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PREFACE TO THE FIFTH EDITION

THE original purpose of Professor Mills of providing a textbook cov-
ering the manufacture, properties, and uses of the more common mate-
rials of engineering construction has been retained as the object in the
preparation of the Fifth Edition. The changes in the Fifth Edition con-
sist of the introduction of several new chapters on properties of materials
and on the treatment of certain materials of construction not covered in
previous editions, together with a revision of subject matter in all chap-
ters and a rearrangement of the chapters.

The subject of fundamental properties of materials is treated, and
methods of testing and requirements of metals in service are described.
The fundamental properties of materials are defined in the first chapter
so that the student may obtain in the beginning an understanding of the
technical descriptive terms. A chapter on service requirements of metals
discusses the subjects of slip, progressive fracture under repeated stresses,
crecp and the behavior of metals under high temperature conditions, im-
pact testing, wear, and corrosion of metals.

More space has been devoted to the subject of metallography and
the “constitution” of metals, which is a subject that is recognized to be
of great importance to the engineer.

A short history of the development of metallurgical processes for fer-
rous metals is included. Additions and improvements have been made
in the treatment of subjects such as the Aston process for manufacture
of wrought iron, the malleablizing process for manufacturing malleable
cast iron, manufacture and properties of ingot iron, welding, extraction of
copper from its ores, and the properties and uses of non-ferrous metals
and alloys (including die-casting metals and light-weight alloys), and
of alloy steels.

The manufacture of Portland cement, its chemistry, and physxcal
properties have been treated from a modern point of view. The work
on concrete has been rewritten to present recognized theories of propor-
tioning, modern, methods of construction, and up-to-date values of plqrs-
ical properties.

Quarry and mill practice for building stone has been discussed. The
descriptions of the manufacture of structural ‘clay products have been
revised to conform to modern practice. Glass building blocks have been
briefly treated. The chapter on timber has been extended to include

v



vi PREFACE TO THE FIFTH EDITION

descriptions of defects and the action of termites and marine borers, and
the tables of structural values have been improved.

A new chapter on bituminous materials has been included to meet
the needs of engineers for a fundamental understanding of these important
materials of construction.

One of the main additions to the Fifth Edition is the section on organic
materials covering the subjects of protective coatings and organic plastics.
The composition and selection of paint, varnish, and lacquer for dif-
ferent purposes are discussed. The properties and applications of a num-
ber of organic plastics are described.

The coGperation and assistance rendered to Professor Hayward in
the preparation of the Second, Third, and Fourth Editions by the follow-
ing members of the Massachusetts Institute of Technology faculty are
acknowledged: Henry Fay, Robert S. Williams, Irving H. Cowdrey,
George B. Haven, Dean Peabody, Jr., Ralph G. Adams, and Gordon B.
Wilkes.

The author wishes to express his appreciation for the assistance
which he has received in the preparation of this cdition from the follow-
ing individuals: Dean H. P. Hammond of the Pennsylvania State Col-
lege for valuable suggestions and advice; Dr. C. L. Clark and Dr. R.
Schneidewind of the University of Michigan and Professor O. H. Henry
of the Polytechnic Institute of Brooklyn for valuable suggestions and
contributed materials; Mr. F. R. McMillan, Director of Research, Port-
land Cement Association, for permission to reproduce figures and deserip-
tions from his publications; and Dr. Wm. H. Gardner, Research Professor
of Chemical Engineering, Polytechnic Institute of Brooklyn, for writing
the chapters on organic protective coatings and organic plastics.

Acknowledgment is made to the following societies and organizations
for permission to quote from their publications: American Society for
Testing Materials, American Society of Civil Engineers, American Society
of Mechanical Engineers, Society of Automotive Engineers, A. M. Byers
Co., American Concrete Institute, Portland Cement Association, Vacuum
Concrete Corporation, Forest Products Laboratory, Wm. F. Clapp Lab-
oratory, Association of Asphalt Paving Technologists, and the Asphalt
Institute.

Lroyp F. RabEr

BrookLyn, N. Y.
February, 1939.



PREFACE TO THE FIRST EDITION

Tris work is an outgrowth of certain lectures and notes which have
been used in the author’s classes in the College of Civil Engineering,
Cornell University, for the past several years. Its preparation was under-
taken to mect the need which was felt for a general textbook covering
the manufacture, properties, and uses of the more common materials of
engineering construction in a comparatively concise and thoroughly
modern manner,

Although this book is intended primarily for use as a textbook of
somewhat elementary character and is not a treatise exhaustively cover-
ing the very broad field of “Materials of Construction,” the treatment
has been made more detailed in some respects than may be necessary for
class-room purposes, and its applications as a general reference work
thereby broadened.

The treatment of the various classes of materials considered follows
a general systematic form which has been made uniform throughout so
far as has been found practicable. The consideration of each material
or class of materials is prefaced by a discussion of its ordinary applica-
tions in engineering construction, followed by a study of its manufacture
or natural occurrence, and concluded by a discussion of physical and
mechanical properties in their relation to its uses.

As a result of the author’s experience in the teaching of this subject,
the propertics exhibited by a given material are, for the most part,
considered as dependent phenomena closely related to certain more or
less variable factors connected with the process of manufacture, natural
occurrence, and conditions of service or testing, and not as independent
qualities inherent in that material. It has been considered advisable
to avoid the inclusion of tabulations of investigational data whenever
the data could be presented graphically by curves or diagrams; dis-
cussions of conflicting empirical data on points admitting of controversy
have been reduced to a minimum; and an cffort has been made to present
the material in a definite, concrete form, the necessity for the exercise
of discriminative judgment upon the part of the student being obviated
by conclusions drawn by the author, even though it is recognized that
in so doing errors of judgment may be made, and the criticism of those
who object to any form of dogmatic statement is invited.

vi



viii PREFACE TO THE FIRST EDITION

The subject of testing materials has not been covered, except in so far
as methods of testing are inseparable from discussions of the properties
of materials revealed by laboratory tests. It is the author’s conviction
that this subject can be handled only in the laboratory itself, and the
place for such material is therefore in a laboratory manual. It is assumed,
however, that a laboratory course in testing materials will invariably
parallel and supplement the textbook course in the study of materials.

The author cannot make a pretense of being a specialist in all of the
fields which are covered in the various chapters of this book, and this
work is therefore to a very large degree a compilation of data and opinion
from a great many different sources. The author takes pleasure in
acknowledging his great indebtedness to the large number of engineers
and manufacturers who have privately or by their writings contributed
much to make up this volume. - A large number of technical books which
are devoted to the consideration of some part of the ground covered by
this text have been frequently consulted and freely used. An effort has
been made to always acknowledge the source of information so obtained,
and if any error of omission has been committed in this respect, it has
been committed inadvertently, not by intention.

The following well-known textbooks and reference works have been
most frequently used:

“Cements, Limes, and Plasters,” by E. C. Eckel; “Portland Cement,”
by R. K. Meade; “Manufacture of Portland Cement,” by R. C. H.
West; “Masonry Construction,” by I. O. Baker; “Stone for Building
and Decoration,” by G. P. Merrill; “Building Stones and Clay Prod-
ucts” and “Economic Geology,” by Heinrich Ries; “The Blast Furnace
and the Manufacture of Pig Iron,” by Robert Forsythe; ‘“The Met-
allurgy of Iron and Steel,” by Bradley Stoughton; “The Metallurgy
of Steel” and “Iron, Steel, and Other Alloys,” by H. M. Howe; “The
Manufacture and Properties of Iron and Steel,” by H. H. Campbell;
“Iron and Steel,” by H. P. Tiemann; “Modern Iron Foundry Practice,”’
by G. R. Bale; “Cast Iron,” by W. J. Keep; “The Production of
Malleable Castings,” by Richard Moldenke; “The Corrosion and Pres-
ervation of Iron and Steel,” by A. S. Cushman and H. A. Gardner;
“The Metallography-of Iron and Steel,” by Albert Sauveur; and “Eco-
nomic Woods of the United States” and ‘“The Mechanieal Properties of
Wood,” by 8. J. Record.

The following periodicals and publications of various societies have
also been frequently consulted:

“Engineering News,” “Engineering- Record,” “Metallurgical and
Chemical Engineering,” Proceedings of the American Society for Testing
Materials, Proceedings of the International Association for Testing Mate-
rials, Transactions of the American Society of Civil Engineers, Proceed-
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ings of the Institution of Mechanical Engineers, Journal of the Iron and
Steel Institute, “Tests of Metals,” published annually by the U. 8. War
Department, “Mineral Resources,” published annually by the U. 8. Geo-
logical Survey, Reports of the various State Geological Surveys, the pub-
lications of the Forestry Division of the U. S. Department of Agriculture,
and the publications of the U. S. Bureau of Standards.

ApeLBerT P. MILLs

ItHACA, N. Y.
February 20, 1915.
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MATERIALS OF CONSTRUCTION

SECTION 1
DEFINITIONS OF TERMS

Y

CHAPTER 1
DEFINITIONS OF TERMS

By Lroyp F. Raper *

1. Introduction. The study of materials of construction is of great
importance in all branches of engineering. The common materials of en-
gineering construction are treated in this volume from the standpoint of
occurrence and manufacture, properties, uses, and testing methods.

Definitions of terms relating to properties of materials and methods of
testing are given in this first chapter.

2. Stress and Strain. *Stress{ is the intensity of the internal dis-
tributed forces or components of force which resist a change in the form
of a body. Stress is measured in units of force per unit area (pounds
per square inch, kilograms per square millimeter, ete.).

In many American engineering textbooks the term stress is defined as a force,
mesasured in pounds, as for example the use of the term stress in the “stress sheet”
of the structural engineer which gives forces. The term “unit stress” may be em-
ployed to indicate that the term is used to denote force per unit of area.

There are three kinds of stress: tensile, compressive, and shearing.
Flexure involves the combination of tensile stress and compressive stress.
Torsion involves shearing stress.

* Tensile strength is the maximum tensile stress which a material is
capable of developing. It is computed by dividing the maximum load
carried during a tension test by the original cross-sectional area of the
specimen.

* Compressive strength is the maximum compressive stress which a
material is capable of developing.

* Associate Professor of Civil Engineering, Polytechnic Institute of Brooklyn.
{ Definitions marked by an asterisk are from the Standard Definitions of Terms
Relating to Methods of Testing, A.S.T.M. Designation: E 6-36.°



2 DEFINITIONS OF TERMS

Shear strength is the maximum shear stress which a material is
capable of developing.

* Strain or deformation is the change, per unit of length, in a linear
dimension of a body, which accompanies a stress. Strain is measured in
inches per inch of length (feet per foot, millimeters per millimeter, ete.)

In many American engineering textbooks the term “strain” is used in the sense
of total deformation and is measured in inches; change of dimension per unit length
is called “unit strain” or “unit deformation.”

* A stress-strain diagram is a diagram plotted with values of stress as
ordinates and values of strain as abscissas. (See Fig. 1.)

* Elastic limit is the greatest stress which a material is capable of
developing without a permanent deformation remaining upon complete
release of stress.

* Proportional limit is the greatest stress which a material is capable
of developing without a deviation from the law of proportionality of
stress to strain (Hooke’s law). Point A in Fig. 1 is the proportional
limit. For many metallic materials the values found for elastic limit
by means of observations of permanent de-
formation after release of stress do not differ
widely from the values found for proportional
limit.

* Yield point is the stress in a material at
which there occurs a marked increase in strain
without an increase in stress. The yield point
defines the stress beyond which structural
damage is likely to occur. Ductile irons and
steels and a few non-ferrous metals have well-
defined yield points. (See Fig. 3.) The yield
o point may be readily determined by the “drop

Strain, in. per in, of beam” method in the tension test.

Fia. 1.—Stress-strain Diagram. ~ Most metals do not have well-defined
yield points, but have smooth stress-strain

curves of gradual curvature in the yield range. Therefore, some other

method must be employed to determine the limiting stress above which

structural damage is likely to occur. The method of yield strength is

recommended by the American Society for Testing Materials to meet

this requirement.

* Yield strength is the stress at which a material exhibits a specified
limiting permanent set. The specified value of the permanent, set is laid
off as Om on the stress-strain diagram (Fig. 1). The line mn is drawn
parallel to the straight part of the stress-strain diagram OA. The in-
tersection of mm with the stress-strain diagram at point r gives the stress

Stress, Ib. per sq. in.




MODULUS OF ELASTICITY 3

which is the yield strength. The specified value of the offset in per cent
should be reported. :

3. Elasticity. Elasticity is that property of matter by which a body,
if deformed by the action of forces, will endeavor to resume its original
shape when the disturbing forces are removed. The elasticity of a num-
ber of engineéring materials is practically perfect provided that they are
not stressed above the elastic limit.

Hooke’s law states that in elastic bodies stress is proportional to
strain provided that the elastic limit is not exceeded. Most materials
show slight variations from Hooke’s

law, but the common metals adhere
to it so closely as to justify its as-
sumption from a practical stand-
point.

4, Modulus of Elasticity. Modu-
lus of elasticity is the ratio, within
the elastic limit of a material, of
stress to corresponding strain. It is
a measure of the stiffness of a ma-
terial. Modulus of elasticity is ex-
pressed in pounds per square inch.
As there are three kinds of stress,
so are there three moduli of elas-
ticity for any elastic material: the
modulus in tension, in compression,
and in shear.

Stress, Ib. per sq. in.

Strain, in. per in.

The modulus of eclasticity in
tension has nearly the same value,
for most metals, as the modulus of

Fi6. 2—Three Methods of Determining
Modulus o. Elasticity of a Material
Having a Curved Stress-strain Diagram.

elasticity in compression. The

modulus of elasticity in shear is smaller than the modulus of elasticity in
tension. The modulus of elasticity in shear may be determined by means
of a torsional test. The modulus of elasticity in flexure can also be ob-
tained in connection with the flexure test. The modulus of elasticity is
the slope of the stress-strain curve within the elastic range, i.e., E = tan 6
(Fig. 1).

Strictly speaking, the modulus of elasticity should be considered only
within the range where the stress-strain relation is practically constant
for materials of a truly elastic nature. Tt is common practice, however,
to determine the modulus of elasticity for materials whose stress-strain
graph is a curved line and whose elastic limit is relatively low in value,
as, for example, concrete. The modulus of elasticity for such materials
is determined by an arbitrary method. Three such methods in common
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use are illustrated in Fig. 2:- (1) the initial tangent method, (2) the
tangent method, and (3) the secant method. Suitable stresses are chosen
in the tangent and in the secant method. The values of E for each
method may be determined by finding the tangents of the angles 6, ¢,
and 6” respectively.

6. Physical Properties of Materials. Resilience is that property of an
elastic body by which energy can be stored up in the body by loads ap-
plied to it and given up in recovering its original shape when the loads
are removed.

Plasticity is the property by which a body, when deformed by the
application of forces, remains in the deformed shape without recovering
its original shape when the forces are removed. Some materials are
partly elastic and partly plastic since they recover a part of the deforma-
tion when the load is removed. Some metals become partly plastic at
clevated temperatures. Materials stressed above the elastic limit so as
to produce some permanent set are partly plastic. Plasticity of metals
is usually determined by means of a tensile-strength test.

Duyctility is the property of a material of being deformed by stretch-
ing, without recovery of shape upon removal of the stretching force.
Ductility of metals is ordinarily determined by measuring the elongation
and reduction of cross-sectional area of a tensile-strength-test specimen.:

Malleability refers to the ability of a material to withstand hammer-
ing into a thinner sheet without fracture. It depends on the ductility
and softness of the material.

Hardness is resistance to plastic deformation.” Thus a hard material
may have a high elastic limit or a high value of stress below which there
is no permanent set. Other meanings are given to the term, however,
such as resistance (1) to abrasion, (2) to scratching, or (3) to indenta-
tion of a cone or ball.

Toughness may be defined as resistance to impact. Toughness is
also considered to mean resistance to fracture when the material is de-
formed above the elastic limit. A tough material can withstand ap-
preciable permanent deformation before fracturing. ’

Brittleness is the opposite of toughness and ductility and refers
to small resistance to a sudden blow. A brittle metal breaks suddenly
without appreciable permanent deformation or warning of approaching
failure.

Durability refers to resistance of a material to deterioration in quality
during its period of use.

6. Stress-concentration Factor.. The termn “stress-concentration fac-
tor” may be defined as the ratio between the stress actually occurring
at a section of localized stress (such as at a notch, at the edge of a hole,
at the root of a screw thread, at a shoulder in a shaft. or other sudden
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change in cross-section) and the stress at that point as calculated by the
formulas of mechanics of materials.

7. Statistical Properties of Materials. The subject of mechanics of
materials which is based on Newtonian mechanics implies definite rela-
tions in the physical world between cause and effect. That these relations
may be predicted only on the basis of probability is the viewpoint of
modern physics. These probabilities when considered in terms of a great
number of atoms become exact laws in the same sense that actuarial
tables of life insurance based upon the records of many persons are
exact. The results obtained by the application of these laws of proba-
bility to an individual case may differ greatly from the actual value.
Or if only a small section of material is considered as, for example, the
material near a small notch, the probable stress calculated by mechanics
may not agree with the actual stress. But if the section of material is
large enough so that it contains almost an infinitude of atoms, there are
many paths through which action may take place and the most probable

“statistical” value should be close to the actual value.

The engineer in dealing with the properties of materials should keep
in mind that natural phenomena just happen and that there is no con-
trolling law which predicts the details of that occurrence exactly. Any
physical phenomenon which may be observed is controlled by chance,
and prediction may be made only in terms of probability or statistically.
Furthermore, mechanics of materials formulas are based on the supposi-
tion that the material is homogeneous, isotropic, and elastic, and that it
satisfies Hooke’s law; although most materials of construction satisfy
these assumptions closely enough for most practical purposes, stresses and
strains calculated by mechanics of materials formulas are in reality only
statistical approximations.

QUESTIONS

1. Define the following terms: stress, strain, deformation, elastic limit, pro-
portional limit, yield point, and yield strength.

2. What is the significance of the modulus of elasticity ?

3. Distinguish between elasticity and plasticity.

4, Define: ductility, malleability, toughness, and brittleness.

5. State four different meanings given to the term “hardness.”
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SECTION 2
METALS

CHAPTER II
'TESTS OF METALS

By Lioyp F. RADpER

8. Purpose of Physical Tests of Materials. Physical tests are con-
ducted on materials of construction in order to determine their quality
and their suitability for specific uses in machines and structures. It is
necessary for both the consumer and the producer to have tests for de-
termining quantitative properties of materials in order that materials
may be properly selected and specified. Tests are also needed to dupli-
cate materials and to check up on the uniformity of different shipments.
In fact, in describing materials of construction, quantitative data ob-
tained by testing are necessary in order to describe adequately the
properties of materials produced from different raw materials and by
different processes.

9. Physical Tests of Metals. Tests commonly employed in determin-
ing the physical properties of metals include: tension, ductility, compres-
sion, flexure, torsion, hardness, endurance to repeated stresses or fatigue,
and impact tests. These methods of testing pertaining to metals are
briefly described in this chapter, but the values of physical properties of
metals are given in the chapters pertaining to the different metals. The
service requirements of metals as measured by resistance to repeated
stresses (fatigue), creep, impact, wear, and corrosion are discussed in
more detail in Chapter XII at the end of Section 2 on Metals.

10. Physical Tests of Non-metallic Materials. Common physical
tests of non-metallic materials of construction such as mortar, concrete,
building stone, structural clay products, and timber include compression,
tension, and flexure tests. Endurance to repeated stresses or fatigue, re-
sistance to abrasion, resistance to impact, and permeability are deter-
mined in special cases. The methods of testing each non-metallic mate-
rial are described and typical test values are given in the chapters on

the various materials.
7



8 TESTS OF METALS

11. Tensile-strength Test. Most commercial specifications for
metals have requirements for physical properties as determined by the
tensile-strength test. The properties determined include ultimate tensile
strength, yield strength or yield point, elongation, character of fracture,
and reduction of area. In order to obtain complete information concern-
ing the tensile properties of a metal, a stress-strain curve should be de-
termined experimentally. Strains corresponding to definite stresses im-
posed upon the specimen are measured by means of an extensometer.
The extensometer is attached to the specimen so as to measure elonga-
tions between two gauge points. The procedure may consist of taking
a series of load readings on the testing machine with corresponding read-
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F16. 3.—Stress-strain Curves for Mild Steel.

ings of the extensometer, or the stress-strain diagram may be drawn
directly by an autographic attachment to the testing machine.

For metals having no well-defined yield point (Fig. 1), the yield
strength is ordinarily determined, as explained in Art. 2. Ductile carbon
steel has a well-defined yield point. Owing to the importance of steel,
the methods of testing steel in tension are described in some detail in
the following articles.

12. The General Behavior of Steel under Tensile Stress. The be-
havior of steel under tensile stress is best studied with the aid of the
stress-strain diagram. Curve 1 of Fig. 3 presents a typical stress-strain
diagram for a mild steel. Curve 2 shows the portion of curve 1 between
O and B to an enlarged horizontal scale. This second curve to such a
_scale is necessary in order that the limit of proportionality or the point
of departure of the curve from the straight line at A can be accurately
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located. For steel the elastic limit and proportional limit are usually
considered to be identical. The yield point B is easily detected either by
making a test (by the drop of the weighing lever or halt of the gauge
of the testing machine), or from the stress-strain diagram where a more
or less sharp break appears in the curve when the yield point is reached.
The ultimate strength is represented by the maximum ordinate to the
stress-strain curve at C.

The stress-strain diagram for steel in compression is essentially simi-
lar to the curve as described for tension, and the elastic limit is approxi-
mately the same in both cases.

The modulus of elasticity can be determined from the slope of the
first portion of the stress-strain diagram, but is usually computed from
the observed values of stress and strain. The modulus of elasticity is
unaffected by the factors which influence other properties of steels and

10 U.S. Std. Thds. per in:
/ % Rad. _\\ ]
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Fie. 4—Standard Tensile-strength Test Specimen.

is about 29,000,000 pounds per square inch for practically any class of
carbon steel.

13. Routine Commercial Tension Test of Steel. In this test the ul-
timate tensile strength, the yield point, the per cent elongation, and the
character of the fracture are determined. Sometimes the per cent reduc-
tion of area is also determined. The standard tensile-test specimen,
shown in Fig. 4, has a diameter of 0.505 inch and a cross-sectional area
of 0.2 square inch.

All these values can be obtained by a single operator. It is not
customary to determine deformations of the specimen for plotting the
stress-strain curve in the routine commercial tension test of ductile carbon
steel since a great deal of additional labor and cost would be required.

Ultimate Tensile Strength. This value is determined by dividing the
maximum load registered on the testing machine by the nominal cross-
sectional area of the specimen. Maximum load occurs simultaneously
with the beginning of the “necking down” in ductile steel and with rup-
ture in brittle materials.

Yield Point. Yield point is usually obtained on ductile carbon steel
by the drop-of-the-beam method which consists of reading the load on”
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the weighing beam of the testing machine when the beam drops as the
load on the specimen decreases just after the yield point is reached. This
load divided by nominal cross-sectional area is the yield point. Care
should be taken to apply the load at a low rate when approaching the
yield point, and the poise on the weighing beam should be moved care-
fully to keep the beam in balance in order to secure accurate results.

As an aid in determining the yield point, a divider pointer may be
inserted in the gauge marks of the specimen for the purpose of indicating
the large deformations which occur after the yield point is reached.
Frequently the loosening of scale on the steel specimen indicates these
large deformations.

Elongation. Elongation of the specimen after fracture may be de-
termined by placing the parts of the broken specimen closely together
and holding them in place by means of a vise. The distance between
gauge marks may be measured to the ncarest 0.01 inch by means of
dividers.

Final length — Original length

Per cent elongation = Original Tength X 100

Character of the Fracture. Valuable information concerning the char-
acteristics and compogition of metals may be obtained by observing the
character of the fracture of the test specimens. Necking down of the
cross-section of the specimen near the fracture accompanied by a frac-
ture in the form of a cup and cone indicates ductility and is typical of
low-carbon steel. A square break normal to tlie longitudinal axis with
little or no necking down indicates a non-ductile metal such as high-
carbon steel or gray cast iron.

The texture of the metal at the fracture is commonly recorded. The
texture of low-carbon steel is usually “silky”; in high-carbon steel, finely
crystalline; in cast iron, finely or coarsely crystalline. By observing
the extent of necking down and the type and texture of the fracture, the
carbon content of steels can be estimated approximately.

A rosette or serrated fracture is typical of heat-treated high-strength
alloy steel. Many non-ferrous metals exhibit considerable elongation
over the length of the specimen without appreciable necking down.
Wrought iron may be distinguished by the fibrous structure of its fracture.

Reduction of Area. Reduction of area can usually be determined if
the specimen is circular in cross-section. The area of the smallest cross-
section after fracture may be measured by means of thin pointed calipers
to the nearest 0.01 inch. If the section is slightly irregular, the maximum
and minimum diameters may be measured and the cross-sectional area

.computed as a eircle, taking the mean of the observed values as diam-
eter. Such an irregular section may be computed as an ellipse.
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It is difficult to measure the cross-sectional area of rectangular sec-
tions when fractured since necking down tends to produce a section com-
posed of four concave surfaces. The cross-sectional area of deformed
reinforcing bars is also difficult to determine. Reduction of area is
ordinarily not reported for such specimens.

. Original area — Area after fracture
Per cent reduction of area= — X 100
g Original area

14. Distribution of Elongation. The distribution of elongation of a
steel specimen in tension is illustrated by Fig. 5. If uninfluenced by
any local cause, a bar of homogeneous steel subjected to axial tension
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Fic. 5.—Distribution of Elongation.

should fail near the center of the distance between the points of appli-
cation of the load, because there the flow of the metal will be least
impeded. The maximum ordinate to the curve of Fig. 5 represents the
point where necking down occurred, since the point of maximum reduc-
tion in area must necessarily coincide with the point of maximum elonga-
tion. The fact that steel test specimens are reduced in cross-section ase
they are elongated under stress, and finally neck down, accounts for
the fact that the breaking load, according to the stress-strain diagram,
is below the ultimate strength. If the stress at all loads was computed
upon the basis of the actual section then existing, instead of being com-
puted (as it always is) upon the basis of the original section, the stress-
strain curve would follow such a course as is indicated by the dotted-line
curve 3 of Fig. 3.

The marked effect of gauged length upon percentage elongation is
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shown by the series of curves plotted in Fig. 6, which are based upon a
series of tests of open-hearth steel made by Mills. These tests were made
upon 1-inch round bars 8 feet long, gauge points having been marked at
1-inch intervals along the entire length of each specimen. Each of the
gauged lengths over which measurements were taken after fracture in-
cluded the fracture and necked-down portion at the center, or within
1% inch of the center.

The percentages of elongation and reduction of area, as found for
specimens of different diameters, are comparable only when the specimens
are geometrically similar. The original gauged length should always be
reported in connection with elongation.
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F1e. 6.—Effect of Gauged Length on Per Cent Elongation.

15. Ductility Testing. Ductility of metals is usually determined in
the tension test by noting the percentage elongation and in some cases
the percentage reduction of area.

The indication of the ductility of steel which is afforded by a mmple
cold-bending test is also very valuable and significant. Cold-bending
is accomplished either in a special bending machine or by blows or pres-
sure. According to the severity of the test desired, the bend may be
made over a sharp edge, or about a pin or template of any desired
radius.

The drift test is used to determine ductility of metal plates. A hole
of a given size is bored into the metal plate and expanded by driving a
drift pin into it until the metal is fractured. The ratio of sizes of holes
before and after the test is a measure of ductility.

16. Compressive Strength. The compressive strength should be de-
termined on cylinders with a height equal to about two times the diam-
eter. The ends of the cylinders should be carefully prepared to insure
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parallel and plane surfaces. Load should be applied concentrically, using
spherical-seated bearing blocks.

For steels it is possible to determine the ultimate compressive strength
‘only for brittle steels since all ductile steels are greatly deformed under
load and show no well-defined fracture.

The compressive strength of metal is quite closely allied with the
tensile strength, the properties revealed under one kind of stress being
practically identical with those revealed under the opposite kind. It is
not necessary, therefore, to consider tensile strength and compressive
strength separately, except to a slight extent. One fact which must not
be overlooked in this connection is that soft or medium steel is often
subjected to compressive loading under such circumstances that the stress
induced does not remain purely compressive, but becomes a combination
of compressive stress with bending stresses. The behavior of the material
in this event is manifestly not that which is characteristic of steel in
compression. When, for instance, compressive load is applied to a steel
test specimen whose length is more than three or four times its diameter,
or to a steel column whose length bears a large ratio to the least radius
of gyration of its cross-section, complete failure occurs under a load which
has induced an average compressive stress only slightly in excess of the
yield point. Flow of the ductile metal at the yield point has caused
eccentricity of stress, and failure ensues almost immediately owing to
lateral flexure and the concentration of stress in the extreme fiber on one
side of the section. X

17. Flexural Strength. In the flexure test, the beam may be tested
on simple supports or as cantilevers with one end fixed. The flexural
strength is commonly expressed by the term “modulus of rupture,” mean-
ing the apparent extreme fiber stress under the load which produces rup-
ture as computed from the flexure formula,

f=My+1I

wherein f is the extreme fiber stress, M is the bending moment, y is the
distance from the neutral axis to the extreme fiber, and I is the moment
of inertia of the section.

As a matter of mechanics, this procedure is not warranted, since it
involves the assumption that the neutral axis remains a constant distance
from the extreme fiber, and the further assumption that a constant pro-
portionality of strain to stress obtains for all stresses up to the breaking
stress.

The proportion of strain to stress is not a constant, and the neutral
axis shifts as the material deforms. Therefore the actual extreme fiber
stress is less than this value of f computed by the rule for the bending
moment which exists under the load which produces rupture, and, in-
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deed, the actual fiber stress for cast iron is not more than 50 to 60 per
cent of the modulus of rupture.

The modulus of rupture, however, is a good index for comparing
different grades and classes of materials. The beams tested in flexure
in a given series of tests should be of the same shape and size so that
the modulus-of-rupture values can be compared directly.

The flexural strength of a metal is directly dependent upon the tensile
and compressive properties of that metal. Whether one or the other is
the controlling factor is dependent upon the form of the beam and the
location of the neutral axis. If the section is symmetrical the failure will
usually occur on the tension side if the metal is not ductile, and on the
compression side if it is ductile. Absolute rupture in cross-bending is
not possible with any grade of mild or medium steel, since these steels
may be bent 180 degrees without fracture.

The modulus of elasticity as obtained from bending tests is slightly
lower than the values obtained from tensile or compression tests because
the slight deflection due to the shear introduces a small error into the
formulas for deflection from which the flexural modulus of elasticity is
usually calculated. .

18. Torsion Test. The torsion test is conducted by twisting a solid
cylindrical specimen. The torque and the angle of twist are measured.

The intensity of the shearing stress due to torsion on any section of a
cylindrical shaft is not uniform, but varies directly as the distance from
the axis of the shaft (assuming that the section is circular), and the
maximum intensity of shearing stress is therefore found at the circum-
ference. The mathematical expression for the maximum shearing stress
in the extreme fiber of circular shafts is:

_2Pa
T

where Pa is the torque, r is the radius of the section, and s the shear-
ing stress in the extreme fiber of the shaft.
The shearing modulus of elasticity E, is expressed by the equation

sl

E, = 5

where | is the distance between the planes of the external forces, and
0 is the angle of torque or twist.

The shearing strength as determined by torsion tests appears higher
than it does in the case of direct shear. This is because the expression
for s above is true only as long as the material behaves elastically. When
computed for the torque which produces rupture it may be called the
“torsional modulus of rupture” and corresponds to the true value of the
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shearing strength of the material in about the same way as the modulus
of rupture for cross-breaking corresponds to the actual extreme fiber
stress.

19. Hardness Tests of Metals. Hardness of metals is usually deter-
mined by measuring the resistance to penetration of a ball, cone, or
pyramid.

The Brinell method is based upon determining the resistance offered
to indehtation by a hardened sphere which is subjected to a given pres-
sure. The pressure used in testing steel is usually 3000 kilograms, and
the diameter of the ball is 10 millimeters. When testing softer materials
a pressure of 500 kilograms is used. Brinell numbers can be computed by
the formula

B 2P
D (D — V D? — d2)

where P is pressure in kilograms; D and d, respectively, the diameters of
the ball and of the impression in millimeters.

The Rockwell method is also 4 ball-indentation method used in deter-
mining hardness. Two superimposed impressions are made, one with
a load of 10 kilograms and the second with a load of 100 kilograms.
The depth to which the major load drives the ball below that to which
the minor load has previously driven it is taken as a measure of the
hardness. The size of the ball generally used is 144 inch in diameter, but
for hardened steels greater accuracy is obtained by use of a diamond cone
(120 degrees with slightly rounded tip) applied under a major load of
150 kilograms. The regular test is called Rockwell “C’” hardness.

Tests conducted at the Massachusetts Institute of Technology indi-
cate the relations between the Brinell and the Rockwell hardness scales
as shown in Fig. 7.

The Vickers method is a plastic indentation method similar to the
Brinell but uses a square diamond pyramid as an indentor which elimi-
nates the errors due to deformation of the steel ball and places practically
no limits on the hardness of metals that can be accurately determined.
The impressions may be small and shallow owing to the fact that light
pressures may be employed, making it possible to determine, satisfac-
torily, the hardness of fairly thin material and to test finished work
without serious injury. The values obtained approximate those obtained
by the Brinell apparatus, but are not subject to the variations in ac-
curacy of that method.

The Shore scleroscope test is made by means of a pointed hammer
which is allowed to fall through a guiding glass tube upon the metal being
tested. The hardness is expressed by the height of rebound of the ham-
mer after falling from a specified height. The hammer of the instrument

BHN
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becomes slightly changed in form after a certain number of tests and
must then be recalibrated. The indications of the instrument must cer-
tainly be dependent in some measure upon the resiliency of the material
tested as well as that of the hammer itself, but the extent of the perma-
nent deformation of the metal is also a factor. For ordinary steels the
Brinell number is approximately the scleroscope number multiplied by
534 to 614.

The cone test, first proposed by Ludwick, is the same in prineiple as
the Brinell test, but a hardened-stecl cone of 90-degree angular opening
is substituted for the steel sphere. The cone test fails on very hard steel

L —
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F16. 7.—Relation between Rockwell and Brinell Hardness Scales. (Curve B refers
to Rockwell “C” Hardness.)

because of the flattening of the point of the cone under the heavy pressure
required.

The Bauer drill test is made by means of a special drill driven at con-
stant speed, with a fixed pressure of the drill, upon the specimen of steel.
The hardness is measured by the depth of the hole drilled with a given
number of revolutions, the pressure remaining constant. This test is, of
course, simply a measure of the resistance offered to cutting.

The Herbert test for hardness, as recently developed, operates on a
different principle. A heavy balanced pendulum rests, through a small
steel or diamond ball, on a leveled surface of the material to be tested,
and the amplitude or the period of the swing of the pendulum after
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starting from a given position is taken as the Herbert hardness number.

Tests of the resistance of steel to wear caused by dry rolling friction
have been made, but the results of such tests do not agree very closely
with the hardness determination made by other methods since the re-
sistance of a material to wear is a quite different property from its re-
sistance to indentation or its resilicncy.

The hardness test is finding a constantly widening field of application.
It can be used to test castings, forgings, ete., without impairing their
subsequent availability for use. It can also be used advantageously in
exploring different portions of a finished article to ascertain the varying
effect of cooling conditions, working, etc., upon the properties of the
metal.

20. Fatigue Tests. Fatigue tests, or tests to determine endurance to
repeated stresses, are commonly conducted on metals by means of a rotat-
ing beam machine such as the R. R. Moore machine in which bending
moment is applied to the specimen through holders at operating speeds
of 1725 and 3450 cycles per minute. This apparatus produces alternating
or reversed stress where stress in the specimen changes from tension to
compression with each half revolution.

Some fatigue-testing machines produce stress of only one type, either
tensile or compressive, which is termed swelling stress. Repeated stress
is a general term including both this type and reversed stress.

The endurance limit is usually determined in fatigue testing. This is
the stress below which a material can withstand an indefinitely large
number of repetitions of stress without failure. It is determined by test-
ing specimens for a number of cycles of stress of different magnitudes.

The behavior of metals under repeated stress is discussed in more
detail in Chapter XII.

21. Impact Tests. Impact tests may be performed for two purposes:
(1) to determine the ability of the material to resist impact under service
conditions, and (2) to determine the quality of the metal from a metal-
lurgical standpoint. Impact tests may be classified into two groups: (1)
utility impact tests, and (2) standard impact tests.

Utility Impact Tests. Utility impact tests for detecting the presence
of brittleness or determining the comparative toughness of materials are
applied to steel rails, pipes, tubing, gear teeth, and tire chains, as well as
to non-metallic materials such as concrete, stone, wood, fiber board,
‘bituminous paving mixtures, enamels, and organic plastics. Such tests
are conducted with machines and specimens of various types, shapes,
and sizes.

Standard Impact Tests. The Charpy and the Izod impact-testing
machines are the two most common machines for conducting standard
impact tests on metals. These machines determine the amount of work
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in foot-pounds necessary to fracture a small test specimen by impact.
They consist essentially of a weighted pendulum, suitable holders or sup-
ports for the specimen, and a device for recording the angular swing of
the pendulum. The work done in fracturing the specimen must be ab-
sorbed from the energy of the swinging pendulum. Consequently, the
pendulum rises to a smallet
r— --------- 2’_—_—_—_—7;—_-_—_-:‘ angle than it would for a free
V%{M/},& jl‘ Yhe" Sweurt l 03g4’t000r”  swing. The energy absorbed
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KN ™™ by the specimen may be com-

{g_ §‘§ F--]  puted from the angle to which
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4@-m&&am"fﬁwﬁ//(aoms’to.ooa.f") after fracturing the specimen.
Fia. 8—Charpy Transverse Type Impact The specimens tested are
Specimen. Saw cut must not strike side or  generally notched in order to
bottom of drilled hole. secure uniformity of results by

localization of the fracture.
Either tensile‘or transverse type specimens can be tested in the Charpy
machine. The transverse type shown in Fig. 8 is well adapted for exam-
ining metals which break with a relatively low absorption of energy,
since the notch is not sufficiently sharp to make the spread of foot-pound
values too narrow. The depth of the notch eliminates the influence of
surface effects. For tough metals the notched Izod type of specimen
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Tic. 9—Izod Cantilever Type Impact Specimen.

tested as a cantilever is frequently used. (See Fig. 9.) For extremely
brittle metal the test specimen requires no notch because the first sud-
denly applied stress causes a brittle failure. ,

Impact tests are not limited in application to metals that are to be
subjected to impact in service but are also employed to determine
whether metals are metallurgically satisfactory. The theory of impact
tests and their use in selection of metals are described in Chapter XII.
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QUESTIONS

1. Draw a stress-strain diagram for structural steel showing thereon ap-
proximate average values of yield point, proportionai limit, ultimate strength,
and modulus of elasticity.

2. Name and briefly describe the principal observations made in the routine
commercial tension test of structural steel. Which of these observations are in-
dications of the ductility of the steel? Briefly describe the form of a test speci-
men commonly used in this test.

3. What effect has the gauge length upon the percentage elongation found
in the commercial tension test? What gauge length is usually specified?

4. For what purpose is an extensometer test conducted on a specimen of
structural steel? 5

5. What is meant by a “cup and cone” fracture?

6. What is the purpose of the cold-bend test of steel? of the drift test?

7. Why should beams of a given material tested in flexure be of the same
dimensions?

8. Describe the torsion test of metal.

9. Describe how the hardness of steels is determined by various methods.

10. For what purposes may impact tests be conducted on metals?

11. Compare the Charpy and Izod impact-test specimens.

12. Describe briefly the testing of metuls in fatigue.

13. The results of a tension test on a specimen of high-carbon steel 0.505 inch
in diameter is given as follows:

Loabp, LB. TotaL ELONGATION IN 2 IN., IN.
1,990 0.0007
4,005 0.0013
6,010 0.0020
8,120 0.0027

10,250 0.0034
11,780 0.0039
14,230 0.0047
15,620 0.0053
16,150 0.0056
16,700 0.0110
17,840 0.0171

Determine the yield strength for an offset of 0.2 per cent, and compute the
value of the modulus of elasticity.
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CHAPTER IIi
STRUCTURE AND CONSTITUTION OF METALS

ORIGINALLY WRITTEN BY ROBERT S. WiLLIAMS *

REwRITTEN BY LLoyp F. RADER

22. Metallography in General. Metallography t is that branch of
science which relates to the constitution and structure, and their relation
to the properties, of metals and alloys. Since metallography deals with
the relationship between structure of metals and their physical properties,
the subject is sometimes called physical metallurgy. It should be dis-
tinguished from process metallurgy which deals with the study of extrac-
tion of metals from their ores and of refining metals and preparing them
for use.

Metallography includes the study of microstructure and macrostruc-
ture of metals, space lattice arrangements of the atoms, thermal critical
points, heat treatment, and examination by the X-ray beam, with par-
ticular reference to the physical properties such as tensile strength, elastic
limit, duectility, hardness, toughmess, resistance to fatigue, and magnetic
properties. .

The meanings of the terms compostition and constitution should be
distinguished. Composition is the term employed to indicate the propor-
tions of the different elements of a material; constitution refers to the
state or structure in which those elements or their combinations are
found. For example, two metals may have the same composition but
different constitutions and physical properties depending upon thermal
and mechanical treatments. On the other hand, two metals may have a
similar arrangement of atoms, but the properties may be different owing
to differences in composition.

23. History of Development of Metallography. Sorby in 1864 in
England reported the results of his studies of the microstructure of
meteoric irons. In 1886 and 1887 he presented two papers, illustrated
by photomicrographs of iron and steel, before the British Iron and Steel
Institute. Pioneer work on the use of the microscope in studying the

* Professor of Physical Metallurgy, Massachusetts Institute of Technology.

1 Definitions of Terms Relating to Metallography, AST.M. Designation:
E 7-27. 3
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structure of metals was also carried on by Martens in Germany, Osmond
in France, Stead and Arnold in England, and Howe.and Sauveur in
the United States. By 1910 metallographic methods were in common
use in industrial laboratories in the United States.

24, Use of the Microscope. While ¢hemical analysis gives the en-
gineer much information concerning the alloys with which he is dealing,
the microscope is of great value in determining the nature of the alloy,
both as to its heat treatment and as to its possible defective condition.
The engineer is not usually concerned with the preparation of alloys
for microscopic examination;
therefore, only a brief descrip-
tion of the principles will be
included.

A small section of the metal
to be examined is polished with
a series of abrasive materials,
each finer than the preceding
one, until a seratch-free, highly
polished surface is obtained. In
most cases the polished surface
is treated with a chemical re-
agent that will attack one con-
stituent more readily than the
bk other and so disclose the inter-
F1o. 10—Photomicrograph of a Pure Metal D&l structure of the alloy. This

(Copper) 100X. (Homerberg.) - operation is called etching.

Since metals are opaque, the
microscope is provided with a device which throws a spot of light on
the polished surface, and the specimen is examined by the reflected
light, instead of transmitted light as is usual in the microscopic ex-
amination of transparent materials. It is often desirable to have a
photographic record of the structure of an alloy. For this purpose a
camera may be attached to the microscope and the magnified image
transmitted to a photographic plate. An instrument especially designed
for this work is known as a metallograph, and the pictures taken are
photomicrographs. These are used frequently in connection with speci-
fications and as a_check on the condition of an alloy.

Photomicrographs of non-ferrous alloys are commonly.taken at mag-
nifications of 75 to 100 diameters. Magnification is the ratio of the size
of the image to that of the object and is generally expressed in “diam-
eters,” thus “100X” or 100 diameters. The finer structure of steel alloys
often needs a magnification of 250 diameters, and, for special work, very
high magnifications up to several thousand diameters are sometimes used.
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A pure metal when seen under the microscope is found to consist of a
number of grains, polygonal in shape, separated by fine boundary lines
(Fig. 10). The experienced observer can distinguish readily between
coarse-grained and fine-grained metal.

25. The Macro-examination of Metals. Macro-examination refers to
a study of materials either with the unaided eye or at a low magnifica-
tion, not exceeding 10 diameters. The surface to be examined need not
be so highly polished as for microscopic study but should be as smooth
as convenient. The prepared surface is treated with a suitable chemical
to make the structure visible. This type of treatment often discloses
ingotism, carbon or phosphorus segregation, blowholes, and slag inclu-
sion, and is of great 1mportance as it may also indicate the direction

Fie. 11.—Macro-etch of Steel Forging Showing Fiber. Etched with Humphrey’s
Reagent. (Homerberg.)

of the fiber in wrought material and so give a clue as to the method of
manufacture. Fig. 11 shows a macro-etch of a steel forging.

26. Examination of Metals in Polarized Light. The examination of
metals by a polarizing microscope is a special development. In polarized
llght the true colors of metallic oxides become visible. Applications are
made in the identification of metallic compounds, phases in alloys, and
coatings on metals, and in studies of grain size.

27. Crystallization of Metals. A metal is any of the metallic ele-
ments, either of very high purity or of ordinary commercial grades.*
Metals generally crystallize when they pass from the liquid to the solid
state. Crystallization is the arranging of the atoms of the material in a
space lattice to form small solids of regular geometric outlines, such as
cubes, hexagons, or tetragons.

* Definitions of Terms Relatmg to Metallography, AS.T.M. Designation:
E 7-27.



24 STRUCTURE AND CONSTITUTION OF METALS

Solid substances which do not have a geometric arrangement of their
atoms are termed “amorphous.” Asphalt is an example of an amorphous
material. )

Crystallization of metals usually begins simultaneously at many cen-
ters. Each crystal grows by successive additions of crystalline matter
in a regular pattern, but each crystal center is differently oriented. The
crystals generally develop so that they meet in irregular surfaces. Such
crystals of regular space lattice but irregular form are termed allotrio-
morphic crystals. The crystals are commonly called “crystalline grains”
or merely “grains.” The irregular boundaries between crystalline grains
are thought by some metallurgists to contain amorphous material. Allo-
triomorphic crystals of a pure metal are illustrated in Fig. 10.

Crystals developing under conditions which permit the forming of
regular geometric exterior surfaces are termed tdiomorphic crystals. These
are rarely found. '

28. Space Lattice of Crystals. Space lattice is the pattern of ar-
rangement of atoms in a material. There are three types of space lattices
of importance in metallography: cubic, hexagonal, and tetragonal. The
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Fi1c. 12.—Space Lattices of Crystals.

cubic system of space lattice is by far the most common and occurs in
two forms, viz., the body-centered cubic and the face-centered cubic
structure. The body-centered cubic structure has an atom at each of
the corners of a cube, shared, of course, with adjoining cubes, and an
atom at the geometric center of the cube which is not shared with any
other cube. (See Fig. 12a.) The face-centered cubic structure has an
atom at each corner and an atom at the center of each of the six faces,
making fourteen atoms in all for a single cube. (See Fig. 12b.)

Alpha iron is a good example of a metal having a body-centered
cubic structure. The face-centered cubic arrangement is possessed by
most of the common ductile metals such as gold, silver, gamma iron,
nickel, copper, and lead.

Tin has a body-centered tetragonal lattice structure which is similar
to the body-centered cubic lattice but has the dimension in one axis
lengthened or shortened. (See Fig. 12¢.)
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Zinc has a close-packed hexagonal structure which consists of an
atom at each corner of the hexagonal lattice and at the center of the
hexagonal faces and also an atom at the geometric center of each alter-
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Fi6.- 13.—Diagram Illustrating the Formation of Slip Lines: (a) before Straining
and (b) after Straining.

nate triangular prism, as shown in Iig. 12d. Magnesium also has a hexag-
onal structure.

The planes of least resistance to movement are different in the various
crystal forms; this accounts to some extent for differences in physical
properties.

29. Slip Lines. Many metals
that have been stressed beyond
their elastic limit show a num-
ber of fine black lines or bands
across the polished surface when
viewed under a microscope. The
lines change their direction at
each grain boundary but are
parallel within the grains. These
lines are not cracks in the sur-
face but are steps caused by slips
along the gliding planes of the
crystals. Fig. 13 illustrates the
formation of slip lines: in (a)
the surface of two crystals AB
has been polished smooth prior Fia. ‘14.—(?old-worked Cartridge Brass
to straining; in (b) the steps in Showing Slip Bands 100X. (Homerberg.)
the surface have been produced
by slips along gliding planes due to application of force in the direction
of the arrows.

The steps appear as black bands because the light beams passing
through the microscope are not reflected from these oblique surfaces
back into the microscope but outside the microscope’s field. Slip bands
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are illustrated in Fig. 14. When the amount of straining due to cold
work has been extreme, the crystal grains become distorted in the direc-
tion of the force applied. Such distortions in Fig. 14 should be compared
with normal metal as illustrated in Fig. 15.

30. Twinning. Slip lines should be distinguished from twinning.
Twinning or twin crystals appear as broad bands parallel in a single
grain when viewed under the microscope. (See Fig. 15.) Two parts of
the crystal become symmetrical along the twinning plane owing to rota-
tion of the parts of the crystal. Each part of the crystal becomes the
mirror image of the other and hence is termed a twin. Twinning is due

F16. 15—70-30 Brass Worked and Annealed 100X. (Homerberg.)
(A) Annealed at 650° C. (1202° F.). (B} Annealed at 800° C. (1472° F.).

to straining of the metal. Mechanical twins are produced by straining;
annealing twins are formed by straining followed by annealing.

Neumann bands are parallel lines across crystalline grains usually
produced by impact or shock and are considered to be mechanical twins
by most metallurgists. Since slip lines are due to steps in the surface,
they may be distinguished from twinning or Neumann bands by repolish-
ing the strained metal and again observing under the microscope to see
whether the lines have been removed. .-

81. Cohesion and Adhesion. The strength of a crystalline structure is
dependent upon cohesion between atoms in the space lattice structure
within individual crystalline grains and upon adhesion between crystal-
line grains at the grain boundaries. Failure of ductile metals under ten-
sile or compressive loads at ordinary temperature usually occurs by
distortion of the crystalline grains and formation of slip lines within the
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grains. At elevated temperatures creep may occur and failure be caused
by pulling apart of the crystals at the grain boundaries. This failure
may occur suddenly without appreciable permanent set, indicating brit-
tleness. These types of failures are illustrated in Fig. 95, page 251.

Elasticity .of metals is due to the attraction between atoms in the
space lattice. The application of a force causes a distortion in the
atomic arrangement, but the attraction or bond between the atoms causes
the original space lattice to be resumed when the force is removed.
Modulus of elasticity, which is a measure of stiffness, may be thought
of as the measure of resistance of the cohesion between the atoms against
change in shape of the space lattice in crystalline grains.

32. Constitution of Metals and Alloys. An alloy is a metallic sub-
stance produced by the combination of two or more elements. For
example, an alloy may consist of the combination of two metals, or of
the combination of a metal with a non-metallic element.

The properties of many metals and alloys, both non-ferrous and fer-
rous, are determined by their behavior on cooling from the melted state
and by the internal structure of the solid alloys. Some of the relation-
ships existing between alloyed metals are fairly complex, but a knowl-
edge of the general behavior of metals is of real service to the engineer.

The types of solids which may result from crystallization due to
freezing may be classified into six groups:

Pure metal.
Chemical compound.
Two-layer alloy.
Eutectic.

Solid solution.

. Eutectoid.

S OV

. 33. The Freezing of a Pure Metal. If a pure metal, aluminum for
example, solidifies under such conditions that the changes taking place
during the cooling can be studied, the following facts will be observed.
The temperature will fall at a regular rate, depending on the cooling
conditions, until the freezing point of the metal is reached. The tem-
perature then stays constant until the metal has completely solidified,
after which the normal cooling is resumed. These facts are shown by
Fig. 16, in which the ordinates represent temperature and the abscissas
time intervals.

In this figure the sloping lines indicate the cooling rate and the hori-
zontal line represents the number of seconds taken for the metal to
solidify. The length of this horizontal line depends, therefore, on the
cooling conditions and the amount of metal solidifying. Other condi-
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tions being equal, the length of the horizontal line will be proportional
to the amount of metal present.

34. The Chemical Compound. A chemical compound contains its ele-
ments in single definite proportions by weight, is a single definite sub-
stance, and usually has properties entirely different from those of its
constituents. The cooling curves for chemical compounds are essentially
the same in characteristics as those for pure metals.

36. The Two-layer Alloy. If a mixture containing 90 per cent of
aluminum and 10 per cent of lead is melted, and heat effects during the
cooling of the melted mass are determined as before, the curve showing
the relation between temperature and time of cooling has the form shown
in Fig. 17.

Here again the sloping lines indicate the cooling rate and the hori-
zontal lines represent the intervals of time for the two heat effects which

657°C g 67°C.
[
H
& & 327°C.
Time Time
Fic. 16.—Cooling Curve for Fic. 17—Cooling Curve for the Alloy
Aluminum. Aluminum 90 Per Cent, Lead 10 Per
Cent.

take place during the solidifying process. If several mixtures of alumi-
num and lead are allowed to solidify, the total weight of each mixture
being the same but the proportions of the two metals varying in each,
the series of curves shown in Fig. 18 will be obtained.

It will be noticed that in the alloys the two temperature effects are
at the same temperatures regardless of the composition. The difference
between the curves is that, although the total weight of metal was the
same in each of the three alloys, the time at the higher temperature
decreases with the proportion of aluminum, while the time at the lower
temperature increases, corresponding to an increase in the proportion
of lead. It is seen, further, that the temperature at the upper horizontal
corresponds to the melting point of pure aluminum and that the lower
horizontal break occurs at the melting point of pure lead. This means
that neither metal changes the melting point of the other and suggests
that the two metals do not mix. That this is the fact can be shown by
melting lead and aluminum together in a glass tube. The melted mass
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will be found to consist of a layer of melted aluminum floating on melted
lead; and, as no change takes place on cooling, the resulting mass is
composed of two solid layers, one of lead, the other of aluminum.

~ 36. The Equilibrium Diagram. It is easy to see the relation between
the two metals in the simple case illustrated by the series of curves
shown in Fig. 18, but it becomes difficult, if not impossible, with more

Al -80 Al -50 Al -20 Pure

Pb-20 \ Pb-50 Pb -80

Fia. 18—Cooling Curves for a Series of Aluminum-lead Alloys.

Temperature

Time

complex alloy systems. Another method of showing the relationships
between alloyed metals has, therefore, been developed and is shown in
Fig. 19, which is known as the equilibrium or alloy diagram.

This diagram is made by combining the curves shown in Fig. 18, and
differs from that figure in that, while the ordinates represent tempera-
tures as before, the abscissas no longer indicate time intervals but corre-

Molten Metal

o

667 C.

Solid Al
+
Molten Pb

o

Temp.’C.

I

Solid Al
+
Solid Pb

100% Al
% Per Cent Composition 100%Pb

F1g. 19.—Equilibrium or Alloy Diagram for Aluminum-lead Alloys.

spond to varying percentage relations of the alloying metals. The
intersection of the horizontal line at a given temperature with the ver-
tical line corresponding to the percentage composition indicates the
conditions existing at the given temperature for the alloy of given com-
position and may be applied equally well to any composition or any
temperature. An alloy having the composition corresponding to point
(A) on the abscissa line and at a temperature (A) on the ordinate line
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consists, therefore, of a mixture of solid aluminum and melted lead.
The condition at any other temperature or with any other mixture may
be determined from the alloy diagram in the same way. Alloy diagrams
have been worked out for all the common alloys of two metals (binary
alloys) and for a few alloys with three or more constituents.

The alloys of aluminum and lead, which were used to illustrate the
construction of the alloy diagram, show under the microscope the two
layers of aluminum and lead, respectively, each layer having the char-
acteristic appearance of a pure metal.

The aluminum-lead alloys are of no industrial importance and were
selected only because they give the simplest possible alloy diagram. A
very similar industrial alloy is found in the copper-tin-lead-bronzes. Tin

Fic. 20—Leaded Bronze 100X. (Homerberg.)
(4) Good Distribution of Lead. (B) Poor Distribution of Lead.

is dissolved in copper to make a solid solution (Art. 38) which behaves
in many respects like a simple metal. Lead does not dissolve in the
copper-tin alloy (bronze) but forms an emulsion with it. If the alloy
is properly made, the drops of lead should be uniformly distributed
through the bronze matrix. Fig. 20 shows a properly mixed alloy and a
badly mixed one, as seen under the microscope. The leaded bronzes are
discussed in Art. 220.

87. The Eutectic Alloy. If a small amount of lead is added to tin
and the changes which take place on cooling are plotted as before,
curve similar to that shown in Fig. 21 results.

If still more lead is added, the curve is similar in form but differs
from that shown in Fig. 21 in that the temperature of the first break is
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somewhat lower than before. Conversely, if tin is added in increasing
quantities to lead, the melting point of the resulting alloy becomes lower
with each addition. Since the addition of tin to lead lowers the melting
point of the lead and since the addition of lead to tin lowers the melting
point of the tin, it follows that a certain mixture of lead and tin melts

Temperature

Time
Fic. 21—Cooling Curve for the Alloy Tin 90 Per Cent, Lead 10 Per Cent.

lower than any other mixture of the two metals. This alloy is called
the eutectic mirture, or, more commonly, simply the eutectic. The con-
ditions existing in a series of alloys of the eutectic type are shown in
Fig. 22. This has been constructed from cooling curves of the type shown
in Fig. 21.

Pb
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100% Pb 67% Sn 100%Sn
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Fia. 22—Equilibrium Diagram for the Lead-tin Alloys.

The meaning of this diagram is readily understood from a considera-
tion of one or two definite examples. If an alloy having the composition
indicated by (1) is cooled from the liquid state, no change takes place
until the “liquidus” line Sn—E is reached. Here pure tin separates. Owing
to the separation of tin, the remaining melted alloy becomes richer in
lead. Tin continues to separate until the remaining melted mass has the
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composition E. Since this represents that mixture of lead and tin which
has the lowest melting point (the eutectic), the alloy becomes wholly
solid at this temperature (the eutectic temperature). The line AEB is
called the “solidus.” The final alloy is found by microscopic examination
to consist of crystals of tin imbedded in a ground mass of eutectic mix-
ture composed of very fine interlocked plates or needles.

An alloy of the composition (2) stays in the melted condition until
the temperature E is reached, when it solidifies at a constant tempera-
ture. The microscope shows the granular eutectic structure which is
composed of very fine interlocked plates and which is often referred to
as the “thumb print” structure (Fig. 42). The eutectic is not a solution
or a compound but an extremely intimate mixture of the two (or more)
metals of which it is composed. There is no indication of the tin-crystals
seen in alloy (1).

All alloys in the range between E and pure tin show but two structure
elements, pure tin crystals and the eutectic. The difference between al-
loys in this group are differences in the relative amounts of tin and eutec-
tic, those at the tin end consisting largely of tin with small quantities of
eutectic and those near E composed largely of eutectic with a small num-
ber of tin crystals. Pewter is an alloy in this group corresponding to
(1), of composition 80 per cent tin and 20 per cent lead. It is a hard
metal with a silvery color that is extensively used as a decorative metal
especially for household utensils. Its color-may be lightened by addition
of small amounts of zinec or copper.

Various solders are members of this alloy group. Of these the two
most common are tin solder, corresponding to (2), and plumbers’ solder,
of the composition (3). The first is useful because of its low melting .
point, and the second, alloy (3), because it solidifies through a long tem-
perature range (70° C.) owing to the continuous separation of solid lead
along the line Pb-E, thus giving the plumber time to wipe joints and close
up holes. The existence of the solid crystals in the melted metal makes
it possible to use such an alloy in the making of a wiped joint.

The addition of a third metal to the eutectic of the two others often
causes further lowering- of the melting point due to the formation of
ternary eutectic. These low-melting eutectics are used commereially in
the manufacture of fusible plugs in automatic sprinkler systems
(Art. 242).

38. The Solid Solution. The line Pb-A in Fig. 22 illustrates another
condition in which two metals may exist after solidification from the
molten state. When lead is added to tin and the melted alloy allowed to
cool, the eutectic £ always forms along the line EB no matter how small
the amount of lead present. If, however, tin is added ‘o lead in an
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amount less than about 14 per cent, a separation of the eutectic does not
take place at the temperature E but the tin stays in solution in solid
lead. This condition is known as the formation of a solid solution, and
the resulting alloy has the appearance, under the microscope, of a pure
metal, with no indication of the existence of the eutectic mixture. The
two metals forming the solid solution are intimately dissolved in each
other and the crystals are so nearly homogeneous that the constituent
metals cannot be distinguished even under the microscope.

Alloys having less than 14 per cent of tin with lead are unsaturated
solid solutions. When the amount of tin present is more than 14 per cent,
the lead is no longer able to hold it in solid solution and the excess tin
separates as a constituent of the eutectic. The alloy of composition (3)
in Fig. 22 has a microstructure consisting of solid solution particles of
tin in lead imbedded in a mass of eutectic mixture. Since lead dissolves

A
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F16. 23—Types of Equilibrium Diagrams.
(a) Solid-insolubility.
(b) and (c¢) Partial Solid-solubility.
(d) Complete Solid-solubility.

¢in te only a limited extent, the alloy is known as a partial solid solution.
In other alloys the solubilities may vary with the constituent metals.
39. Types of Equilibrium Diagrams. These relations are indicated
by the general alloy diagrams shown in Fig. 23. The simple eutectic
alloy in which neither metal dissolves in the other in the solid state is
represented by (a). In (b) metal C dissolves to a limited extent in D,
and D also dissolves somewhat in C. (c) is similar to (b) except that
the mutual solubilities of the two metals E and F are much greater. In.
(d) the metals G and H are soluble in each other in all proportions in the
solid state. This is known as complete solid-solubility. In this case
metal G lowers the melting point of H, and H lowers that of G. The so-
lution having the lowest melting point is called the solid solution mini-
mum and differs radically from the eutectic in that while it is the lowest-
melting alloy it is perfectly homogeneous, whereas the eutectic is as non-
homogeneous as possible. '
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40. Alloys of Complete Solid-solubility. When two metals dissolve
in each other in all proportions, each does not necessarily lower the melt-
ing point of the other. Quite commonly, one melting point is raised and

" the other lowered. This leads to the diagram shown in Fig. 24 and is
characteristic of the alloys of copper and nickel and several other alloys
of industrial importance. ’

Referring to Fig. 24, if an alloy mm’ at temperature t,, is slowly
cooled to the liquidus at temperature t,, freezing begins by the separating
out of crystals of composition nn’. Since the crystals nn’ are richer in
constituent B than the original melt mm’, the remaining liquid metal is
leaner in constituent B. Suppose that the composition of the remaining

" liquid metal is pp’. Then, as the temperature is further lowered, the
liquid pp’ is brought to the liquidus at s and more crystals of composition
qq’ are formed. This process

m continues until the liquid metal
by reaches composition 7’ and is
cooled to the liquidus at temper-

:z T 1 ature t,. The solid with which

* 1 this last portion of melt is in
- b equilibrium has th iti

2 vl quilibrium has the composition

H ' : { ) : mn’ since the composition of the

St so\"“s: [ ' : solid phase moves also to the

j spia | ) ! left. The two extreme limits of

] : } b composition of the solid solution

g L are nn’ and 77, but if the rate of

10054 Composition 1w0%B cooling is slow enough to main-

Fia. 24.— A Type of Equilibrium Diagram tain conditions of equilibrium

Indicating Complete Solid-solubility. constantly, diffusion takes place

between the liquid and solid
metal so that the composition of the crystals becomes uniformly the same
as that of the original liquid metal.

If the rate of cooling is not slow enough to maintain equ111br1um con-
dltlons, diffusion between liquid melt and crystals will not take place,
and consequently the remaining liquid will become progressively leaner in
composition of B until crystals of pure A are formed at a’temperature ¢,.
Although the crystals are formed with different compositions, diffusion
between crystals tends to make the mass uniform in composition pro-
vided that sufficient time is allowed. :

41. Alloys of Partial Solid-solubility. A typical equilibrium diagram
illustrating mutual partial solid-solubility is shown in Fig. 25. The
components of the seven characteristic areas are as follows: I, liquid
solution; II, liquid solution and solid solution of B in A (called alpha
solid solution) ; III, liquid solution and solid solution of 4 in B (called
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beta solid solution) ; IV, alpha solid solution; V, beta solid solution; VI,
alpha solid solution and eutectic mixture of solid solutions of composi-
tions D and F; VII, beta solid solution and eutectic mixture of solid
solutions of compositions D and F.

An alloy of composition pp” will crystallize in a manner similar to that’
described for complete solid-solubility (Fig. 23). Under equilibrium con-
ditions freezing will take place between temperatures z and w as the
composition of the liquid solution changes from pp” to r”. By diffusion
the beta solid solution crystals tend to become uniform in composition.

The alloy mm’ begins to crys-

tallize at temperature z, the first j{""' Py
crystals having a composition ' 1 !

, o .. c ! !
yy’. The remaining liquid metal ° | A _Jc
becomes richer in B, and further 2 ) N ,x | Tt y
lowering of temperature is re- é ! o ! r' ————— w |
quired to cause additional freez- 2 i D ; T | !
ing. The solid solution composi- My ! VI :VII ly!
tion moves from yy’ to D. ! ! ! Pt
Diffusion between liquid and Ky H W &+ 7 7oL
solid solutions causes the solid 100% A Composition 100X B
solution ecrystals to attain a
composition D provided that g
equilibrium conditions are main- 5 | Alhe Eutectic Mixture /' | Beta

. - .. £ | Solid |Alpha Beta| Solid
tained. Some liquid solution is £ | sotution | sola Solid | Solution
left at this stage; it solidifies at - Solution Solution|

: : K H E’ J L
the eutectic temperature E into Composition

a eutectic m}xture c.omposed of Fie. 25.— A Type of Equilibrium Diagram
an alpha solid solution of com-  jpgicating Partial Solid-solubility and
position D and a beta solid solu- Corresponding Constitution Diagram.
tion of composition F. It will be ‘

noted that the eutectic is not merely a mixture of A and B, but is a
heterogeneous mixture of alpha and beta solid solutions. The micro-
graph will show a mixture of alpha solid solution crystals of composition
D imbedded in a granular mass of eutectic mixture of alpha and beta solid
solutions of compositions D and F respectively.

An alloy EE’ of eutectic composition will solidify at temperature E
forming a granular mass of alpha and beta solid solutions of composi-
tions D and F respectively.

The constitution diagram in Fig. 25 shows graphically the constitution
of the different alloys.

The solid-solution alloys, whether partial or complete, are of great
importance. Most of the better-known alloys, brass, bronze, Monel
metal, steel, and some others, are found in this class.
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42. Formation of the Eutectoid. In considering the solid solutions it
- must be remembered that the general nature of such a solid solution is in
most ways exactly like that of a liquid solution. On this account it is
not hard to imagine that changes which take place when a liquid solution
cools may also occur during the cooling of a solid solution. In Art. 37,
the formation of the eutectic due to the decomposition of a liquid solu-
tion was considered. An analogous situation is often found in connection
with solid solutions. An alloy which exists as a perfectly homogeneous
solid solution at one temperature may decompose into its constituents at
some lower temperature. Such a decomposition leads to the formation of
an alloy, the structure of which is like that of the eutectic. As this strue-
ture is the result of the decomposition of a solid solution rather than of a
liquid solution, it has been
called a eutectoid. The for-
8 mation of the eutectoid is
shown in Fig. 26.

E The metals A and B dis-
§A p solve in each other in all
g CL\@ proportions in the solid state

and at temperatures above
the line CED. If the cooling

E of alloy (1) takes place very
Composition slowly, as, for example, in
F1e. 26—The Simple Eutectoid Diagram. cooling with the furnace

in which the metals were
melted, there is no difference whatever between the resulting eutectoid
and the eutectic coming from a liquid melt. It has not been found
possible to cool a melted alloy quickly enough to prevent the formation
of the eutectic, but by rapid cooling of the alloy (1) the separation of
the constituent metals may be completely or partly prevented and the
alloy retained at room temperature in the solid solution condition nor-
mally existing at a much higher temperature. This operation, com-
mercially known as “quenching,” is the basis of the heat treatment of
steel which is an *iron-carbon solid solution decomposing with falling
temperature into the eutectoid.

The four types of diagram (1) the two-layer, (2) the eutectic, (3) the
solid solution, and (4) the eutectoid, or combinations of two or more of
them are those found in most of the industrially important alloys. A
few other types, notably those indicating compounds between the metals,
are known but are of lesser importance to the engineer and will not be
considered.

. 43. Properties of the Alloys. Hardness. The hardness of the eutectic
. alloys is practically the average of the hardness of the component metals.
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The eutectic itself and alloys close to it in composition are slightly harder
than would be calculated from the average values. The hardness of solid
solutions is always greater than that of the constituent metals; and, when
the metals are completely soluble, the hardness is greatest when the
metals are present in approximately equal proportions. Compounds be-
tween metals are always extremely hard but correspondingly brittle. A
metal or alloy may bhe hardened by being subjected to cold mechanical
work, as rolling, drawing, or pressing. The cause of this kind of hardness
has been widely discussed, but the various theories that have been pro-
posed to explain it are too detailed for introduction here. A metal that
has been work-hardened can be restored by annealing to its original soft

[}

Temperature

100% A 100X B

Composition Composition

Fic. 27 —Relation between Conductivity and  Fia. 28. — Equilibrium  Diagram.
the Solid-solution Diagram. (Refer to Question 13.)

condition. The brittleness accompanying mechanical hardening makes
necessary. the annealing to which a metal or alloy is always subjected if
it is to undergo a series of operations during its fabrication.

Electrical Conductivity. The conductivity of an alloy is determined
to a considerable extent by the relations of the alloying elements as
shown in their alloy diagrams. The important general relations are as
follows:

(1) In eutectic alloys the conductivity is practically the average of
the conductivities of the constituent metals based on the weight per-
centages of the alloying elements.

(2) The formation of solid solutions causes a marked decrease in the
electrical conductivity of the resulting alloys. The general effect is shown
in Fig. 27,
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QUESTIONS

1. Define the following terms: metallography, photomicrograph, macro-ex-
amination, allotriomorphic crystal, and space lattice.

2. Distinguish between the terms “composition” and “constitution.”

3. State the type of space lattice possessed by the following metals: copper,
iron, lead, nickel, tin, and zinec.

4. Discuss the significance of “slip lines.”

5. Whas is “twinning”? What are Neumann bands?

6. Discuss the relation between strength of metals and their cohesive and
adhesive properties.

7. Name six types of solids which may result from crystallization.

8. Distinguish between a1 mixture, a chemical compound, and a solution.

9. Distinguish between a liquid solution and a solid solution.

10. Distinguish between a eutectic and a eutectoid.

11. What is meant by complete solid-solubility ?

12, What is the meaning of the term “solid solution minimum”?

13. Referring to Fig. 28, state the microscopic structure of each of the four
cooled alloys whose compositions are represented by the vertical lines M, N, P,
and R. Draw a constitution diagram showing graphically the constitution of
these alloys, Draw cooling curves for these alloys.
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CHAPTER IV
INTRODUCTION TO FERROUS METALS

By Lroyp F. Raber

44 General. The ferrous metals comprise three general classes of
material, cast iron, wrought iron, and steel. All these are produced arti-
ficially by the reduction of iron ores and subsequent treatment of the pig
iron by various metallurgical processes. Cast iron, wrought iron, and
steel are distinctly different materials, judged by their comparative physi-
cal properties, in spite of the fact that more than 90 per cent of metallic
iron is present in each.

45. Classification of Iron and Steel. Iron products may be grouped
under the following heads:

Pig iron, the product obtained by the reduction of iron ores in the
blast furnace. Carbon is present in amounts not usually below 2.5 per
cent or above 4.5 per cent. The iron is cast, as it flows directly from the
blast furnace, into rough bars called “pigs.”

Cast vron, remelted pig iron after being cast or about to be cast in
final form. It does not necessarily differ from the pig in composition,
and is regarded by the metallurgist as the same thing as pig iron. It is’
not malleable at any temperature.

Malleable cast iron, a form of cast iron which, by a special annealing
treatment after casting or rolling in final form, has been rendered malle-
able or semi-malleable.

Wrought iron, a form of iron which is aggregated from pasty particles
without subsequent fusion. Wrought iron contains slag enclosures and
is initially malleable, but normally possesses so little carbon that it will
not harden when rapidly cooled.

Ingot iron, a form of iron or extremely low-carbon steel that has been
cast from a molten condition.

Steel, iron which has been cast from a molten mass, whose composi-
tion is such that it is malleable at least in some one range of temperature,
and which may or may not harden upon sudden cooling. Steel that owes
its distinctive properties chiefly to carbon is called “carbon steel.” Steels
of which the distinctive properties are due chiefly to the presence of ele-
ments other than carbon are called “alloy steels.”
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HISTORY OF IRON-MAKING FURNACES A1

HISTORY OF DEVELOPMENT OF IRON AND STEEL MANUFACTURE

46. Early Furnaces. Little information is available regarding the
early methods of manufacturing iron other than that crude furnaces were
used and the finished material was made directly from the ore mixed,
with charcoal in one operation. The product was a small pasty mass of
red-hot iron which could be hammered into shape. Natural draft and
crude forms of artificial draft were used in early days.

47. Catalan Forge. A major change took place when the Catalan
forge was developed by the iron workers in Catalonia, in Spain, for manu-
facturing wrought iron. This forge consisted of a furnace 2 feet high
with a crucible about 1 foot deep to hold the heated lump of iron. The
blast was derived by water power and entered the furnace through
tuyéres in the bottom. The increased efficiency of this furnace over
previous methods was due mainly to the improved air blast. The fuel
was charcoal, burned in direct contact with the metal. This type of
furnace with but few improvements was used as late as the latter part of
the nineteenth century to smelt ores in the United States.

48. Two-stage Process. In the fourteenth century the method of pro-
ducing wrought iron direct from the ore began to be replaced by a two-
stage process. The principal difficulty with single-stage operations was
encountered in reducing the carbon in the iron. The charcoal fuel was
an excellent carburizing agent, and every precaution had to be taken
to keep the wrought iron from recarburizing to the point where it was
no longer malleable and ductile. The first heating was in a shaft-type
forge furnace, called a stiickofen in Germany, and the second heating,
carried out in a Catalan furnace, reduced the material which had been
over-carburized. The wrought iron produced by this additional working
was more uniform and superior in physical properties to the product of
the single-stage operation.

49. Blast Furnace. During the fifteenth century the shaft-type fur-
nace was increased in size and the draft improved so that higher tem-
peratures were attained. The iron was heated to a point where it
absorbed carbon from the fuel and thus its fusion temperature was low-
ered from 1500° C. to between 1130° C. and 1200° C. Since this was
below the working temperature of the furnace, the product was a molten
metal which was hard, brittle, and relatively weak. This marked the
beginning of production of pig iron in a blast furnace. Pig iron is metal-
lurgically the same as cast iron.

Coal was employed jn 1619 in England in the smelting of iron ore
but-coke was not used in the blast furnace until 1735. Steam engines
were employed for blowing air into the blast furnace during the eight-
eenth century. Neilson invented the hot biast in 18”8 by devising a
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means of preheating the air blown into the blast furnace. This greatly
increased the production of pig iron and reduced fuel requirements. The
hot-blast stove based upon the regenerative principle was developed by
Cowper in 1857.

50. Reverberatory Furnace. The development of equipment and
methods of making wrought iron and steel from pig iron was a slow
process. The reverberatory or air furnace was perfected and patented in
1784 by Henry Cort in England. Its principal feature was that the fuel
was burned on a grate adjacent to the hearth where the iron was worked,
the hot gases passing over and fusing the charge of iron, thereby remov-
ing most of the impurities by oxidation. Coke or coal could be substi-
tuted for charcoal as fuel in this furnace in producing wrought iron since
the fuel was not in direct contact with the metal. The puddling process
utilizing the reverberatory furnace was developed, making possible in-
creased production of wrought iron of good quality.

51. History of Steel Making. Cementation steel was the earliest
form of steel. It was manufactured by heating wrought iron in contact
with charcoal so that carbon was absorbed by the iron.

Crucible steel was first produced by Huntsman in 1740. Both these
steels were expensive to manufacture and were produced in small quanti-
ties. Wrought iron was more extensively used in industry than steel
until 1855, when the Besscmer process was patented.

William Kelly in 1847 in Kentucky developed a process of refining
pig iron in a converter by blowing air through the molten iron. This was
the beginning of modern methods of making steel.  Sir Henry Bessemer
a few years later developed independently the same process which he
patented in England in 1855. Kelly was issued a patent in the United
States but he later sold the rights to his invention to Bessemer. The
process is commonly called the Bessemer process. The modern process
consists of blowing air through a bath of molten pig iron to remove car-
bon, silicon, and manganese by oxidation.

The open-hearth process was developed by the Siemens brothers in
England and by the Martin brothers in France, beginning in 1856. This
process is in general use today for the production of the better grades
of steel. The process consists of removing impurities by oxidation in a
reverberatory regenerative type of furnace.

Experiments on an electric melting furnace were carried on by Sir
Wm. Siemens in 1878. Electric furnaces for smelting iron ores and refin-
ing steel were developed for industrial operation in 1898.
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QUESTIONS

1. Describe the essential features of the Catalan forge.

2. Describe the history of the blast furnace.
- 3. Discuss the development of wrought-iron manufacture.
4, Discuss the history of steel making.
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CHAPTER V

IRON ORE AND PIG IRON

THE RAW MATERIALS OF THE IRON INDUSTRY

52. Ores of Iron. Ores of iron consist essentially of compounds of
iron, usually oxides, mixed with gangue (silica, clay, ete.), and those of
commercial importance contain from 25 to 70 per cent metallic iron.

Iron is extracted from ores by a process known as smelting, which
consists primarily in heating of the ore to a high temperature under
strongly reducing conditions in the presence of a flux. The reducing agent
serves to remove the oxygen from the oxides of iron, leaving metallic iron
together with such clements as carbon, silicon, manganese, phosphorus,
and sulfur, which are invariably present either in the ore or in the fuel
used in melting. The flux, usually limestone, combines with the gangue
of the ore and the ash of the fuel, producing a fusible slag which may be
separated from the metallic iron. The forms of iron ore of greatest com-
mercial importance are as follows:

Hematite, sometimes called red hematite or red iron ore, is anhydrous
ferric oxide, Fe,03, containing when pure 70 per cent iron. It is the most
important iron ore commercially.

Limontte, also called brown iron ore or bog iron ore, is hydrated ferric
oxide, Fe,O3 + [n]H,0, containing about 60 per cent iron.

Magnetite is the magnetic oxide of iron, Fez(Oy, containing when pure
72.4 per cent iron. It occurs in a state of high purity in Sweden where
it is extensively used.

Iron carbonate, commonly called siderite or spathic iron ore, FeCOyg,
contains when pure 48.3 per cent iron.

The Lake Superior district is the largest iron-ore-producing region in
the world, a soft red hematite of high grade being obtained in quantities
sufficient to supply about 80 per cent of the tonnage used in the United
States. : . ,

All ores of iron in which the phosphorus content does not exceed one-
thousandth part of the iron content are classed as Bessemer ores, and
all ores carrying a higher percentage of phosphorus as non-Bessemer ores.
This division is due to the fact that acid Bessemer steel must contain less
than 0.1 per cent phosphorus, and neither the blast-furnace reduction of
the ore nor the acid Bessemer steel process is able to reduce the phos-
phorus content.
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53. Special Preliminary Treatment of Ores. Practically all the
hematite is charged into the furnace without any preliminary treatment.
Some ores, however, behave more satisfactorily in the furnace after hav-
ing been subjected to one or the other of the following preliminary
processes.

Calcmation is resorted to for the purpose of removing water from
limonites or hydrous ores; removing CO, from carbonates; oxidizing a
portion of the gangue of dense ores, particularly magnetites, thereby
rendering them more accessible to the furnace gases; or rendering the ore
magnetie, to facilitate subsequent magnetic concentration.

Roasting is for the purpose of removing sulfur from ores. The sulfur
is present as pyrite, FeSy, which is decomposed at a moderate heat, lib-
crating S and forming FeS. The FeS is oxidized by air to form ferrous
sulfate, FeSOQy, and further heating decomposes the sulfate, forming ferric
oxide, Fe,0y, with the liberation of sulfur dioxide and oxygen.

Concentration of ores is employed occasionally for the purpose of
freeing the ore of a part of the gangue, and for enriching the ore before
smelting. Wet concentration is sometimes used to remove clay, loam,
cte., by a simple process of washing. Another method of wet concentra-
tion is by means of jigs which separate pebbles and sand from the ore by
agitation of perforated trays set in tanks of water.

Dry concentration is usually accomplished by some type of magnetic
separator. If the ore is not alrcady magnetie it is magnetized by pre-
liminary caleination. It is then erushed and passed in a thin layer before
strong magnets, the magnetic portion being thus attracted away from the
non-magnetie.

64. The Flux. The function of the flux is to provide a fusible slag
in which the non-metallic portion of the ore may be carried off. The
exact character and amount of the flux needed will depend upon the
composition of the ore and fuel, and the characteristics of pig iron re-
quired. In general, it may be said that a basic flux is required for acid
gangues (high in silica, alumina, ete.), while an acid flux may be required
where the gangue is basie (high in lime, magnesia, or alkaline matter).
As a rule, gangues are acid in character and therefore the fluxes are
usually basic in character.

The most common form of basic flux is limestone, which should be
very pure. Pure or high-calcium limestones are not always available and
magnesian or dolomitic limestones are sometimes used. The replacement
of a considerable part of the calcium by magnesium does not appear to
impair the efficiency of the flux appreciably.

The flux serves another purpose, besides taking care of the gangue
and ash. The sulfur in the charge, whether in the ore or in the fuel,
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combines with the lime of the flux, forming calcic sulfide, which is re-
moved in the slag. '

85. The Fuel. The fuel for a blast furnace must serve as a reducing
agent as well as a source of heat. The fuel required from the standpoint '
of heat always exceeds the amount required for reduction, and therefore
only the thermal value of the fuel need be considered in this connection.

The rapidity of melting attained in the furnace is dependent upon
the rapidity of heat production, which, in turn, is dependent upon the
rapidity of oxidation of the carbon of the fuel by the oxygen of the air.
It is therefore desirable that a fuel, in addition to having a high calorific
value, have a porous rather than a dense structure, thereby exposing
additional surface to the action of the oxygen. It is further nccessary
that it possess sufficient firmness while being heated so that it will not
fill up the interstices of the charge, thereby impeding the flow of the
gases.

All solid fuels consist of a combustible portion, carbon and hydro-
carbons, which combine with oxygen to form gases, and an incombustible
portion which remains as a solid residue called ash, and must be fluxed
from the furnace.

Three classes of solid fuel have been used in the blast furnace: coal,
coke, and charcoal. From the standpoint of structure and accessibility
to oxidation, charcoal surpasses coke and coke surpasses coal. From the
standpoint of firmness, coke stands first and charcoal is least desirable.
Most of the hard, well-made cokes withstand the pressure of the charge
very well. Bituminous coals melt down during heating, and anthracites
under similar circumstances are likely to splinter into fine particles.

Charcoal is the purest of the solid fuels and has the least ash, but it
is expensive. Anthracite coal is less pure than charcoal and has much
more ash; it is, however, much purer than coke and has very much less
ash. Difficulty is sometimes experienced with coke on account of its
sulfur content. Each type of fuel has its advantages and all are used, but
coke is most commonly employed.

MANUFACTURE OF PIG IRON

56. The Blast-furnace Process in General. Practically all the iron
used commercially, whether as cast iron, wrought iron, or steel, is first
reduced from the ores in a blast furnace to form pig iron. Considerable
research work is being carried on with the object of devising a process for
the production of steel directly from the ore, but nothing of commercial
value has been developed. The process of smelting iron in the blast fur-
nace consists essentially of charging a mixture of fuel, ore, and flux into
the top of the furnace, and simultaneously blowing in a current of air at
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the bottom. The air burns the fuel, forming heat for the chemical reac-
tions and for melting the products; the gases formed by this combustion
remove the oxygen from the ore, thereby reducing it to metallic form; and
the flux renders the earthy materials fluid. The gaseous products of the
operation pass out at the top of the furnace; the liquid products, pig iron
and slag, are tapped off at the bottom. The escaping gases are com-
bustible, and therefore are conducted through pipes to boilers and stoves,
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Fic. 29.—Blast Furnace and Charging Mechanism. (Campbell.)

where they perform the uscful service of heating the blast and raising
steam or operating internal-combustion engines.

The essential equipment of a smeltery consists of the blast furnace
itself, the cquipment for handling the charges and the products, stoves
which prcheat the air used for the blast, and blowing engines which sup-
ply air under pressure and dcliver it to the furnace.

67. The Blast Furnace and Its Mechanical Equipment. The blast
furnace, Fig. 29, consists of a vertical shaft built of steel and lined with
firebrick. The lower portion, called the hearth or crucible, is cylindrical,
about 10 feet high, and 21 to 22 feet in diameter. It contains the tuyéres,
the cinder notch, and the iron notch, and serves as a crucible in which
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the molten products of the operation are collected. Above the hearth
the walls diverge, forming an inverted truncated cone called the bosh,
which is 8 to 12 feet high and 24 to 25 feet in diameter at the widest
point. Above the bosh extends the stack, converging to a diameter of
about 17 to 18 feet at the throat at a height of 45 to 60 feet above the
bosh.

The top of the stack is equipped with two cone-shaped bells and two
hoppers for charging the materials without losing hot gases from the
furnace. The materials are dumped into the upper hopper and the upper
bell is lowered, causing them to fall into the lower hopper. The upper
bell is closed and the lower bell opened, permitting the materials to flow
into the stack.

An inclined track or skipway is used to haul the buckets or skips
of materials from the ground to the top of the furnace. The engines are
located and operated on the ground.

The ring of tuyeéres through which the hot blast of air is driven pierces
the hearth lining just below the bosh. Both the tuyéres and the tuyére
blocks are protected from burning by being of hollow metal construction
and cooled by water circulating through them. Air is forced through the
tuyéres under a pressure of approximately 15 pounds per square inch.

The bustle pipe is an annular steel pipe lined with firebrick, encireling
the bosh, which conducts the hot blast from the hot-blast main to the
tuyeéres.

- The hole for tapping off the liquid slag, called the cinder notch, is
located on the side of the hearth about 3 feet below the tuyeres. This
also is protected by a water-cooled casting. It is closed by stopping up
the hole by an iron bar having an enlarged end, until the slag itself has
solidified and plugged the hole.

The iron notch is at the front of the furnace and about 2 feet above
the furnace bottom. It consists of an opening in the brickwork several
inches square which is closed by means of a semi-plastic clay that burns
solidly into place. The clay is drilled out when it is desired to tap the
furnace. The opening is closed by means of a steam or air reciprocating
clay gun or an electric rotary clay gun; with the rotary gun the clay
is forced in continuously under a high pressure against the full blast
pressure of the furnace, thus permitting continuous operation of the
furnace.

Each furnace is equipped with three to five hot-blast stoves. A stove
consists of a vertical steel cylinder, 20 to 22 feet in diameter and 80 to
110 feet high, containing two firebrick chambers. The central chamber
is open; the outer annular chamber is divided into a large number of
small flues. Gas from the blast furnace and a definite proportion of air
are admitted at the bottom of the open chamber and burned. The prod-
ucts of combustion rise to the top of the furnace and pass downward
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through the small flues and thence to the stack. The greater part of their
heat is taken up by the brickwork of the flues. After gas has been
Lurned in a stove for about three hours, the stove is hot enough to heat
the blast.

- Air from the blowing engines is now admitted at the bottom of the
small flues in the outer chamber and passes upward, taking up the heat
stored in the brickwork and attaining a temperature of about 538° C.
(1000° ¥.). Thence it passes downward through the central flue to the
hot-blast main leading to the furnace.

58. The Operation of the Blast Furnace. The blast furnace has five
distinet duties to perform:

Deoxidation of the iron ore.
Carburization of the iron.

Melting the iron.

Conversion of the gangue to fusible slag.
Separation of the molten iron and the slag.

Dcozxidation of the Iron Ore. The recovery of iron would be impos-
~ible without deoxidation, because of the operation of the general prin-
ciple that oxidized bodies in a state of fusion will not unite with
unoxidized ones. The application of this principle to the metallurgical
processes in iron and steel making may be stated as follows:

First, when an element such as carbon, silicon, or phosphorus, existing
in chemical union with a metal, combines chemically with oxygen, the
resulting oxidized product must, when melted, separate itself from the
remaining metallic portion.

Second, if oxidized metal parts with its oxygen and becomes reduced
to the metallic state, the newly liberated portion joins the metal in the
furnace.

If, therefore, the iron were not reduced, the iron oxide would not be
recovered, but would be lost with the slag.

Carburization of the Iron. Carburization of the iron is essential be-
cause at the temperature attained in at least the greater part of the
melting zone it would be impossible to melt free iron, whereas iron
saturated with carbon is sufficiently superheated beyond its melting point
to make it very fluid, so that it easily becomes separated from the slag
in the hearth.

Melting the Iron. When fusion takes place all oxidized bodies unite to
form the slag and expel therefrom all fused unoxidized bodies. It is,
therefore, essential that the iron be fused in order that it may be ex-
pelled from the slag. The molten iron will necessarily absorb all de-
oxidized substances such as silicon, manganese, and phosphorus, which
exist as free metals or metalloids in the lower portion of the furnace.
Carbon will also be absorbed until the saturation point is resched.
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It is further essential that the iron be not only fused but also super-
heated, in order that it may remain fluid until drained from the furnace
and cast into pigs or transported to steel furnaces.

Conversion of Gangue to Fusible Slag. The function of the slag
formed in the blast furnace is primarily the elimination of all non-
volatile matter, in the gangue of the ore and in the fuel, that does not
properly belong in pig iron. This can be accomplished only by giving to
the slag such a composition that it will offer a greater attraction to the
impurities than the metal offers.

The slag-making materials consist of the gangue of the ore, the ash
of the fuel, and the lime of the flux. The chemical nature of the slag and
consequent metallurgical action are controlled by varying the relation of
lime to the other slag-making constituents in the furnace charge. The
slag-making materials upon fusion form a molten silicate of lime, to-
gether with magnesia and alumina. The alumina and carthy and alka-
line bases naturally enter into the slag, since they exist as oxides and are
not reduced in the furnace. In addition, the bulk of the silicon will enter
the slag as silica (Si0;), and most of the sulfur, by an entirely chemical
action, enters the slag as sulfide of calcium, which, although an un-
oxidized body, does not unite with the molten iron, but appears to dis-
solve in the slag.

Separation of Iron and Slag. The two substances are chemically
mutually repellent, and both are very fluid and of different specific gravi-
ties. The slag floats upon the molten iron in the hearth of the furnace
and may be readily tapped off through the cinder notch above the level
of the iron.

Burdening. The proportion of ore and flux to the fuel in the furnace
charge is called the furnace burden. Successful operation depends more
upon the proper burdening than upon any other single factor in the fur-
nace management. The method of determining the furnace burden is
somewhat complex, and is dependent in its details upon the experience
gained in the use of given ores.

The materials are loaded from stock piles into transfer cars of bot-
tom-dumping type and dumped into bins. Coke is charged by volume
directly into the skip car. Iron ore and limestone are dumped from the
bins into transfer cars, equipped with weighing devices and called weigh-
ing lorries, which move between the bins and skip car. The materials are
placed alternately in the skip car in proper proportions and then ecarried
up the inclined skipway to the top of the furnace where they are charged
into the blast furnace by means of the double bell and hopper. Various
devices are used for distributing the stock evenly as it falls into the fur-
nace, the intention being the prevention of segregation of the coarse and
fine material.
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Capacity. Blast furnaces are built in sizes for a daily capacity of 100
to 1000 tons of iron. The blast furnace of the dimensions shown in Fig,
29 would have a capacity of about 800 tons of pig iron per 24-hour day.
Such a furnace would require about 2700 tons of charge material per
day consisting of ore 1500 tons, coke 800 tons, and limestone 400 tons.
Approximately 3000 tons of air would be required and about 6,000,000
gallons of water per 24 hours. About 300 tons of slag would be produced.

Control. The hot-blast stoves are controlled by a series of valves,
which regulate the admission of gas, the admission of air from the blow-
ing engines, the outlet of hot gases to the furnace, and the chimney
draught while “on air.”

The hotter the furnace the more powerful will be the deoxidizing
action. Increasing the fuel ratio has a direct effect upon furnace tem-
perature and an indirect effect in increasing the deoxidizing action.
Increasing the lime-magnesia content of the slag has the effect of rais-
ing its melting point, and as a result the hearth temperature is again
increased with consequent increase in the strength of deoxidizing agencies.

Tapping. The slag must be tapped off within ten to fifteen hours
after starting the blast and thereafter about every two hours, the in-
tervals becoming shorter as the level of the molten iron rises toward the
level of the slag notch. The iron is tapped about 20 to 30 hours after
starting the blast and thereafter at intervals of about 4 to 5 hours. Peep
holes are provided in the furnace walls so that the proper time for tap-
ping slag or iron may be observed.

Handling the Products. The iron when tapped from the furnace is
handled in one of two general ways: by casting into pigs, or, still molten,
in ladles.

Formerly all the iron was cast in sand pig-beds, which consist of a
series of parallel depressions molded in a bed of silica sand on the floor
of the cast-house. Fig. 30
shows such a pig-bed. The
individual depressions are con- E %
nected to cross runners which
in turn conneet with the main
runner leading from the tap
hole. Sand casting i1s now %
seldom practiced. #

A modification of the sand
pig-bed, the chill pig-bed, is Fic. 30—Sand Casting Pig-bed.
sometimes used. It is a pig- .
bed made of cast iron, molded in shape very similar to that of the sand
pig-bed, but not requiring any preparation beyond sprinkling with a
clay wash to prevent the pig iron from sticking to the molds.
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The iron pigs are broken from the cross runners by hand sledges and
bars or by a mechanical pig breaker, and the cross runners are similarly
broken up into convenient lengths.

One type of pig-molding machine is illustrated in Fig. 31. The
machine consists essentially of a continuous series of pressed steel molds
carricd on an endless chain. The iron runner of the furnace delivers the
molten iron into a ladle which is discharged into a spout, whence the
metal is poured into the molds as they slowly travel past. The iron
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Fic. 31 —Pig-molding Machine.

quickly chills and is discharged into a car when the mold passes over a
sheave at the end of the run. On the return the molds are immersed or
sprayed with limewater to prevent the pigs’ adhering. The cooling of
the pigs is usually facilitated by depressing the chains and running them
through a tank of water.

The blast furnace is so often operated in direct conjunction with a
steel plant that the iron is very commonly not cast into pigs at all, but
is run directly into ladles which transport it to the steel furnaces. The
ladle is built of steel, mounted on trunnions on a car-truck, and lined
with firebrick. Its capacity is usually 20 tons or more.

The slag which accumulates above the level of the cinder notch is
tapped off at intervals of about two hours, while the iron notch is closed.
When the iron notch is opened, iron free from slag flows at first, but
later on in the cast a quantity of slag accompanies the iron, floating on
top just as it does in the hearth. This slag is easily separated from the
iron by a skimmer placed in the main iron runner. The skimmer usually
consists of a permanent cast-iron trough, having a depression followed
by a dam over which the iron must flow. The skimmer is suspended over
the depression at such a height that it rests on top of the stream of iron
and effectually prevents the.slag from being carried over the dam. An
opening in the side of the trough allows the slag to overflow into a
runner, whereby it is carried to the main slag runner which leads from
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.
the cinder notch to the point where the slag is discharged into ladles and
carried to the slag dump.

59. The Electric Reduction of Iron Ores. The electric furnace is
used to a limited extent in the production of pig iron. In the blast
furnace, fuel must be supplied to serve two purposes: the introduction of
carbon, the oxidation of which supplies the necessary heat; and the
introduction of carbon to act as a reducing agent. In the electric furnace,
the requisite heat is supplied by electrical means and the only carbon re-
quired is that needed for strictly reducing purposes. It has been shown
that the electric furnace needs about one-third the amount of carbon
required by the blast furnace.

On the other hand, the cost of heat produced by electrical means will
usually exceed the cost of heat produced by the combustion of fuel,
except in ore districts where the price of fuel is very high and that
of electric power low. Tt is only in such districts, therefore, that the
commercial extraction of iron by electric means can be successful.

60. Classification of Pig Irons. Pig irons are classified according to
method of manufacture, the purpose for which they are intended, and
composition.

Method of manufacture.

Coke pig: smelted with coke and hot blast.

Charcoal pig: smelted with charcoal, with either hot or cold
blast.

Anthracite pig: smelted with anthracite coal and coke, with
hot blast.

Purpose for which intended.
Bessemer pig: for Bessemer or acid open-hearth process.
Basic pig: for basic open-hearth process.
Malleable pig: for malleable cast iron.
Foundry pig: for cast iron.
Forge pig: an inferior foundry pig used for manufacture of
wrought iron.

Chemical composition.
Silicon pig: high in silicon.
Low-phosphorus pig.
Special low-phosphorus pig.
Special cast irons (spiegeleisen, ferromanganese, ferrochrome,
etc.).

The sccond of these classifications is most commonly used.



54 IRON ORE AND PIG IRON

The composition of the different grades is usually specified within
the following limits:

Silicon, Sulfur, Phosphorus,

per cent per cent per cent
Bessemer pig.......... 1-2.00 not over 0.05 not over 0. 10
Basicpig............. under 1.00 under 0.05 not specified
Malleable pig......... 0.75-2.00 not over 0.05 not over 0.20
Foundry pig.......... 1.50-3.00 not over 0.05 0.50-1.00
Forgepig............. under 1.50 under 0. 10 under 1.00

Any of the above irons may be called “sand-cast pig,” “chill-cast
pig,” or “machine-cast pig” according to the method of molding.

Pig iron as such has no structural uses, but a considerable amount is
used after remelting, in the shape of cast iron. By far the greater part
of all of the pig iron made is converted into steel either by the Bessemer
process or the open-hearth process, or into wrought iron.

QUESTIONS

1. Name the common iron ores, and state their chemical formulus.

2. Discuss briefly the characteristics of ore obtained from the principal iron-
ore region in the United States.

3. What is a flux? What materials are used as flux in reducing iron ore?

4. Sketch a blast furnace, naming the principal parts and showing approxi-
mate dimensions.

5. Describe how hot-blast stoves are used in connection with the blast fur-
nace.

6. What is the “regenerative principle”?

7. What would be the charge for a blast furnace of a daily capacity of 800
tons of pig iron? °

8. In blast-furnace operation why is it necessary to carburize the iron?

9. Classify varieties of pig iron according to the purpose for which they are
intended.
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CHAPTER VI
STEEL

61. Definition. It is not possible to make a strict definition of steel
which is concise and at the same time not in conflict with current usage.
In the early days of the iron industry it was easy to distinguish between
steel and cast iron by declaring any form of iron which was malleable
to be either steel or wrought iron—steel if it would harden upon sudden
cooling, otherwise wrought iron. These distinctions will not hold at the
vresent time, however, since many grades of alloy steel are now made
which will not harden upon sudden cooling; some steels are not malleable
except through a certain range of very high temperatures; and one grade
of iron, malleable cast iron, is malleable (after anncaling) but cannot
be classed as steel.

Professor H. M. Howe has proposed the following definition, which,
although cumbersome, covers the ground adequately: “Steel is that form
of iron which is malleable at least in some one range of temperature,
and in addition either (a) is cast into an initially malleable mass; or (b)
is capable of hardening greatly by sudden cooling; or (c) is both so cast
and so capable of hardening.”

The provision in the definition that steel “is malleable at least in
some one range of temperature” distinguishes steel from cast iron and
pig iron without excluding certain special steels like chrome and manga-
nese steel, which are malleable only through a short range of high tem-
peratures; the provision that it is “cast into an initially malleable
mass” excludes malleable cast iron, which is rendered malleable by
special treatment after being cast or rolled; and either the provision that
it is “cast,” or the provision that it “is capable of hardening greatly by
sudden cooling” serves to differentiate it from wrought iron (which is
never cast and is never capable of hardening), without excluding cemen-
tation or blister steel, which is not cast but will harden.

Professor Albert Sauveur gives the following definition: “Steel is a
malleable alloy of iron and carbon, usually containing substantial quan-
tities of manganese.”

62. Classifications of Steel. Steels are classified according to method
of manufacture as:

Blister or cementation steel, crucible steel, Bessemer steel, open-
hearth steel, duplex steel, and electric steel.
56
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Steels are further roughly classificd according to carbon content as:

Soft, mild, or low-carbon steel, containing from 0.05 to 0.15 per
cent carbon.

Medium or medium-carbon steel, containing 0.15 to 0.30 per cent
carbon.

Half-hard or medium-high-carbon steel, containing from 0.30 to
0.60 per cent carbon.

Hard or high-carbon steel containing from 0.60 to about 1.50 per
cent carbon. '

Steels are also classified according to the uses for which their properties
fit them, such as:

Rivet stecl, structural steel, machinery steel, rail steel, spring steel,
tool steel.

THE MANUFACTURE OF STEEL

63. Steel-making Processes. Two methods of steel making by the
carburization of wrought iron have been developed: the cementation
process, which produces blister or cementation steel by the earburization
of wrought iron without fusion; and the crucible process, which pro-
duces crucible steel by the carburization of wrought iron in a fused
condition.

The two principal methods of steel making by the refining of pig
iron (with or without the admixture of iron and steel serap) are the
Bessemer process, which produces Bessemer steel by blowing finely
divided air currents through molten pig iron contained in a retort-shaped
furnace called a “converter,” the impurities being oxidized and thus
removed in the slag, carbon being subsequently added; and the open-
hearth process, which produces open-hearth steel by subjecting pig iron
and scrap to the oxidizing flame of gas and air burned in a reverberatory
regencrative furnace, carbon being restored after the removal of the
oxides in the slag.

Other processes of making steel from pig iron or pig iron and serap
are usually combinations of the Bessemer process and the open-hearth
or of electric-furnace methods with either the Bessemer or the open-
hearth process, and are known as duplex processes.

In addition to its employment in the above processes, the electric
furnace is used in the direct melting and refining of electric steel.

64. The Cementation Process. The principle which underlies the
operation of steel making by the cementation process is that iron at a
bright red heat will absorb carbon by an action which appears to be a
traveling of solid carbon into solid iron, thereby forming a solid solution
of iron and iron carbide.
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The bars of wrought iron which are used for the cementation process
are generally very pure iron made by the charcoal-hearth process. They
are about 3 inches wide, % inch thick, and of a length corresponding to
the length of the cementation pots.

The pots are filled with alternate layers of iron bars and charcoal, and
the tops are luted tight with a material which at first permits the cscape
of gases but later becomes gas-tight.

The required temperature (about 700° C. [1292° F.]) having been
attained, the carbon begins to soak into the iron at a rate of about 35 inch
per 24 hours. The time required for the completion of the process de-
pends upon the grade of steel produced. Mild heats require the main-
taining of the maximum temperature for a period of 7 to 8 days; medium
heats, about 9145 days; and high-carbon heats, about 11 days. Since the
carburization proceeds from the exterior of the bars inward, the earbon
content decreases progressively toward the center, and an unaltered core
will be found in very mild bars.

The presence of some slag in the original wrought-iron bars is re-
sponsible for the appearance of blisters on the surface of the bars, which
have been formed by the evolution of carbon monoxide gas when the
carbon combined with the ferrous oxide of the slag. The presence of
these blisters accounts for the term “blister steel,” which is often applied
to steel made by the cementation process. Very little steel has ever
been produced by this process in America.

65. The Crucible Process. The crucible process consists essentially in
the melting of wrought iron in closed crucibles of refractory material,
the carburizer being placed in the crucible with the iron, together with
any special alloying element desired. The details of the process vary
with the type of furnace.

The crucibles are usually charged outside the furnace. The larger
pieces of iron are first inserted, next the charcoal and ferromanganese
or oxide of manganese, and lastly the smaller pieces of iron. The weight
of the charge varies from 50 to 100 pounds.

The iron of the crucible charge should be pure puddled iron, but
wrought-iron scrap and even soft-steel scrap is often substituted for a
considerable part of the charge. Blister steel made by the cementation
process is very often used in place of wrought iron in English practice.

The carburizing agent is charcoal, which is added in small lumps.
Ferromanganese or oxide of manganese is added to aid in forming a
liquid slag and to add a little manganese to the metal. Special elements,
such as chromium, tungsten, manganese, or vanadium, are added when
special steels of the class called “alloy steels’” are to be produced.

The crucibles having been charged, the covers are put on and the tem-
perature is gradually brought to a mclting heat. The vrocess is there-
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after divided into two stages called “melting” and “killing.” The melt-
ing requires from two to four hours, depending largely upon the composi-
tion of the charge. Low-carbon heats take much longer than high-car-
bon, since low-carbon stock melts at a much higher temperature. Killing
or dead melting consists in holding the steel at a melting temperature
until it does not evolve gases, and will pour dead, and produce sound
ingots.

When the operation of killing is complete the crucibles are lifted out
of the melting-hole and the covers are removed. The slag floating on
top of the steel is skimmed off, and the steel is poured into cast-iron ingot
molds having a cross-section 3 to 4 inches square.

Very wide ranges in composition and properties of crucible steels are
obtainable. The composition is sometimes uncertain owing to the variable
amount of carbon and silicon that may be absorbed from the crucible
walls. Ingots are therefore always graded by breaking off the worthless
upper portion containing the pipe and examining the fracture. Chemical
analysis is usually employed to supplement examination of the fracture,
and the ingots are separated into several grades of similar analysis.

No sharp subdivision of grades and uses of crucible steel can be made,
but Table T shows in a general way the type of steel required for dif-
ferent classes of tools:

TABLE 1
GRrADING OF CArRBON CRUCIBLE STEELS
Carbon, | Manganese,| Silicon, Sulfur, Phosphorus,
Uses per cent per cent per cent per cent per cent

Battering tools. . ... ]

Hot-work tools. ... ;| 0.45-0.65 | 0.20-0.50 | 0.20-0.30 0.02-0.060 |{0.015-0.050
Dull-edge tools, etc.]
Dies, axes, large %

drills, reamers, ete.{| 0.65-0.85 | 0.20-0.40 | 0.20-0.30 [0.015-0.030/0.012-0.025
Chisels, knives. .. .. i

Drills, lathe tools... Y| 0.85-1.10 | 0.15-0.30 | 0.15-0.25 |0.010-0.020{0.010-0.020
Razors, fine lathe ]

tools and drills.... || 1.10-1.50 | 0.10-0.25 | 0.12-0.25 [0.005-0.015/0.005-0.015
Gravers’ tools, ete. . J

66. Acid and Basic Steel Processes. Both the acid and basic processes
are employed in connection with the Bessemer converter process and the

open-hearth furnace process.

In the acid process the slag is of acid

character, that is, has a high silica content, while the slag in the basic

process is made basic by the addition of lime or limestone as a flux.
The refractory lining of an acid furnace is made of acid material such

as silica or ganister in order to prevent scouring, since any iinsatisfied
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silica in the slag would tend to reach saturation by attacking any bases
in the lining with which it might come into contact at high temperature.

Silicon, manganese, and carbon may be removed by means of the
acid process, but phosphorus and sulfur cannot be eliminated from the
steel. Phosphorus is an especially undesirable ingredient in steel because
it greatly reduces shock resistance. Low-phosphorus pig iron must be
used in the acid process to produce good-quality steel.

The furnace in the basic process must have its lining composed of
basie refractories such as magnesite or dolomite, since any excess base
in the slag would tend to neutralize itself by scouring an acid lining.

. The basic process can be so conducted as to accomplish the removal
of phosphorus and sulfur as well as silicon, manganese, and carbon.
Therefore, pig iron produced from low-grade ores may be utilized. In
general, it is possible in the basic process to utilize materials for the
charge that vary considerably in chemical composition.

THrE BESSEMER PROCEss

67. General. The Bessemer process consists of the removal of most
of the impurities in pig iron, by oxidation, through the agency of finely
divided air currents blown through a bath of molten iron contained in
a vessel known as a converter. The addition of a recarburizer after
blowing is generally necessary to give the blown metal the required
carbon content. The process may be either acid or basie, depending
on the nature of the slag formed.

68. Acid Bessemer Process. The following operations constitute the
essential features of the acid Bessemer process, commonly called the
American Bessemer process:

Molten pig iron is brought from the blast furnace in hot-metal ladles
and discharged into a large reservoir called the mixer.

The mixer supplies molten iron as required to charging ladles, which
in turn discharge into the converters, the latter being rotated into a
horizontal position during charging.

The air blast of the converter is started, and the vessel is clevated
into a vertical position. The finely divided air currents pass up through
the molten metal for a period of about ten minutes, by which time the
impurities will have been practically elimninated by oxidation.

The converter is again turned into a horizontal position, the wind is
cut off, and the recarburizer is added in order to obtain a steel of any de-
sired carbon content.

The molten steel is poured from the converter into a ladle which is
swung by a crane over a series of cast-iron ingot molds into which the
metal is teemed.

When the ingots have cooled sufficiently, the molds are stripped off
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and the ingots are placed in soaking pits or reheating furnaces, where
they remain until their still molten interiors have solidified and the
temperature of the metal has become equalized throughout.

The hot ingots are transferred to the rolling mills where, by a series
of rolls, they are reduced first to blooms and then to any desired shape
for use in construction. Presses sometimes replace rolls.

The Pig Iron Used. Since it is impossible to remove cither phos-
phorus or sulfur from the iron in the acid process, a grade of pig iron

specially low in these elements is required. The usual limits of com-
position of “Bessemer pig iron” are:

Silicon, Manganese, Carbon, Phosphorus, Sulfur,
per cent per cent per cent per cent per cent
1.0-2.0 0.4-0.8 3.5-4.0 0.07-0.10 0.02-0.07

At least 1.0 per cent of silicon is required in order to insure the pro-
duction of a sufficient quantity of satisfactory slag, and also to provide
heat. The oxidation of the sili-
con is the principal source of
heat in the converter, the amount
so derived being much greater
than that derived from the oxi-
dation of the ecarbon and the
manganese.

69. The Bessemer Converter.
The Bessemer converter consists
of a heavy steel pear-shaped
shell supported upon two trun-
nions upon which it can be ro-
tated. The upper portion of the
shell may be either concentric
or cecentric. A scetion of a eon-
centric converter showing a hol-  TF16. 32.—12- to 15-ton Bessemer Converter.
low trunnion connected by a Concentric Type.
pipe and slip ring with the
windbox in the bottom is shown in Fig. 32. The bottom of the con-
verter is pierced with a large number of small holes, called tuyéres,
through which the air blast is forced by means of a blower from the
windbox up through the molten metal.

The clear opening at the converter mouth is usually from 2 feet to 2%
feet in diameter, the inside diameter of the cylindrical portion is about
8 feet, and the height from inside of bottom to “mouth” is about 15 feet.
These dimensions apply to the average-sized converter, having a capacity
of 15 tons. Converters, however, have capacities all the way from 1 ton
to 25 tons.
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The lining of the converter is usually from 12 to 15 inches thick, and
is made of very refractory material of strongly acid character, silica being
the principal constituent. In American practice, ganister blocks or bricks
laid with thin fireclay joints are usually employed. The lining is re-
paired between heats with a mixture of silicecous material and clay, and
more extensive repairs are made during shutdowns. Under average con-
ditions a lining may be made to last for several months—perhaps 10,000
to 12,000 heats—before it need be entirely replaced. A new lining must
be dried, and a cold lining must be heated to a red heat before the con- -
verter is charged.

The lining of the bottom which is 24 to 30 inches thick is made up
of damp siliceous material bound together with clay in which the molded
tuyere brick are set. Each tuyeére brick is about 30 inches long and
has about 10 blast holes each approximately 14 inch in diameter. On
account of the fact that uncombined iron oxide has a strongly corrosive
action on the lining, the bottom is corroded very rapidly, especially in
the vicinity of the tuyéres, where the air encounters the molten iron.
This limits the life of the bottom lining to about 20 or 25 heats, even
though repairs are made between heats.

On this account the bottom of the converter is made easily detachable,
the fastenings to the body being links secured by keys which ecan be
quickly removed. The worn-out bottom is lowered by a hyvdraulic
jack, located beneath the converter, on to a car which conveys it to the
repair room. Meanwhile a new bottom on a second car is lifted into
place and keyed on. The new bottom is carefully dried and heated to
a high temperature before being put in place, and the joint with the
body lining is daubed with mud before the bottom is forced into place
by the hydraulic ram.

The blast is derived from blowing engines operating on steam or blast-
furnace gas. A pressure of 20 to 30 pounds per square inch is main-
tained. The turning on and off of the blast, as well as the movement
of the converter, is under the control of the blower who stands on a raised
platform called the pulpit within full view of the entire operation.

If the Bessemer plant is not operated in conjunction with a blast
furnace, the pig iron is melted in cupolas which differ in no respect from
the ordinary foundry cupola except in size.

More commonly, the pig iron is run into ladles at the blast furnace,
and transferred to the steel plant, where the ladles are discharged into
the mixer, which serves as a source of supply for the converters.

The mixer is a large steel reservoir lined with refractory brick and
mounted on rollers. Hydraulic cylinders located at the corners serve
to tip the mixer to pour out the metal. The capacity of the mixer is
from 150 to 500 tons. Because of its large size, the mixer will hold the
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product of several furnaces, and tends to average the irregularities in the
different irons. The mixer also serves to keep the pig iron molten for
an indefinite length of time, compensates for delays either at the blast
furnace or at the steel plant, and affords an opportunity for the addition
of special pig iron, if necessary to correct the composition.

70. Operation of the Acid Bessemer Process. The position of an ec-
centric type of converter, while receiving its charge, is shown in Fig. 33.
The blast is turned on after charging and before righting, in order to pre-
vent the metal from entering the tuyéres. The bath of metal occupies
only a small portion of the volume
of the converter, on account of the
increase in volume of the bath
caused by the violent ebullition of
the metal during the blow.

As soon as the blow is on, the
silicon and manganese begin to
burn to Si0, and MnO and are re-
duced to mere traces before the oxi-
dation of the ecarbon becomes ap-
preciable. After two or three min-
utes, the carbon begins to oxidize
and a reddish-yellow flame makes
its appearance at the mouth of the converter. This becomes rapidly
augmented until a white-hot flame 20 to 30 feet in height pours out
with a loud, roaring sound, and a shower of sparks appears. Soon the
flame begins to flicker and shorten, indicating that the carbon is prac-
tically burned out, whereupon the converter is turned down, the blast
shut off, and the recarburizer added.

The phosphorus and the sulfur will not have been affected by the
process, but the percentage present in the blown metal will be slightly
higher than in the pig iron because of the loss of other elements which
have been carried away in the slag.

The total time required for the blow is, in American practice, from
nine to ten minutes.

71. Recarburizers and Recarburizing. The principal recarburizers
are spiegeleisen and ferromanganese. Spicgeleisen is a special pig iron,
high in manganese and carbon. The manganese content varies from 12
to 20 per cent and the carbon from 4 to 6 per cent. Iron alloys containing
20 per cent or more of manganese are classed as ferromanganese, but
practically all that used as a recarburizer contains about 80 per cent
manganese and 6.5 to 7 per cent carbon. Spiegeleisen is always added
in a molten state because large amounts are necessary, and the bath
would otherwise be cooled too much before pouring. For this reason

Fic. 33—Position of Eccentric-type
Converter while Receiving Charge.
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small auxiliary spiegel-melting cupolas are a neccssary feature of Besse-
mer plants, Other recarburizing agents which are used include silicon
carbide, silicomanganese, silicospiegel, and powdered coal or coke.

72. Deoxidation. The addition of the desired amount of carbon to
the blown metal is by no means the only important function served by
the spiegeleisen or ferromanganese. Blown metal invariably contains
considerable amounts of oxides of carbon and iron. The carbon monoxide
gas is somewhat soluble in the molten metal and, even though a great part
of it is removed when the spiegel is added, it continues to be evolved
until the metal becomes solidified. The imprisoned carbon monoxide
means the presence of blowholes in the ingots of steel.

Iron oxide is reduced principally by the manganese of the recarburizer.
It is also reduced by the carbon and the silicon of the recarburizing agent.

Fi1c. 34 —Steel Teeming Ladle. Fic. 35.—Ingot Mold.

The silicon, too, is very effective in reducing the carbon monoxide gas,
thereby becoming an important factor in the prevention of blowholes.

Sometimes especially strong deoxidizing agents such as aluminum are
used in addition to the recarburizer to eliminate the last traces of oxides
in the steel. An important instance of such a practice is the addition of
titanium to steel for railroad rails.

73. Casting the Ingots. When the reaction between the blown metal
and the recarburizer is complete, the steel is poured from the converter
into a teeming ladle which is suspended from a crane. The teeming
ladle, Fig. 34, consists of a bucket-shaped steel shell, lined with refrac-
tory material and provided with a valve in the bottom through which
the molten metal is teemed. The ladle is suspended by a bail and
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mounted in such a manner that it may be tipped over to pour out the
slag which remains in the vessel after the steel has been teemed off.
The ingots are cast in cast-iron molds mounted on cars which are moved
along a track through the mill. The usual type of Bessemer ingot mold
is shown in Fig. 35. The ingot produced is about 7 feet high, has an
average cross-section of about 18 by 18 inches, and is about 3 inches
thicker at the base than at the top in order to facilitate the stripping
off of the mold. Ingots of this type are sometimes cast with the large
ends up.

The mold cars are moved along in such a manner as to bring each
mold in succession under the nozzle of the ladle. The plunger is raised,
allowing a thin stream of metal to flow into the mold, then dropped
while a new mold is brought into place. The slag floats on top of the
steel, and the valve is closed when slag begins to flow and the ladle is
swung over a slag car and dumped.

The mold cars are drawn outside the steel mill, where the molds are
stripped off by a crane, which engages the lugs provided on the molds
and lifts them off, leaving the ingots standing on the iron stools which
form the bottom to the mold. The ingots are then taken to the “soaking
pits,” while the molds are washed with clay water, allowed to cool some-
what, and run back into the mill for another cast. If the molds are not
still hot from a previous heat, they must be heated before being used.

74. The Basic Bessemer Process. The basic Bessemer process differs
from the acid Bessemer process only because of the different class of
iron used. The basic Bessemer process has not been used to any extent
in America but is the principal Bessemer process in Europe. The basic
converter differs from the acid converter only in being considerably larger
than the acid converter of the same capacity, on account of the increased
amount of slag formed, and in having a basic lining. This lining is much
less durable than an acid lining, its average life being commonly from
100 to 200 heats, while the bottoms are good for from 20 to 40 heats.

The Pig Iron Used. Basic Bessemer pig iron is high in phosphorus,
manganese, and usually sulfur, and relatively low in carbon and silicon.
The usual limits of composition are:

Phosphorus, Sulfur, Manganese, Carbon, Silicon,
per cent, per cent per cent per cent per cent
1.0-3.0 0.02-0.30 0.3-2.0 2.75-3.5 0.2-1.0

If the pnosphorus is not high the charge is likely to blow cold after
the elimination of carbon. High manganese is desired to aid the silicon in
producing heat at the beginning of the blow, and to facilitate the removal
of sulfur which is likely to be high because of the low silicon content.
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The relatively low carbon content is an inevitable consequence of the
presence of high manganese and phosphorus and low silicon. Only suf-
ficient silicon to prevent too high sulfur is desirable since, with the high
phosphorus content, there would be danger of producing an acid slag if
the silicon were not kept low. In any event, the amount of lime required
to flux the acid-making constituents, phosphorus and silicon, will be in-
creased by increasing the content of these elements.

75. Operation of Basic Bessemer Process. The basic Bessemer process
is divided into two more or less distinct stages. The first, called the
“fore-blow,” is characterized by the oxidation of silicon, manganese, and
carbon, and corresponds to the ordinary blow of the acid Bessemer
process. The phosphorus and most of the sulfur are removed and ab-
sorbed by the slag during a later period called the “after-blow.”

Silicon, being low originally, is usually eliminated within 2 minutes
or less, but manganese is removed very slowly because a large quantity
is present and the slag is not of such a composition as to take it up
readily. Often some manganese is left in the iron at the end of the
blow and is available for deoxidation.

Carbon is oxidized after the elimination of silicon, the removal being
accomplished in slightly less time than in the acid process because of
the lesser amount present.

Phosphorus is not materially reduced in amount until the carbon is
practically eliminated, when it becomes oxidized and is absorbed by the
slag. A certain amount of the sulfur is also absorbed by the slag at
this time. .

The time required for the conversion process with the basic converter
is nearly double that for the acid process. The fore-blow requires from
9 to 12 minutes, and the after-blow from 5 to 6 minutes. There is no
indication, so far as the flame is concerned, of the completion of the
after-blow, and its timing must be judged entirely by experience.

76. Recarburization, The manner of using a recarburizer in the basic
process differs from that in the acid process, because, if the spicgel is
added to a bath containing a great quantity of basic slag, the carbon,
silicon, and manganese of the recarburizer will reduce phosphorus from
the slag and restore it to the metal.

As much as possible of the basic slag is therefore poured out of the
converter first, and later, as the metal is poured into the teeming ladle,
a further quantity of the slag is held back and retained in the vessel.
The recarburizer is then added in the ladle, and its action is thereafter
similar to that noted for the acid process. The deoxidizing effect of the
recarburizer is no less important in the basic than in the acid process,
for the ox.uadion of iron in the basic converter is likely to be excessive.



OPEN-HEARTH PROCESS 67

77. Comparison of Acid and Basic Bessemer Processes. The acid
process necessitates a higher grade of ore and one that is almost unob-
tainable in some countries. The basic process, upon the other hand, re-
quires a cheap ore to be commercially successful, because the process it-
self is expensive.

The basic process requires a high degree of skill, because of the
danger of excessive oxidation and also the restoration of phosphorus
to the bath through the action of manganese in the recarburizer.

Tue OPEN-HEARTH PROCESS

78. General. The modern process of steel making by the open-hearth
method has been developed from the early work of the Siemens brothers,
who invented and patented the regenerative furnace in 1861. Sir Wil-
liam Siemens developed and perfected the early forms of the regenera-
tive furnace, making possible the utilization of this principle in the at-
tainment of the very high temperatures required for the making of steel
in the open-hearth process.

The open-hearth process developed more slowly than the Bessemer
process, but now ranks first among the various methods of steel manu-
facture, both in metallurgical perfection and in tonnage produced. It is
now used almost exclusively for all except the cheapest grades of steel
and some high-grade alloy steels. .

The open-hearth process is so called because it consists in the oxida-
tion and removal of impurities contained in a bath of metallic iron lying
on the hearth of a reverberatory regenerative furnace, the bath being
exposed to the action of the flame which sweeps across above the hearth.

The rate of oxidation is so slow in the open-hearth process that in-
sufficient heat is generated by oxidation to maintain the metal in the
bath in a molten condition. Consequently, heat must be applied to the
metal during the process. This additional heat is usually derived from
the combustion of gas fuel.

The open-hearth process differs from the Bessemer process in the
rate of oxidation of the impurities, requiring about 10 hours as compared
with about 10 minutes. The furnace capacity is much greater than that
of the converter, however, being from 50 to 200 tons.

In America the open-hearth method is conducted either as an acid or
as a basic process, but the basic process greatly predominates.

The open-hearth furnace is charged with pig iron (either solid or
molten) and serap steel (always solid), and the operation is started by
admitting a current of preheated natural or producer gas and air which
burr within the hearth chamber. Much heat is reflected from the arched
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roof and the walls. A certain amount of ore is added during the process
to provide additional oxides, and more pig iron may be added if there
is danger of the original carbon becoming low too early in the heat to
maintain  the required
temperature until the end
of the operation.

The furnace is tapped
through a spout either by
opening a taphole or by
tilting the furnace, the
spout in the latter case
Hee\ ,,.§mi§ ] being located above the
\ﬁg“éw’; J S normal level of the bath

/K of metal.

79. The Furnace and

Its Operation. The great

difference in principle be-

tween the puddling fur-

» nace and the air furnace

F16. 36—Diagram ~of Regenerative Furnace. on the one hand, and the

(Stoughton.) open-hearth furnace on

the other hand, lies in the

utilization by the latter of the regenerative principle with gas fuel. By

preheating the gas and the air used for combustion, by means of the

heat carried out of the melting chamber by the burned gases, a great

increase in thermal efficiency is gained and the furnace temperature at-
tainable is immensely increased.

The arrangement of a furnace to utilize the regenerative principle is
shown by the diagram of Fig. 36. The melting chamber, or hearth, is
shown in the upper central portion of the figure. On either side are the
openings called “ports,” through which the gas and air enter the melt-
ing chamber, and the vertical flues which lead to the regenerative cham-
bers. Two regenerative chambers, or “regencrators,” are provided on
each side of the furnace, the larger and outermost one preheating the
air required for combustion and the smaller inner chamber heating gas.
Each regenerator is filled with a checkerwork of brick through which the
gas and air pass. Before a cold furnace is started up, these regenerators
are heated by fires built in the flues beneath.

By reversal of the valves the direction of flow of the air and gases may
be reversed, so that, as soon as one set of regenerators begins to be cooled
too much, the incoming gas and air may be sent through the other set,
which has just been heated by the burned gases. By reversing the di-
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rection of the currents about every 20 minutes the temperature of the
melting chamber may be maintained at a fairly constant point, in the
neighborhood of 1600° C. (2912° F.) to 1700° C. (3092° F.).

The two common forms of the open-hearth furnace, both of which
find wide application in the steel industry, are the stationary furnace
and the tilting or rolling furnace.

Stationary Open-hearth Furnace. The melting chamber is a rectangu-
lar structure built of brick masonry and supported upon either a solid
masonry foundation or on beams and piers. It is reinforced with buck
stays, bearing plates, and tie rods, and is lined with refractory material
of suitable chemical nature to resist the attack of the materials which
come in contact with it. The hearth is built in the form of a shallow
dish and has a capacity of 15 to 200 tons of metal.

If the furnace is intended for the acid process, the hearth is built
of fireclay bricks overlaid with a layer of silica about 18 inches thick.
The silica is applied as silica sand, which is spread in thin layers, each
layer being exposed to the full heat of the furnace and brought to the
sintering point before the application of the next layer.

The basie furnace is built of magnesite bricks overlaid with a mixture
of calcined magnesite and about 10 per cent of anhydrous tar. The
lining is placed in layers and burned in place as in the acid furnace.

One or more large charging doors are provided in the front wall of the
furnace just above the level of the top of the hearth lining, and an in-
clined spout leads from the lowest portion of the hearth to the back or
pouring side of the furnace.

The side walls of the melting chamber and the arched roof are made
of silica bricks, the most refractory material that can be obtained, laid
with almost no mortar in the joints. The roof is arched from front to
back and its skewbacks are supported upon steel channels, which prac-
tically carry the weight of the roof independently of the side walls. In
lining the basic furnace a layer of neutral chromite brick is usually
placed between the silica bricks of the side walls and the basic hearth.

The ports are designed with great care in order that the flames may
impinge neither upon the bath, thereby oxidizing it excessively, nor upon
the roof, which would quickly be burned out. The gas ports are always
located beneath the air ports, in order that the bath may not be oxidized
excessively by direct contact with the air, and also to promote a better
mixing of gas and air, since the gas is lighter and therefore rises. The
magonry of the ports is built of silica bricks and the floor is commonly
covered with a layer of neutral chrome ore. The port area required
for air is about twice that required for gas.

In order to prevent the carrying of dust and slag into the regenerators,
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the vertical flues from the ports do not lead directly to the regenerators,
but to chambers called slag pockets which are located on a level with the
regenerators below the melting chamber.

The regenerators are very large in proportion to the melting chamber,
and are nearly filled with the checkerwork of bricks which serves to ab-.
sorb heat from the outgoing gases and preheat the incoming gas and air.

Thilting or Rolling Furnace. A furnace of the tilting or rolling type is
shown in Fig. 37. The furnace consists of a heavy steel casing of rec-

b) Long‘itudinal Section.
Fi1c. 37—The Wellman Tilting Open-hearth Furnace.

" tangular form, lined with masonry like the stationary furnace, but
mounted on two steel rockers which rest upon heavy bed-castings. Two
large hydraulic cylinders on the pouring side of the furnace serve to rock
the furnace forward or backward during the operation of pouring.

The design and arrangement of the slag pockets, regenerators, valves,
and flues for the rolling furnace differ in no essential respect from those
of the stationary furnace above described.
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80. Stationary vs. Tilting Furnaces. The stationary furnace is less
complicated in its design and requires less elaborate equipment for its
operation. It is less expensive to install, and the cost of its upkeep is
much less. On the other hand, the tilting furnace has the advantage of
never causing delay and consequent oxidation of the bath, owing to dif-
ficulty in clearing the taphole; the slag can be poured off at any time,
which is a great advantage in the basic furnace especially; repairs to
the hearth bottom may be made with much greater facility between or
even during heats; metal may be poured off at any time and transferred
between furnaces; and boiling and violent action during pouring are
lessened by the chilling of the metal caused by the entrance of cold air
through the open ports.

81. Life of Furnace and Repairs. The life of the open-hearth furnace
is extremely variable, depending upon the quality of the materials of
which it is made and upon its management. The ports are usually the
first portion to become excessively injured and often need replacement
long before the furnace must be entirely rebuilt. The removable ports
of the tilting furnace have a special advantage on this account.

The bottom usually requires repairs in spots between heats, and is
more extensively repaired during temporary shutdowns. In this way the
bottom lasts almost indefinitely.

The roof of the furnace fails sooner or later by burning through in
spots or by falling in.  When this happens the furnace must be practically
rebuilt.

The regenerators finally give out, cither by becoming choked up with
dust, or by cracks opening up in the walls. A shutdown is required in
cither event.

In general the hife of a furnace 1s from 200 to 600 heats, or from 3
to 6 or 8 months’ operation. The acid furnace lasts longer, from 800 to
1200 heats, or from 10 to 16 months.

82. The Basic Open-hearth Process. The basic open-hearth process,
like the basic Bessemer process, differs from the acid process mainly in
that it utilizes stock higher in phosphorus and sulfur, and a basic slag
must be produced by the addition of strong bases to the charge in order
to effect the removal of this excess phosphorus and sulfur.

Basic open-hearth practice is characterized by a number of quite
distinct modifications, depending upon the choice of materials which con-
stitute the furnace charge.

The pig iron may contain anywhere from a small quantity up to 214
per cent phosphorus, less than 1 per cent of silicon, and at least 1 per
cent of manganese. The carbon will usually run from 2.5 to 3.5 per cent.
The pig iron may be charged either solid or molten.
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The substitution of scrap iron for pig iron results in shortening the
time required for the opcration, since there will be a lower percentage
content of impurities to eliminate. When the pig iron is entirely replaced
by scrap, insufficient reducing material is present to prevent excessive
oxidation of the iron in melting, and it becomes necessary to supply car-
bon in some form as a reducing agent.

In the “pig-and-ore process” the charge is 'principally pig iron, to
which ore is added in order to hasten the process. The limiting amount
of ore is reached when the boiling of the charge becomes excessive. Un-
less pig iron is cheaper than scrap, the pig-and-ore process is not com-
mercially practicable. Molten pig iron is often used in this process, the
iron being poured in on the ore, which has first been charged. A mixer
is commonly interposed between blast furnace and stecl furnace as in
thhe Bessemer process.

The “pig-and-scrap’” process is the most common, the average prac-
tice being to use about 50 per cent of each material, the exact propor-
tions in a given charge being largely a question of relative costs. Very
often a small proportion of ore or mill scale is added to hasten the process.

The flux is commonly lime, the amount required being dependent upon
the contents of phosphorus, sulfur, and silicon in the charge.

Melting on the basic hearth is attended by oxidation of the metalloids,
the most easily oxidized ones being eliminated first. The silicon, manga-
nese, and carbon are all considerably reduced in amount during the period
of melting (the first 4 or 5 hours). The phosphorus, however, remains
practically unaffected until the end of this period, when it begins to be
oxidized rapidly.

It is necessary, in order to prevent the bath from becoming too cool
and to prevent oxidation of the iron toward the end of the operation, to
eliminate the carbon last. If the carbon is disappearing too early it is
the practice of the melter to add pig iron to provide additional carbon.
Sometimes, when the phosphorus burns out rapidly and the carbon too
slowly, it is necessary to hasten the oxidation of carbon by adding ore.
The progress of the operation is tested from time to time by ladling out
a small amount of metal, casting a small test billet, breaking it, and
examining the fracture. Billet tests are usually supplemented by chemi-
cal analysis of frequent samples.

The slag performs several very important offices in the operation of
the basic hearth. Its chicf function is to take up and retain the oxides
of silicon, manganese, phosphorus, and sulfur. It must also act as a
protection to the bath from excessive oxidation by the furnace gases,
and, by virtue of its contained oxides, assist in the oxidation of the im-
purities. For efficient action as a deoxidizing agent it must be very fluid
in order that it mzy mix intimately with the bath.
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83. Recarburization. Recarburization of basic steel cannot be ac-
complished in the furnace because the carbon, silicon, and manganese
of the recarburizer would reduce the phosphorus in the slag and restore
it to the metal.

On this account the recarburizer, in the form of ferromanganese,
together with coal, charcoal, or coke, is added to the stream of metal as
it flows into the ladle. Provision is made for the removal of the greater
part of the slag by overflowing at the top of the ladle. Spiegeleisen is
not used as a recarburizer, because it must be used in a molten state and
a cupola could not be operated to supply it in proper condition at the in-
frequent intervals at which a recarburizer is required in open-hearth
operation.

84. Pouring the Iagots. The steel is discharged from the pouring
spout or taphole of the furnace into a teeming ladle or fore-hearth,
from which it is teemed into ingot molds mounted on cars. The ordinary
open-hearth ingot may weigh 10 tons or more and is, therefore, much
larger than the usual Bessemer ingot.

85. The Acid Open-hearth Process. The acid open-hearth process
differs from the basic open-hearth process principally in the kind of iron
used, the omission of the flux, and the time required for the operation.
Since the slag formed 1s acid, it is unable to retain oxides of phosphorus
and sulfur, and a pig low in these elements is required. Thus the limits
of composition of the charge are more restricted in the acid than in the
basic process. An acid lining of the hearth is necessary to prevent rapid
corrosion by the acid slag. The time required for the operation is shorter
than that for the basic process as the iron contains less impurities to be
removed, and because no part of the heat is consumed in melting and ac-
complishing the function of the flux.

The charge of the acid furnace usually consists of approximately one-
third pig iron and two-thirds scrap. The pig iron is fairly low in silicon,
and low in manganese, phosphorus, and sulfur. The usual limits of com-
position are from 0.8 to 2.0 per cent silicon, 0.3 to 0.5 per cent manga-
nese, and less than 0.05 per cent of both phosphorus and sulfur. The
carbon content is from 3.0 to 4.0 per cent.

Ore is not usually initially charged in the acid furnace, but may be
added during the process to hasten the removal of carbon. The pig
iron is charged into the furnace before the scrap in order to prevent the
scorification of the hearth, which would occur if scrap were charged first.

The melting operation is in the main an oxidizing action, though the
flame may be a comparatively reducing one during charging in order to
prevent excessive oxidation of the pig iron and, more particularly, the
scrap during this stage.

The metalloids are largely eliminated during the melting-down stage,
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which requires some 3 to 4 hours, the silicon usually disappearing first,
closely followed by the manganese. The amount of carbon oxidized
during melting is dependent largely upon the amounts of the more easily
oxidized elements (silicon and manganese) present. The lower the con-
tent of the latter elements; the greater will be the proportion of carbon
oxidized. In any event, two-thirds of the carbon will be removed very
soon after the charge is completely melted. The balance will be oxidized
only very slowly, its disappearance usually being accelerated by the ad-
dition of ore to the bath. The slag in the acid process never constitutes
the important oxidizing agency that it does in the basic process.

86. Recarburizing. Recarburizing in the acid process is accomplished
in the furnace, rather than in the ladle, because the considerations which
prevent recarburization in the basic furnace are not operative here.
The practice as to the degree of recarburization varies, but in general the
carbon is reduced to the practical minimum for mild or medium steel,
and the recarburizer added 20 to 40 minutes before the heat is tapped.
In melting for high-carbon steel the carbon is usually reduced only
slightly below the desired amount before the recarburizer is added. In
this event, the addition to the bath is rather more a deoxidizer than a
recarburizer. The recarburizer or deoxidizer is, in this process, ferro-
manganese and ferrosilicon, as a rule. Coal is sometimes added in the
ladle as in the basic process. The addition of the recarburizer necessarily
largely increases the content of silicon and manganese in the steel, as
well as the carbon content.

87. Comparisons of Bessemer and Open-hearth Processes. The Besse-
mer process has the following advantages as compared with the open-
hearth process: the operation is comparatively simple, the conversion
period is short, no fuel is required, and the plant cost is small per unit
of output.

The open-hearth process has a small conversion loss, the heats are
relatively large, more accurate control of the product is possible, and in
the basic process considerable variation in the composition of the mate-
rials of the charge is permissible. Open-hearth stecl is usually of better
quality than Bessemer steel. Under proper conditions of operation an
excellent grade of steel can be produced by the acid open-hearth process.

88. Duplex Processes. There are several methods by which the acid
Bessemer and the basic open-hearth processes may be combined in a so-
called “duplex process,” whereby the silicon, manganese, and part of the
carbon are eliminated in the converter, the phosphorus and the remainder
of the carbon being removed in the open hearth.

In one duplex process the pig iron is blown in the acid converter until
the silicon and manganese are practically eliminated and the carbon re-
duced to about 1 per cent, after which the converter charge is transferred
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to a mixer and thence to the basic open hearth, wherein the phosphorus
and the remainder of the carbon are removed.

In another method the Bessemer blow is continued till the carbon is
reduced to only a few tenths of 1 per cent, after which the product is
transferred to the open hearth, mixed with a large proportion of pig, gen-
erally molten, and the process completed exactly as in the latter part of
the ordinary pig-and-scrap process.

The advantage of the duplex over the Bessemer process lies in the fact
that lower-grade, high-phosphorus pig iron may be used and yet produce
a satisfactory grade of open-hearth steel.

The advantages of the combined over the open-hearth process are the
saving of about one-half the time ordinarily required in the open-hearth,
and the saving effected in cost of renewals of the hearth lining, because
of the fact that the silica is removed before the metal enters the hearth.

ELECTRIC REFINING OF STEEL

89. Electric Refining Processes in General. The part which elec-
tricity plays in electric steel-refining processes is simply that of a source
of heat. Electric furnaces for refining steel may be of either the arc or
resistance type. Historically, the arc type of furnace may be traced from
Davy’s experiments with Volta’s battery in 1800 in which an are was pro-
duced between carbon points. The principle of the resistance furnace was
developed by Pepys in 1815 by his experiments on heating an iron wire
to a red heat by passing an electric current through it. The invention
of the dynamo made possible increased experimentation and use of elec-
tric furnaces for steel making,.

The main use of electric furnaces is in the production of alloy steels
and of highly refined steel from steel scrap and Bessemer and open-
hearth-process steels.

90. Electric Steel-refining Furnaces. Electric furnaces have hearths
constructed of steel plates and lined with refractory materials. Electrodes
are inserted through holes in an arched roof of firebrick. Doors for charg-
ing and a taphole for drawing off the refined stecel are provided. The
tilting type of furnace is in common use since the operations of tapping
the steel and drawing off the slag are more conveniently handled than
in the stationary type. The hearth in the basic process is lined with
burned magnesite or dolomite and is bonded with tar. Acid hearth lin-
ings of silica are sometimes used in steel foundries where the furnace
merely reheats the steel without removing any impurities.

Three quite distinct types of electric steel-refining furnaces have been
developed to the point of practical commercial application.

1. Furnaces employing an open arc between electrodes above the bath,
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the bath being heated by radiation alone. Owing to radiation losses of
the arc to the roof, this type is not so popular as the other types.

2. Furnaces employing an arc between electrodes and the bath, the
bath forming a part of the electric circuit. The metal is heated largely
by conduction from the slag bath, which carries much of the current and
is heated both by radiation and by reason of its electrical resistance. The
Héroult furnace is typical of this type and is the most extensively used
electric steel-making furnace. The arcs are operated in serics, and hence
this furnace is known as a series-arc type. Three-phase alternating cur-
rent and three electrodes are commonly used.

.3. Electric induction furnaces, wherein the bath forms the secondary
of a transformer. The transformer consists of a primary winding of in-
sulated copper wire of many turns, a core of laminated iron sheets, and
a closed circuit with but a single turn which is the metal in the bath.
Metal must be placed in the secondary in starting up the furnace, and
at the end of a heat some of the metal is left in the furnace to form the
secondary circuit.

Current is usually brought to the furnace at high voltage and trans-
formed into a current of low voltage and high amperage. Automatic de-
vices are commonly provided to control the rate of heating by regulating
the distance between the electrodes and the metal in the bath.

91. Basic Electric Refining Process. Slags, which ave strongly oxidiz-
ing, must be added to the bath in order to effect any refinement. In prac-
tice, the slag is a strongly basic iron oxide slag, because such a slag will
oxidize phosphorus as well as retain the oxide formed. If much phos-
phorus is to be removed, or if it is to be reduced to a very low point, it
is necessary to use two slags, skimming off the first after it becomes highly
phosphorized.

Sulfur can be reduced only by removing the iron oxide slag, after the
elimination of phosphorus, and producing a slag that is made up almost
entirely of lime. The presence of manganese favors the removal of sul-
fur, because manganese sulfide is more readily taken up by the slag than
iron sulfide, thus making possible the formation of calcium sulfide, in
which form the sulfur is retained in the slag.

Recarburization is accomplished by adding carbon or ferromanganese
to the steel in the furnace after the slag has been removed.

One of the greatest advantages of electric refining processes lies in the
fact that dissolved gases, occluded oxides, etc., are readily removed from
the steel through the agency of heat alone.

92. Applications and Limitations of Electric Refining Processes. The
electric furnace is able to make tool steel of crucible quality at a lower
cost than the crucible process. In the field of steel castings it has also
a considerable advantage over the highest-grade crucible-made castings
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in the matter of cost, though it cannot compete with the open-hearth
process in the production of lower-grade castings.

The electric furnace is not a competitor of the Bessemer converter and
the open-hearth furnace in the production of mild and medium steel of
ordinary quality. It is an important adjunct of both these processes,
however, taking their produet and superrefining it to produce steel for
special purposes.

In the production of special alloy steels, the electric furnace has a spe-
cial advantage over other steel processes in that it need not be operated
under oxidizing conditions, but may be worked under either neutral or
reducing conditions. This is an important consideration in using certain
valuable alloying elements which are very easily oxidized and lost in
other furnaces.

RoLLing MiLL OPERATIONS

93. General. An ingot cannot be sent to a rolling mill and rolled
immediately after the ingot mold has been removed, because at that time
the interior is still molten. If, on the other hand, the ingot is allowed to
stand until the interior has solidified, the exterior will be too cold to be
worked. It is therefore necessary to place the ingots, immediately after
stripping, in a furnace or pit where the interior may be solidified and
the exterior kept at the required temperature for working,

The process of rolling finished steel sections from ingots requires many
passes of the metal through the rolls. It is necessary, at one or more
stages in the reduction of the section, to reheat the bloom or billet or
slab which has been formed by the initial reduction of the ingot, when
it has cooled below the proper working temperature.

Two classes of reheating furnaces are therefore a necessary part of
the equipment of a rolling mill: first, a furnace for heating ingots, or at
least equalizing their temperature, and second, a furnace wherein billets
or unfinished shapes may be reheated at any stage in the rolling process.

94. Reheating Furnaces. There are three prineipal classes of reheat-
ing furnaces: the “soaking pit,” the regencrative gas-fired pit-furnace for
ingots, and continuous furnaces for billets and other small sections. Spe-
cial types of rehcating furnaces are also required for reheating large
blooms and slabs.

The soaking pit is a masonry chamber, built below the floor level, and
charged through the top in order that the ingots may remain vertical
while solidifying. No fuel is employed, but the ingots are stripped and
placed in the soaking pit as soon as possible after teeming, the heat of the
still molten interior of the ingot being depended upon to bring the ex-
terior to the proper temperature.
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The regenerative gas-fired pit-furnace is also a vertical furnace, built
below the floor level, and charged through the top. Gas fuel is burned
within the heating chamber.

Billet-heating furnaces are now commonly of the reverberatory type,
gas-fired, and recuperative in principle. The billets are charged at the
cool end of the furnace, and are pushed along through the length of the
furnace by a hydraulic ram mounted at the charging end. Water-cooled
pipes laid in the bed of the heating chamber and extending throughout its
length provide a sort of track along which the billets are pushed. The
billets encounter hotter temperatures as they approach the end where the
gas and air ports are located, and are there discharged and conveyed back
to the rolls. The burned gases, upon leaving the heating chamber, are
caused to pass through a series of pipes in a chamber below the working
chamber, and the air which is to be used for combustion is caused to cir-
culate through this chamber, thus becoming preheated.

95. Rolling Mills. The most essential parts of a rolling mill are the
rolls. Cast-iron rolls, which have been chilled to produce a hard exterior,
and turned in a lathe to produce a smooth surface of the desired form,
are very commonly used, especially for finishing rolls. High-carbon and
alloy steels are also used. All the rolls except those for finishing have
their surface roughened in order to increase their grip on the metal.

Rolls are turned in a great variety of shapes, varying from the plain
cylinders for plates and some rectangular shapes to the rolls for structural
shapes, rails, corrugated bars, etc., which may be quite intricate in form.
All rolls except plain cylindrical rolls make provision for several passes
of the metal, each pass approximating the final form of the section de-
sired more closely than the last.

Rolling mills may be in general classed under one of three heads:
“two-high” mills, “three-high” mills, and “universal” mills.

Two-high mills consist of a single pair of rolls mounted in the same
vertical plane. One variation of the two-high mill is the “pull-over” mill,
whose rolls always run in the same direction, so that the metal after cach
pass must be pulled back over the top of the rolls to be fed in for the next
pass. This is the simplest form of mill and the cheapest, but its operation
is slow, and it is adapted only for rolling small shapes which can be
readily handled. A more important type of two-high mill is the “revers-
ing” mill, the rolls of which may be made to run in either direction by
reversing the engines which drive them. Successive passes are therefore
made in opposite directions through the rolls. The two-high reversing
nill is often used in “cogging” ingots.

The three-high mill has three rolls geared together, so that the metal
may make one pass between the lower and the middle roll, and the next
pass in the opposite direction between the middle and upper roll, without
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reversing the rolls. A very large proportion of all steel shapes are rolled
or at least finished by a three-high mill.

The untversal mill is provided with two auxiliary rolls mounted verti-
cally just in front of the horizontal rolls. The distance between the axis
of these rolls is adjustable horizontally, and they are designed simply to
keep the edges of the metal smooth without effecting any reduction. Uni-
versal mills are made with vertical rolls on only one side of the horizontal
rolls or on both sides, and they may be either two-high or three-high mills.

All rolling mills that handle anything except very light material must
be provided with a series of rollers in front of and behind the rolls, known
as the “roll tables.” The roll tables for three-high mills must be capable
of being raised or lowered at the end next the rolls, in order that the metal
may be directed between either the upper or the lower set of rolls.

96. Examples of Rolling Practice. Stcel Rails. The ingot, after re-
heating in a pit-furnace, is cogged down to a bloom the cross-sectional di-
mensions of which are about one-half those of the original ingot. This
operation i1s accomplished by a series of about 8 or 10 passes through a
set of cogging rolls. The bloom is now sheared at each end to remove the
pipe and the ragged end formed by the rolls, cut in two, returned to the
reheating furnace, and brought again to the proper temperature for roll-
ing. The next series of 4 to 6 passes are made in one or more trains of
roughing rolls, and the last 8 or 10 passes in a train of finishing rolls.
(The figures given here are merely representative of average practice.
The number of passes in each roll train varies considerably in the differ-
ent rail mills.)

Structural steel sections are rolled in the same manner as rails. The
different sectional areas for a given size of any structural shape, such as
angles, I-beams, and channels, may be produced with the same set of rolls
by simply changing slightly the axial distance between the finishing rolls.

Plates are cogged from the ingot. The resultant slab is sheared into
smaller slabs, and the pipe discarded, the slabs are reheated, and the
rolling completed. The successive reduction in the thickness of the plate
is accomplished by bringing the rolls slightly nearer together between
passes. Plates that are rolled in an ordinary mill and then sheared are
known as sheared plates. Plates rolled in a universal mill are known as
universal mill plates.

Rods are rolled in a manner similar to that described for steel rails ex-
cept that the original bloom is usually cut up into a number of small sec-
tions before reheating and rolling. A mill called a guide mill is used, the
material after each pass being bent around and guided into the next pass
by a device specially attached to the mill for the purpose.

Wire-making is only a rolling operation so far as the making of the

- wire-rod is concerned. A considerable portion of the reduction of the sec-
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tion is accomplished by a special operation known as cold-drawing. The
wire-rod is rolled in the manner above noted, its final diameter being usu-
ally from 14 to 14 inch. The wire-rod is then wound into coils and
pickled in a dilute solution of sulfuric acid, which removes the scale.
Water is next sprayed on to wash off the acid, and this is followed by im-
mersion in a bath of limewater, which removes the last traces of acid.
The coils are now dried in an oven and sent to the wire-drawing mill.

Cold-drawing consists in successively reducing the section, and ex-
tending the length, by repeatedly pulling it cold through tapered holes in
a die or “draw-plate.” Each hole through which the metal is drawn is
somewhat smaller than the preceding hole, the average amount of redue-
tion being from 20 to 25 per cent. Some thick lubricant is applied to the
draw-plate to reduce friction and prevent too rapid wear on the hole.

The wire must be annealed by heating to a low red heat in a closed
receptacle after cach 3 to 10 passes, because of the hardening of the metal
caused by drawing. The finished wire is also annecaled unless it is to be
sold as hard-drawn wire.

Lap-welded Pipes. The metal is first rolled into flat strips called
“skelp,” of the desired thickness, then bent to a U-shaped section and, by
another pass, to a circular section with the edges overlapping. (Small
pipe may be bent to the circular section by drawing the skelp through a
die.) The metal is now brought to a welding heat and is passed through
a pair of welding rolls over a mandrel which is supported between the rolls
on the end of a long rod. A second pass through sizing rolls is made to
insure accuracy of size.

Butt-welded pipes are made by drawing the skelp at a welding heat
through a die or “bell” which welds the edges together without lapping.

Seamless tubes are made either by forcing a flat plate through a cylin-
drical die by means of a mandrel, or by piercing a billet longitudinally,
expanding the hole by forcing larger and larger tapered expanders
through it, and finally rolling over mandrels until the section desired is
attained.

Cold-rolled steel is stecl where the last few passes through the rolls are
made with comparatively cold metal. Pickling is necessary before cold-
rolling to remove the scale, the result being a great gain in accuracy in
size and form, and in surface finish.

97. Mechanical Work. Steel is said to be mechanically worked when
it undergoes the operations of forging, rolling, or drawing. If the opera-
tion is carried out above the critical range the steel is hot-worked and if
below the critical range cold-worked.

Forging under the Steam Hammer. In the early days of the steel in-
dustry the steam hammer was the principal means whereby steel ingots
were worked up into the desired final form; but as ingots became larger
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and heavier, the hammer was to a great extent replaced by rolls which, al-
though they do not work the metal so well, are much more rapid in opera-
tion and involve less expense for labor and for reheating.

The steam hammer now finds little application in the steel industry
except in the forging of high-grade steel, where the value of the product
and the especial desirability of giving the metal the fine grain attained by
hammering justify the higher cost, and in the production of that large
class of articles called “drop-forgings.” This class of articles includes a
great varicty of machine parts, small tools, automobile parts, ete.

Drop-forgings are made by the use of dies between which the metal
is worked into the desired form by the blows of a steam hammer. The
dies are made of hardened stecl, the impressions formed in the faces of the
dies corresponding to the impressions formed in the mold for a casting.
The metal is placed upon the lower die, which is made fast to the anvil,
and the upper die is carried by the head of the hammer. Very often a
series of dies are necessary to complete a forging, each set approximating
more closely the final form required.

Pressing. The effect of pressing steel, by the action of large hydraulic
presses, differs from that produced by the action of a hammer, in that the
force applied aets for an appreciable interval of time, and the distortion
produced extends deeper into the metal. In consequence, the press pro-
duces a better erystalline structure than the hammer for all except very
thin sections, and is therefore preferred to the hammer for all heavy
forging.

The hydraulic press consists essentially of a hydraulic eylinder in
which a plunger or ram moves vertically, and is forced down upon the
metal supported on an anvil block or bed as for hammers. Presses vary
in size from a few tons capacity up to 14,000-ton armor-plate presses
which will handle ingots weighing 50 tons or more.

Hydraulic presses are used to a great extent not only in the reduction
of ingots in place of a cogging mill, and in the pressing of heavy plates,
but also in the production of forgings pressed between dies, as in the case
of the stcam hammer, and in the production of a large class of articles
made of thin plate steel which is pressed cold between dies.

98. Effects of Hot Mechanical Working. The first effect of hot me-
chanical working is the benefit derived from the elimination of flaws,
blowholes, ete. The coarse crystalline structure of steel slowly cooled
from a high temperature is also improved by working, since the crystals
become broken up and mixed intimately, the continuity of their cleavage
planes thus being destroyed and their cohesive and their adhesive power
being increased.

The amount of reduction necessary in rolling or forging the finished
section from the ingot is dependent on many variable factors. It is a fact
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recognized in the ordinary practice of steel mills, however, that the fin-
ished section should never be more than 10 per cent of the ingot section,
and it is commonly not more than 2 or 3 per cent, often being much less
than 1 per cent.

The temperature at which working is finished (“finishing tempera-
ture”) is a very important consideration, since, if this temperature is
much above Arg, the crystals grow to a certain extent, thus diminishing
strength and especially lowering the elastic limit of the steel. In the or-
dinary practice of rolling structural steel, the finishing heat is above Arg
and the elastic limit is therefore comparatively low. If the working be
continued until the metal is not above Ars, large crystals cannot reform,
and strength and especially the elastic limit are increased. The lower the
finishing temperature, the better the effect of mechanical work, so long as
Ar; is not passed.

99. Effects of Cold Mechanical Working. Cold-working of steels, i.e.,
the mechanical distortion of the metal below the critical range of tem-
peratures, cannot be practiced except with low- or medium-carbon steels.
The effect of cold-working upon the existing structure is to elongate the
crystalline elements in the direc-
tion of working. Cold-working
does not improve the erystalline
structure as does working above
the critical range, and the pri-
mary effect of cold-working upon
physical properties is a marked
decrease in ductility and an in-
crease in hardness and brittle-
ness. One other effect, which
constitutes a great practical ad-
.vantage for steels used for
certain purposes, is the very ma-
terial extent to which the clastic
limit of steel may be raised by

Fic. 38. — Bands of Pearlite in 0.15 Per Cent cold-workmg.‘ This fact is taken
Open-hearth Steel Cold-worked and An- advantagc of in the manumcu%re
nealed at 843° C. (1550° F.) 100x. of certain grades of hard wire
(Courtesy of C. L. Clark.) and in the finishing of steel rods
intended for particular purposes.
The extent of the effect of cold-working is directly dependent upon how
far below the critical range working is continued, and is most marked
when working is done at atmospheric temperatures. '
Cold-working breaks up and distorts the crystalline grains. The
grains will remain deformed if kept below the temperature of recrystalli-
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zation, but, if “annealed” (Art. 109) at a temperature slightly higher than
the critical temperature, a “rebirth” of the grains occurs and they become
equiaxed. '

Banded Structure. In cold-working hypocutectoid steel, the ferrite
grains may become elongated and bands of distorted pearlite grains
formed parallel to the direction of cold-rolling. The ferrite grains may be
recrystallized by annealing, but the bands of pearlite grains are not
changed, as may be seen in Fig. 38. Steel with banded structure has pro-
nounced directional properties.

100. The Slip-interference Theory. The hardening and increase in
elastic limit of metals by cold-working can be explained by the slip-in-
terference theory of Jeffries and Archer.* This theory states that, during
the motion of slipping, the grains are broken down into thin plates whose
surfaces tend to gouge into each other, causing increased resistance. Also
slip planes in different crystalline grains have different orientations so
that slip in one grain interferes with slip in adjacent grains. Cold-
working tends to increase the number of points of contact and thus
hardens the metal and raises the elastic limit. This theory explains why
slipping stops after a time when the metal is subjected to a stress above
the elastic limit.

In metals containing hard erystals interspersed in softer ones, the hard
crystals act as “keys,” tending to reduce movements along slip planes in
the weaker grains. The size of these hard crystals is important. With
large crystals, many slip planes would not be intercepted. For extremely
small particles, resistance is small because slipping can take place past
the particles without much change in path. For small grains of “critical”
size, the movement along slip planes is restricted to an optimum degree.

101. Defects in Ingots and Their Correction. Blowholes. One of the
greatest sources of trouble for the steel-maker is the occurrence of blow-
holes, which are almost unavoidably formed in some degree while the
metal is solidifying in the ingot mold. Blowholes are caused by the pres-
ence of gases, such as hydrogen, nitrogen, and oxygen, which are held in
solution by the metal when molten but released as the metal solidifies,
and they are also caused by the presence in the metal of iron oxide, which,
upon encountering carbon, forms carbon monoxide gas.

The gas in blowholes is usually reducing in effect, and therefore the
surfaces of the holes do not become oxidized and will weld together when
the ingot is subjected to pressure in the operation of rolling or pressing.
Blowholes near the surface of an ingot, however, are likely to break
through to the exterior, allowing oxidation, preventing perfect welding in
the rolls, and producing “seamy” steel.

* Jeffries and Archer: “The Science of Metals.” McGraw-Hill Book Co., Inc., 1924,
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Pipe. Another defect in ingots, which cannot be corrected in rolling,
is the occurrence of the pipe or shrinkage cavity which forms during
solidification. Since the metal cools first in contact with the walls of the
mold, the interior will remain molten after an outside solid shell has
formed. The interior metal contracts as it solidifies progressively from
the outside inward, causing the formation of a cavity which becomes filled
with gases evolved during solidification. Since the hottest metal is at the
top of the ingot, the upper portion remains molten longer and acts as a
feeder to fill the shrinkage cavity in the bottom portion. The pipe is thus
localized in the upper third of the ingot. This portion must be cut off in
the rolling mill, and it goes back to the steel furnace as scrap.

Fic. 39.—Macro-etch Showing Dendritic Fic. 40 —Macro-etch Show-
Structure. Etched with Stead’s Reagent., ing Phosphorus Segregation in
(Homerberg.) Steel Bar. Etched with Iodine.

(Homerberg.)

Ingotism, the formation of large crystals of steel, caused by too slow
cooling or casting at too high a temperature, is a serious defect in ingots
which causes the steel to be weak and low in ductility. The bad effects of
ingotism may be largely or entirely corrected by careful rolling or forging.
The compression of the metal crushes and reduces the size of the crystals,
imparting to the steel a much superior degree of strength and ductility.
Care must be taken in the initial rolling or forging to avoid the formation
of cracks which cannot subsequently be welded up.

Segregation of the impurities in steel ingots is caused by the fact that
most impurities, notably carbon, phosphorus, and sulfur, are less soluble
in iron when solidified than while molten. In consequence, a part of the
impurities in the iron are progressively rejected by each layer of metal as
it solidifies, being absorbed by the still molten portion, the net result being
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a tendency toward concentration of the impurities in that part or parts of
the ingot which solidify last. Segregation cannot be altogether prevented,
but it may be lessened by the addition of elements such as aluminum or
titanium, which have the effect of quieting the steel. Casting in narrow
ingots is also effective, but is not always practicable because it would take

so long to cast many small ingots from one large ladle that the first metal
would be too hot if the last metal were not too cold.

102. Dendritic Structure. During the crystallization of steel, elon-
gated crystals known as “dendrites” are many times formed (Fig. 39).
The growth of dendrites in steel is associated with the segregation of
phosphides and possibly sulfides and oxides. During hot-working, the
dendritie structure is rolled into ribbons, in hypocutectoid steel, banded
structures are formed which when suitably etched and viewed under
the microscope have phantom-like structures called “ghost lines.”
These ghost lines are lines of ferrite with small inclusions of impurities
(Fig. 40). Carbon is probably expelled from these bands by the action
of segregated phosphorus. The formation of such dendritic lines affects
the directional properties of steel since the tensile strength is reduced
across the bands.

STRUCTURE AND CONSTITUTION OF IRON AND STEEL

" 103. The Iron-carbon Equilibrium Diagram. The iron-carbon equi-
librium diagram shown in Fig. 41 gives essential information concerning
the constitution of iron, steel, and cast iron. It might more properly be
termed the iron-iron carbide diagram since it is generally considered that
thie carbon exists in the stable phase as iron carbide, Fe3C, which is called
cementite. The equilibrium diagram shown in Fig. 41 is plotted for
amounts of carbon up to 5 per cent, which is sufficient for practical pur-
poses. The diagram is sometimes shown extended up to 6.67 per cent car-
bon, which corresponds to 100 per cent cementite, since 1 per cent carbon
corresponds to 15 per cent cementite.

104. Classification of the Ferrous Alloys. Alloys containing very
small amounts of carbon (not exceeding 0.008 per cent) are classed as
irons; alloys in which the carbon ranges from small amounts up to the
point of maximum solubility in iron (up to about 1.7 per cent) are usu-
ally classed as steels; while the iron alloys containing above 1.7 per cent
carbon arc usually classed as cast irons. A further subdivision may be
made in which those steels having less than 0.83 per cent carbon (the
eutectoid composition) arc known as the hypoeutectoid steels while those
varying in carbon content from 0.83 per cent up to 1.7 per cent are called
hypereutectoid steels. A similar division is made in the iron class. Irons
from 1.7 per cent carbon up to the eutectic at 4.3 per cent carbon are
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known as hypoeutectic irons and those from 4.3 per cent carbon upward
are called hypereutectic.

105. Constitution of Iron. The constitution of iron is shown at the
left side of Fig. 41. Ingot iron which contains small amounts of impuri-
ties (Art. 114) is a commercial iron that is typical of this class. Iron
completely free from impurities has never been obtained. However, the
constitution of iron of zero per cent carbon, as shown in Fig. 41, has been
obtained experimentally from iron containing extremely small amounts of
impurities.

When pure iron is cooled from the liquid state, a temperature effect
is noticed at 1535° C. (2795° F.) (the melting point of iron), a second at
1400° C. (2555° F.), a third at 910° C. (1670° F.), and a fourth at
770° C. (1420° F.). The last three temperature effects correspond to re-
tardations in the cooling curve which are due to allotropic changes in the
metal. Such allotropic changes are due to rearrangement of the atoms
in the solidified metal and are accompanicd by evolution of heat. The
four allotropic forms of pure iron are in order: delta, gamma, beta, and
alpha iron. Delta iron is not of much practical importance since, as the
diagram indicates, it is stable only above the top forging temperature.
Gamma iron has a face-centered cubic space lattice, is paramagnetic,
and is stable above 910° C. (1670° F.) in the range of forging and hot-
working. Much doubt has been expressed as to the existence of beta iron
(below 910° C. [1670° F.] and above 770° C. [1420° F.] ), especially since
the methods of X-ray examination of metals have been so greatly im-
proved. From the viewpoint of the engineer it makes little difference
whether beta iron exists or not, as the valuable properties of steel are
associated with the alpha and gamma forms. Beta iron has a body-cen-
tered cubic space lattice. Alpha iron forms below 770° C. (1420° F.),
has a body-centered cubic arrangement, and is ferromagnetic.

On heating iron from a low temperature, the heat effects take place in
the reverse direction at very closely the same temperatures as for cooling
if the heating and cooling operations are carried on very slowly; for or-
dinary rates of temperature change, the heat effects take place on heating
at slightly higher temperatures than on cooling.

As these changes were first studied in detail by the French metal-
lurgist, Osmond, the names and abbreviations corresponding to the temp-
perature effects have been taken from the French. The symbols used are
A (arrét) meaning stop, ¢ (chauffage) referring to a temperature rise, and
r (refroidissement) applied to the falling temperature. For example, Arg
indicates the change at about 910° C., when iron is cooled, and Ac, is ap-
plied to the heat evolution occurring at a temperature of about 723° C.
when iron is heated. These points are referred to as the critical points
in iron. Since the Ac and Ar points are very close for very slow rates of’
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heating and cooling, the letter A without either symbol ¢ or r is used in
Fig. 41 to denote the average temperature.

A change in magnetism of iron on heating occurs at Ac, (770° C.),
where alpha iron which is ferromagnetic is transformed into beta iron
which is paramagnetic, possessing only slight magnetic effects.

106. Constitution of Steel. Stcel is essentially an alloy of iron and
carbon, although various other elements are usually present. In the
“plain carbon” steels, sulfur, phosphorus, manganese, and silicon are
present in small amounts while chromium, nickel, or other elements are
found in the alloy steels.

A comparison of the iron-carbon equilibrium diagram with those pre-
viously considered in Chapter III shows it to be a combination of various

Fi1c. 42. — Pearlite 250 X. F16. 43 —Microstructure of Slowly Cooled
(Homerberg.) 04% Carbon Steel 250X. (Homerberg.)

simple types. The area ABJHN dealing with transformations of delta
iron will not be considered in this volume since these are not of primary
importance for engineers.

Molton alloy when cooled to the liquidus line BC begins to solidify as
austenite, which is the solid solution of carbide in gamma iron. Carbon
is soluble in austenite up to 1.7 per cent. Molten alloys containing up to
1.7 per cent carbon solidify along the solidus line JE into austenite. Mol-
ten alloys containing from 1.7 to 4.3 per cent carbon solidify as austenite
and a eutectic mixture, called ledeburite, composed of saturated austenite
and cementite. Molten alloys containing 4.3 per cent carbon solidify as
ledeburite, while those containing more than 4.3 per cent carbon solidify
along the line DC to form cementite, until CF is reached, when ledeburite
is formed. The constitution of those alloys containing more than 1.7 per
cent carbon is discussed further in Chapter VIII, “Cast Iron.”
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Further slow cooling of austenite for those alloys classed as steels (be-
low 1.7 per cent carbon) causes transformation from the solid-solution
state into the eutectoid state. Austenite containing exactly 0.83 per cent
carbon will be transformed into the eutectoid at S (Fig. 41). The eutectoid
S is an intimate mixture of pure iron (called ferrite) and iron carbide
(cementite) which, because of its resemblance to mother of pearl under
certain forms of lighting, has been called the pearly constituent, or pearl-
ite. Pearlite has the characteristic laminated or thumbprint structure
shown in Fig, 42.

When austenite containing 0.15 per cent carbon is slowly cooled, pure
iron (called ferrite) separates along the line G'S, the remaining solid solu-
tion becoming inereasingly richer in carbon until it contains 0.83 per cent
carbon and so corresponds to the eutectoid S, which then forms. The iron
has changed from gamma iron through beta iron and into alpha iron. The
resulting structure is a mixture of ferrite crystals with pearlite crystals
and is typical of hypoeutectoid steels (Fig. 43).

When austenite containing 1.6 per cent carbon is slowly cooled, separa-
tion occurs along the line ES. The austenite then decomposes into ce-
mentite, and the remaining austenite becomes poorer in carbon as the
cooling proceeds until it contains only 0.83 per cent carbon at S, where
the eutectoid is formed. The resulting hypereutectoid structure consists
of a mixture of cementite and pearlite (Fig. 44).

Consideration of the diagram indicates, then, that, if a steel is cooled
so slowly that all changes have taken place, only three combinations of
constitutents are possible: (1) in the hypoeutectoid steels (below 0.83 per
cent carbon), ferrite and pearlite will be found in varying amounts; (2)
at 0.83 per cent carbon the eutec-
toid pearlite occurs alone; and
(3) in the hypereutectoid steels
(above 0.83 per cent carbon), ce-
mentite and pearlite will be found.
The relative amounts of the three
constituents are shown graphi-
cally in Fig. 45.

Cementite
Ferrite
Pearlite Pearlite
%C. 0 0.88 1.7
Fia. 44 —Microstructure of Slowly Cooled F16. 45.—Constitution Diagram for

16% Carbon Steel 250X . (Homerberg.) Slowly Cooled Steels.
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The physical properties of the three constituents are approximately
as follows:

Ferrite is soft and ductile.
Tensile strength, 40,000 pounds per square inch.
Elongation, 40 per cent in 2 inches. ’
Pearlite is harder and less ductile.
Tensile strength, 125,000 pounds per square inch.
Elongation,*15 per cent in 2 inches.
Cementite is hard and brittle. Its tensile strength is not known
because it has been obtained only in fine crystals.

Pearlite is characteristic only of slowly cooled, fully anncaled steel.
If the mechanical properties of the micro-constituents are known, it is
possible to estimate with a fair degree of accuracy the propertics of any
slowly cooled steel by a calculation of its microstructure from its chemi-
cal composition. This can be done most readily by means of Fig. 45.

If the three constituents, ferrite, cementite, and pearlite, were the only
possible ones, steel would be limited in its properties. It is known that
many changes in the physical properties can be produced by the opera-
tions of quenching, tempering or drawing, annecaling, and similar forms of
heating and cooling classified under the general name of “heat treatment.”

107. Hardening or Quenching. Whenever a solid solution decomposes
with falling temperature into the eutectoid, this decomposition may be
more or less complete depending on the cooling rate. The hardening of
steel is an illustration of this phenomenon. If the steel is cooled slowly
from above GSE (Fig. 41), the changes just considered will take place.
If, however, the steel is cooled as quickly as possible, decomposition into
the eutectoid will be prevented and the carbon will be retained more or
less completely in the solid solution. If the cooling could be carried out
with extreme speed the perfect solid solution of carbon in gamma iron,
austenite, would be formed. Austenite has a face-centered space lattice, is
soft and ductile, and has considerable strength. It is non-magnetic. Or-
dinary carbon steel cannot be cooled quickly enough to produce austenite
at normal temperature, but it may be produced in alloy steels such as
nickel and manganese stcel. In actual practice the most rapid cooling
produces only a partial change in carbon steel, leading to the next decom-
position product, martensite.

Martensite is the usual product of water-quenching. It is considered
by some authorities to be a solid solution of carbon in alpha iron with a
body-centered space lattice. Martensite is magnetic and has an interlac-

_ing needle-like structure. It.is an extremely hard substance but is wholly
lacking in ductility. Martéusite is not as hard as cementite, however.
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Files and the faces of drop-forging dies sometimes show martensitic struc-
ture. Martensite differs from pearlite and cementite in that it is not a
substance of definite chemical composition but varies in properties with
the carbon of the steel. There is, for example, low-carbon martensite at
one end and excessively hard and brittle high-carbon martensite at the
other. Ferrite and martensite will be found in steel quenched below Arg
but above Ar;, while cementite and martensite occur in steel quenched
below SE but above Ar,.

If the steel is cooled somewhat less rapidly than would naturally lead
to the formation of martensite, as, for example, if it is cooled in heavy
oil, the next decomposition prod-
uct, troostite, is formed (Fig.
46). It is distinguished by its
dark color after etching. Troos-
tite is somewhat softer and more
ductile than martensite but is a
very hard material. It occurs in
many tool steels.

A still slower cooling rate, as,
for example, cooling in air, pro-
duces sorbite, which is a finely
divided mixture of the constitu-
ents of troostite and pearlite. It
etches to a uniform dark-colored
mass with a fine granular struc-
ture. Sorbite is one of the
toughest forms of carbon steel Tic. 46.—Troostite 250X. (Homerberg.)
and is much used in the con-
struction of rails, bridges, guns, shafting, and parts subjected to severe
shock.

Like martensite, these other intermediate forms are not of definite
chemical composition but vary in mechanical properties with the carbon
content of the stecl. The amount of hardening depends upon the per-
centage of carbon in the steel. Ferrite is scarcely hardened at all by
sudden cooling. It is the carbon in the solid solution that makes pos-
sible the transformations into different decomposition products. Low-
carbon steels cannot be hardened by quenching to the same extent as
high-carbon steels.

The series of changes, from martensite to troostite to sorbite to pearl-
ite, causes a gradual decrease in tensile strength with a corresponding in-
crease in ductility. The order of magnitude of these changes is indicated
in the following table stating the approximate mechanical properties of a
steel containing 0.4 per cent carbon.
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Constituent Tensile Strength, Elongation,
Ib. per sq. in. per cent in 2 in.
Martensite. ......................... 200,000 0
Troostite........................... 160,000 4
Sorbite......... R 125,000 10
Pearlite and ferrite................... 80,000 15

These figures must be taken as suggestive only, as they naturally vary
with the carbon content of the steel and with the exact method of cooling.

All hardened steel is in a state of strain, and steel picces with sharp
angles or grooves sometimes crack immediately after hardening. For this
reason tempering must follow the quenching operation as soon as possible.
Quenching strains due to water-hardening are always more severe than
those caused by oil-hardening, and alloy steels with very few exceptions
are oil-hardened.

Successful hardening of steel is an art which requires much experience,
but a few general principles apply.

(1) Steel should always be annealed before hardening, to remove forg-
ing or cooling strains.

(2) Heating for hardening should be slow.

(3) Steel should be quenched on a rising and not on a falling tempera-
ture. The reason for this suggestion is that, as the temperature of heating
increases above the Acj line, the grains tend to increase greatly in size
with a corresponding decrease in the physical properties of the material.

Many quenching mediums have been proposed, but practically any
desired degree of hardness can be produced by means of one of the follow-
ing: (1) brine for maximum hardness, (2) water for the rapid cooling of
the common steels, and (3) light, medium, or heavy oil for use with com-
mon steel parts of irregular shape or for alloy steels. The rate of cooling,
and therefore the hardness of the steel, decrease with the increasing den-
sity of the quenching oil.

108. Tempering of Steel. The changes just considered, which are
associated with variations in the cooling rate, are hard to control because
of the difficulty of regulating the cooling rate. The changes that the solid
solution undergoes with variation in the rate of cooling may be duplicated,
however, and much more accurately controlled by reheating the mar-
tensite which has been formed by quenching. This operation is called
tempering, which may be defined as the process of reheating a hardened
steel to a definite temperature below the critical temperature, holding it at
that point for a time, and cooling usually by quenching for the purpose
of obtaining toughness and ductility in the steel. This operation is com-
monly called “drawing” if carried out below 400° C. (752° F.), and
“toughening” if temperatures higher than 400° C. are used. The changes
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in structure obtained by tempering hardened steel are shown by Fig. 47.

Auastenitic steel is not produced by ordinary commercial methods of
hardening except in the case of certain alloy steels like manganese steel.
Under most carefully controlled conditions, a carbon steel which is par-
tially austenitic may, however, be derived. Austenite undergoes trans-
formation to martensite as soon as heating is begun, and martensite alone
exists when a temperature of 200° C. (392° F.) is reached. Usually, how-
ever, martensite is a common constituent of commercially hardened steel.
The martensite begins to be transformed to troostite at 200° C. (392° F.),
which alone remains when a temperature of 400° C. (752° F.) is reached.
Further heating above 400° C. (752° F.) causes the gradual conversion of
troostite into sorbite, which alone exists
above 600° C. (1112° F.). If the heating
were continued past the critical temperature,
only austenite could exist.

When troostitic steel is tempered, no
change is effected unless heating is carried
beyond 400° C. (752° F.), when the changes
above noted for other steels again take place.
If wholly troostitic steels were encountered in
practice, no tempering would be required;
but since some martensite is usually present
in even the most distinetly troostitic steel,
tempering is required. The change which
takes place is the gradual transformation of
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the martensite to troostite, no martensite olklle 2 70 1LY
being present above 400° C. (752° F.). Character of Structure

Troosto-sorbitic steels are a rare possi- Fia. 47.— Structures Obtained
bility among commercially hardened steels. in Tempering Steel.

The degree of hardening is so slight and the

constituents so stable that tempering does not produce any effect unless
carried above 400° C. (752° F.), when the troostite is gradually converted
into sorbite. ,

Two considerations which affect the practice of tempering steels fol-
low. First, the transformation of one constituent to the succeeding form is
dependent not solely upon the temperature attained, but also upon the
relative rapidity or slowness with which the temperature is reached, and
upon the time allowed at this temperature. Slow heating, or holding at
a given temperature for a measurable interval, will produce a greater
degree of tempering than would otherwise be effected at a given tempera-
ture. Sccond, when, as often happens in practice, the reheating of the
hardened steel is done in such a manner that, if not arrested quickly, the
temperature would continue to rise after the desired tempering heat is
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reached, it is necessary to cool the metal quickly by immersion in some
quenching medium. This explains the reason for the common tempering
practice of quenching from a rising temperature in order to stop the tem-
pering action so as to get a definite hardness. If the temperature does not
rise after the desired tempering effect is reached, it is immaterial whether
quenching follows or not, since the rate of cooling after the temperature
is reached is secondary in importance. Slow cooling from the tempering
temperature 1s frequently em-
ployed instead of the wusual
quenching.

Tempering may be effected
by heating the hardencd steel in
a forge, but it is more carefully
controlled if the reheating is
done by means of salt baths,
melted lead, or the electric oven.

Sorbite is formed by heating
hardened steel in the range from
400° C. (752° F.) up to the Ac,
and is characteristic of tough-
cned steel. This constituent has
a silver-gray luster and shows a
finely emulsified ferrite-cement-
ite structure. It is, in fact, im-
perfectly formed pearlite, from
which it differs in that it is less ductile but has a greater tensile strength
and a much higher elastic limit. An increase in toughening temperature
lowers the tensile strength and elastic limit but increases the ductility and
dynamic strength. The maximum resistance to shock is obtained by
heating to about 40 degrees below the Acy.

Pearlite cannot be formed by reheating hardened steel. That tem-
perature which might be expected to produce pearlite forms instead a
structure known as “spheroidized cementite” (Fig. 48). Steel in this con-
dition has excellent machining qualities. This is the condition sought in
properly annealed tool steel.

109. Annealing. Annealing is the process of heating a metal above
the critical temperature range, holding at that temperature for a proper
period of time, and then slowly cooling. The metal is ordinarily allowed
to cool slow]y in the furnace. The three chief functions of annealing are:
(1) to soften the steel to meet definite specifications or to make machin-
ing easier; (2) to relieve internal strains caused by quenching, forging,
cold-working or in other ways; and (3) to refine the grain.

The piece should be heated slowly enough to permit uniform diffusion .
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F1a. 48—Spheroidized Cementite 500X.
(Zavarine.)
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of heat. When the steel reaches the Ac, temperature on reheating, pearl-
1te begins to dissolve with the formation of austenite. At Acs the solu-
tion of the ferrite is complete and only exceedingly fine-grained austenite
is left. This, often referred to as the “rebirth” temperature, corresponds
to the maximum refinement of the grain. If heating is continued above
Acg the grains increase in size, giving less satisfactory material. The
particular treatment is varied, depending upon the percentages of carbon
and impurities in the steel, the size of the piece, and the physical proper-
ties desired. Ilypoeutectoid steels should ordinarily be heated from 25°
C. to 50° C. above the Ac; line. The annealing temperatures commonly
used are:

Range of Carhbon Content, per cent Range of Annealing Temperature
Less than 0.12 875 to 925° C. (1607 to 1697° I.)

0.12 to 0.29 840 to 870° C. (1544 to 1598° I.)

0.30 to 0.49 815 to 840° C. (1499 to 1544° I'.)

0.50 to 1.00 790 to 815° C. (1454 to 1499° F.)

The two exceptions to the general rule are very low-carbon steel, which
should be annealed below 550° C. (1022° F.), and high-speed steel, which
is annealed at a temperature of ineipient fusion.

Process annealing is commonly applied on sheets and wires by heating
to a temperature below or close to the lower limit of the eritical range
(usually from 550° C. to 650° C.) followed by slow cooling,.

Another operation which is very similar to annealing is called nor-
malizing. This may be defined as heating above the upper critical range
and cooling to below that range in still air at ordinary temperature. Nor-
malizing is employed to obtain uniform conditions in metals previously
treated in different ways and is often applied to alloy steels and ma-
chined parts, especially if they are later to be heat treated.

110. Example of Heat Treatment. The hecat treatment of a 0.40 pcr
cent carbon steel is given as an example. This is a medium-high-carbon
steel of fair machining properties and good hardening characteristics, suit-
able for small and medium-sized forgings. The forging would be nor-
malized or annealed at a temperature of 815 to 840° C. (1499 to 1544° F.)
to give a structure of suitable machining properties (Fig. 41). After ma-
chining it would be hardened by heating to 830 to 860° C. (1526 to
1580° F.) and quenching in water or oil, depending upon the section.
The hardened piece (martensitic structure) is then tempered to desired
hardness or structure. Refer to Fig. 47. Thus, if a sorbitic structure is
desired, the steel would be reheated to 600° C. (1112° F.), held at that
temperature for a time, and then quenched.
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111, Grain Size Control. Grain size control of steel is an important
factor in heat treatment, forging, case-hardening, and mechanical work-
ing. A test for determination of grain size was originated by McQuaid
and Ehn. The American Society for Testing Materials has a standard
method of test for grain size. Steel of a given grain size is specified for
many applications in order to give greater latitude for safe heat treat-
ment and mechanical operations.

It is well established that grain size affects the physical properties of
steels. For example, of two mild steels of the same composition and ten-
sile strength, one may have a low impact value due to coarsencss of grain.
By subjecting this steel to a normalizing treatment at 900° C. (1652° F.),
the grain can be refined and the full impact value obtained. However, it
is desirable to be able to obtain proper fine grain size consistently after
the usual heat treatment and mechanical working. This can be accom-
plished by specifying suitable fine grain size so that the size of grain will
be unchanged by any of the heat-treating operations except uncontrolled
over-heating. An ordinary steel of coarse grain size may have grain
growth beginning at about 730° C. (1346° F.), which is within the range
of evervday operations, but a controlled fine-grained steel will not begin
to grow until 1000° C. (1832° F.) is reached, which is above the tem-
perature of most operations except those for high-speed tool steel and
high-alloy steels.

Forgings of greater strength and density can be formed from coarse-
grain-size steel on account of its tendency to produce sounder metal and
more uniformly flowing metal than fine-grain-size steel.

Shearing is an important operation in flash trimmmings of forgings or
stamping for automobile connecting rods, front axles, etc. Steel of fine
grain size is tougher and offers greater resistance to shearing but shows
less tendency to crack at the edges. Since any fine cracks develop on sub-
sequent heat treatment, the seclection of suitable fine-grain-size steel is
important in decreasing cracking.

112, Case-hardening. An operation closely allied to the heat treat~
ment of steel is that known as case-hardening or case-carburizing. Case-
hardening is a form of cementation applied to low- or medium-carbon
steels in order to impregnate them with carbon to a depth of a few hun-
dredths to one-fourth of an inch, thus securing a high-carbon case which
may subsequently be hardened by quenching. The advantage gained by
this treatment is that a surface is produced which will withstand wear,
abrasion, cutting, or indentation, and at the same time the core is left
soft and tough so that the shock resistance of the material is not impaired.
Case-hardening is especially applicable to the construction of armor-plate,
safes and’ vaults, the moving parts of machinery which are subjected to
both shock and wear, such as crankshafts, pivots and axles, and gears,
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also for the bearings and knife-edges of weighing machinery, and for
many other purposes in machine and implement construction. For many
of the purposes above listed, certain of the alloy stecls which combine
great hardness with great toughness are now often preferred.

Usually, the steel for case-hardening is one originally containing from
0.1 to 0.2 per cent carbon, and the operation is generally applied to the
finished casting, forging, or otherwise fabricated object, so that no ma-
chine work need be done on the hardened surface.

Steel for case-hardening should have an intermediate grain size for
ordinary practice. With coarse-grained steel, quicker, deeper, and more
even penetration of carbon is obtained, producing a harder and more even
case, but the coarseness is limited by the greater tendency to crack, warp,
and check on grinding. Fine-grained stecl causes more shallow hardening
but freedom from the above defects.

The general method of case-hardening consists in heating the steel in
contact with carbonaceous matter such as potassium ferrocyanide, char-
coal, barium carbonate, bone dust, or charred leather. The usual tem-
perature of heating is about 900° C. (1652° F.). A more rapid penetra-
tion of the carbon may be secured by means of higher temperatures, but
this practice is attended by the danger of the growth of coarse grains in
the interior at the temperature of carbonization, resulting in loss of
toughness and strength unless the steel is subsequently reheated to re-
store the grain size. Enfoliation, which is the splitting off of case from
the core, may also occur at high temperatures. Furthermore, more heat
units are required and furnaces deteriorate more rapidly at high tempera-
tures. A time of 2 to 12 or more hours is required for the process, de-
pending upon the temperature of the furnace and the class of carburizer.
Many special or alloy steels are often treated by a case-hardening process
with very beneficial results. Nickel and chrome steels are especially
valuable for case-hardening.

Because of the duplex character of case-hardened steel (the core has
about 0.2 per cent carbon while the case has 0.83 per cent or more) a
double heat treatment is common. The material is:

(1) Annealed at Acy to refine the grain of the core, and
(2) Anncaled at Ac, and quenched to refine the grain of the case, and
(3) Tempered to meet the conditions required.

A method of surface hardening known as “nitriding,” is discussed un-
der “Alloy Steels” (Art. 257).
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STEEL CASTINGS

113. Steel Castings. Steel castings are made by pouring molten steel
into sand molds in a manner similar to that employed for iron castings
(Chapter VIII). Steel products of intricate shape can usually be manu-
factured more cheaply by casting than by rolling or forging processes,
especially in small quantities. Stcel castings are tougher and stronger
than castings of gray iron or malleable iron.

Foundry Practice. Steel for castings may be produced in steel foun-
dries by means of the Bessemer, open-hearth, crucible, electric-furnace,
or duplex processes. The equipment is ordinarily of relatively small size
as compared with that in steel mills.

Molds for steel castings are similar to those for iron castings. Both
green-sand and dry-sand molds are used for steel castings. (Sce Art. 160.)
The molding sands should have a high fusion point since steel is cast at
a higher temperature than cast iron. The shrinkage of ordinary carbon
steel is about 14 inch per foot.

Defects. Defects which often occur in steel castings are blowholes,
shrinkage cavities, ingotism, segregation, and cracks formed by contrac-
tion of the steel in the solid state.

Specifications. The American Society for Testing Materials has
specifications for four grades of steel castings for railroads.* Grade B
castings are specified for truck side frames, bolsters, and locomotive
frames and wheel centers. These castings must be annealed. The maxi-
mum percentage composition for Grade B castings is specified as follows:
mangancse, 0.85; phosphorus, 0.05; sulfur, acid process, 0.06, basic
process, 0.05. The percentages of earbon and silicon are to be seleeted by
the manufacturer to obtain the following minimum physical properties
(for Grade B castings): tensile strength and yield point, 70,000 and
38,000 pounds per square inch, respectively; elongation, 24 per cent in 2
inches; and reduction of area, 36 per cent. The carbon content for car-
bon-steel castings does not ordinarily exceed 0.6 per cent. The physical
tests are conducted on specimens machined from test coupons which are
cast attached to the main casting such as a locomotive frame and are
annealed with the casting.

Uses. Typical uses of stecl castings are locomotive castings and
frames, draw-bars for railroad cars, machinery and automotive castings,
and manganese-steel castings for railroad rail frogs and crossings and
for wearing parts of crushing machinery.

* AS8.T .M. Book of Standards, 1936, A 87-36, p. 247.
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INGOT IRON

114. Ingot Iron. Ingot iron is a commercially pure iron. It has a
very low percentage of impuritlies, the total content of carbon, silicon,
mangancse, phosphorus, and sulfur usually being less than 0.08 per cent.
From a practical standpoint it can be classified as ferrite. The chief
characteristic of ingot iron is its resistance to corrosion as compared with
low-carbon steel.

Manufacture. Ingot iron is manufactured by the basic open-hearth
process. Production of an iron low in impurities requires careful selec-
tion of raw materials, an additional period of time in the furnace for puri-
fication, and careful control of the operation. The process is more ex-
pensive than for steel because of extra fuel needed to maintain longcr
heats and the high-grade refractories need for the furnace lining in ordcr
to withstand the longer heating and the corrosive action of the slag which
is high in iron oxide. Pouring into ingots and rolling into shapes require
special care to secure sound metal. Ingot iron is readily galvanized and
corrugated.

Tensile Properties. Ingot iron has a tensile strength of about 40,000
pounds per square inch, a yield point of about 25,000 pounds per square
inch, a minimum elongation in 8 inches of 22 per cent for Vs-inch plate,
and a reduction of area of at least 65 per cent. Brinell hatdness varies
from 80 to 100.

Uses. Ingot iron is used extensively for culverts, gutters, eaves
troughs, fencing, wire, furnace metal, and galvanized sheet metal of vari-
ous types.

THE PHYSICAL PROPERTIES OF STEELS

115. Grades of Steel and General Properties. The following grades
or classes of steels are among those most commonly recognized, their ap-
proximate tensile properties when in the annealed condition being as in-
dicated in Table II.

The modulus of elasticity of all grades is about 29,000,000 pounds per
square inch.

The principal factors influencing the strength, ductlhty, and elastic
properties of steel are: (1) the carbon content; (2) the percentage of
silicon, sulfur, phosphorus, manganese, and other alloying elements; and
(3) the heat treatment and mechanical working. The factors are not
necessarily independent, and their effects are usually combined. The na-
ture and extent of the effect of heat treatment and mechanical working
are inevitably dependent upon the amounts cf carbon and other elements
present.
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TABLE II
GRADES OF STEEL
Elastic | Tensile |{Per Cent
Class by Limit, |Strength,| Elonga-
Class by Uses Manufacture, etc. Per Cent C Ib. per | Ib. per ’ tion
8q. in. sq.in. | in 8in.
Boiler rivet. .. ... Dead soft open-hearth | 0.08-0.15 | 25,000 50,000 30
Structural rivet.. .| Soft O. H............ 0.15-0.22 | 30,000 55,000 30
Boiler plate... ... Soft Bessemer or O. I1.{ 0.08-0.10 | 30,000 60,000 25
Structural steel.. .| Medium O. H........ 0.180.30 | 35,000 65,000 25
Machinery steel. .| Hard O. H....... .. .. 0.35-0.60 | 40,000 75,000 20
Railsteel........ Hard Bess. or O. H. ..| 0.35-0.55 40,000 75,000 15
Spring steel.. . ... High-carbon O. H. .. .| 1.00-1.50 | 60,000 | 125,000 10
Tool steel . . . .... High-carbon O. H. or
crucible............| 0.90-1.50 | 80,000 150,000 5

116. Effect of Carbon upon Physical Properties. The distinctive
properties of the different grades of plain carbon steel are due to varia-
tions in carbon content more than to any other single factor. Carbon
always acts as a hardener and strengthener, but at the same time reduces
the ductility.

The effect of carbon upon the tensile properties of carbon steels is
shown in Table III:

TABLE III
TENSILE PROPERTIES OF CARBON STEELS!
Per Cent Yield Point, Ultimate
Carbon Ib. per sq. in. Tensile Strength,
Ib. per sq. in.
0.09 30,000 52,500
0.20 39,500 68,400
0.31 46,500 80,600
0.37 50,000 85,200
0.57 55,000 117,400
0.81 70,000 149,600
0.97 79,000 152,600

1 Made at Watertown Arsenal on open-hearth steels.

Many formulas have been suggested for the strength of carbon steels
in terms of carbon, phosphorus, sulfur, manganese, etc.,-but none of them
are continuous functions for any great range. An approximate formula
often used in estimating the strength of a carbon steel is

Tensile strength = (40,000 to 45,000) + 1000 C
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where C is the number of points of carbon in the steel, 1 point of carbon
being equivalent to 0.01 per cent carbon.

117. Effects of Silicon, Sulfur, Phosphorus, and Manganese. The
direct effect of silicon, in the ordinary proportions commonly encountered
in steels (usually not over 0.2 per cent), upon strength and ductility is
very slight. Whatever effect there may be is difficult to determine, be-
cause it is masked by the influence of other elements, like carbon and
phosphorus, which cannot be made to be altogether constant factors.
Increasing the silicon content intentionally to 0.3 or 0.4 per cent has the
effect of raising the elastic limit and ultimate strength of the steel con-
sigerably, without reducing the ductility greatly. This is sometimes done
in the production of steel castings.

Sulfur, within the limits common to ordinary steels (0.02 to 0.10 per
cent), has no appreciable effect upon the strength or ductility of steels.
It has, however, a very injurious effect upon the properties of the hot
metal in lessening its malleability and weldability, thus causing difficulty
in rolling, called ‘“‘red-shortness.” If it were possible that the"steel might
contain an excess of sulfur over that which is neutralized by manganese,
the effect would certainly be to reduce both strength and ductility. Speci-
fications for structural steels commonly limit the sulfur content to a maxi-
mum of 0.04 to 0.05 per cent.

Phosphorus is the most undesirable of all the elements commonly
found in steels. Its effect upon the properties of steels is very capricious,
but it is always detrimental to toughness or shock resistance, and often
detrimental to ductility under static load. Campbell states that the
strength of steel under static load is increased by 1000 pounds per square
inch for each 0.01 per cent of phosphorus so long as the total phosphorus
does not exceed 0.12 per cent. Beyond this limit even static strength is
diminished. High-phosphorus steels are apt to break under very slight
stress if this stress is suddenly applied or if vibration is encountered, and
this fact alone 1s sufficient to bar such steels from most uses in construc-
tion. Specifications commonly limit the phosphorus content of structural
steels to a maximum of 0.04 to 0.06 per cent.

Manganese is an element which is commonly comparatively high in
most steels because of the prevalent practice of using either spiegeleisen
or ferromanganese as a recarburizer and deoxidizer in the Bessemer and
open-hearth processes. The effect of manganese upon the properties of
steel is a rather involved question, but it has a tendency to increase the
strength, provided that a certain limit is not exceeded. If this limit is ex-
ceeded its effect in the direction of increasing brittleness causes a reversal
of its effect upon strength. With less than 0.3 or 0.4 per cent manganese
the steel is likely to be impregnated with oxides the harmful effect of
which outweighs any beneficial effect due to the manganese. Betweer
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0.3 and 0.4 per cent and about 1.5 per cent manganese, the beneficial
effect is dependent upon the amount of carbon present. With 0.1 per cent
of carbon (according to Bradley Stoughton), the strength is increased
about 100 pounds per square inch for each 0.01 per cent of manganese
over 0.3 or 0.4 per cent; with 0.2 per cent carbon, the gain is about 165
pounds per square inch for each 0.01 per cent of manganese; and with 0.4
per cent of carbon the gain is about 280 pounds per square inch for each
0.01 per cent of manganese. The beneficial effect is always somewhat
more marked with acid than with basic steel. As the content of man-
ganese rises above 1.5 or 2.0 per cent the metal becomes so brittle as to
be worthless, but as the content of manganese is further increased to
about 6 or 7 per cent a curious reversal takes place.

118. Effects of Heat Treatment upon Physical Properties. The ef-
fects of different heat treatments upon the mechanical properties of car-
bon steels of various compositions are shown in Table IV.

. TABLE IV

MEcHANICAL PROPERTIES OF HEAT-TREATED CARBON STEELS.!

Composition i .
___ I2’1e|d ETennil? Elonga- Roduci- "
' oint, Strength, | tionin | tion of Brine
Carbon,| Man- Heat Treatment 1b. per 1b. per 2 in., Area, |Hardness
per cent | ganesc, 8q. 1n. 8. 1n. per cent | per cent
per cent
0.14 0.45 | Hoterolled.................. 45,000 59,500 37.5 87.0 112
Annealed................. . 31,000 54,500 390.5 87.0 107
Quenched in water........ . R 90,000 21.0 67.0 170
Quenched inoil........... 56,500 71,500 34.0 75.5 134
0.32 0.51 Hot-rolled.................. 49,500 75.500 30.0 51.9 144
Annealed. ... ... .. 41,000 70,000 30.5 51.9 131
Quenched in water........... | ...... 135,000 8.0 16.9 255
Quenched inoil. ... ...... ... 87,500 101,000 23.5 623 207
Quenched in oil: tempered at
650° F........c.c....... 61,500 84,000 30.0 71.4 163
0.46 040 | Hotrolled................... 52,500 86,500 22.5 30.7 160
Annealed. . ................. 43,000 79,500 28.5 46.2 153
Quenched in water............| .. 220,000 1.0 0.0 600
Quenched inoil. ..... ... .. 87,500 126,500 20.5 51.9 255
Quenched in oil: tempered at
560°F........... 81,500 111,500 24.0 57.2
Quenched in oil: cempered at
..................... 73,000 98,000 25.5 59.8 192
0.57 0.85 Hot-rolled. .. ................ 57,000 108,500 19.0 27.4 220
Annealed. . .................. 50,000 95,000 25.0 40.3 183
Quenched in water............ . . 215,000 0.0 0.0 578
Quenched inoil.............. 105,000 152,000 16.5 40.3 311
Qnenehed in oil: tempered at
D 145,000 16.0 46.2 293
Quenched in oil: tempered at
..................... 113,000 24.0 62.3 228
0.71 0.67 Hot-rolled. . ................. 128,000 158.0 20.5 240
Annealed. .. .... 111,500 16.5 24.0 217
Quenched in oil 184,500 1.5 0.0 364
Quenohed in oil: tempered at !
4 177,000 10.0 34.0 340
148,500 17.0 43.0 311
125,500 19.5 57.2 269

1 Data from American Society for Steel Treating.
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119. Tensile Properties. The tensile properties of various carbon
steels called for in the standard specifications of the American Society for
Testing Materials are summarized in Table V.

TABLE V
TENSILE PROPERTIES OF VARIOUS STEELS
Tensile Yield Elonga- | Elonga- | Reduc-
Strength Point, tion, tion, tion of
Kind and Use of Steel 1b. per min. min. in | min. in Area,
8q. in. Ib. per 8 in. 2 in. min.
8q. 1n. per cent | per cent | per cent
{Structural ..... 55-65000 | (30000, or, 1‘10?0300 22
Structuralsteel for bridges . o i
i 25000, or | 1500000
Rivet......... .| 46-56000 | & (u.t..) ots
30000, or | 1400000
Structural steel for build-{ Structural ... 55-65000 | g5 (u.t.s.) u.t.s. 22
mgs . 25000, or | 1400000
Rivet.......... 46-560C0 | ' (wis) | Tate
Structural .. . | 58-68000 | 0.5 (ute) | 120000
Structural steel for ships 3000
Rivet........... 55-65000 | 0.5 (ute) | 1220000
Fixtra high-carbon. . ... ... 100000 O N 10 R
High-carbon................. 85000 | ... | . 14
Splice bars 3 \fedium-carbon............... 88000 | ...... | ...... “10?20[
Low-enrbon.. ... .. ... . L 8565000 | L. L 25
Cold-rolled steel axles. .. . . . . . 70000 600002 | ...... 18 35
Hard...... . . 80000 | 045 (ute) | ..., 17 25
Stecel castings (class \) Medium . . 70000 | 0.45 (u.t.s) el 20 30
Soft. . . 60000 | 045 (uts) 24 35
Flange....... 55-65000 | 0.5 (u.t.s.) 15¢ : -
Boiler and firebox steel 1550000
Firebox.... .. . 55-65000 | 0.5 (u.t.s.) —
Boiler rivet steel . . .. .......... .. .... | 45 55000 | 0.5 (u.t.s.) Lu s
Structural grade 55-70000 33000 ]_%L_;_
Pluin b Intermediate grade | 70-90000 40000 Eu_t?—‘
uin bara u.t.s
Billet 5 1200000
steel Hard grade. . .. .. w 5000 JLLE.
::i?ﬁ-:,e‘.:,cing Structural grade. . | 55-70000 33000 -l;.t.n.
burs . 1125000
Deformed | Intermediate grade | 70-90000 40000 e
bars .t.8.
1000000
Hard grade. . .. .. 8'2?20 50000 u.t.s.
. ! - 9
N Plain bars. . ... ... 80000 | sooop | 1200000
Concrete reinforcing bars . (\)lmta
from rerolled steel rails Deformed bars. . . . 80000 50000 . ‘K:OO

1y.t.s stands for ‘‘ultimate tensile strength.” 2 lastic limit, not yield point.

Merit Numbers. Comparisons of steel are sometimes made by their
so-called merit numbers, of which there are various types. The simplest
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forms are directly proportiona! to the product of the tensile strength and
the per cent elongation as found by testing a standard 2-inch tensile
specimen. Another form embodying more completely the tensile proper-
ties of the steel is as follows:

Y. P.+ T S.) D

R
Merit No. = =—=m— (R.A)

where Y. P. = yield point, T. 8. = tensile strength, D = per cent elon-
gation in 2 inches, and R. A. = per cent reduction of area.

120. Torsional Shear. The strength of steel in torsional shear is
shown in Table VI. The modulus of elasticity for shear is about two-
fifths of the tensile modulus or about 12,000,000 pounds per square inch.

TABLE VI
STRENGTH OF STEEL IN TORSIONAL SHEAR
Computed .
Trpioy sihan | Shearing Modulus
Class of Steel I‘Xt'lé‘t':_]:;: iber of I‘llusti(‘it._\',
Ib. per sq. in. Ib. per sq. in.
Mild Bessemer. .. ... .. .. .. ... . ... ... .. ..... 64,200 11,320,000
Medium Bessemer............... ... .. ... ..... 68,300 11,570,000
Hard Bessemer............................... 74,000 11,700,000
Cold-rolled . . ................................ 79,900 11,950,000

M. C. Fetzer found the torsional strength of solid bars of carbon steel
to be an average of 68 per cent of the true tensile strength, that is, of the
strength per square inch not of the original cross-section, but of the re-
duced cross-section.

121. The Magnetic Properties of Steel. Large quantities of iron and
steel are consumed in the construction of electrical machinery, motors,
generators, transformers, etc., where the magnetic properties of the ma-
terial used are of supreme importance.

The magnetic properties and mechanical properties of irons and steels
are dependent upon the same factors, i.e., composition, heat treatment,
mechanical working, etc. The mechanical properties can, therefore, at
least in a measure, be foretold by the results of magnetic testing.

Relation between Magnetic Properties and Chemical Composition.
The following conclusions have been arrived at by de Nolly and Veyret
as the result of an investigation of the hysteresis and eddy-current losses
of dynamo sheet metals of varying chemical composition.

Carbon. “The carbon percentage should be as low as possible and
always remain below 0.1 per cent.” A 0.15 per cent carbon steel is greatly
inferior to one containing 0.10 per cent carbon.
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Silicon. “The presence of silicon diminishes the hysteresis losses con-
siderably. The coefficient 4 changes from 0.0016 for an iron free of silicon
to 0.0009 for a metal containing 3.5 per cent silicon.” Silicon also in-
creases the resistivity of the steel and therefore reduces eddy-current
losses. In a very weak field silicon increases permeability, but with
stronger magnetizing force the effect is reversed and permeability is di-
minished.

Manganese. Manganese appears to be detrimental to magnetic
properties if present in amounts exceeding about 0.3 per cent. The data
sccured bearing upon the effect of manganese are not very conclusive.

Sulfur and Phosphorus. Both sulfur and phosphorus were found to
be elements whose presence in amounts exceeding about 0.3 per cent
(for both combined) constitutes a distinet injury to magnetic properties.

Rclation between Magnetic Properties and Temperature. Investiga-
tion of the changes in magnetic properties of steels as the temperature
of the specimen under test is raised or lowered has been made in only a
few instances, and little detailed information is available. An exten-
sive study was made in the Chemical Laboratory of Messrs. Schneider’s
Works at Creusot, and the following remarks are based wholly upon this
work.

The method of study followed consisted in subjecting steel specimens
of various forms to uniformly increasing and decreasing temperatures
in an electric furnace, and simultaneously exposing them to a chosen
constant magnetizing force. The temperature indications of a thermo-
couple mounted in the specimen, and the corresponding intensity of
induced magnetism, were continuously recorded autographically on a
curve.

One of the facts most emphatically shown by the test results was that
the form of the curve obtained varies considerably for specimens of
different forms. The maximum strength of magnetizing force employed
also affected the character of the temperature-inductance curve.

The specimens for the series of tests were 200 millimeters long, 3
millimeters in diameter, and comprised a series of six steels varying in
carbon content from 0.06 to 1.20 per cent. The maximum strength of
field employed was 20 gausses, and the frequency was 45 cycles per
second.

The most pronounced change of magnetic properties occurs when the
critical range of temperatures is reached, at which point an almost total
loss of magnetism takes place.

Aside from the great change in magnetism which takes place in passing
the critical range of temperatures, other changes of lesser magnitude occur
at lower temperatures. In the three steels of lowest carbon content, there
is a progressive increase in induction up to a temperature of about 200° C.
(392° F.) or 250° C. (482° F.).
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All the medium- and high-carbon steels exhibit a certain falling off
in magnetism in passing through the range just below 200° C. (392° F.),
the loss becoming accentuated as the percentage of carbon increascs.
This behavior appears to be due to the fact that iron carbide loses its
magnetism to-a very large degree at a temperature in the neighborhood
of 200° C. (392° F.). The phenomenon is naturally most marked, there-
fore, when the total carbon content, and therefore the carbide content,
is greatest.

Relation between Magnetic Properties and Physical Properties. The
magnetic testing of iron and steel from the standpoint of correlation of
magnetic and physical properties is a comparatively new application
of the analysis of magnetic effects. Investigations in this respect have
been carried on in various instances in determinations of the structure,
elastic state, etc., of certain steel products, such as bearings, saws,
cutlery, and tools, with encouraging results. This type of analysis is of
value in the detection of flaws in bar stock, welds, rails, ete.; and, in
the light of recent improvements in apparatus and methods of testing,
a more extensive commercial application is anticipated.

Interlamination Resistance Test. The American Society for Testing
Materials has developed a test method for measuring interlamination re-
sistance of a structure composed of strips cut from electrical steel. The
resistance, measured in the direction perpendicular to the plane of lamina-
tions, indicates the comparative effectiveness of various insulating sheet
surface oxides or coatings in reducing intersheet loss. The test is de-
sirable in order to insure that resistance between sheets in a laminated
core will not permit sufficient induced currents to flow between lamina-
tions so as to affect the core losses materially.

Sperry Transverse Fissure Test. Transverse fissures in steel railroad
rails can be detected by means of the Sperry transverse fissure test.
The detector is mounted on a railroad car which can he run over the
track at a low speed. Since transverse fissures obstruct the flow of the
current in the rails, the presence of fissures is automatically determined
by noting variations in electric current passing through the head of the
rail.

WELDING

122. Pressure Welding. There are two general processes of welding:
(1) the pressure process and (2) the fusion process. Pressure welding
is carried on by heating the edges to be united to a temperature below
fusion, cleaning the surfaces by adding flux to remove oxide, and hammer-
ing or pressing the surfaces together so that there is diffusion between
the space lattices of the metal on each side of the joint. Pressure weld.
ing is accomplished also by electric spot welding.
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A spot weld is made by passing an electric current through a localized
area of the parts to be joined in sufficient quantity that the heat gen-
erated in these parts will fuse them together. Alternating current, sup-
plied at low voltage by a transformer, passes through conductors and
electrodes to the metal pieces to be welded. The electrodes are pressed.
against the metal to restrict the flow of current through the metals to
be joined and thus localize the heat in a small spot. Spot welding is
suitable for joining metals which do not have to transmit heavy stress.

An improved form of spot welding, called “shot welding,” provides
for mechanical control of the time of application of the current to insure
sufficient heat for a satisfactory weld without danger of damaging the
metal by overheating. This process has made possible the welding of
alloy steels such as 18-8 chromium-nickel stainless steel without precipi-
tation of chromium carbide near the weld zone, which robs the parent
metal of some of its chromium, rendering it less resistant to corrosion.
The amount of heat applied n a shot weld can be checked by an ammeter
with an automatic recording device.

123. Fusion Welding. Fusion welding consists of depositing molten
metal at the joint at a temperature sufficiently high to fuse together the
deposited metal with that of the edges of the pieces to be joined. Fusion
welding is carried on by one of the following methods: (1) the electric-
arc method, (2) the gas-flame method, (3) the atomic hydrogen electric-
arc method, and (4) the Thermit process. .

124. Electric-arc Method. In this method heat is supplied by an
electric arc which passes between the joint and an electrode. The elee-
trode may be bare or covered with a flux. Usually the metal to be welded
is made the positive terminal and the electrode the negative terminal be-
cause the positive pole is the hotter and a more stable arc is formed.
Reversed polarity is often used with covered electrodes. Direct current
is usually used in welding because of less danger of shock to operators
than with alternating current and because overhead welding is easier.

Metal Arc Welding. In metal arc welding the electrode is of metal
which is melted by the heat of the arc and deposited at the joint. An
intense but concentrated heat is imparted to the base metal.

One end of the electrode is first brought in contact with the base metal
and then raised to a position about 14 inch above the base metal. Elec-
trons are emitted across the arc, generating sufficient heat to raise the
temperature of the base metal to about 2300° C. (4172° F.) and the elec-
trode to about 2000° C. (3632° F.). Metal from the electrode is deposited
in small drops into a crater formed in the base metal. The passage of
each drop produces a brief short circuit of the arc. Drops from bare
electrodes are smaller than from covered electrodes and cause short cir-
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cuits about 15 per cent of the time as compared with about 4 per cent
for covered electrodes.

Metal electrodes are usually about 14 inch in diameter and contain
less carbon ordinarily than the base metal. The base metal must be of
Jlow- or mediym-carbon steel. High-carbon steel cannot be used since
the welds formed are hard and brittle.

Fluxes may be applied directly or the electrode rods may be coated
with material which melts to form a suitable flux. Calcium oxide and
titanium oxide are sometimes added to the flux to increase the rate of
emission of electrons from the electrode for the purpose of intensifying
the heat. Covered electrodes are preferred since oxidation of metalloids
is reduced and less nitrogen is absorbed, largely because of the protective
action of gases emitted from the coating materials.

Carbon oxides escape as gases, or, if the welding is carried on too
fast, the gases are entrapped in the metal, producing porous welds. Sili-
con and manganese oxides rise to the surface of the weld as slag. Phos-
phorus and sulfur are not greatly affected. Absorption of nitrogen re-
duces ductility.

Carbon Arc Welding. The electrode is of carbon or graphite. A
large amount of heat is generated across the arc, fusing the base metal.
Filler metal is supplied from a welding rod held in the are. Sometimes
no filler metal is used, the base metal being fused together at the joint.

Shielded Arc Welding. The arc is surrounded by a gas, usually hy-
* drogen, to protect the heated metal from oxidation by contact with the
air.

Applications. Electric arc welding, generally conducted with a metal
electrode, is used for welding structural members of various types, joints
in ships’ hulls, joints in pipe lines, and for repairing steel and iron
castings.

125. Gas-flame Method. In the gas-flame method, welding-rod metal
is fused and deposited on the joint by means of a gas flame. Oxyacety-
lene gas is required for welding steel in order to get a high enough tem-
perature. Oxyhydrogen gas or oxygen with city gas are sometimes used
for welding non-ferrous metals which require only low temperatures.
Oxyacetylene gas welding is used for joints in light plating, butt joints
of pipes, manufacture of fittings, and repair of steel and iron castings.
A large amount of heat is expended in gas flame welding, which causes
buckling of plates and shapes. For this reason gas welding is not used
much for joints in hulls of ships. The oxyacetylene gas torch operated
with an excess of oxygen is an effective burning or cutting tool for steel
and iron. '

126. Atomic Hydrogen Electric-arc Method. This method is a com-
bination of electric-arc and gas welding. An alternating-current are
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changes hydrogen gas from the molecular to the atomic form. The
reverse process takes place just outside of the arc on the joint, the re-
combining of the hydrogen atoms into molecules generating intense heat
which melts a thin rod of filler metal held in an atmosphere of hydrogen.
The deposited weld metal is surrounded by hydrogen gas which protects
it from oxidation. Welds of good quality can be produced by this
method.

127. Thermit Method. The Thermit process consists of producing an
extremely hot molten steel by ignition of iron oxide in contact with
aluminum in a crucible. The reaction gives very hot steel and Al,O; as
slag. The hot steel is poured into a mold placed about: the joint, pro-
ducing a solid casting at the joint. Thermit welding is used for joining
of trolley rails and repair of large broken parts such as stern posts of
ships and side frames of locomotives.

128. Inspection and Testing of Welds. It is important to inspect and
test welds for the purpose of detecting defects that might impair the
serviceability of welded structures. Inspection of the work while in
progress is desirable. In order to determine quality of welding, it is
common practice to require operators to make up weld samples that can
be subjected to destructive tests. Many times it is difficult to discover
faulty work in the interior of welds when only non-destructive tests can
be employed.

Common tests of welds of the destructive type are the bending, the
nick-break, and the tension tests. The fatigue, the impact, and the com-
pression and drift tests are also sometimes conducted. Non-destructive
tests for locating defects in the interior parts of welds have the advantage
of not destroying the weld. Specific gravity of some welds can be ob-
tained to locate cavities and inclusions of iron oxide. Pure iron has
a specific gravity of 7.85, iron oxide of about 6.0. A specific gravity of
7.8 is required for welds. Cavities and cracks can be detected by noting
with a stethoscope the sound of metal when struck with a hammer. The
X-ray test has been successful in locating defects, but the weld may have
to be cut into samples to get X-ray penetration. The Sperry electrical
test is also successfully employed. (See Art. 121.) A hydrostatic in-
ternal pressure test for pipes is used for testing welded pipes. Hardness
tests can be performed on the surface of welded joints without injuring
them.

129. Comparison of Welding with Riveting. The following advan-
tages of welding as compared with riveting may be stated:

1. Greater continuity of strength and greater stiffness are obtained.
2. Welded structures are lighter, since riveted connections require
wide laps and gusset plates.
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3. Joints have improved tightness.
4. Structures of greater simplicity and better symmetry can be ob-
tained by welding.

Welding has the following disadvantages:

1. Defects in welds may not be discovered and corrected.

2. Deposited metal is similar to cast metal and may be low in duc-
tility, shock resistance, and endurance limit.

3. Stresses due to non-uniform heating and to shrinkage may cause
difficulties in assembling.

4. Base metal adjacent to weld may be injured by high temperatures,
producing coarse grain size.

5. High-carbon steel cannot be used since welds are brittle and un-
reliable.

6. Sudden changes in section may cause stress concentrations.

QUESTIONS

1. What is steel?

2. Describe the cementation and crucible processes for manufacturing steel.

3. Sketch a Bessemer converter, indicating approximate dimensions.

4. Describe the Bessemer process, and state how impurities in the charge are
removed.

5. In American practice what are the usual limits of composition of Bessemer
pig iron? Why should at least 1.0 per cent of silicon be required? Why is a
low phosphorus content necessary?

6. Why does the metal not cool off considerably during an acid Bessemer
blow?

7. What is the function of a recarburizer?

8. How is steel deoxidized ?

9. State some important differences between the acid and basic Bessemer
processes.

10. What is the fundamental distinction between the open-hearth and the
Bessemer processes? :

11. Draw a diagram of a regenerative open-hearth furnace which utilizes
producer gas as a fuel.

12, Describe the essential steps in the reduction of pig iron to steel in the
basic open-hearth process.

13. Compare, in tabulated form, iron and steel making by: blast furnace, acid
Bessemer process, basic open-hearth process, crucible process, and electric refin-
ing process as to the following particulars:

(a) Materials of the charge.
(b) Order in which materials of charge are placed in furnace.
(¢) What flux is used.
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(d) How impurities are removed.
(e) How recarburized.
(f) Characteristics of resultant product.

14. Compare the advantages and disadvantages of the acid Bessemer process
and the basic open-hearth process.

15. Discuss the applications and limitations of electric refining processes.

16. A pig iron has the following impurities: carbon 3.5 per cent, silicon 0.8
per cent, manganese 1.2 per cent, phosphorus 2.5 per cent, sulfur 0.15 per cent.
State the process you would choose to produce good steel of 0.5 per cent
carbon content from this pig iron.

17. Indicate (a) the steel process that would give the cheapest structural
steel, (b) the steel process that would give the best structural steel, (c) the
cheapest method of producing a small amount of tool steel of a special analysis,
and (d) the cheapest method of producing a good-quality carbon steel from scrap
steel and iron of varying composition. State the reasons for vour choices.

18. Describe the steps in making rolled-steel shapes from the casting of the
ingots to the finished product.

19. Name and describe three types of rolling mills.

20. Compare the action of the steam hammer with that of the hydraulic press
for mechanical working of steel.

21. Discuss in general terms the effects on the mechanical properties of hot-
working and of cold-working of steels.

22. Explain the slip-interference theory.

23. Name and describe four defects in ingots.

24. Sketch from memory the iron-carbon equilibrium diagram.

25. Distinguish between delta, gamma, beta, and alpha iron.

26. (a) Explain what takes place when a 0.4 per cent carbon steel is cooled
slowly from austenite at about 1000” C. to room temperature. Sketch the micro-
structure of this steel at ordinary temperature.

(b) Do the same for a 1.2 per cent carbon steel.
(¢) Do the same for a 0.83 per cent carbon steel.
(d) What percentage of pearlite would each of these steels have?

27. Discuss the principal characteristies of steels of the following structures:
austenite, martensite, troostite, sorbite, ferrite, cementite, pearlite, and spheroid-
ized cementite.

28. Distinguish between hardening, tempering, annealing, and normalizing.
What are the chief functions of each?

29. Discuss the importance of control of grain size of steel.

30. What are the differences in microscopic structure and physical properties
between a steel of 1.0 per cent carbon content heated to 800° C. (1472° F.) for
30 minutes and cooled slowly and a similar steel heated to 1000° C. (1832° F.)
for the same length of time and cooled in a similar manner?

31, How would you heat-treat a 0.4 per cent carbon steel casting to refine
the grain and produce a soft steel that would be easy to machine?

32. How would you heat-treat a steel forging of 0.6 per cent carbon content
to produce a troostitic steel of good grain structure?
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33. The rough forging for an automobile crankshaft is coarse grained and full
of forging strains. The metal is plain carbon steel with 0.4 per cent carbon. In-
dicate the heat treatment you would select to produce a fine-grained sorbitic
structure in this forging. Tabulate the components of the microstructure occur-
ring at each stage in the treatment.

34. Describe the process of case-hardening, and state the chief characteristics
of case-hardened steels.

35. Describe the manufacture and uses of steel castings.

36. What are the properties of ingot iron? How is it manufactured? What
are its uses?

37. State in general terms the effects of carbon on the strength, ductility,
hardness, and elastic properties of steel.

38. What are the effects of silicon, manganese, phosphorus, and sulfur on the
mechanical properties of steel?

39. Discuss the magnetic properties of steel.

40. How can transverse fissures in stee] rails be deteeted ?

41. Describe the electric arc and the oxvacetylene methods of welding.

42, What method of welding would you choose for the following types of con-
struction: (a) hull of a steel ship, (b) structural steel frame of a building, (¢) re-
pair of a broken stern post of a ship, (d) butt welds in steel pipe, and (e) ex-
terior surfaces of streamlined railroad cars consisting of sheets of 18-8 chromium-
nickel alloy steel?

43. State the advantages and disadvantages of welding as compared with
riveting.

44, Describe the methods used in inspecting and testing welds.
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CHAPTER VII
WROUGHT IRON

130. General. The definition of wrought iron given by the American
Socicty for Testing Materials is: “A ferrous material, aggregated from a
solidifying mass of pasty particles of highly refined metallic iron, with
which, without subsequent fusion, is incorporated a minutely and uni-
formly distributed quantity of slag.”

Wrought iron is a two-component metal composed of high-purity iron
and iron silicate, which is an inert glass-like slag. Wrought iron usually
contains less than 0.12 per cent carbon. The slag is associated physically
with the iron in contrast to chemical or alloy relationships which gen-
erally exist between the constituents of other metals.

The slag content varies from about 1 to 3 per cent in finished wrought
iron. The slag is distributed throughout the iron in the form of threads
or fibers which extend in the dircction of rolling and are so thoroughly
distributed throughout the iron that there may be 250,000 or more per
square inch of cross-section,

131. Wrought Iron as a Material of Engineering Construction. Pre-
vious to 1855, wrought iron was the most important metallic material
for general structural and construction purposes, its strength, toughness,
ductility, and forgeability making it available for many purposes which
could not be served by cast iron.

The introduction and rapid decrease in cost of Bessemer and open-
hearth steel in the latter part of the nineteenth century greatly decreased
the use of wrought iron. It has, however, certain properties among which
are resistance to corrosion and repeated stress that will always class it
as a material of importance in engineering construction. A perfected
proeess for its production has been developed which will greatly reduce
its cost. Its principal uses are as a material for general forging opera-
tions, particularly where welding is involved, as rolled rods and bars, as

wire, as welded pipe, and as a metal for roofs and sides of buildings,
for tanks, etec.

THE MANUFACTURE OF WROUGHT IRON

132, The Puddling Process. The puddling process consists in the
melting of a grade of pig iron known as forge pig, in the hearth of a
reverberatory furnace which is lined with iron oxides, resulting in

15
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the elimination of most of the carbon, silicon, manganese, phosphorus,
and sulfur present in the charge by oxidation. The metal becomes pasty
toward the end of the process, owing to the decreased fusibility of the
purer iron, and is removed as a plastic ball from which the slag must be
removed as completely as possible by squeezing or hammering. The
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Fia. 49.—~500-1b. Puddling Furnace.

resultant puddled bloom is rolled into large “muck bars.” The bars are
cut into short lengths, piled up in bundles which are wired together,
heated to a white heat, and rolled down to a smaller size called “merchant
bars.””

133. The Puddling Furnace. The puddling furnace is a rectangular
masonry structure lined with firebrick and tied together by steel tie rods
and iron plates and buck stays. Fig. 49 illustrates a common type of
puddling furnace. The furnace is of the reverberatory type, the heat
depended upon to bring the working chamber to the desired tempera-
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ture being largely that which is reflected from the sloping firebrick roof
of the melting chamber, the fuel being burned in a separate compartment
out of contact with the metal.

The fuel is usually a bituminous coal which burns with a long flame.
It is introduced through a firing hole in the front wall. The large work-
ing door in the front wall of the working chamber has a heavy iron
projecting 'sill and is normally closed by an iron-bound slab of brickwork
which is suspended in place and balanced by a counterweight. A small
opening in the lower edge of this slab affords an opportunity for the
puddler to insert his rabbling iron to stir, or rabble, the charge. The
slag is tapped off when necessary through a taphole provided below the
working door.

Mechanical puddling furnaces are sometimes used to avoid the severe
manual labor involved in the hand process.

134. The Iron Used. The pig iron commonly used for puddling is a
grade known as forge pig. Its composition is from 1.00 to 1.50 per cent
silicon, 0.25 to 1.25 per cent manganese, not more than 1.00 per cent phos-
phorus, and not more than 0.10 per cent sulfur. Comparatively high
silicon is desired in order to provide sufficient slag to cover the bath of
metal and prevent excessive oxidation of the iron. Manganese need not
be carefully watched, because it is largely removed in the process. This
small percentage of manganese is one of the means available for the de-
termination of wrought iron from steel, which usually contains an ap-
preciable amount of this element. Phosphorus, and particularly sulfur,
are not completely removed, and must therefore be kept fairly low,
although their injurious effect upon the quality of the iron is by no
means as marked as upon that of steel.

The weight of the charge varies according to the size and type of
furnace. Ordinary single furnaces handle from 200 to 600 pounds of
pig; large furnaces, or double furnaces built in pairs without a dividing
wall, may handle as much as 1500 pounds per charge. Charging is usu-
ally done by hand, the pig iron being thrown in through the firing door.

135. Furnace Operation. The furnace having been charged and a
melting temperature attained, the subsequent process,may be considered
in four stages, which merge into one another.

The Melting-down Stage. The pig iron gradually becomes red hot
. and is turned about by the puddler to insure uniform heating. The
more fusible slag begins to melt within 20 minutes, and in the course of
half an hour the pig iron will have become completely melted down.
During this stage the oxidation of the metalloids begins. The first to be
oxidized is the silicon, followed by the manganese, and later by the phos-
phorus and a small part of the sulfur. The oxides leave the metal and
join the slag. During this stage most of the silicon and manganese are
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thus eliminated, together with a small proportion of the phosphorus and
a very small proportion of sulfur.

The Clearing Stage. During this stage, which occupies only about 10
minutes, it is usually necessary to add ore or mill scale, thus making
the slag still.more basic, and to close the dampers to cool the furnace
sufficiently so that the carbon will not be oxidized before the phosphorus
and sulfur have been disposed of. Very vigorous rabbling is necessary
to promote oxidation by intimate contact between the pig iron and the
fettling. * During this stage the removal of silicon and manganese is
almost completed, and a considerable further amount of phosphorus and
sulfur is eliminated.

The Boiling Stage. This stage is principally characterized by the
removal of carbon, through the agency of the fettling first, and later
by the oxygen of the air. The ferric oxide is reduced by the carbon
with the formation of carbon monoxide gas which bubbles to the sur-
face, causing the boiling appearance characteristic of this period. Tt is
especially essential that the slag be very strongly basic at this time, as
it will otherwise be unable to retain the oxides of phosphorus and sulfur
which the carbon monoxide might so easily reduce.

The carbon monoxide is burned by the oxygen of the air to form car-
bon dioxide, resulting in the appearance of the light yellow flames at
the surface of the bath, called “puddler’s candles.” The expansion of
the bath during the boil causes its level in the hearth to rise greatly,
and a considerable amount of slag escapes through the open slag hole.

During the boil the puddler continues to rabble the mass vigorously,
and after about 20 minutes the metal begins to “come to nature,” i.e.,
non-fluid iron begins to collect in patches in the bath and on the surface
in a pasty condition, owing to its lesser fusibility in its now nearly car-
bonless condition. Great care is required upon the part of the puddler
to prevent this pasty iron from becoming chilled by sticking to the
hearth, or oxidized by exposure above the slag. At the end of 20 to 30
minutes, all the metal will have come to nature and the removal of car-
bon will have reached its limit. A further quantity of phosphorus and
sulfur will have been eliminated during this stage.

The Balling Stage. When all the metal has come to nature, the
balling stage begins. The puddler carefully gathers all the pasty metal
into one mass, which he subsequently subdivides into portions of such
size as he is able to withdraw from the furnace. Each portion is worked
into a ball and welded together as completely as possible. The balls
are rolled up under the protection of the fire bridge to prevent excessive
oxidation of the iron before being withdrawn. The balls arc finally
gripped with tongs and drawn out of the door over the fore plate and
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taken to the squeezers as quickly as possible. The usual weight of
these “puddle balls” is between 100 and 200 pounds.

The balling stage requires about 20 minutes altogether. It is charac-
terized by no chemical changes, but the furnace temperature must be
maintained as high as possible in order that the puddle balls may be
hot enough so that the slag will still be very fluid when they reach the
squeezer. .

136. The Aston Process. This process, a recent development in the
manufacture of wrought iron, has three essential steps:

(1) Melting and refining the base metal.

(2) Producing a molten slag of proper composition.

(3) Granulating or disintegrating the base metal and mechanically
incorporating with it the desired amount of slag.

Bessemer pig iron is melted in a cupola, tapped into ladles where
it receives a special desulfurizing treatment, and is then refined in a
Bessemer converter until most of the oxidizable impurities have been
removed. The refined metal is not recarburized. It is then poured
into the ladle of the processing machine.

Iron oxide and sand are fused in an open-hearth furnace to form
an iron silicate slag. The molten slag is poured into a ladle which
is placed on a ladle car and moved directly below the processing machine.

The key operation which is called “shotting” consists of pouring the
molten refined iron at a temperature of about 1540° C. (2804° F.) from
the ladle of the processing machine into the ladle containing the molten
slag at a temperature of about 1260° C. (2300° F.), as is shown in Fig.
50. The processing machine is oscillated as well as moved forward and
backward to insure a uniform distribution of the refined metal into the
slag. The refined iron has a freezing point of about 1480° C. (2696° F.)
while the slag solidifies at about 1120° C. (2048° F.). Since the slag is
maintained at a temperature considerably lower than the freezing point
of the iron, the iron is continuously and rapidly solidified. The liquid
iron contains large quantities of gases in solution, but, when the metal
solidifies, the gases are no longer soluble in it and escape. The solidifica-
tion of the iron when it strikes the slag occurs so swiftly that the gases
go off in the form of many small explosions of sufficient force to shatter
the metal into small fragments which settle to the bottom of the slag
ladle. Since the iron is at a welding temperature of about 1370° C.
(2498° F.), and owing to the fluxing action of the siliceous slag, these
fragments cohere to form a sponge-like “puddle ball” of large size, con-
sisting of pea-sized globules of pure iron coated with silicate slag.
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The resulting mixture is similar to that produced by the puddling
process but is much more uniform as regards the character and distribu-
tion of the slag. The ball produced, which is much larger than that from
the puddling furnace (6000 pounds or more), is handled in the same gen-
eral manner by squeezing and rolling. The Aston process makes it pos-
sible to produce high-grade wrought iron in large quantities and at a
much lower cost than by the puddling process. This reduction in cost

Fi1a. 50.— Key Operation of Pouring Molten Iron from Ladle into the Ladle
Containing Molten Slag.

will undoubtedly increase the use of wrought iron in fields where resis-
tance to corrosion, repeated stress, and shock are of importance.

137. Removal of Slag. The puddle ball produced in the puddling
furnace or in the Aston process is a very loosely agglomerated mass of
pasty iron and slag. This slag must be removed as far as possible by
mechanical means, and the iron compacted and welded together by
squeezing or shingling.

A common type of squeezer consists of a wheel, mounted on a vertical
axis and revolving within an encircling cylinder of cycloidal form. Both
wheel and cylinder have corrugated surfaces. The puddle ball is intro-
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tuced at the point where the space between the two surfaces is a maxi-
mum, and the rotation of the inner wheel causes the ball to roll as it is
carried around the annular space which is constantly decreasing in width.
When the ball is finally ejected a large part of the slag has been excluded
and the metal has been compacted by the kneading and squeezing. The
larger ball produced by the Aston process is handled in a specially de-
signed press of large dimensions.

The puddle ball may also be shingled, i.e., forged down by some type
of power hammer. The steam hammer is usually employed in shingling.
Between blows, the puddle ball is constantly turned by the operator
until it is thoroughly welded together and the slag largely excluded.

The compression of the porous mass of metal, either in squeezing or
shingling, results in a considerable rise in temperature of the mass, which
favors the expulsion of the slag by retaining it in a very fluid condition.

138. Rolling-mill Operations. The puddled blooms from the squeezer
or the shingling are immediately transferred to the rolling mill wherein
the finished bar or shape is produced. The bloom is first passed through
a bar mill which reduces it to rectangular muck bars 2 to 4 inches thick.
These muck bars are then cut into strips which are piled up, tied with
wire, reheated to a welding heat, and again rolled down to form merchant
bars. A further quantity of slag is squeezed out in rolling.

Bars that have been piled and rerolled are commonly called merchant
bar or “single-refined iron”; when they are subjected to a second piling,
heating, and rerolling, “double-refined bar” is produced. The effect of
repeated rerolling is principally the further elongation of the strands of
slag in the direction of rolling, thereby rendering the iron still more
fibrous in its structure. No advantage is gained by piling and rolling
more than three times. The final rolling is usually done in a merchant
bar mill where a series of passes through the rolls serves gradually to
reduce the bar to the desired size and shape. ,

The larger size and better slag distribution of the ball produced by the
Aston process eliminate several of the steps required in the puddling
process, and the solid rectangular bloom is immediately rolled to the
desired billet size. These billets are then reheated and rolled into plate,
skelp, bars, rods, ete.

PROPERTIES AND USES OF WROUGHT IRON

139. Composition and Constitution. The composition of wrought iron
approaches that of pure iron very closely. The usual impurities—carbon,
silicon, phosphorus, sulfur, and manganese—are always present in small
amounts, in addition to the slag which is invariably present. Wrought
iron is a composite material consisting of an intermingling of high-purity
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iron base metal and siliceous slag, and the impurities are distributed be-
tween the metal and the slag. Table VII gives the limits which are
seldom exceeded in high-quality wrought iron and also shows typical
analyses of high-quality wrought iron and very pure Swedish charcoal
iron,

TABLE VII
ANALYSES OF WROUGHT IRONS

High-quality High-quality Very Pure

Wrought Iron, Wroufht. Iron, Swedish Char-

Upper Limit, |Typical Analysis, coal Iron,

per cent per cent per cent

Carbon.................... 0.10 0.04 0.050
Silicon.................... 0.20 0.10 0.015
Thosphorus................ 0.25 0.10 0.055
Sulfur..................... 0.05 0.03 0.007
Mangancse. ... 0.10 0.65 0.006
Slag...................... 3.25 2.75t0 3.25 0.610

The constitution of wrought iron is quite simple as compared with
that of cast iron, because of the very low percentages of carbon and other
impurities in the iron. The great bulk of the material is nearly pure

Fia. 51.— Longitudinal Section of Fia. 52. — Transverse Section of
Wrought Iron Showing Duplex Struc- Wrought Iron 100X. (Homerberg.)
ture of Slag 100X. (Homerberg.)
)

ferrite contaminated with small amounts of silicon, phosphorus, etc.
The appearance of a longitudinal section of wrought iron under high
magnification is shown in the photomicrograph of Fig. 51. The slag
appears as many irregular black lines of varying thickness, and the
crystalline nature of the pure iron can also be plainly seen. The pho-
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tomicrograph of Fig. 52 shows the appearance of the transverse section
of wrought iron. The structure is in every way similar to that seen in
the longitudinal section except that the slag here appears as irregular
dark areas corresponding to the cross-section of the slag fibers.

140. Tensile Strength. The tensile strength of a given wrought iron
is dependent to a considerable extent upon the direction of stress with
respect to the “grain” of the iron. This is to be expected, since the
continuity of the metal in a direction transverse to the direction of
rolling is interrupted by numerous strands of slag which are compara-
tively weak. The tensile strength of wrought iron in a transverse direc-
tion has usually been found to be between 0.6 and 0.9 of the strength
in a longitudinal direction. It will therefore be safe to assume that this
strength is about three-fourths the strength in the direction of rolling.
The ductility is also appreciably greater in a longitudinal direction than
in a transverse direction, but the yield point is practically the same in
either direction. Typical physical properties of wrought iron in the
longitudinal and transverse directions are given in Table VIII.

TABLE VIII
LonGiTupIiNAL AND TRANSVERSE TENSILE PROPERTIES oF WROUGHT IrRON

Troperty Longitudinal Transverse
Tensile strength, 1b. per sq. in..| 48,000-50,000 | 36,000-38,000
Yield point, Ib. per sq.in...... 27,000-30,000 | 27,000-30,000
Illongation in 8 in., per cent. .. 18-25 2-5
Reduction of area, per cent. .. 35-45 3-6

The specifications of the American Society for Testing Materials pre-
scribe the tensile propertics as given in Table IX.

TABLE IX
A.S.T.M. SpEcIFicATIONS FOR TENsILE PROPERTIES OF WROUGHT IRON
Longitudinal Properties—Minimum Requirements

l§peci.al

Refined | Double . Rivet S lates &

. eo r Plates

Property Pioe | | Fgned | Forsings | founds | P i
ductility)

Tensile strength, Ib. per

[ T 40,000 45,000~ | 46,000~ | 45,000 47,000 48,000 39,000
43,000 52,000

Yield point, lb. per aq. in.. .| 24,000 25,000 27,600- | 22,500 28,200 27,000 27,000

31,200
Elongationin8in., per cent 12 16-20 25-30 241 24-28 14 8 (either
direction)
Reduction of area, per cent 4048 33

1 Four-inch gauge icngth.
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- During recent years the development of rolling procedure has tended
to equalize tensile strength and duectility in the two directions. This
development has an important bearing on the use of wrought-iron plates
for applications where the metal must be formed in more than one direc-
tion, as in flanged and dished tank heads.

The modulus of elasticity of wrought iron is about 29,000,000 pounds
per square inch for all the different grades.

141. Relationship between Tensile Properties of Wrought Iron and
Reduction in Rolling. A fairly definite relation exists between the ten-
sile properties of wrought iron and the amount of reduction in rolling.
It is often asserted that the strength of wrought iron is inversely propor-
tional to the cross-sectional area. It is probable, however, that this is
true only so far as the smaller sizes represent a greater percentage reduc-
tion in rolling from the original pile of muck bars. Extensive tests made
at the Watertown Arsenal show that practically the same tensile prop-
erties are shown by all sizes of wrought-iron rods provided only that the
ratio of finished size of bar to size of pile is kept constant.

'142. Effect of Overstrain and Cold Work. The effeet of previous
straining of wrought iron upon the eclastic limit and ultimate strength,
as revealed by subsequent test, is to raise the elastic limit and increase
the ultimate strength provided the metal has been allowed to rest after
strains. The magnitude of the change effected will be dependent upon
the extent to which the previous straining was carried beyond the elastie
limit of the material in its original condition. ’

Cold-working of wrought iron, i.e., deforming it by rolling, hammer-.
ing, or pressing, at temperatures below” about 690° C. (1274° F.), affects
the structure and the mechanical properties of iron in much the same
way as straining it beyond the elastic limit. The elastic limit is con-
siderably raised, the ultimate strength is slightly raised, and the elonga-
tion or ductility' is usually lowered.

143. Compressive Strength of Wrought Iron. The properties shown
by wrought iron in compression do not differ materially from its tensile
properties. Its elastic limit, ultimate strength, and modulus of elasticity
are about the same in compression as in tension, provided that the ratio
of length to radius of gyration of the cross-section of the test specimen
does not approach the point where lateral flexure occurs.

The compressive strength of wrought iron is between 45,000 and
60,000 pounds per square inch if the length is short in proportion to the
radius of gyration. Usually, however, this proportion is too great to make
it possible to disregard flexure, and the ultimate compressive strength
must be taken to be only equal to the stress at the yield point, or from
25,000 to 35,000 pounds per square inch, according to the character and
condition of the iron. '
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All the considerations discussed above with reference to the modi-
fication of tensile properties by variations in the amount of reduction in
rolling, heat treatment, previous straining, etc., apply with equal force
to the compressive strength.

144. Shearing Strength of Wrought Iron. The ‘resistance of the
material to shearing stresses will be less on a plane parallel to the direc-
tion of the “grain” than on one that cuts the fiber of the iron transversely.
The shearing strength on a transverse plane is often twice that shown
on a longitudinal plane.

The actual shearing strength shown by tests is variable, but in gen-
eral will be from 20,000 to 35,000 pounds per square inch on a longitudinal
plane and from 30,000 to 45,000 pounds per square inch on a transverse
plane.

145. Wrought Iron vs. Steel. The fibrous character of wrought iron
is often used as a basis for differentiating wrought iron from low-carbon
steel in the nick-bend test, wherein the bar to be tested is nicked with

Wrought Iron Steel
Fig. 53.—Nick-bend Test.

a sharp chisel and bent cold with the nick at the outside of the bend.
Steel snaps sharply after a small bend, but wrought iron tears gradually
with a distinctly fibrous or “woody” fracture as shown in Fig. 53.

Wrought iron may also be distinguished from steel by means of
the fact that steel nearly always contains an appreciable amount of
manganese whereas wrought iron usually contains very little of this ele-
ment. The presence of slag in its characteristic lines (see Figs. 51 and
52) also distinguishes wrought iron, as steel should contain practically no
slag. The presence of slag can also be determined by a deep acid etch
since the slag fibers cause the surface to become black.

146. Fatigue Resistance. Wrought iron shows good resistance to
fatigue fracture, or progressive failure of the crystals. It is claimed
that the slag fibers serve to minimize stress concentration and to deflect
the path of the slip lines. Wrought iron has a good service record with
respect to resistance to the effects of constant vibration and sudden shock.

117. Resistance to Corrosion. Corrosion resistance of wrought iron
is attributed to the purity of the iron base metal, to freedom from seg-
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regated impurities, and to the presence of the glass-nke slag fibers.
Wrought iron has a good record of durability under actual operating
conditions in various kinds of service.

Under some conditions where corrosion is a factor, the life of metals
can be increased by the application of a protective coating such as paint
or galvanizing. The surface of wrought iron is microscopically rougher
than that of most metals and consequently provides good anchorage for
paints. Because of the slag fibers, the natural roughness of a wrought-
iron surface is accentuated by pickling with acid prior to galvanizing with
molten zine. As a result, wrought iron will take on a heavy zinc coating.

148. The Welding of Wrought Iron. One of the valuable properties
of wrought iron is the comparative ease with which it may be welded.
Its superiority is due largely to its comparative purity, since all impuri-
ties, especially carbon, silicon, and sulfur, reduce weldability in a marked
degree. The gencral use of welding as a means of fabrication makes this
an important characteristic. Any of the methods of welding, such as oxy-
acetylene, electric-arc method, or hammer-welding, may be employed for
wrought iron.

The high degree of purity of the base metal in wrought iron makes
its fusion temperature somewhat higher than that of other common fer-
rous metals, and for that reason it should be worked hotter for best
results. The slag content acts as a natural flux, thus serving as an im-
portant factor in producing a strong, uniform weld.

In gas welding, the procedure to employ with wrought iron is the same
as that for mild steel, except that heating should be continued for a
slightly longer period in order to attain the proper temperature. When
using the electric metal arc process, the best results are obtained when
the welding speed is decreased slightly below that suitable for the same
thickness of mild steel. In welding light sections where there is a possi-
bility of burning through the material, it also may be necessary to em-
ploy a slightly lower current value. Excessive penetration into the face
of the parent metal is unnecessary and undesirable. The penetration
should be no greater than that required to secure a sound bond between
the deposited metal and the parent metal. The slight modifications in
the procedure for electric fusion welding that have been indicated fall
well within the normal operating range of standard equipment. Any good-
quality welding rod, either coated or bare, can be used in welding wrought
iron.

149. Forming, Machining, and Threading. Forming of wrought iron
may be done either hot or cold, depending on the severity of the opera-
tion. Threading and machining operations are readily accomplished
with wrought iren on account of its fibrous structure and the softness of
the base metal.
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160. Uses. For about 25 years prior to the introduction of the Aston
process in 1930, the principal uses of wrought iron were for standard
pipe, tubular products, bars and forging stock; since then wrought iron
has been used for structural shapes, plates, sheets, welding fittings, rivets,
and special pipes and tubes. Wrought-iron products are used in building
construction, public works construction, and for the railroad, marine, and
petroleum industries.

161. Nickel-alloy Wrought Iron. The development of the Aston
process has made possible the manufacture of nickel-alloy wrought iron.
Up to 5 per cent nickel may be used, but for most practical purposes
1.5 to 3 per cent nickel is satisfactory. The nickel is added to the
molten wrought iron.

The comparative typical physical properties of unalloyed and 3 per

cent nickel wrought iron in the same class of product are given in
Table X.

TABLE X
TeNsILE ProPERTIES oF NickeL WRoUGHT IroN
| Unalloyed Nickel
Property Wrought Iron | Wrought Iron

Tensile strength, 1b. per sq. in.. 48,000 60,000
Yield point, Ib. per sq. in.. . ... 30,000 45,000
Elongation in 8 in., per cent.. . .. 25 22
Reduction of area, per cent. . . .. 45 40

It will be noted that the addition of nickel increases the tensile
strength 25 per cent and the yield point 50 per cent without a marked
decrease in the ductility. In these respects nickel-alloy wrought iron is
similar to nickel-alloy steel. (Sce Art. 245.) The properties of nickel-
alloy wrought iron can be improved by heat treatment. Nickel-alloy
wrought iron has good impact strength at sub-zero temperatures.

QUESTIONS

1. Distinguish between wrought iron and steel. .

2, Describe the puddling process of producing wrought iron. Is the puddling
furnace operation acid or basic? . Why does the wrought-iron metal form in a
pasty condition?

3. Describe the Aston process.

4, Give a typical analysis of high-quality wrought iron.

5. Sketch the photomicrograph of a longitudinal section of wrought iron.

6.’ Discuss the relationship between the strength of wrought iron in tension
and also in shear with respect to the direction of rolling.

7. Discuss the fatigue-resistance and corrosion-resistance properties of
wrought iron. :
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8. Compare the welding processes for wrought iron with those employed for
mild carbon steel.
9. State typical uses of wrought iron.
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CHAPTER VIII
CAST IRON

152. General. Cast iron differs considerably both in chemical com-
position and in physical characteristics from wrought iron and steel.
It possesses a very complex constitution which is subject to variation
with but slight changes in details of manufacturing processes. It is
comparatively coarsely erystalline in structure, possesses considerable
hardness but lacks toughness, melts readily and passes suddenly into a
very fluid state, in which it will take a good impression of a mold.

Cast iron is used to a certain extent for columns and posts in buildings,
for column bases, bearing plates, and innumerable minor structural parts.
In machine construction it finds a wide field of application, for it can
be cast in complex forms at a comparatively low cost.

A small number of iron castings are made by running the metal into
molds as it comes from the blast furnace. Ingot molds, for instance, are
made in this way at steel works. The variability of the blast-furnace
product, however, limits the use of these direct castings. The bulk of all
the iron used as cast iron is remelted cither in the cupola furnace or the
alr furnace before being cast in molds.

The process of remelting the iron in the cupola resembles the process
of melting ore in the blast furnace, except that the reducing action of the
blast furnace is not present. The only office of the air blast is the oxida-
tion of the fuel of the charge. Remelting in the air furnace bears no
resemblance to cupola melting, since the charge is melted in a hearth
out of contact with the fuel. The heat is supplied by radiation and re-
flection from the flame of a soft-coal fire maintained in a firebox adjoin-
ing the hearth, or from a burner using powdered coal or fuel oil.

MANUFACTURE OF CAST IRON

163. Raw Materials. Foundry Pig Iron. Nearly all pig irons for
foundry purposes are bought by analysis, the content of silicon and
sulfur being specified, and sometimes also the total carbon, manganese,
and phosphorus.

129
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In addition to the irons properly classed as foundry pig irons, Besse-
mer pig, ferrosilicon, and a few other special pig irons are used at times
to bring the composition of the cast iron within the required limits.

Scrap Iron. The term “scrap iron” designz‘ztes that considerable por-
tion of the iron charged into thg furnace which has been remelted one or
more times. It consists mainly of castings discarded after having been
in service, but includes also defective castings, gates, sprues, etc. Some
classes of castings are made without any scrap. For others, the amount
sometimes runs as high as 30 or 40 per cent.

The Flux. The office of a flux in the melting of iron is to absorb and
carry off in a slag the non-metallic residue of the iron and the ash of
the fuel, and to assist in the removal of sulfur. Since the impurities
in the charge of the melting furnace constitute only a very small propor-
tion when compared with the amount present in the charge of the blast
furnace, the percentage of flux required is correspondingly small. The
requirements vary greatly, but in general will average in the neighborhood
of 14 to 114 per cent of the weight of the iron.

The flux is calcium carbonate, usually in the form of limestone, but
oyster shells, marble chippings, dolomite, etc., are sometimes used, and a
portion of fluorspar (CaF,) is often added to obtain a more liquid slag.

The Fuel. The fuel in iron melting serves simply as a source of heat.

Coke is the most common fuel in the cupola, although a mixture of
coke and anthracite coal is sometimes used. The air furnace requires
a long-flaming bituminous coal or gas.

The fuel requirements depend upon the character of the castings being
made, small and thin castings requiring a hotter metal than large ones.

Tue CuroLa

154. The Cupola Furnace and Its Equipment. The cupola in its
essential arrangement is really a small blast furnace, operated under a
very much lower blast pressure, and intended only to melt the charge
without any attempt being made to attain reducing conditions. The
cupola is used for most foundry purposes in the production of gray-iron
castings and for melting iron for steel furnaces.

The type of cupola shown in Fig. 54 is representative of those used
in foundries. It consists of a vertical cylindrical shell of wrought iron
or steel, lined with firebrick set in fireclay grout. The structure is sup-
ported on columns about 4 feet from the floor. The size of the cupola is
quite variable, ranging from about 22 inches inside diameter to about
100 inches. The height is dependent upon the diameter, the usual prac-
tice being to locate the charging door at a height above the bottom
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, plate equal to 3% to 4 times the internal diameter. The height of
the stack above the charging door is governed by considerations of
draft.

The air blast enters the crucible
through tuyéres leading from the e
wind belt, or air chamber, which S

surrounds the lower portion of the )
R Charging ﬂ
furnace. The tuytres themselves Door
are not claborat.ely co_nstructed, s ,«, »
but are usually simply iron cast- :
. . . a
ings set in the brickwork of the ’
lining. The tuyéres are usually
arranged in two horizontal rings R YL ining Shelt
some 12 or 15 inches apart verti- i
cally, the arca of the upper tuyéres “"6 — M
being, as a rule, only a small frac- Blast i Dampers ou
. N Entrancei 4= C, upper Tuyeres
tion of that of the lower ones. St i N Tap Spout
. . . Spout ' J -
The slag hole is situated just ooait

Blast Gage

below the tuyéres at a height .. ing Door

above the bottom plate governed
by the amount of metal required

per heat.
The bottom of the furnace con- e
sists of two or more flap-hinged Fia. 54—Foundry Cupola.

castings which are normally held in

position by a prop beneath. At the conclusion of a heat, or cast, the
prop is knocked out, allowing all the material remaining in the furnace
to be dumped.

The taphole, or spout, is located just at the level of the bed of sand
which covers the bottom doors.

The air blast is generally derived by means of a positive-acting blower,
usually of the two-impeller type. This type of blower is very simple,
free from mechanical weakness, and capable of delivering large quan-
tities of air under low pressures.

155. Operation of the Cupola. Charging. The usual method of start-
ing a run consists of laying a bed of shavings and kindling wood on
the bottom, followed by heavier wood, then fine coke, and last a charge
of the regular fuel.

The tuyére doors are now opened, the shavings lighted at the -front,
and the fire allowed to burn up until all the fuel is well lighted. Then
the tuyére doors are closed and charging is begun.

An oil torch is sometimes employed without wood kindling. Openings
or flues through the coke are made directly upon the sand bed by means
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of thin boards, and the fuel is ignited by the torch flame entering at the ,
front.

The bed of fuel having been properly prepared and leveled off, the

charge of broken pig and scrap is
VW carefully placed, an. effort. being
" made to fill up the interstices as
’ far as possible and keep the charge
level. The next charge of fuel is
now placed on the iron, and alter-
nate charges of iron and fuel
continue until the height of the
charging door is reached. When
a flux is required, the proper pro-
portion is charged on top of each
bed of iron, except at the start
X and at the end of the heat, when
Aelting it may be omitted.
* The furnace is often charged
2 or 3 hours before the blast is
Combustion  started, but, even if the blast is
put on immediately after charg-
ing the iron, iron should begin to
melt and appear at the taphole
Crucible within 15 or 20 minutes after
fron starting the blast. If it does not,
it indicates that the bed of coals
/! | has not been properly prepared.
| . When the furnace is properly
operated it shows the following
distinct zones of action, beginning
at the bottom and proceeding up-
wards: The crucible zone or
hearth, the tuyére zone, the melting zone, and the stack. These four
zones are indicated in Fig. 55.

The crucible zone extends from the bottom up to the level of the
tuyeres. It serves the sole purpose of collecting and holding the molten
metal and slag until tapped out.

The tuyére zone is the zone of combustmn The blast here comes in
contact with the red-hot coke and rapidly oxidizes it. A column of
coke always extends from the melting zone to the bottom of the crucible,
and combustion occurs from the level of the molten metal to a point
above the tuyéres, the height of which is dependent upon the pressure
of the blast.

or
Tuyere Zone

F16. 55—~Zones in Cupola.
(Stoughton.)
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The melting zone is situated directly above the tuyére zone. During
the melting the iron is supported on a column of coke, extending to the
bottom of the cupola, which is the only solid material below the melting
zone. The iron as it melts trickles down to the bottom over the column
of coke. Each layer of iron requires about 5 to 10 minutes to melt,
and the column of coke is constantly sinking, so that the last of the iron
melts several inches lower than the first. If the charges of iron and
coke and the pressure of the blast are properly proportioned, each charge
of iron will enter the top of the melting zone just before the last charge is
completely melted at the bottom.

The stack extends above the melting zone to the level of the charging
door. TIts function is to contain material that will absorb heat to bring
it into good condition for action in the melting zone, and to keep the
heat in the melting zone as much as possible. ’

Duration of the Cupola Run. A Toundry cupola is never run con-
tinuously, but is started anew for each casting and is “dumped” at the
conclusion of the run. As a general rule, the duration of the run does
not exceed 3 or 4 hours, and it cannot exceed this period if no provision
is made for draining off the slag. Some large cupolas operated in con-
nection with steel plants are run continuously for 6 days in a week, at
the end of which time, if not before, it is generally necessary to stop to
effect extensive repairs.

Tapping Out and Stopping In. The taphole is usually left open until *
the iron begins to run after the blast is started, at which time it is closed
if an accumulation of metal is desired. Often the first iron is used only
to warm the ladles which are subsequently to be employed in f)ouring the
castings.

The “stopping in” is accomplished by means of the “bod” and “bod-
stick.” The bod is a plug made of fireclay, sand, or molding sand, molded
in the shape of a cone which adheres to the enlarged end of the “bod-
stick,” which is simply an iron bar with an upset end. The bod is thrust
in quickly to stop the flow of metal and bakes hard enough to withstand
the pressure. A soft bod of molding clay and sawdust is used when
the cupola is tapped and stopped very frequently.

Tapping consists simply in piercing the bod with a round iron bar
provided with a pointed end. It is an operation requiring great care,
since the danger of causing molten iron to spill and burn those near at
hand is ever present.

THE AIR FURNACE

156. The Reverberatory or Air Furnace. The reverberatory or air
furnace has natural draft and employs the principle of utilization of
heat derived by reflection from the roof upon the bath of the metal.
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The air furnace is principally confined to the production of white
iron for malleable cast iron, but it is also used to produce irons of par-
ticular composition for special purposes.

The design of air furnaces shows many variations, but Fig. 56 shows
a typical form in which coal is burned as fuel. The main portion of the
furnace, the hearth (f), is flanked on one end by a firebox (g), and on
the other by a flue leading to a stack (0). The walls of the furnace (a)
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Fic. 56.—Air Furnace.

are of very heavy brick masonry incased in iron plates (b), and rein-
forced both ways by tie rods (¢) between buck stays (d).

The hearth bottom is a mixture of sand and fireclay supported by
brickwork built to slope downward from the fire-bridge (k) to the flue-
bridge. The crown of the furnace is similarly inclined downward toward
the stack in order to deflect the heat of the ﬁames downward on the iron
in the hearth.

The firebox is provided with iron grate bars, and fuel is introduced
through a fire-door in one side wall of the firebox. Pig iron and scrap

“are charged in through the charging door '(j), and holes (m) are pro-
vided to facilitate the skimming of the bath of metal. The spout is
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not shown in the figure, but is so placed as to drain the metal from the
lowest part of the hearth.

Furnaces in which large amounts of iron, or bulky scrap iron, are
melted often have removable sections in the crown through which the
charge is lowered by cranes.

In some modern air furnaces the hard-fired iron grate firebox is re-
placed by a burner using powdered coal or fuel oil.

157. Operation. Tke Charge. The small serap is first placed in the
furnace hearth, followed by the flux and the pig iron or the large scrap.
The furnace is either still hot from the last melt, or it is heated for some
hours before charging, so that melting begins soon after the charge is
placed.

Control of Melting. The temperature of the furnace is controlled by
the rcgulation of the draft by means of a damper in the stack or stack
flue, and one in the firebox. The bituminous coal burns with a long flame
which sweeps through the melting chamber, the conditions being strongly
oxidizing rather than reducing. A slag soon forms and covers the metal
as it accumulates, so protecting it in a measure from oxidation. The
slag is not drained off, but must be skimmed from time to time. The
furnace man also rabbles the charge, gradually pushing the pig down
into the bath.

The time required for melting is much greater than in the cupola, the
actual time being dependent upon the capacity of the furnace. A 10-ton
furnace will melt down a charge in 3 or 4 hours; a 30-ton furnace will
require 8 or 9 hours. The fuel requirement is about one-fourth the weight
of the charge, or about 25 per cent of the iron produced. The metal is
tapped as rapidly as possible, and, since the hottest metal is at the top
of the bath, a scries of tapholes at different levels are sometimes used
successively. The loss of metal due to oxidation amounts to 2 to 5 per
cent of the charge.

Oxidation can be more carefully controlled by means of fuel oil or
powdered coal burners. No regulation of air from the draft is required.
The composition of the finished cast iron and the temperature of pouring
can be accurately controlled.

158. Advantages and Disadvantages. The product of the air furnace
is purer than cupola iron, since the metal does not come in contact with
the fuel. This means less absorption of sulfur and less absorption of
carbon, resulting in general in a higher grade and stronger iron. The
process being much slower than the cupola process, it is under better con-
trol and any desired composition can be more closely approached.

The cupola, on the other hand, is a cheaper installation, requires less
skilful management and is therefore cheaper to operate; the heat is more
uniform, so that all the metal of a melt has more nearly the desired
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temperature; very hot iron is more easily obtained; the furnace can be
started and stopped more readily; the fuel efficiency is greater; and there
is less loss of metal through oxidation and consequent removal in the
slag.

IroN FounbpiNG

169. Iron Founding in General. The art of founding consists in pour-
ing molten metal into a mold of any desired special form, which the
metal assumes and retains when cold. Provision must be made for elimi-
nation of gases evolved when the iron solidifies and for shrinkage of the
iron upon cooling.

The most important part of iron founding is making the molds, a
process which demands considerable mechanical skill and no small amount
of manual labor. No portion of the technology of iron is of more im-
portance to the engineer and designer than a thorough understanding of
the molder’s art. Sand, the material generally used for molds, cannot be
molded into any conceivable shape, but has certain practical limitations.
For the most part, the impression in the sand of the mold is made by
a pattern which must be so designed that its removal from the mold is
possible. It is not so easy as it may at first appear to avoid shapes
which would call for a pattern which could not possibly be removed, leav-
ing the mold intact. Another consideration is that sand, when confined,
is a comparatively unyielding material, and therefore the shape of cast-
ings must be such that the shrinkage which invariably occurs as the metal
cools will not induce dangerously high internal stresses.

Without mentioning any of the other factors, it will be clear that the
definite limitations of the molder’s art constitute certain limitations for
the engineer, and, without a practical knowledge of the former, iron cast-
ings cannot be intelligently designed.

160. Molds and Molding. The various methods of making sand molds
may be divided into the following three classes of greatest importance:
“green-sand molding” involves the making of an impression of the desired
form, by means of a pattern, in a mold composed entirely of sand in a
damp state; “dry-sand molding” involves the making of molds in damp
sand by means of a pattern as in green-sand molding, after which the
mold is dried in an oven until the moisture is expelled and the sand
baked hard (molds made of foundry sand coated with a thin film of
clay and colloidal iron hydroxide retain their form after drying) ; “loam
molding” does not involve the use of patterns, but its application is largely
confined to articles whose surfaces are surfaces of revolution, the molds
being built up of brickwork covered by a layer of loamy sand in which
the desired imprint is made by a “sweep.” Machine molding may replace
‘hand work by any of these methods.
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A mold is usually made in two parts, the upper part being called the
cope and the lower part the drag. The rectangular frame commonly used
to hold the mold is called the flask. Patterns are many times divided into
two parts. The lower part is placed at proper height in the sand in the
drag, and the sand is tamped and struck off evenly at the top. The pat-
tern is then carcfully withdrawn from the sand, leaving an imprint of the
pattern in it. The upper part of the pattern is similarly employed in the
cope, and the cope is inverted and placed on top of the drag so that a hol-
low space corresponding to the casting will be formed. A passage called
a gate is formed in the cope for pouring the metal into the cavity, and at
least one passage of relatively large cross-section called a riser is provided
to the upper surface to serve as a vent for gases and to form a reservoir
of excess molten metal for the purpose of filling the casting cavity com-
pletely as the metal shrinks in cooling.

161. Patterns and Cores. Pattern-making is an art in itself, involving
a considerable amount of technical skill. Patterns may in general be di-
vided into two classes, the first of which are used to produce solid castings,
the second to produce hollow ones. Usually, however, the pattern is
solid, the hollow portion being formed by a core which is placed in the
mold after the removal of the pattern.

The great majority of all patterns are made of wood. Brass or other
metals are sometimes used for the sake of greater durability when a
great many molds are to be made from the same pattern. The simplest
patterns are merely solid wood duplicates of the desired castings except
that an allowance of about 14 inch per foot is made in dimensions to
compensate for the shrinkage of gray-iron castings in cooling and about
1/ inch per foot for white-iron castings. A slight tapering known as draft
is given the vertical plane surfaces in order to facilitate the withdrawal
of the pattern from the mold.

The corcs are usually made from a mixture of fine siliceous sand with
clay or loam, which is packed in the core-box while damp. Some binder,
such as flour and water, starch, molasses, linseed oil, rosin, or glue-water,
is usually required to give the core strength enough to permit handling,
and holes are commonly left running lengthwise through the core for the
purpose of venting. When the cores are dried in an oven prior to use in
a mold they are called dry-sand cores. The great majority of all cores
are of this class. If a core is long, particularly if it is supported horizon-
tally over a considerable span, it is necessary to stiffen the core by in-
gertion of iron or steel wires or even skeleton frames of metal. A core
maintains its shape while the molten metal flows around it, but the heat
. carbonizes the binder, destroying the bond between the sand grains and
thus permitting the core to be crushed by the shrinkage of the metal with--
out damage to the casting. Cores that are adjacent to thick parts of a
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casting are apt to be fused before the metal is solidified, unless protected
from the heat of the slowly cooling molten metal. They are therefore
often daubed with an insulating coating of blackening. For this purpose
pulverized graphite or plumbago is either applied wet as a wash, dry with
a brush, or shaken from a cloth bag.

162. Chilled Castings. A chilled casting is one made in a mold, some
parts of which, at least, are made of iron, such portions of the mold being
called “chills.” The purpose of introducing chills into a mold is to convey
away the heat of the molten metal rapidly, a treatment which has the
effect of causing the carbon in the iron to remain in chemical combina-
tion, instead of separating therefrom in the form of graphite, as it nor-
mally does in slowly cooled castings of gray iron. The physical effect of
chilling on the character of the iron is to harden it greatly for a certain
depth, giving to the exterior of the iron the characteristic appearance of
white iron, while the body of the casting remains a gray iron. Chilling
is principally used for wearing surfaces of such castings as iron rolls and
treads of car wheels.

163. Designing Castings. The following rules should be observed by
the designer: (1) avoid sudden changes in thickness, (2) avoid sharp
corners, and (3) avoid sharp reéntrant angles. Changes in thickness
should be gradual, and sharp corners should be rounded. Reéntrant an-
gles are particularly bad since the flow of heat at such angles is greater
than on plane surfaces, causing crystals to grow slowly on a line bisecting
the reéntrant angle and thus producing initial tension there. The remedy
is to round off the angles. The designer should make use of fillets to
avoid sharp edges. Parts of a casting should be arranged so that it can
shrink without restraint.

164. Pouring the Iron. In small foundries it is usually the practice
to stop molding in the middle of the afternoon and pour all the molds that
have been made. For small work the metal is caught in hand ladles at
the cupola taphole and conveyed to the molds by one or two men. The
ladles must be heated by allowing a part of the first iron run to stand in
them for a few moments before the actual pouring is begun; otherwise the
ladle will chill the metal and the iron will not enter the mold at the re-
quired temperature. Practically all foundry ladles are top-pouring (i.e.,
the metal is poured by tipping the ladle), rather than teeming ladles,
which are provided with a valve in the bottom. This necessitates the use
of a bar to keep back the slag which floats on the metal and would other-
wise enter the mold. Care is exercised by the molder to hold the ladle as
near the pouring gate as possible to lessen the impact of the stream of
metal upon the sand of the mold. The proper time to cease pouring is in-
dicated by the appearance of the metal at the top of the riser. Each
mold must be filled in one operation, and therefore when the ladle does
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not contain enough metal to fill a mold completely its contents are
emptied into pig-beds molded on the foundry floor.

Large foundries employ traveling cranes and large ladles holding per-
haps a ton or more of metal. During the filling of the molds, it is usually
the practice to ignite the gas which escapes from the vent holes, thereby
preventing its accumulation in the molding room. .

The flasks are removed soon after the completion of the pouring, and
the molds are dumped off the bottom boards in piles, from which the hot
castings are hooked out and allowed to cool. The gates and runners are
now broken off by a few sharp blows with a hammer and the castings
removed for cleaning.

165. Cleaning the Castings. The sand which adheres to the castings
is usually removed by one of three methods: rattling them in a tumbling
barrel, pickling, or sand blasting,

Rattling is most commonly practiced with small castings. The tum-
bling barrel is simply a short horizontal eylinder mounted on trunnions.
The castings are piled into the barrel, together with a quantity of abrasive
material in the shape of small, irregularly shaped, hard iron stars or picks.
The barrel is rotated slowly, and the falling about of the castings and the
stars gradually knocks the burned sand and scale off the surfaces of the
castings. This method has the disadvantage of producing a hard skin
upon the castings which causes difficulty if they are subsequently to be
machined.

Rattling will never completely clean any but very simple castings,
and a better method consists in pickling the castings by immersion in a
dilute sulfuric or muriatic acid solution. The acid attacks the iron some-
what, thereby loosening the sand and scale. Pickling in a 15 per cent
solution of sulfuric or muriatic acid requires about 12 hours and must be
followed by a careful washing in water. Hydrofluoric acid sometimes re-
places sulfuric or muriatic acid. The former attacks the sand itself, in-
stead of the iron, and with only about a 5 per cent solution castings may
be cleaned in an hour or less.

The sand blast is the most convenient method of cleaning large cast-
. ings, especially those of very irregular form, such as gears, ete. Very
often the sand blast is followed by pickling. '

The final operation in the preparation of castings for use consists in
smoothing up the irregularities left by breaking off the gates, the “fin”
formed where the metal has run between the two portions of a mold, ete.
With small castings this is most readily done with an emery wheel. With
Iorger castings chipping with a cold chisel is often necessary, and a pneu-
matie chipping tool is most cfficient. Portable emery wheels fitted with a
flexible drive are also used for this purpose.
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CONSTITUTION

166. Essential Constituents of Cast Iron. Referring to the iron-
carbon diagram, Fig. 41, Art. 103, it will be noted that only up to about
1.7 per cent carbon will dissolve in iron in the solid solution. This marks
the limit of the steel range; beyond is the series of alloys known as cast
iron, the usual carbon.content of which is from 2.5 to 4.5 per cent. Neg-
lecting the effects of other elements, the constitution of iron-carbon alloys
in the cast-iron range is described.

A liquid iron-carbon alloy containing from 1.7 to 4.3 per cent of car-
bon separates during solidification along line AC' into austenite (solid so-
lution of carbide in gamma iron having a maximum of 1.7 per cent carbon
at 1130° C. [2066° F.] ) and a residual liquid which becomes increasingly
richer in carbon. At the eutectic temperature (1130° C. [2066° F.] ) the
liquid contains 4.3 per cent of carbon and solidifies as the eutcetic mix-
ture, called ledeburite, which consists of a mixture of saturated austenite
and cementite. When the alloy is cooled below the eutectic temperature,
cementite is separated from austenite along the line ES. At the ecutectoid
(723° C. [1333° F.] ) the remaining austenite is transformed into pearlite.
Below the eutectoid the iron has a complicated microstructure of cemen-
tite and pearlite. ’

Iron-carbon alloys containing above 4.3 per cent of carbon scparate
during solidification along line DC into cementite and a residual- liquid.
At the eutectic the remaining liquid solidifies into ledeburite. The aus-
tenite in the ledeburite is transformed into cementite and pearlite as
‘above described. Below the eutectoid this iron also has a complex micro-
structure of cementite and pearlite.

The discussion above refers to iron-carbon alloys, but the composition
of cast iron is that of a complex alloy containing usually six important
elements, together with other elements of less frequent occurrence. The
elements invariably present are, in the approximate order of their
importance, iron, carbon, silicon, phosphorus, sulfur, and manganese. In
addition, copper, nickel, oxygen, and nitrogen are often present, and
aluminum, titanium, vanadium, and chromium are sometimes added.

The constitution of cast iron is much more complex than the composi-
tion, because of the variety of compounds which the elements present
combine to form. The most important consideration affecting the char-
acter and properties of cast iron is the carbon content and, in particular,
the form assumed by the carbon, ie., whether free as graphite, or in
chemical combination with the iron as a carbide. The importance of the
elements other than the iron and carbon is chiefly due to their influence
upon the state agsumed bv the carbon.
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Before the essential constituents of cast iron can be stated even in a
general way the existence of three principal classes of cast iron must be
recognized, the differences being due to the different states in which the
carbon occurs,

Gray cast iron is that in which the carbon occurs chiefly in the graphite
state.

- White cast iron is that in which the carbon occurs chiefly as the car-
bide of iron.

Mottled cast iron is a mixture of particles of gray iron with particles
of white iron. It has no special adaptation, and its production is largely
unintentional.

167. Carbon in Cast Iron. When cast iron solidifics from the molten
state the carbon probably remains in the combined conditions as carbide
of iron, Fe3C, which is partly frce as cementite, and partly in solid solu-
tion in the iron as austenite. The Fe3zC is an unstable compound, how-
ever, and when formed at a high temperature is readily decomposed into
graphite and iron.

The decomposition of the carbide with the consequent formation of
graphite carbon is facilitated particularly by a slow rate of cooling and
by the presence of silicon. It is retarded, on the other hand, by rapid
cooling or by the presence of much sulfur or manganese.

168. Gray Cast Iron. Cast irons containing considerable amounts of
graphite carbon are known as gray cast irons, because of the grayish or
blackish, coarsely erystalline appearance of their fractures. This appear-
ance is caused by the presence of many irregular and generally elongated
and curved plates of graphite imbedded in the matrix of ferrite and ce-
. mentite. These plates of graphite are made up of smaller plates, some-
what like sheets of mica, and may be split apart with ease. The indi-
vidual sheets of graphite vary in size from microscopic proportions to
one-cighth of a square inch or more in arca. The characteristic strue-
ture of gray cast iron is shown in Fig. 57. The irregular dark bands are
graphite plates, the intermediate area being the ferrite-cementite matrix.
The actual amount by weight of graphite in gray cast iron is between 2
and 4 per cent, the combined carbon being under 134 per cent. The vol-
ume content of graphite is much higher, however, since iron has a specific
gravity about 314 times that of graphite.

Since the strength of gray iron depends almost entirely on the matrix
in which the graphite is imbedded, it follows that the strongest and hard-
est gray iron is that in which the matrix is wholly pearlitic. The consti-
tution of the matrix may be varied from pearlite, through mixtures of
pearlite and ferrite in different proportions, down to a practically pure
ferrite. The graphite-ferrite mixture is the softest and weakest iron; the
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strength and hardness increase, reaching the maximum with the pearlitic

gray iron.

Frc. 57 —CGray Cast Iron 150 X.

(Homeiberg )

A Pearhte, B Fernte, ¢ Graphite (dark streaks).

169. White Cast Iron. Cast iron in which most of the carbon is
present in chemical combination with iron as carbide of iron (Fe3C), or

Fra. 58 —~White Cast Iron 100X. (Homeberg.)
A Pearlite, B Cementite,

cementite, is called white
cast iron because of the
white, highly metallic frac-
ture which characterizes it.
The ferrite and a portion of
the cementite together form
pearlite, so that the ultimate
constitution of an iron free
from graphite will be a mix-
ture of cementite and pearl-
ite. The appearance of white
cast iron is shown in Fig. 58,
in which the light areas are
free cementite and the dark
banded areas are pearlite.
The dividing line be-
tween high-carbon steel and
white cast iron lies at about

1.7 per cent carbon, but, as a matter of fact, most steels do not
approach 1.7 per cent carbon and few white cast irons have less
than 2.25 per cent or even 2.50 per cent carbon. The chief industrial
use of white iron is as a starting point in making malleable iron

(Art. 185).
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170. Silicon in Cast Iron. After iron and carbon, silicon is, in its
effects upon the character of the iron, the most important element present
in cast iron. Silicon combines with a part of the iron to form the silicide
(Fe,Si), which forms a solid solution with the ferrite. The primary effect
of silicon upon the carbon is as a precipitant, driving the carbon out of
combination into the graphite form. The maximum precipitation of
graphite seems to occur with about 2.5 to 3.5 per cent of silicon.

The presence of silicon causes the eutectic to consist of austenite and
graphite instead of austenite and cementite. Final solidification occurs
above the eutectic temperature for plain iron-carbon alloys. Further
slow cooling after solidification decomposes the austenite along the lines

’S’ (Fig. 41), causing graphite to be formed. At the eutectoid the re-
maining austenite decomposes into alpha iron and cementite, forming a
pearlitic structure. Very slow cooling below the cutectoid will transform
the cementite into alpha iron and graphite.

When silicon is increased in amount, the solubility of carbide in aus-
tenite becomes less. Also the presence of silicon raises the temperature
of the eutectoid and reduces the carbon content corresponding to the
euteetoid. .

Silicon in percentages below about 2.5 per cent acts, therefore, as a
pronounred softener, producing soft gray iron, but larger percentages re-
sult in the formation of hard and brittle iron due to the excess of the hard,
brittle iron silicide, Fe,Si. Small percentages also produce freedom from
oxides and blowholes, promote fluidity, and decrease shrinkage and depth
of chill.

171. Sulfur in Cast Iron. The influence of sulfur upon the form
assumed by the carbon in cast iron is the reverse of the influence of sili-
con. The higher the sulfur content, the higher will be the proportion of
combined carbon. This tendency upon the part of sulfur is much greater
than is the opposite tendency exhibited by silicon, however, a given
amount of sulfur being able to neutralize about 15 times as much silicon.
Sulfur, therefore, tends to produce hard, brittle, white iron.

Aside from the effect of sulfur upon the properties of iron on account
of the fact that the carbon is driven into combination as the carbide,
sulfur, if present as iron sulfide, FeS, possesses the power materially to
affect the behavior of iron in solidifying and cooling. Only a few tenths
of 1 per cent of sulfur suffice to render iron very tender at a red-heat
(“red-short”), and therefore likely to check or erack if in solidifying the
shrinkage causes the casting to tend to crush the sand of the mold, thus
resulting in the setting up of internal stresses in the iron. Sulfur also
causes solidification to become very rapid, and often is responsible for
the presence of blowholes and sandhales.

Manganese, because of its great affinity for sulfur, will tend to rob the
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. iron sulfide, FeS, of its sulfur, forming MnS, a compound which is less
potent than FeS in affecting the proportion of combined carbon. A given
percentage of sulfur may, in general, be neutralized by the presence of
about twice as much manganese. Specifications usually limit the maxi-
mum sulfur content of gray cast iron to not more than 0.10 per cent, and
often the maximum allowance does not exceed 0.05 per cent.

172. Phosphorus in Cast Iron. Chemically, phosphorus tends to in-
, crease the proportion of combined carbon, especially when the silicon is
low and the phosphorus high. On the other hand, phosphorus lengthens
the time of solidification, thereby affording opportunity for the precipita-
tion of graphite. When the silicon is high, therefore, the presence of
moderate amounts of phosphorus actually increases the precipitation of
graphite, but when the proportion of phosphorus is very large, the chemi-
cal effect is great enough to retain the carbon in the combined form in
spite of the longer period of solidification.

The presence of phosphorus in considerable amounts tends therefore
to produce a hard white iron, lacking in toughness and workability, and
especially lacking in shock resistance when cold. Phosphorus reduces the
melting point of iron and makes it very fluid. It is therefore useful in
making very thin castings where a less fluid iron will not take a perfect
impression of the mold. Not more than 0.05 per cent of phosphorus is
allowed in the best gray iron, though from 1.0 to 1.5 per cent is sometimes
used when fluidity is more important than toughness.

173. Manganese in Cast Iron. Manganese increases the tendency for
iron to hold carbon in solution and therefore increases the proportion of
combined carbon, though it is much less potent in this respect than sulfur.

If no more manganese is present than is required to combine with the
sulfur, forming MnS, its effect will not be to increase the proportion of
combined carbon, but just the reverse, because the sulfur is taken from
the sulfide, FeS, which is so powerful in causing the carbon to assume the
combined form. Any additional manganese unites with carbon to form
the carbide, Mn3C, and this carbide unites with the Fe3C, causing the
cementite to be made up in part of the double carbide of iron and man-
ganese (FeMn);C. ,

It appears, therefore, that manganese, up to the amount which com-
bines with sulfur to form MnS$, tends to lower the proportion of combined
‘carbon and consequently decreases the hardness and brittleness of the
iron. Any additional manganese, however, has a marked effect in caus-
ing the carbon to assume the combined form, and is therefore a hardener.

PHysicAL PROPERTIES

174. Behavior of Iron in Cooling. Shrinkage. The shrinkage of cast
iron is an important consideration for the pattern maker, because due al-
lowance for shrinkage must be made in the dimensions of the pattern if
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the casting is to conform to the size called for by the drawings. It is
also an important consideration for the designer and the founder, because
the stresses set up in cooling and the consequent danger of checking are
directly dependent upon the degree of shrinkage if the casting is of such
a shape that its shrinkage tends to erush the sand in the mold.

With few exceptions, all metals expand upon heating and contract
when cooling. The total expansion in melting a metal will correspond to
its total shrinkage in solidifying and cooling. Pure iron shrinks about
0.3 inch per foot; a less pure iron usually shrinks less, because impurities,
particularly carbon, in general lower the melting point.

The separation of carbon as graphite exerts a powerful influence upon
the total net shrinkage of iron because of the expansion which its separa-
tion causes.

The factors that chiefly determine the amount of shrinkage are there-
fore the factors that chiefly control the separation of graphite, i.e., the
silicon content and the rate of cooling. Morcover, since the rate of cool-
ing is largely dependent upon the size of the castings, the shrinkage be-
comes largely a function of silicon content and size. This relationship is
shown graphically by Fig. 59, which is based upon experiments made by
W. J. Keep. The shrinkage is shown to be inversely proportional to the
percentage of silicon, and for an iron of given composition the shrinkage
decreases as the size of casting increases.

Other clements whose presence affects the separation of graphite,
either directly or by affecting the rate of cooling, naturally have an
effect upon shrinkage.
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the stresses caused by the contracting of the metal upon the sand, and
upon the weakness of the metal at a temperature slightly above a black

* Development of minute cracks.
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heat. The factors that govern shrinkage, therefore, determine the stresses
to which the cooling metal will be subjected, if the casting is of such a
shape as to compress the sand in shrinking.

Sulfur is the most deleterious element affecting the strength of iron
at a temperature just above a black heat. Phosphorus, by decreasing
shrinkage, should decrease the checking of the metal, but this effect may
be more than offset by the tendency of phosphorus to cause the metal to
assume a coarsely crystalline structure. Manganese somewhat counter-
acts this last tendency upon the part of the phosphorus and therefore
tends to prevent checking.

Segregation. Segregation in castings is the collecting together of im-
purities in spots. The primary cause of segregation is the effect of im-
purities in lowering the freezing point of iron. This results in forming a
fluid solution which remains molten after the remainder of the metal
has solidified, and runs to that part of the casting which has the loosest
texture. These spots, often called “hot spots,” are likely to occur in the
middle of the larger sections of the casting. They are often porous, and
are usually hard and brittle.

The tendency to segregation is proportional to the amount of impuri-
ties present. Phosphorus is especially likely to cause segregation, and
manganese and sulfur have the same effect to a less marked extent.
Segregation is not commonly encountered in iron founding, however, since
other considerations usually require a degree of freedom from excessive
amounts of phosphorus, sulfur, or manganese which will minimize the
danger of segregation.

Chilling. The intentional chilling of iron by the insertion of metal
chills in a mold has been discussed in Art. 162. The production of properly
chilled iron is a very difficult problem, mainly on account of the effect of
variations in composition of the iron upon the depth of chill obtained.
The most important factors in this regard are the contents of silicon and
of sulfur. If the silicon is comparatively high and the sulfur very low,
chilling is practically impossible. If both silicon and sulfur are very low,
a considerable amount of chill is obtained, and the best results are ob-
tained when a low percentage of silicon is combined with a rather high
percentage of sulfur. Phosphorus has little effect upon the depth of chill.
Manganese increases the hardness of the chilled iron.

175. Hardness. The principal factor in determining the hardness of
cast iron is the amount of combined carbon. This is due, first, to the
hardness of cementite itself, and second, to the fact that increase in com-
bined carbon usually means a decrease in graphite carbon, which is very
soft. Graphite has a further effect in increasing the ease with which
cast iron may be worked.

The influence of elements other than carbon upon the hardness of iror
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is, with the exception of manganese, directly dependent upon their power
to vary the amount of combined carbon. Silicon, therefore, acts as a
softener, unless its percentage exceeds about 3 per cent, when the effect is
reversed. Sulfur and phosphorus act as hardeners in all percentages, and
manganese, in addition to its indirect effect on combined carbon, has a
direct hardening influence owing to the hardness of the compound
(FeMn) 3C.

176. Tensile Strength. The tensile strength of cast iron is dependent
upon the founding methods, the design, and the size of castings. In addi-
tion, the composition, and more particularly the constitution, exert a
great influence upon strength.

The presence of graphite plates in any proportion must necessarily de-
crease the strength of the iron as a whole. This injurious effect of
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graphite is not necessarily directly proportional to the degree of con-
tinuity of the graphite mesh.

Any diminution in the proportion of graphite will, in general, diminish
in some degree the continuity of the graphite mesh and will, therefore,
lessen its detrimental effect upon strength. This increase in the propor-
tion of cementite in the matrfix means a proportionate increase in its
strength until the percentage of cementite in the iron reaches a certain
point, which is in the neighborhood of 1.2 per cent for an iron containing
about 4 per cent total carbon. Further increases in the percentage of ce-
mentite beyond this point increase hardness and brittlencss at the expense
of toughness, ductility, and strength. It is evident, therefore, that the
strength of an iron will be greater when the percentage of combined car-
bon does not exceed about 1.2 per cent than it will be if any higher per-
centage is present. Whether the highest strength is fourd with about 1.2
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per cent cementite or when the percentage of cementite is below this point
will depend upon whether the loss of strength due to increase in graphite, °
on the one hand, or the gain in strength due to the higher carburization
of the steel matrix, on the other hand, is the more influential factor.

The approximate relation between tensile strength and state of carbon
is shown graphically by the diagram of Fig. 60, which is abstracted from
the original of Professor Henry M. Howe. In this diagram it has been
assumed that the iron possesses a constant total carbon content (4 per
cent).

177. Influence of Metalloids and Rate of Cooling upon Strength. The
influence of the metalloids and the rate of cooling upon the strength of
castings is largely an indirect one, dependent upon the extent to which the
separation of graphite is facilitated or retarded.

Silicon in small amounts, by favoring the precipitation of graphite,
exerts an influence which is beneficial to strength, provided that an exces-
sive amount of combined carbon would otherwise be present. In this
event the gain in strength of the matrix which accompanies the relief of
brittleness more than compensates for the injurious effect of the increase
of graphitic carbon. If, on the other hand, the additional graphite pre-
cipitation caused by silicon produces an iron whose matrix possesses too
little combined carbon, the iron is weakened both because of the lowering
of the strength of the matrix and because of the weakening and softening
influence of the graphite.

The influence of sulfur, when present as FeS, is always as a weakener
of cast iron, not only because it prevents the separation of graphite
chemically and by hastening solidification, but also because it promotes
the inclusion of flaws (blowholes, sandholes, or shrinkage cracks), induces
internal stresses, and causes coarse crystallization and brittleness. The
harmful influence of sulfur may, of course, be more or less completely
neutralized by much larger percentages of silicon or by the presence of
about twice as much manganese.

Phosphorus usually tends to weaken cast iron. When the silicon is
high, however, a moderate amount of phosphorus may, by increasing the
time of solidification, promote the separation of graphite as above ex-
plained, thereby improving strength. The presence of more than about
0.05 per cent phosphorus will, however, always be detrimental to
strength.

The effect of manganese upon strength is always dependent upon the
relative amounts of sulfur and manganese present. If the manganese
content does not exceed twice the sulfur content, the manganese simply
neutralizes the tendency of sulfur to decrease the proportion of graphite,
and therefore the manganese increases strength. When the content of
manganese exceeds the amount required to neutralize the sulfur, however,
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the excess manganesc has a marked effect detrimental to strength be-
cause of the resultant excessive increase in the proportion of combined
carbon.

178. Stress-strain Diagram for Cast Iron. Cast iron exhibits a great
variation in elastic properties, since so many factors affect its strength.

In Fig. 61 typical stress-strain diagrams for three radically different
cast irons are presented in order to illustrate their usual behavior under
tensile stress.

It will be observed that there is no well-defined elastic limit or yield
point. For the typical irons shown, the ultimate strength falls at 35,500
pounds per square inch for the hard gray iron, 22,500 pounds per square
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F1a. 61 —Stress-strain Diagrams for Cast Irons. (Tension.)

inch for the average gray iron, and 16,000 pounds per square inch for the
soft gray iron.

No constant proportionality of stress to strain exists for any consider-
able load interval, and therefore the modulus of elasticity must be de-
termined by art arbitrary method. The value of E as determined by the
initial tangent method is ‘about 30,000,000 pounds per square inch for
hard cast iron, 24,000,000 pounds per square inch for average iron, and
14,000,000 pounds per square inch for soft iron. The values of E as de-
termined by the tangent method at 5000-pounds-per-square-inch stress
have decreased to about 20,000,000 pounds per square inch, 15,000,000
pounds per square inch, and 7,000,000 pounds per square inch, respec-
tively; and at 10,000-pounds-per-squarc-inch stress, the values of E are
about 15,000,000 pounds per square inch for hard iron and about 14,000,-
000 pounds per square inch for average iron.

The percentage elongation is small for all cast irons, rarely exceedmg
from 3 to 4 per cent for any grade, and the reduction of area is usually
too slight to be appreciable.
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179. Compressive Strength. The compressive strength of cast iron, as
for all comparatively brittle materials, is largely a function of the shear-
ing strength, since failure occurs along an oblique plane unless the speci-
men tested is sufficiently long to permit failure by lateral flexure.

The factors which control compressive strength are exactly the same
as those which control tensile strength. The most important considera-
tion, therefore, is the state assumed by the carbon, and compressive
strength will be benefited by all agencies which tend to increase the pro-
portion of graphite carbon and decrcase combined carbon, until the point
of saturation of carbon in the steel matrix is reached (about 1.2 per cent
combined carbon), beyond which point further increases in graphite
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Fig. 62 —Stress-strain Diagrams for Cast Irons. (Compression.)

mean a loss in strength of the matrix, and therefore a loss in strength
of the iron as a whole.

Compressive tests of cast iron show very wide variation in strength.
If large specimens such as structural columns are tested, the ultimate
strength will seldom be found to exceed 30,000 to 40,000 pounds per
square inch. If, however, short specimens of small size are tested, the
strength will be found to run to 50,000 to 125,000 pounds per square inch.

Three typical stress-strain diagrams for compression of short blocks
of cast iron are presented in Fig. 62. It will be observed that the yicld
point is much more clearly marked in compressive tests of cast iron than
in tensile tests, although no absolutely constant ratio of stress to strain
is maintained for any considerable load interval.

The ultimate strengths of the three irons are 93,000 pounds per square
inch, 63,000 pounds per square inch, and 44,000 pounds per square inch.
for hard, average, and soft irons, respectively. The moduli of elasticity
as determined by the tangent method at a stress of 10,000 pounds per
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square inch are about 30,000,000 pounds per square inch, 20,000,000
pounds per square inch, and 12,000,000 pounds per square inch, for the
three classes of iron, while at 20,000-pounds-per-square-inch stress the
value of E has dropped to about 25,000,000 pounds per square inch, 16,-
000,000 pounds per square inch, and 8,000,000 pounds per square inch,
respectively.

180. Transverse Strength. The transverse or flexural strength of cast
iron is very valuable as the criterion by which the quality of the material
going into gray iron castings may be judged. Transverse strength is af-
fected by the same factors as tensile strength, since failure under trans-
verse loading is really failure by tension on the tension side of the beam.

Three sizes of cylindrical transverse test bars are commonly employed
(Table XI).

TABLE XI
A.S.T.M. RequireMENTs FOR CasT IRONS
Controlling Section of Casting....... 0.50 in. and | .51 to 1.00 in. 1.01 to 2.00
under in. (and over)
Transverse test bar. .. ........ .. ... A B C
Diameter of trangverse test bar, in. . .. 0.875 1.20 2.00
Span length, in............. ... .. 12 18 24
Length of bar,in..... . ... ... ... 15 21 27
Class Tensile Strength, Breaking Load | Breaking Load | Breaking Load
No. Min., lb. per sq. in. at Center, Ib. | at Center, Ib. | at Center, lb.
20 20,000 900 1800 6,000
25 25,000 1025 2000 6,300
30 30,000 1150 2200 7,600
35 35,000 1275 2400 8,300
40 40,000 1400 2600 9,100
50 50,000 1675 3000 10,300
60 60,000 1925 3400 | ...,

181. Specifications for Gray Cast Iron. The specifications of the
American