0.30 8,000 6,000

0.01-

0.05 428
300-

500
ISO-

300

1.88.

1.92

0.002-

0.004 2.5

Phenolic Cotton
flock

Most dark
colors

General purpose molding

material with improved

impact resistance
pp

9,500-

12,000

7,000-

8.500

0.8.

1.0 248
250-

300

60-

80

1.36.

1.42

Phcnolk Combines good
_

water

resistance, minimum
odor and improved-im*

pact resistance 6,500

0.8.

1.0

40.

SO 1.42 BQI1
Phenolk Fabric*

short fibre

Natural,

black,

red.

brown

Medium-high impact
material with good flow

lor complex sections 6,000-

6,500 1.0 248
200.

250
SO-

80
1.38.

1.42

0.003.

0.004 5

Phenolk Fabric.

medium
fibre

Black.

brown.
red

High-impact material

used lor bulky sections 3.00.

3.50 10,000

6,000-

6,500 1.0 Hajul
50-

80

1.38.

1.42

0.003.

0.004 8

Phenolk 0(yped Black Highcst-impact phenolic

material. Cannot be used

for soma complex mc*

tions $.0 11,000 6,200 1.0 248 300 70 1.35 0.003 8
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Hastic Materials

ind Uses

Typ« Filler Colors Applications

fh Lb.

par la.

Notch
Im-
pact

Flexural

Pti.

Temik
Psi.

Water
Absorp-
tie«%
a Hr.

Keot
Retli-

tance

Cen-
Hnii-

ausF

Okies
Str., V
Mil $h
StmsTi

onvf
Spe

25 C
1

:trle

vby
ist In

i-li.

c.

100C

Spec.

Grav-
ity

Shrink-

age In.

per In.

Bulk
Factor

Phtnolic Fabric,

graphite
Gun
metal

Cams, bcaringi.^ slides,

etc. requiring high im-
paa, rduced friaion

0.70-

0.80

8.000-

9,000 6,000 m 1.45

0.003-

0.004 4

Phenolic Cotton
flock and
graphite

Gun
metal

Cams, bearings, slides,

etc. requiring medium-
impact resistance, re-

duced friction 0.40 9.500 6,500 i 1.40

0.003-

0.004 4

Phenolic — — Used for the shielding

of X-rays 0.30 9,500 6,000 0.5 248 __ _ 0.005-

0.006 3

Phenolic-

Aniline
Wood-
flour

Natural Highest electrical prop-

erties with good are
resistance 0.30 10.000 6,000 1.25 248 300 300 1.34,

0.006-

0.008 3

Phenolic-

Aniline

Mineral Natural Radio_ or similar parts

requiring low dielectric

losses. P.F. @ 1000

K.C. -0.009 0.38
j

9.S00 6,500 0,02 257
300-

500

300-

400 1.94 0.004 2.5

Phenolic-

Aniline
Cotton
flock

Natural Hi|heit electrical prop-

erties with improved-
impact resistance 0.46 10,000 6,500 1.20 248 300

200-

300 1.34
0.006-

0.008 4

Urea Celluloae All colon
including

tranilu*

cent and
panel
ihades

General purpose color

work. Good arc resis-

tance. Used for lamp
shades, packages, radio

cabinets, etc.

0.30 11,000 8,000 2.00 170 300 80 1.49 0.008 3

Uclomine Cellulote All colon
including

tranilu-

cent

and panel
shades

General purpose color

work with improved-

temperature resistance.

Gom lor dishes and
buttons

0 28 12,000 210

i

230 250 1.50 0.008 3

Melomine Mineral,

cotton

flock

Gray Electrical applications

requiring improved arc

resistance. Excellent for

ignition pant 0.44 8,000 5,000 0.25 284 300 200 1.80 0.006 2.5

Melamine Fabric Gray and
black

Combines good impact

resistance with im-

proved-arc resistance 0.90 10,000 7,000 1.0 248 230 80 1.49

0.003-

0.004 12

Cold

Motd-
Non-Re-
fractory

Black and
brown

Wiring device parts,

cook-ware handles to

withstand oven temper-

atures. Best cold mold
for appearance 0.4 4,500 2.0 482 60 2.00 0015 2.5

Cold
Mold-
Refrac-

tory

Gray Arc deflectors, rheostat

bases and other pans
requiring maximum heat

and arc resistance 0.6 5,000

0.05-

15 1.292 60 2.20 Nil 2.5

Synthetic

Herd
Rubber

Mineral Red Electrical and ignition

parts requiring good arc

resistance and good di-

electric at elevated tem-

peratures 0.32 7,000 4,000 0.08 175 370 370 1.77

0.0195-

0.0225 1

Mycalex Mineral Gray Radio and other high

frequency electrical ap-

plications requiring mkx-
imum heat and arc re-

sistance. P.F. @ 1000

K.C. -0.0023 10,000 0.0023 662 380 3.11 Nil

Mycalex Mineral Gray General purpose electri-

cal applications requir-

ing low moisture ab-

sorption. high tempera-
ture and arc resistance.

P.F. ® 1000 K.C
-0.0018 12.000 0.001 482 325 3.70 Nil

* Shrinkatt. Moliint matirials tkrink *lter they dre molded. The 9»lue$ listed tn the table five the amount of this shnnhage i« »«. per in. under average

(ondtfions. Alloteance must be made in the mold design to eompensate for thu shrinkage.

t Bulk Factor. Mold designs mutt allow suMeient space for loading the molding compound. The ratio of the volume of compound bejore molding to the vol-

umc of the molded piece. is called the buth factor.

Prepared from data submitted by the Shaw Insulator Co., Irvington, N. J.

(Courtesy Materials S' Methods, December 1947, Engineering File Facts No. 153)
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Properties oj

Ty#t •f Brick C»»eeiitlea
F.C.E. er

Farien Point

Tree
SpcciSc
Grarity r' BrUk

Linear CoeAcicnt
of Eapansion

per ®C

r
Silica SiOa 95-96% 31-33

Cone
2.3-2.4 6 See (A) Below

High Heat
Duty Fire Brick

AUOi 35-42%
SiO, 52-60%

31-33
Cone

2.60-2.70 714-8 53 X 10
20 - 1200“C

Super Duty
Fire Brick

A1,03 43-447o
SiO-, 51-63%

33-34
Cone

2.65-2.76 7>/2-8 63 X 10
20 - 1200*C

High Alumina
Fire Brick

AhO^ 60-80% 34-39
Cone

2.80-3.40 8-9 63 - 65 X 10
20 - 1425"C

Kaolin AliOa 44-46%
SiOj 51-63%

31-34
Cone

2.60 7V^-8 53 X 10
20 - 1425’C

Mullite AI2O, 62%
SiOa 38%

38
Cone

3.03 8>/i 45 X 10
20 - 1320X

Zircon ZrO, 67.1%
SiO, 32.9%

approx.
4400‘F

4.6 12 42 X 10-*
20 - 1550“C

Silicon Carbide
SiC 89-91% dissoc.

@4082*F
3.13-3.22 9.5

45 X 10
20 - noo*c

Graphite C 100%
above
5432*F

2.25 8 20 X io
20 - 1000"C

{ Chrome

Cr,0, 30-46^0
AljOa 15-33%
SiO, ll-177o
FeO 3-6%

3660-4000’F 3.8-4.1 11 80 X 10 -»

20 - lOOO'C

1
Fused Alumina

A1,0, 90-99.1% 38-41
Cone

3.80-4.00 1) 70 X 10 -»

20 - 1000"C

Forsterite MgO 57.3%
SiO, 42.7%

40
Cone

3.3-3.4 9 IlOx 10-'
20 - 1600’C

Magnesia-Alumina

^
Spinel

MgO 28.2%
A1,0, 71.8%

3875*F 3.6 10 80 X 10 -'

20 - SOOX

Magnesite
(Dead Burned)

MgO 83-93%
Fe,0. 2-7%

3992*F 3.4-3.6 9'/4 147x10-'
20 - 1425“C

Magnesia
(Electrically

fused)

MgO 94-96%
SiO, 2-3%
CaO 1-2%

3992-4632T 3.60 10 150 X 10 -'

20 - 1475"C

* To change BTU units to C.G.S, units divide by 2903

(A) 430 X 10-7, 20-300®C, 30 X 10-7,
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Refractories

Thcriii»l

CMidactiTity
BTU/Hr./-

Sq.Ft./In./*F.*
Mcsfi Spcciic
Hc«t (€(•)

Uii4«r
SS#/*^. In.

CenalMicy
•t Vninnt RcMsrka

13.0

S9(1-1882*F
0.265

7a-1832*F
No deformation
at 2732-F, 50psi

Low Shrinkage.
Rev.t expu to

Melting Point

Strongly resistant to acid slags. Readily
attacked by basic materials and flu>

orides.

400-2400T
9.5

0.26
70*-1830*F

4.0+%
@ 2460“F

2.0% Shrink.
e> 2550‘P Rapidly attacked by basic slags, par-

ticularly iron slags. Moderately resist-
ant to add slags.

Approx, same as

Hiffh Heat Duty
Approx, same as
High Heat Duty

2.5 to 4.0%
@ 2460*F

1% Max. Shrink,
at 2732*F

M|||| Approx, same as
HiA Heat Duty

Approx, same as
Super Puty.>

0-3% Shrink.
@ 2912‘F

^ore resistant to alkali slags than Are
clay brick; readily attacked by iron
slags.

13.5

e>2400‘F
0.254

480-1832T
1% e 2aoo*F 0.5% Shrinkage

@ 8Q0O’F
Slightly more resistant than Are brick
to slags, particularly basic slags.

8.5

200-2600’F
0.175

70*-1475*F
0 @ 2650* F..

50p8i:2.0% @
3000‘F. 50 psi

No appreciable
change to 3000*F

Low solubility in glasses and some slags.
Attacked by high iron slags.

13.5

390'-1832*F
0.132
lOOT

Fails @ 2820*-

2910-F
No appreciable
change to 2820*F

Not readily attacked by acid slags.

Readily attacked by basic slags and
Auorides.

66.0

@2000*F
0.186

70-1832‘F

No deformation
to 2732-F.60psi

No Shrinkage to
2732*F

Readfly attacked by strongly basic
slags, particularly those high in iron

or calcium oxides.

0.29
70-1832-F

None No Shrinkage Strongly resistant to all slags except
those containing oxides readily reduced.

12.1

@2400’F
0.22

^ 1832*F

No deformation
^ 2600-F

1.3% Shrinkage
at 2820-F

Neutral properties. Not readily attacked
by acid or basic slags.

18.0-20.0

@ 2000-F
0.174-0.304
32*-1832-F

1-2%
@ 2732-F, 5P psi

No Shrinkage
at 2732-F

Very resistant to acid slags, moderately
resistant to basic slags; tendency to
absorb.

10.3

@ 2400*F
0.22

70-200-F
No deformation
to 2732*F, 50 psi

Negligible

Shrinkage
to 3000-F

Not readily attacked by basic slags;

readily attacked by acid slags.

14.5

@ 2400*F
0.25

70-1832T
Moderate resistance to basic slags; low
resistance to acid slags. Magnesia spinel

sometimes shows slag absorption.

13.

2400“F
0.278

70-1832-F
Poor load bearing
property above
2450-F

No Shrinkage
below 2900’F

Not readily attacked by basic slags;

readily attacked by acid slags.

20.0

2000T
0.292

32-2375‘F

Poor load bearing
property above
2732-F

Less than
1% below
3250-F

t Reversible

(Courtesy American Foundryman, May 1947)
300-1 100* C.



Temperature

Conversions

Albert

Sauveur

type

oj

table.

Look

up

reading

in

middle

column;

if

in

degrees

Centigrade,

read

Fahrenheit

equivalent

in

right

hand

column;

if

in

degrees

Fahrenheit,

read

Centigrade

equivalent

in

left

hand

column.

Values

as

printed

in

“Bethle^

hem

Alloy

Steels!*
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Approximate Critical Temperatures for S.A.E. Steels by M. J. R. Morris, R. Sergeson

and G. W. Gable; Central Alloy Division, Republic Steel Corp.

In most instances found by examining microstructure of quenched %-in. discs of I4n.

round, taken from furnace at 20^F. increments. Grain size of steel unknown. Rate of

heating and cooling about same as in furnace-cooling for commercial annealing.

Number
On Sloiv Heating On Siotv Cooling

|Number
\0n Slow Heating On Slow Cooling

ACf Acs Acj Ar2
1

1

Ac, Acs Acs Ar^ Ar2 An,

Cenhon Steels
WW 1550 1405 1605 1570 1400 1255
1015 1555 1410 1565 1545 1595 1265

X1015
WPO 1555 1410 1570 1555 1595 1260

X1020

1025 1555 1405 1545 1515 1405 1255
X1025
1050 1550 1405 1495 1465 1405 1250
1055 1545 1475 1455 1595 1275
1040 1540 1455 1415 1275

X1040 1540 1450 1540 1270

1045 1540 1450 1405 1275
X1045 1555 1420 1550 1270
1050 1540 1425 1590 1275

X1050 1555 1400 1550 1270
1055 1540 1425 1590 1275

X1055 1555 1400 1550 1270

1060 1540 1410 1570 1275
1065 1540 1565 1545 1265

X1065 1555 1560 1550 1260
1070 1545 1570 1540 1280
1075 1550 1565 1540 1260

1060 1560 1265
1065
1090 1560 1265
1095 1560 1290

10150* 1555 1290

Free Cutting Steels
1112 1555 1410 1590 1545 1595 1265

XI1 12
1115
1120 1555 1405 1550 1510 1400 1255

X1514 1

X1515
\

1545 1420 1520 1495 \1570 1245

X1550
X1555
XI540

Manganese Steels

T1550 1525 1480 1540 1160
T1555 1515 1460 1540 1165
T1540 • 1515 1455 1510 1160
11545 1515 1410 1500 1160
71550^ 1510 1400 1255 1105
71560* 1505 1405 1200 1095

Nickel Steels

2015 1575 1475 1575 1450 1400 1215
2115 1545 1455 1525 1475 1560 1195

2515 1500 1550 1440 1550 1260 1100
2520 1265 1545 1420 1255 1160 920
2550 1275 1515 1400 1180 1050
2555 1275 1575 1160 1050
2540 1260 1560 1160 1060
2545 1280 1550 1160 1060
2S50 1260 1540 1160 1070

2515 1250 1555 1420 1220 1140 825
2520* 1240 1540 1590 1175 1025 825

lumber r ot in th i officia S.A.E.Iist

Nickel-Chromium Steels

3115 1355 1400 1500 1470 1380 1240
3120 1350 1400 1480 1455 1360 1230
3125 1350 1395 1465 1400 1380 1220
3130 1345 1360 1460 1360 1220
3135 1340 1445 1300 1220
3140 1355 1415 1295 1220
X3140 1350 1430 1300 1240
3145 1355 1395 1295 1220
3150 1555 1380 1275 1215

3215 1350 1410 1465 1415 1350 1240
3220 1350 1415 1460 1405 1355 1240
3250 1340 1435 1595 1240
3240 1335 1425 1280 1240
3245 1545 1400 1270 1225
3250 1540 1375 1255 1200

3312 1330 1370 1435 1240 1160
3325 1335 1365 1400 1230 1160
3330* 1520 1360 1380 1225 1145
3335 1310 1360 1200 1100
3340 1290 1360 1180 1100

3415 1330 1370 1425 1340 1300 1220
3435 1290 1380 1200 1150
3450 1290 1360 \ 1200 1100

Molybdenum Steels

4130 1395 1455 1485 1405
1

1395 1280
X4130 1395 1435 1460 1405 1 1250
4135 1595 1440 1475 1360 1360 1260
4140 1360 1460 1370 1280
4150 1365 1395 1355 1280

4340 1350 1425 875 725
4345 1345 1415 675 725

4615 1535 1400 1465 1400 1320 1200
4620 1335 1470 1390 1175
4640 1320

i

1450 1300 1125
4650* 1315 1410 1260 1125

4615 1300 1440 1310 600
4620 1300 1440 1260 760

Chromium Steels

5120 1410 1460 1540 1470 1420 1295
5140 1370 1440 1345 1260
5150 1530 1420 1260 1220
52100 1340 1415 1315 1280

Chromium-Fanadium Steels

6115 1420 1460 1550 1450 1360 1300
6120 1410 1460 1545 1440 1360 1300
6125 1400 1440 1490 1390 1360 1295
6130 1390 1440 1465 1370 1340 1265
6135 1390 1480 1370 1260

6140 1390 1455 1375 1295
6145 1390 1450 1375 1290
6150 1385 1450 1375 1270
6195 1370 1425 1360 1300

Tungsten Steels

7260 1 1360 1 1 1430 1 1370 1 1 1310

Silicon-Manganese Steels

9255 MOO 1500 1380
1
1320

9260 MOO 1500 1360
1

1315

(Courtesy Metal Progress)
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Note:

Bond

and

spread

tests

were

made

on

copper

sheet.

Tensile

and

creep

tests

were

made

on

chill

cast

strips

of

the

alloys.

*

Determined

in

this

investigation

from

cooling

curves

—

other

temperatures

from

literature.



APPENDIX 575

Comparison of Wire Gages

Amencan Rirminir
Mann-

er Browne Washburn British London United facturers’

iage No. & Sharpe’s ai7u?» & Moen Standard or Old States Standard Gage No.
A.W.G. -D w r S.W.G. S.W.G. English Standard for Sheet
or B. & S. Steel

0000000
000000 .5800

00000 .5165

0000 .4600

000 .4096

00 .3648

0 .3249

1 .2893

2 .2576

3 .2294

4 .2043

5 .1819

6 .1620

7 .1443

8 .1285

9 .1144

10 .1019

11 .0907

12 .0808

13 .0720

14 .0642

15 .1571

16 .0508

17 .0453

18 .0403

19 .0359

20 .0320

21 .0385

22 .0253

23 .0226

24 .0201

25 .0179

26 .0159

27 .0142

28 .0126

29 .0113

30 .0100

31 .0089

32 .0080

33 .0071

34 .0063

35 .0056

36 .0050

37 .0045

38 .0040

39 .0035

40 .0031

.4900

.4615

.4305

.454 .3938

.425 .3625

.380 .3310

.340 .3065

.300 .2830

.284 .2625

.259 .2437

.238 .2253

.220 .2070

.203 .1920

.180 .1770

.165 .1620

.148 .1483

.134 .1350

.120 .1205

.109 .1055

,095 .0915

.083 .0800

,072 .0720

.065 .0625

.058 .0540

.049 .0475

.042 .0410

.035 .0348

.032 .0317

.028 .0286

.025 .0258

.022 .0230

.020 .0204

.018 .0181

.016 .0173

.014 .0162

.013 .0150

.012 .0140

.010 ,0132

.009 .0128

.008 .0118

.0Q7 .0104

.005 .0095

.004 .0090

.
.0085

.0080

.0075

.0070

.500

.464

.432

.400 .454

.372 .425

.348 .380

.324 .340

.300 .300

.276 .284

.252 .259

.232 .238

.212 .220

.192 .203

.176 .180

.160 .165

.144 .148

.128 .134

.116 .120

.104 .109

.092 .095

.080 .083

.072 .072

.064 .065

.056 .058

.048 .049

.040 .042

.036 .035

.032 .0315

.028 .0295

.024 .0270

.022 .0250

.020 .0230

.018 .0205

.0164 .0188

.0148 ,0165

.0136 .0155

.0124 .0138

.0116 .0123

.0108 .0113

.0100 .0103

.0092 .0095

.0084 .0090

.0076 .0075

.0068 .0065

.0060 .0058

.0052 .0050

.0048 .0045

.500

.469

.438

.406

.375

.344

.312

.281

.266

.250

.234

.219

.203

.188

.172

.156

.141

.125

.109

.0938

.0781

.0703

.0625

.0562

.0500

.0438

.0375

.0344

.0312

.0281

.0250

.0219

.0188

.0172

.0156

.0141

.0125

.0109

.0102

.00938

.00859

.00781

.00703

.00664

.00625

.2391

.2242

.2092

.1943

.1793

.1644

.1495

.1345

.1196

10.46

.0897

.0747

.0673

.0598

.0538

.0478

.0418

.0359

.0329

.0299

.0269

.0239

.0209

.0179

.0164

.0149

.0135

.0120

.0105

.0097

.0090

.0082

.0075

.0067

.0064

.0060
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Index

A

Admiralty bronze, 191

“Advance,” 342
“Agmolite,” 310
“Agnilite,” 310
“Agraphite,” 310
“Alchrome,” 341
“Alclad,” 9, 12, 17
“Alcumite,” 423
“Aldecor,” 60
“Allegheny 4750,” 263, 264
“Alloy 16-25-6,” 456, 457
“Alloy 502,” 340
“Alray A,” 339, 386
“Alray C,” 340
“Alnico” alloys, 271, 274-276
“Alumilite,” 23, 372
Aluminum alloys, 4, 8-26

“Alclad,” 9, 12, 17

composition, 11

corrosion, 22
design, 24-26
heat treatment, 9, 18, 20
machining, 20
properties, 12-16
rivetin-g, 22
welding, 21, 22
working, 1^18
wrought, 8

Aluminum bearings, 191-197
Aluminum faisteners, 227
American National threads, 205
“Amsco” alloys, 386
“A-Nickel,” 386-388, 394, 395
“Anhyster” alloys, 263, 264
Annular gears, 189
Anodizing, 23, 24 , 40
“Armco Iron,” 260, 264
“ATV3” alloy, 464
“Audiolloy,” 262, 263

B

“B&W” alloys, 386
Babbitts, 182-189
“Bahnmetall,” 184
Baker bi-metals, 334
Bearing materials, 177-201

alloy types, 181, 182
aluminum-base, 194-197

babbitts, 182-189
cadmium, 187-188
lead, 182-185
tin, 185-187
zinc, 188-189

bronzes, 190-193
“Admiralty,” 191
aluminum, 191-193
“Compo,” 193
“Composition G,” 191
“Duronze,” 192, 193
“Gun,” 191

manganese, 191-193
“Oilite,” 193
phosphorus, 191-193
zinc, 191

copper-lead, 189, 190
powder metals, 198, 199
selection, 199, 200
silver alloys, 194
sintered, 192, 193

Bearings, 177-178
fluid film theory, 178-180
requirements, 180-181

Bend test, 477, 478
Beryllium-copper springs, 162-164
Betatron, 510, 511
Bevel gears, 85, 87
Bi-metals, 311-324, 334

(see Thermostat metals)
“Black Magic,” 371
Bolts, 204-228

headed, 210
high-temperature, 219-221
materials, 214, 215, 227, 228
properties^ 216-219
shaping, 211

“Bonderizing,” 370
“Bon-White,” 375
Brass springs, 161

Brinell testing, 478-480
Brittle lacquer test, 515, 516
Bronze bearings, 190-193
Bronze gears, 116-118

C

Cadmium-base babbitts, 187, 188
Calorizing, 371
Cap screws, 204
Carbon contacts, 287



578 INDEX

“Carpenter 20,” 420
“Carpenter 49,” 262
Cast-iron gears, 114-116
“Chace No. 772,” 318, 334
“Chlorimet” alloys, 3^, 386, 392-395

“Chromel” alloys, 339, 340, 386
“Chrome-Pickel,” 39, 373
“Chromin D,” 340
Chromium-base alloys, 457, 458
“Cirflex,” 334
Cladding, 79, 393
Clock springs, 154
Coating thickness, 523-525
Cobalt-base alloys, 459-463
Cobalt-platinum alloys, 278
“Coflex,” 334
Coin Silver, 297
“Colmolloy,” 271
“Comet,” 340
“Comol,” 277, 278
Compensator alloys, 260, 263
“Compo,” 193
Compression test, 489
Contacts, see Electrical contacts

classification, 293
materials, 286-296

“Copel,” 342
Copper, 287, 344
Copper alloy fasteners, 224-227
Copper alloy springs, 158-162
Copper-lead bearings, 189, 190
Copper-manganese alloys, 271

Copper-manganese-aluminum alloys, 271
Copper-manganese-tin alloys, 271
“Coppemik,” 263
Copper-tungsten contacts, 293
Copper-tungsten carbide contacts, 293
Core plating, 269, 270
Corrosion, 22-24, 38-40, 55, 56, 353-382
aluminum alloys, 22-24
corrosion fatigue, 361-364
electromotive series, 354, 355
galvanic series, 355-358
iron, 364
magnesium alloys, 38-40
prevention, 365-377
aluminum, 372, 373
cathodic, 365, 366
copper, 374, 375
electroplated coatings, 366-368
iron and steel, 370-372
magnesium, 373, 374
paint coatings, 368
rate, 359-361
reactions, 3M
stress-corrosion, 361-364
types, 361-364
zinc, 375, 376

Corrosion-resistant materials, 383, 428
nickel-base alloys, 383, 384
stainless steels, 80-82

“Corten,” 53, 54
Creep test, 501

“Cronak,” 375, 376
“Cunico,” 277, 278
“Cunife,” 277, 278
^^Cupron,” 342
Cyclograph, 506, 507

D
Density of metals, 3
“Di-Nickel,” 386-388, 394, 395, 461
“Dowmetal,” 32, 33
Ductility test, 495-497
“Du-Lite,” 370, 371
“Duranickel,” 167-170, 386, 388, 394, 395
“Durichlor,” 241, 242
“Durimet 20,” 420, 421
“Durimet T,” 420, 421
“Duriron,” 421, 422
“Duronze,” 192, 193
“Dynalloy,” 53, 60

E
“Ebonol,” 371, 372
Electrical contacts, 285-309

design, 305-309
factors in operation, 296-301
failures, 301-305
materials, 286-296

carbon, 287
copper, 287, 288, 294
copper-tungsten, 293, 296
copper-tungsten carbide, 293, 296
gold, 288
iridium, 288
molybdenum, 288, 296
nickel, 288
osmium, 288
palladium, 288, 289, 296
platinum, 289, 295, 296
rhodium, 289
ruthenium, 289
silver, 289, 296, 294, 296, 306, 307
silver-cadmium oxide, 293
silver-copper, 294
silver-graphite, 292
silver-molybdenum, 292, 293
silver-nickel, 292
silver-tungsten, 293, 296
silver-tungsten carbide, 293, 296
tungsten, 290-296, 306

properties, 296, 297
requirements, 286

Electrical resistance materials, 335-352
alloys, 335-^4
characteristics, 335-337
classes, 335-344
properties, 335-337, 344

“Electric Metal 4750,” 262
“Electro-Granadizing,” 370
“Electro-Jetal,” 375
Electromagnetic materials, 256, 259
Electromotive series, 354, 355
Electroplated coatings, 366-368
“Elinvar,” 170
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^^Elkonium” alloys, 297
Elliptoid gears, 89
“E-Nickel,” 385-388, 394, 395
“Excelsior,” 342

F

Failures, bolts, 243-246
Failures, contacts, 301-305
Fasteners, threaded, 202-252

classification, 202
corrosion, 222, 223, 246
failures, 243-246
fatigue strength, 234-239
finishing, 248, 249
materials, 214-228
aluminum, 227
copper, 224, 225
corrosion resistant alloys, 222, 223
high temperature alloys, 219-222
nickel alloys, 227, 228
steel, 214-219

plating, 248, 249
standards, 202
strength factors, 228-234
tightening, 239-242
torque, 23^242
types, 247

Fastenings, 202-252
Fatigue test, 498-500
Filmeter, 522, 523
Film thickness tester, 523
Fine silver, 297
Finishing fasteners, 248-249

G

Galvanic series, 355-358
Gas turbines, 4^, 469
Gears, 85-136

design, 132-136
durability, 128-125

failures, 128-132

laminated, 121

lubrication, 133
material, 95-122

bronze, 116-118

cast iron, 114-116
non-metallic, 118-120
steel, 95-114

alloy, 100-104

carbon, 100
carburized, 97, 104, 105
case-hardened, 97, 105
effect of alloy, 98, 99
heat treatment, 108-114

nickel, 105
nitralloy, 95, 107
nitrided, 95, 103, 107
properties, 105

pitting, 126, 127

powder metals, 120
requirements, 93, 94

selection of material, 94, 95
terminology, 90-93
types, 85
wear, 126-128
welded, 122

“Gemma,” 263
“Gibsiloy,” 309, 310
“Globar,” 337
Gold contacts, 288
“Granodizing,” 370
“Granosealing,” 370
“Gridnic E,” 344
Gun bronze bearings, 191

H

Hardness conversion, 445, 448
“Hastelloy” alloys, 385, 386, 390-393,

458 459
Haynes-Stellite alloys, 385-393, 458-463
Headed bolts, 210
Heat treatment,
aluminum alloys, 18-20
bi-metals, 323-325
magnesium alloys, 34
steel, 108-114

Helical gears, 86
Herringbone gears, 86
“Heusler” alloys, 271, 278
“Highflex,” 318
“Highheat,” 334
High strength-low alloy steels, 46-60
High temperature materials, 429-474

alloys, 445-465
age-hardening, 455
chromiurn-base, 457, 458
cobalt-base, 459
nickel-base, 458-461

selection of, 464, 465
steel, 445

carbon, 445
carbon-molybdenum, 445, 446
chromium, 447-450
chromium-molybdenum, 446, 447
chromium-nickel, 450
silicon-chromium-molybdenum,

447
silicon-molybdenum, 447

super alloys, 457
corrosion, 431
creep, 430-435, 438
damping, 438
deformation, 438, 439
effect of alloying, 441-444
effect of structure, 439-440
fatigue resistance, 431

oxidation resistance, 430
properties, 445-448, 451-455

required properties, 430-432
stress-rupture, 430, 435-438

thermal expansion, 430

“Hiperco,” 270
“Hipemik,” 262-264
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‘^Hi-Steel,” 53, 60
“H-Monel,” 386, 390
“Houghto-Black,” 371

“H.T. Constant,’^ 334
“H.T. Special,’^ 334
Hydrogen embrittlement, 248
‘‘Hymu,’^ 262
“Hyperm,” 263
Hypersonic analysis, 514
Hypoid gears, 89
“Hytemco,’’ 343

I

“Ihrigizing,” 371
“Illium G,” 385, 386, 392-395
Impact test, 491-^95
“Inconel,^* 165-167, 385-395, 460, 463
‘‘Inconel B,” 458, 459
“Inconel W,» 458, 459
“Inconel X.” 167, 168, 391, 458, 459
“Invar,” 317
Iridium contacts, 288
Iron-aluminum alloys, 270
Iron-cobalt alloys, 270
Iron-neodymium alloys, 278
Iron-platinum alloys, 271, 278
Iron-silicon alloys, 265-270

core plating, 269-270
properties, 266

“Isoperm,” 263

J

“Jelliff A,” 339
“Jelliff 70 ” 342
“Jetal,^’ 371

Jet engine, 466, 467

K

“K-42” alloy, 462, 463
“Kanthal” alloys, 341, 346, 347
“K-Monel,” 165-170, 385-395, 459-461
“Kovar,” 463
“KR-Monel,” 386, 389, 394, 395
“KS Magnet” steel, 275

L

Lamacoid, 119
Lead-base babbitts, 182-185
Light weight structures, 3-26
“L-Nickel,” 386, 387, 394, 395
“Loflex,” 334
“Lucero,” 342
Lubrication of gears, 133

M
Machine bolts, 204
Machining,
aluminum, 20

magnesium, 37
nickel, 405-410
stainless steel, 78, 79

“Magne-Gage,” 524
Magnesium, 4, 27-48

alloying elements, 28
alloys, 4, 27-45
chemical treatment, 39, 40
corrosion, 38-40
design, 40-43
“Dowmetal,” 32, 33
heat treatment, 34
properties, 30-33, 42
riveting, 43^5
welding, 37, 38
working, 34-37

Magnetic analysis, 505
Magnetic materials, 255-270
“Alnico” alloys, 274-276
iron, 260
iron-aluminum, 270
iron-cobalt, 270
iron-nickel, 260-261
oxides, 276
permanent magnets, 271-278
powder metals, 270
precious metals, 277
properties, 256-259, 264
soft materials, 259
special permanent, 277, 278
steels, 272, 273

Mallory alloys, 293, 297, 298, 310
Manganese bronze bearings, 191-193
“Manganin,” 343
“Mangrid,” 344
“Man-Ten,” 53, 54, 60
“Mayari R,” 53, 54, 60
Mechanical testing, 477-503

{see Testing)
“Meehanite,” 115
“Megaperm,” 263, 264
“Micarta,” 118

“Midflex,” 334
“Midvaloy BTG,” 385
Mitre gears, 87
Molybdenum contacts, 288
Moh’s hardness, 482
“Monel,” 164, 165, 227, 228, 247, 318, 342,

385-395
“Monimax,” 263
Monotron hardness, 482
“Morflex,” 334
“Muflex,” 334
“Mumetal,” 262-264, 270, 398
Music wire springs, 148, 153

N

“N-30” alloy, 263
“N-A-X” steel, 52, 53, 60
“New KS Magnet” steel, 275
“Niccaloi,” 262, 263
“Nichrome,” 339, 386
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‘^Nichrome V.’^ 339, 347-349, 386
Nickel, 344, 386, 387, 460, 461
Nickel alloy fasteners, 227, 228
Nickel alloy springs, 164-170
Nickel-base alloys, 383-410

brazing, 407, 408
classification, 385
cleaning, 410
cold forming, 404
composition, 383, 384
corrosion, 412, 414
corrosion fatigue, 397
deep drawing, 405
forging, 401
hardening, 403, 404
heat treatment, 402-404
hot working, 398, 401
joining, 406-408
machining, 408-410
pickling, 411, 412
properties, 384, 385, 393

electrical, 398
high temperature, 398
low temperature, 398-399
magnetic, 397, 398
mechanical, 396, 397
physical, 393

punching, 406
shearing, 406
spinning, 405, 406

Nickel contacts, 288
Nickel silver springs, 160, 161

“Nipermag,” 275
“Ni-Span C,” 170
“Ni-Span Lo 42,” 321
“Ni-Span Lo 45,” 321
“Ni-Span Lo 52,” 321

“Ni-Span Hi,” 321
“Nitralloy,” 95
Nitriding steels, 95
“N.M.H.G.,” 263
‘LNo. 49” alloy, 263
“No. 60” alloy, 342
“No. 90” alloy, 342
“No. 180” alloy, 342
“No. 1040” alloy, 262-264
“No. 2129” alloy, 263
Non-destnictive testing, 504-525

(see Testing, non-destructive)

O

“Ohmaloy,” 341

“Oilite,” 193
Osmium contacts, 288
“Otiscoloy,” 53, 60

Oxide magnets, 271, 276

P

Palladium contacts, 288, 289
Parkerizing, 370
“Penetrate,” 371

“Permafly,” 263
“Perihaloys,” 262-264, 270, 398
Permanent magnets, 271-278
“Permanickel,” 169, 170
“Permendur,” 263, 270
“Permenorm,” 263, 264
“Perminvar,” 263, 264
Phosphor bronze bearings, 191-193
Phosphor bronze springs, 158-160
Photoelasticity, 518, 519
“Photometal,” 263
Piano wire springs, 154
Pitting, of gears, 126, 127
Plating, of fasteners, 248, 249
Platinum contacts, 289
Powder metal alloys, 270
Powder metal bearings, 198-199
Powder metal gears, 120
Powder metal magnets, 270
“Piireclad,” 23

R

“Radio” alloys, 268
Radiographs, 508, 509
“Radiohm,” 341
“Radiometal,” 263, 264
Rawhide, 119
Reflectoscope, 513
“Refractalloy 70,” 463
Relaxation of springs, 145
“Remalloy,” 277, 278
Resistance alloys, 335-344

(see Electrical resistance alloys)

Rhodium contacts, 289
“Rhometal,” 264
Riveting, 22, 43-45, 78
“R-Monel,” 227, 386-389, 394, 395

Roll threading, 208, 209
Rusting, 364
Ruthenium contacts, 289

S

“S-495” alloy, 455
“&-590” alloy, 455

“S-816” alloy, 455
“Saflex,” 334
“Satco,” 184
Scleroscope hardness, 482

Screw threads, 202-252

(see Fasteners)
fits, 206
system, 249-252
terminology, 205-207

types, 203
Shear test, 491

Sherardizing, 371

Skew gears, 85
Silicon bronze springs, 162

Silicon-iron alloys, 264-270

Siliconizing, 371
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^^Silmanal/^ 271, 277, 278
Silver, 344
Silver bearings, 194
Silver-cadmium oxide contacts, 293
Silver contacts, 289
Silver-graphite contacts, 292
Silver-molybdenum contacts, 292, 293
Silver-nickel contacts, 292
Silver-tungsten contacts, 293
Silver-tungsten carbide contacts, 293

“Sinimax,’^ 263
Sintered contacts, 292, 293
“S-Monel,” 386, 390, 458, 469
Sonic testing, 512
Spark test, 521, 522
Sperry Detector, 519
Spiral gears, 86
Springs, 138-176

cold work, 148, 149
compression, 139
corrosion, 147, 148
design, 139-141
extension, 139
flat, 139
physical tests, 174, 175
properties, 142-145, 160-162
relaxation, 145

spiral, 139
stresses, 141, 142
temperature effect, 146, 147
types, 138, 139

Spring material, 138-176
copper alloys, 158-162

beryllium-copper, 162-164
composition, 160-164
nickel silver, 160, 161
phasphor bronze, 158-160
properties, 160-162
silicon bronze, 162
spring brass, 161

nickel alloys, 164-170
‘‘Duranickel,” 167-170
^‘Elinvar,” 170
‘‘Inconel,” 165-167
“Inconel X,” 167, 168
“K-Monel,” 165, 166, 170
“Monel,” 164, 165
nickel, 164
“Ni-Span C,” 170
“Permanickel,” 169, 170

stainless steels, 157-159
steel, 148-159

alloy, 149
carbon, 148, 149
chromium-vanadium, 155, 156
clock wire, 154
compositions, 151-i59
hard-drawn, 152
music wire, 148, 153
piano wire, 154
properties, 151-159
silicon-manganese, 156, 157
stainless, see Stainless steel

tempered, 151, 152
watch wire, IM

Stainless steel, 62-82, 157-159, 414
alloying elements, 64
carbide precipitation, 417
chromium, 64, 65
chromium-nickel, 65-68, 74-78
classification, 62, 63
cladding, 79
columbium, 67
corrosion resistance, 80-82, 417, 419
machining, 78, 79
properties, 68-70
riveting, 78
surface condition, 80
titanium, 67
types, 414, 415
welding, 74-78
working, 70-74

Stainless steel fasteners, 222, 223
Stainless steel springs, 157-159
Steels, high strength-low alloy, 46-60

alloys, 49
alloying elements, 47-49
characteristics, 50-54
corrosion, 55, 56
design, 58-60
forming, 54, 55
properties, 50-54
requirements, 47
welding, 56-58

Stellite alloys, 459
Strain-gage, 516, 517
Strength-weight factors, 6
Stress-coat, 515, 516
Stress-rupture tests, 501, 502
Studs, 204, 217
Supersonic tests, 513

T

Temperature compensator alloys, 265
Testing magnetic materials, 278, 279
Testing, mechanical, 477-503

bend, 497, 498
compression, 489
creep, 500, ^1
ductility, 495-497
fatigue, 498-500
hardness, 478-483

Brinell, 478-480
file, 483
Moh’s, 482
Monotron, 482
Rockwell, 480-482
Scleroscope, 482
Vickers, 482

impact, 491-495
shear, 491
stress-rupture, 501, 502
tensile, 483-489
torsion, 489-491
transverse, 498
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Testing, non-destructive, 504-525

betatron, 510, 511

brittle lacquer coating, 515, 516
chemical, 520
coating thickness, 522-525

cyclograph, 506, 507
electric conductivity, 519
filmetcr, 522, 523
film thickness gage, 523, 524
fluorescent, 504, 505

“Magne-Gage,” 524
magnetic, 504, 505
photoelasticity, 518, 519
pressure test, 519, 520
radiography, 508
sonic, 512-514
spark test, 521, 522
strain gage, 516, 517
stress-coat, 515, 516
X-ray, 504

,
505 , 508, 511, 512

X-ray photometer, 511, 512
“Zyglo,” 504-^06

‘Thermalloy,^^ 386
“Thermoperm,” 263
Thermostat metals, 311-324, 334

(.see Bi-metals)
basic principles, 312-314

characteristics, 325-327

design, 328-334

formulas, 314-317
heat treatment, 323-325

materials, 317-321

alloys, 319
brass-‘Tnvar,” 317, 318
‘Tnvar”-nickel, 323
manganese alloy, 318
“Ni-Span” alloys, 321

properties, 319-322

Threads, 202-252

(see Screw threads)

cut, 209-212, 236

fabrication, 206, 207
fits, 206
rolled, 208-212, 236
types, 203

Thread angle, 249
Thread classes, 249
Thread series, 249

Threaded fasteners, 202-252
{see Fasteners)

“Thruray,” 514
Tin-base babbitts, 185-187
“Tophet” alloys, 339, 340, 386
“Trancor” alloys, 268
“Transformer” alloys, 268
Tungsten contacts, 290, 291
“Tungsil,” 310

V

“Vectolite,” 276, 277
“Vicalloy,” 277, 278
Vickers hardness test, 482
“Vitallium,” 459, 462

W
Watch spring, 154

Wear of gears, 125-128
Welding, 21, 37 , 38, 56-58, 74-78
aluminum alloys, 21

magnesium alloys, 37, 38
nickel alloys, 406-408
stainless steels, 74-78

steel, 56, 58
“Wemco,” 264
“Wilco” alloys, 321-323, 334
Worm gears, 89, 90, 116-118

X

“X-40” alloy, 459, 462
X-ray photometer, 511, 512
X-ray testing, 504, 505, 508, 511, 512

Y

“Yoloy,” 51, 60

Z

Zerol gear, 87
Zinc-base babbitts, 188, 189

Zinc bronze bearings, 191

“Z-Nickel,” 386
“Zyglo” inspection, 504, 505






