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FOREWORD

LL workers in industry, technicians and artisans alike,
realise to-day the importance of knowing as much as
possible about the materials with which they work. This
knowledge is not only necessary to us in obtaining a proper
understanding of our job, but it is essential if any real satisfac-
tion is to be gained from doing it. For these reasons alone the
publication of a book on metallurgical materials is welcome.
Although intended primarily for engineering and metallurgical
students, this book is so comprehensive in scope that it should
contain much of interest to workers in a larger field, particularly
to those engaged in all branches of foundry work.

J. W. GArDOM.

hY

8th April, 1946. .






PREFACE

HE decision to write this book originated from the sugges-

tions of a number of engineering students keenly interested
in metallurgy, and who, in order to secure information on all
the aspects relative to a metallurgical course dealing with engi-
neering materials, found it necessary to consult a number of
separate volumes. It is thought that similar difficulties may
exist at other educational centres for certain metallurgical and
engineering courses. Whilst in general lecturers are able to
deliver the subject-matter verbally and comprehensively during
series of class meetings, the author has usually found it desirable
that the student should have readily available all the necessary
data in condensed form for the purpose of reference and revision,
otherwise resort is often made to the tedious practice of writing
or copying of notes.

In this book an attempt has been made to present in a brief
and simple manner the more important principles of the metal-
lurgy of the common engineering materials, their properties,
treatments and manufacture ; refraining as far as possible from
‘including too advanced metallurgical data and theories. In
other words, the book is mainly compiled in the form of a
‘handbook, with perhaps a little more elaboration than usually
found in reference handbooks, and it is hoped that engineers,
students and others connected with the metal industry will find
something of interest in its pages.

Many of the practical methods of melting, production methods
and equipment are illustrated pictorially, and in this connection
the author wishes to tender his thanks to the many firms who
have generously contributed drawings, blocks and photographs.

Grateful acknowledgment is also made to those who gave
kind assistance with the revision of the proof chapters—
Mr. L. H. Hounsfield, AR.CS., AMICE., M.I.MechE.,
M.I.A.E., with Mechanical Testing ; Messrs. Foster Instrument
Co., Ltd., with Industrial Control and Measurement of Tem-
perature ; Messrs. Davy and United Engineering Co., Ltd.,
with Mechanical Working of Steel ; Messrs. British Aluminium
Co., Ltd., with the section dealing with aluminium and alloys

- . vii



viii PREFACE

in the Non-Ferrous Metals and Alloys chapter; the British
Oxygen Co., Ltd., for information on the welding of steels ; and
Messrs. Morgan Crucible Co., Ltd., for information on crucible
melting furnaces.

Thanks are also due to Messrs. Crane, Ltd., Ipswich, for
facilities for the production of many of the photographs and
photomicrographs ; to the British Standards Institution for per-
mission to include extracts of specifications ; and to Mr. J. W.
Gardom for his perusal of the proofs and for his introductory

Foreword.
. V. N. Woob.
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CHAPTER I
MANUFACTURE OF IRON AND STEEL

RON is a white ductile metal and one of the chemical elements.

It has a specific gravity of 7-8. Although in the crust of the
earth to the extent of approximately 44 per cent, it is only
present in the pure state in very small amounts and of meteoric
origin.

The chief source of iron for manufacture into pig iron is from
combinations with a large proportion of other elements, most
of them non-metallic, and from these it must be separated by
a reduction process known as smelting. These combinations of
iron with other elements are known as iron ores.

Ores of iron. There are many kinds of iron ore, some too
low in iron content, and others containing too high a pro-
portion of certain elements, notably sulphur, to be of value
commercially.

The most important are those known as magnetites, red
hematites, brown hematites, and clay ironstones, all being always
associated to some extent with earthy and other foreign matter
known as “ gangue.”

The ores richest in iron content are the magnetites, largely
mined in Sweden, and, as their name implies, they are mag-
netic, the iron being in combination with oxygen in the form
of magnetic oxide of iron FegO, containing the equivalent of
66 to 69 per cent of metallic iron. They are of exceptional
purity, containing very little phosphorus and sulphur, a con-
dition which leads to the production of the finest irons and steels.

The red hematites contain ‘their iron in the form of ferric
oxide Fey03, and are, like magnetite, usually low in phosphorus
and sulphur. The available iron content of 50 to 60 per cent is
rather lower, as the oxide of iron is associated with more other
impurities, chiefly alumina and silica. Pig iron manufactuged
from ores low in sulphur and phosphorus is known as “ hematite
iron,” which has various special uses, such as special foundry
irons, malleable cast irons, and for the production of steel in the
acid process. These ores are mined in Spain, and also in Cumber-
land in this country. : ,

o 1



2 METALLURGICAL MATERIALS

Brown hematites form the most abundant sources of ore for
the production of pig iron, and occur in beds in Northampton-
shire and Lincolnshire. They are to a large extent phosphoric,
containing approximately o5 per cent phosphorus, and 40 per
cent of iron in the form of hydrated oxides, that is to say, the
oxide is in chemical combination with water Fe,O3H,0. The
irons produced from these ores are used as ordinary foundry
irons and in the production of basic steel.

Clay ironstones consist of impure carbonates of iron Fe COj;
and also contain various amounts of clayey substance. The
iron content varies according to the amounts of impurities
present, but is generally between 27 and 33 per cent. The chief
impurities are silica, alumina, and carbonates of lime and mag-
nesium. The best known deposit of this type of ore is the
Cleveland Ironstone, often somewhat more phosphoric than other
ores, and a content of phosphorus in excess of I per cent is
common.

Before use in the blast furnace the ore is often subjected to a
roasting or calcining treatment during which some of the sulphur
is removed, and also carbon dioxide from any carbonates present.
The ore for calcining may be segregated into large heaps along
with layers of slack coal, and then fired. When the roasting is
complete, the residue is left for a time to weather, whereby
further sulphur may be washed out.

Calcining is also carried out in large kilns charged from
wagons on rails running over the top, the ore afterwards being
withdrawn from the bottom of the kiln. '

THE BLAST FURNACE

Blast furnaces vary greatly in dimensions according to the
output of iron required. They consist of a tall, cylindrical stack
lined with silicious firebrick. Fig. 1 shows the general lines of
a blast furnace. The hearth is the bottom and usually straight
portion which occupies approximately the lower 8 ft., and is
10 to 18 ft. in diameter. Directly above, the furnace widens to
its maximum diameter, this section being known as the bosh,
10 to 17 ft. in height and 17 to 23 ft. in diameter. The stack
above this tapers very gradually to the top of the furnace body,
giving a total helght of between 70 and 100 ft. .

The hearth is kept in a comparatively cool condition by a
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continuous flow of water round its circumference. The water-
cooled tuyeres through which the blast enters the furnace are
8 to 16 in number, 4 to 7 in. in diameter, and are arranged
round the top of the hearth. 30 to 40 in. below the tuyeres and
rather to the side of the furnace is the hole for removal of slag.
The tapping hole for the molten iron is situated at the front and
at the bottom of the hearth.

The charges of iron ore, coke, etc., are, in modern practice,
mechanically hauled up a steep incline in “skips > or rails, and
tipped into the furnace by way of a revolving distributor, and

B A
s A Cup and cone.
B Stack.
C Bosh.
2 D Blast main.
E Hearth.
F Gas main.
G Dust catcher.
R c
I \ : D / H Tuyeres.
H H ;
» RN Q ’
E Ny

F1G. 1.—General lines of Blast Furnace with Downcomer.

are admitted evenly by lowering the cone operated by cylinders
working on air pressure. The stack is kept full by charging
alternate layers of fuel, flux such as limestone, and iron ore.
The fuel is usually coke, which acts as a reducing agent by reduc-
ing the iron ore to metallic iron, and its combustion near the
smelting zone provides sufficient heat to maintain the iron in a
fluid condition.

The blast varies in pressure between § and 12 lb. per sq. in.
with the size and shape of the furnace, and usually enters in
a preheated condition, the preheating taking place in stoves by

L



4 METALLURGICAL MATERIALS

the combustion of waste gases from the furnace. The stove
is cylindrical in shape with a round top, almost as high as the
furnace itself, and is honeycombed with specially shaped fire-
brick. The principle of the hot blast stove is illustrated in
Fig. 2. The waste furnace gas is burnt along with the air neces-
sary for combustion, and heats up the brickwork of the stove.
When the brickwork has attained a sufficiently high temperature,
a system of valves enables
j the gas to be directed to
’ another stove. Then the
blast, which 1is passed
through the heated stove
in the other direction,.
takes up heat from the
brickwork and enters the
blast furnace at a tem-
perature of 500 to 700°C.
Stoves are used alternately
—whilst one is being
heated by the waste gas
‘ from the furnace, another
is giving up its heat to the
blast on its way to the
furnace.
 The chemical reactions
which take place as the
N charges proceed down the
0 stack are rather compli-
1A R < cated and often reversible,
27 but gradual reduction of
F16. 2.—Sectional Diagram of the iron ore begins just
Blast-Furnace Stove. below the top charges
or stock line, at a tem-
perature of about 300°C. Metallic iron is formed lower down
the stack at about 7oo°C where it is in a spongy condition.
From this stage the iron begms to absorb carbon, and, when it
reaches the smelting zone, it trickles over the coke, from wh:ch it
completes its saturation with carbon.
‘The location of the smelting zone is dependent upon the
volurne and pressure of the blast, but generally ranges from the
tuyere level to the top of the bosh. In the smelting zone, strong
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MANUFACTURE OF IRON AND STEEL 5

reducing conditions prevail, where the metal oxides, and also
the iron sulphide in the ore, are reduced according to the following
“equations :—

1 S0, + 2 = Si 4+  CO
Silica Coke Silicon Carbon Monoxide

() "MnO; + 2C = Mn +  2CO
Manganese Oxide Coke Manganese = Carbon Monoxide

(3) P,0; + 5C = 2P + 5CO
Phosphoric Oxide -  Coke Phosphorus  Carbon Monoxide

(40 FeS 4+ CaO +~ C = CaS + Fe + CO
Iron Sulphide Lime  Coke Calcium Iron Carbon Monoxide
Sulphide

The lime indicated in the last equation is provided by the lime-
stone charge or the calcium carbonate present in the gangue of
the iron ore. The limestone also combines and fuses with any
residual silica not reduced by the coke, and helps to maintain a
fluid slag. It will be seen therefore that when the carbonates of
lime and magnesium are present in considerable amounts, the
ore is, to a great extent, self-fluxing.

The carbon in the coke combines with the oxygen of the air
blown in, to form carbon dioxide, but this gas yields carbon
monoxide either by dissociation or by combining with more
carbon
(5) CO,+C=2CO

" The carbon monoxide released, as indicated in the above
equation, rises up the furnace chamber, and brings about the
reduction of the iron oxide in the ore according to the reaction
(6) Fe;03+-3CO=2Fe+3CO,

Other reversible reactions take place in the stack, resulting in
the inclusion of combustible matter in the waste gas led away in
downtakes from the top of the furnace, the gas being utilised for
heating the stoves.

It will be seen from reactions I 40 4 that the stronger the
reducing action, the more sulphur from the iron sulphide enters
the slag in the form of calcium sulphide, andrtherefore the sulphur
content of the iron is comparatively low. Also with increasing
rcducmg action, more silica is reduced to silicon which dissolves
'm the metal, and consequmﬂy high_silicon lron is generally

f
BAVER



6 METALLURGICAL MATERIALS

associated with low sulphur. The amount of reduction in the
smelting zone is controlled by the process of altering the burden
of the furnace, that is, the ratio of ore to fuel. The heavier the
burden, the less reducing are the furnace conditions, and pig
irons of lower silicon contents are produced.

"The blast furnace produces between 150 and 400 tons of pig
iron per day, and the iron is removed in the molten condition from

‘ ; F1G. 3.—A Modern Blast Furnace. ‘
(Courtesy—Messrs. Ashmore Benson and Pease, Ltd.)

the tapping hole at the bottom of the hearth at regular intervals of
6 or 8 hours. The slag being lighter, floats on top of the iron
contained in the hearth, and is removed at more frequent intervals
from the slag hole from which it runs into large bogies on rails.
When cool, the slag is ground and used as cinder for road making.

~ After tapping, the iron is led down a long, slightly inclined
vee-shaped main runner moulded in sand, from which branch
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off at right angles a number of comb-shaped moulds also moulded
in sand and known'as pig beds. The bottom comb of pig moulds
is filled first and a specially shaped cast-iron stop coated with dried
loam is placed across the main runner just above the bottom comb,
thereby diverting the iron into the second comb. This process
is continued up the pig bed until the cast is complete. As the

FIG. 4.—Tapping the Blast Furnace. .
(Courtesy—The Stanton Ironworks Company, Ltd.)

furnace hearth becomes empty, any slag ﬁoating on the iron
tends to run down the main runner along with the iron, but, being
lighter and fluid, it is easily skimmed off with an adjustable
steel plate which is backed with a heap of sand. Towards the
end of the cast this skimming plate is progressively hammered
down as the level of the molten iron falls in the runner, so that
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at no time does any quannty of slag find its way into the pig
beds. The skimmed slag is led over into a further runner set
at an angle to the iron runner and into a slag bogie.

Many blast furnace plants employ a casting machine for the
production of pigs. The molten iron flows from a single or from
double runners into a series of iron moulds closely connected
together to form a continuously moving conveyor. As the moving
moulds are filled with iron, they progress up an incline and by
the time they reach the other end of the machine, the iron has
solidified. When the moulds pass over the sheave at the ex-

F16. 7.—Machine Casting of Pig Iron.
(Courtesy~—The Stanton Ironworks Company, Ltd.)

tremlty of the machine on their return journey, the pig iron
falls into a truck underneath. The moulds are coated with lime
wash to facilitate removal of the pig iron—Machine castmg of
p1g iron has the advantage that no sand adheres to the pig, and
is therefore cleaner than the sand-cast pig. It is also considered
that the shape of the pigs, which are shorter in length and wider,
renders them more suitable for handlmg and charging into other
furnaces for re-melting. There is also a considerable saving in
labour as compared with the sand-casting method.

Grading of pig iron. The crystalline fracture of broken pig.
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iron varies according to the chemical composition, and the
fracture therefore gives some indication of the amount of silicon
present, but the size of the pig and rate of cooling has also some
influence on the appearance.

' The sand-cast iron is usually graded by a series of numbers,
often 1 to 5, preceded by glazed (silicious or silvery) and followed
by mottled and white. The table on p. 220 gives the approximate
composition of phosphoric pig iron graded by fracture.

WROUGHT IRON

Its manufacture. Wrought iron is manufactured in a rever-
beratory furnace constructed so that the fireplace is large com-
pared with the working chamber, in order to obtain the high
temperature necessary for the process. The sides and roof
are lined with firebrick whilst the bottom is constructed with
cast-iron plates covered over with a basin of fettling material
consisting of hammer slag, iron oxide, and iron ore.

When the furnace is heated, this material frits together into
a compact working bed which is finally smoothed down by
working over it a ball of scrap iron when the furnace has attained
welding heat. ’

About 4} cwt. of close grey pig iron is charged into the furnace
through the door at the side, along with a quantity of mill scale
and iron ore. Melting of the pig iron is complete in about half
an hour, during which period some silicon, manganese and
phosphorus are removed by oxidation.

. Then comes a period when the iron remains quietly molten,
and at the same time the remainder of the silicon and manganese
is removed, and also most of the phosphorus.

After the removal of these impurities comes the “ boil,”” when
the carbon combines with the oxygen of the scale and ore, and
passes from the metal vigorously as bubbles of carbon monoxide,
giving the bath the appearance of boiling!" The remainder of
the phosphorus is removed at this stage. »

As the carbon is removed, the melting-point of the metal
rises, and, because the temperature of the furnace is insufficient
'to maintain the bath in a molten condition, the metal becomes -
pasty. The temperature of the furnace is then raised to a .
welding heat, and the spongy iron is worked into conveniently .
sized balls up to 8o Ib. in weight, which are removed through
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the working door and taken to presses or hammers, where most
of the trapped slag is squeezed out.

When as much slag as possnble has been removed the iron is
rolled into bars of suitable size. The analysis of the finished
material is :—

Silicon . . OItoo3 per cent
Manganese . . Traces to 0-05 »
Phosphorus . . 0°04 to 020 »
Carbon . . 002 to 0'I0 »

. Sulphur . . Traces to 0-02 5

Properties and uses. Wrought iron is easily welded and
worked, withstanding repeated heatings and forging operations
without deterioration. It is a soft material, has excellent ductility,
and a bar can be bent double without fracture. It is characterised
by fine included slag fibres, the presence of which distinguishes
wrought iron from mild steel.

The use of wrought iron has, to a large extent, been replaced
by mild steel, but, owing to its excellent forging and welding
properties, it is still extensively used for general blacksmiths’
work, chain links, couplings and ornamental work.

It has a tensile strength of 21 to 24 tons per sq. in. and 10 to 40
per cent elongation.

THE MANUFACTURE OF STEEL

Steel is not produced directly from iron ore but from iron
taken from the blast furnace or cupola. By far the largest
output of steel is manufactured by two processes known as the
Bessemer and the Siemens-Martin open-hearth pfagess. - These
may conveniently be sub-divided into acid and basic- methods,
being qualified by the type and composition of the metal charge
to be dealt with. For the purpose of the two different treat-
ments, the furnaces must be provided with a special acid or basic
lining of refractory material, which serves a specific purpose
during the process. By acid, we do not mean that the material
is corrosive in the way in which we regard many well-known
chemicals, but it does signify that the material will combine, as
these linings do, with basic materials under the application of
ﬁm:ace heat. By refractory is meant mateﬂals diﬂicult o
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melt * and hence their application in the lining of furnaces. The
more generally used refractories are those referred to below :—

Acid refractories ~

Fireclay. Contains ‘varying proportions of aluminium silicate
but is more or less rich in silica.

Ganister. A deposit of silica rock of mixed grading and con-
taining 3 per cent of clay along with other small amounts
of impurities. It is self-bonding and, after mixing with
the correct amount of water, may be rammed into position
to make up the lining of furnaces. On heating it sets
into a very hard material.

Firebrick. Manufactured from selected clays.

Sand. Hard grains of silicious material, often containing
small amounts of iron oxide which give sand its orange to
red colour. Compositional range of sand is roughly 85 to
93 per cent silica, 45 to 7 per cent alumina, and 2 to 3°5
per cent iron oxide.

White or silica sand. Contains more than 97 per cent silica,
and, as it is often too refractory to be used alone, it is
sometimes mixed with a little of the red variety, the iron
oxide helping to form fusible silicates under heat. The
silicates so produced act as bonding agents.

Stlica brick. Contains 95 per cent silica with a little iron
oxide and alumina, and is manufactured to a great extent
from ganister.

Basic refractories. This type of refractory should be practi-
cally ' free from silica and consists mainly of the followmg
materials :—

Dolomite. Raw dolomite is essentially a mixture of the car-

- bonates of calcium and magnesium (CaCO; and MgCOy3).
. Before use the material is burnt or calcined, that is to say,
the carbon dioxide is driven off by heating to 900°C. or
more for a sufficiently long period to convert it to the
mixed oxides of calcium and magnesium.

Magnesite. Magnesium carbonate containing the equivalent
of roughly-45 per cent MgO. When calcined it oontams‘
about 94 per cent MgO.

- Limestone. - s calcium carbonate contammg the equwaleﬂt of

e roughly 53 per cent Cao When calcmed it 1s convmad
. into lime. ‘ o
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Neutral refractories. This class of refractory is chemically
neutral in behaviour either because the substance itself is such,
or because its acid and basic constituents are evenly balanced.

" Examples of such materials are :—

Carborundum. Containing 75 to 87 per cent silicon carbide.

Chromite. Made into chrome bricks, and contains 50 to 60"
per cent chromium oxide.

Graphite. Chiefly carbon.

In lining a furnace for basic practice the lining may not be of
basic material throughout, but a layer of neutral refractory such
as chrome brick is often used to separate an outer lining of silica
brick from an inner lining of basic material, thereby preventing
chemical action between them at high temperatures.

THE BESSEMER PROCESS

This process consists essentially of the oxidation of impurities
in molten iron by blowing air through it. The furnace used is
known as a converter and consists of a mild steel shell, roughly
pear shaped, and lined with refractory material either acid or
basic in character, the choice depending upon the composition
of the iron available. The
air blast enters the con-
verter through a wind box
from which emerge a
number of fireclay tuyeres.
These may be'situated in
the bottom of the lining,
but they may also enter at
the side as in the Tropenas
converter. The whole is
supported and rotated on

two trunnions, one being F1G. 8.—Sectional Diagram of the
hollow in order to carry Bessemer Converter.
the blast to the wind box.

The shape of the converter is such that, when lying on its sxde,
the metal will not cover the tuyere holes, otherwise, when the blhst
is turned off, the metal would run dows into the wind box
‘(an 8).  The finished steel has a much higher temperature than
the iron originally charged into the converter, the necessary heat
,bemg suppimd by the chemical process of omdaxion af the
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impurities in the charge. The elements carbon, silicon, manganese
and phosphorus act as internal fuels.

. In large Bessemer plants, molten iron from the blast furnace
is transferred in ladles to a receptacle known as a metal mixer
where the metal may be stored in large quantities. The molten
metal is here thoroughly mixed and transformed into a con-
dition of greater homogenity and at the same time kept hot
whilst awaiting use at the converter. The mixer is usually fired
by gas. There are two types, namely, active and inactive. In
the active mixer the metal is pre-refined to some extent before
use in secondary furnaces, since some oxidation of silicon and

Fig. 9.—Bessemer Converters.

.

manganese occurs, and some reductlon of sulphur takes place
in basic-lined vessels. The mixer body is supported on rollers
and is tipped either electrically or hydraulically. Capacmes of
mixers range from 250 to 1000 tons. :

The Acid Bessemer process. The hnmg of the furnace is
made up with ganister rammed into position. With a lining of
.th13 type no removal of sulphur and phosphorus occurs.  The
irons employed are mlways of the hematite variety containing
about 2 per cent silicon, 0'5 to I1'0 per cent manganese and 3 5
‘ per cent carbon. "

‘When the blast is turned on and the converter. tlpped fcr
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blowing, the air bubbles vigorously through the metal. The
process then consists of three distinct stages.

(1) When the silicon is oxidised to silica and the manganese
is oxidised to oxide of manganese. The oxidation of silicon
and manganese transfers heat to the metal, and the oxides of
these elements rise to the surface. It is important that the
initial temperature of the iron poured into the converter is not

FI1G. 10.—A 400-ton Metal Mixer. Inactive Type.

(Courtesy—Wellman Smith Owen Engmemng
Car?oranon, Ltd.)

too  hot, because, owing to the development of further heat
during the oxidation of silicon and manganese, ‘the second
stage of the process.may proceed before the first is completed,
resulting in residual silicon in the finished steel. '

@‘) When the silicon content is sufficiently reduced, rapxd
-,elitinnauon of carbon begins with ‘the liberation of carbon
monoxide, which bubbles vigorously through the slag and
,bums with a large flame at the mouth of the converter. ‘This
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F1G6. 11.—Tapping Side of a 400-ton Metal Mixer. Active Type.

(Courtesy—Messrs. Wellman Smith Owen Engineering
Corporation, Ltd.)

Fie. 12.~A Bessemer Converter during the * Boil * Period.
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period is known as the “ boil,” and particles of white-hot slag

and metal are showered into the air (Fig. 12).

(3) When all- the carbon is oxidised, the flame suddenly
drops and the blast is shut off. If the blowing is continued, if
only for a short time, the steel may be overblown, due to
oxidation of metallic iron, and steel containing a considerable
amount of iron oxide is obtained. Under-blowing may result
in a steel containing too much carbon.

The blown steel then has the following composition : 004 to
006 per cent carbon, 0-02 to 0-06 per cent silicon, traces of man-
ganese, and the sulphur and phosphorus remaining low in
practically the same proportion as in the original iron charged.
The carbon and especially the manganese content are too low
at this point, and the steel may contain some iron oxide. Deoxida-
tion and recarburisation are then carried out by additions of iron-
manganese-carbon alloys, either speigel (12 to 20 per cent man-
ganese and 2 to 4 per cent carbon) or ferro-manganese (80 per
cent manganese and 6 to 7 per cent carbon) until the correct
composition is obtained. In addition to giving the required
manganese content in the finished steel, the added alloys react
with the iron oxide in the steel as follows :—

FeO +Mn=MnO+Fe

the manganese oxide rising to the surface of the metal. A little
aluminium is also added to perfect the deoxidation.

Acid Bessemer steels are used for all types of castings, and the
acid process is used in the production of manganese steel castings.

The Basic Bessemer process. The basic process is similar
to the acid process, but the converter is lined with rammed
dolomite, and high phosphorus metal can be completely dephos-
phorised. Pig iron low in silicon is charged, because excessive
amounts of silica liberated during the process damage the basic
lining of the furnace and retard the elimination of phosphorus
and sulphur. The most suitable irons are those which contain
considerable amounts of manganese, for oxidation to manganese
oxide generates heat, and also because manganese oxide is basic
in character it tends to counteract the acidity due to oxidised
silicon. Another reason why higher manganese is desirable is
because in this process the steel benefits by the retention of a
little residual manganése in the blown steel, because over-
oxidation of the steel itself is prevented. Manganese also tends
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to eliminate sulphur, but to a limited extent only. The approxi-
mate composition of the basic pig iron used is :=—

- Silicon . . Less than 1 per tent
Phosphorus . . Up to 2 per cent
Manganese . . I per cent or more

Again, active metal mixers may be used with much benefit,
owing to the lowering of the sulphur and silicon contents.

The molten iron is poured into the converter and sufficient
lime is added to maintain a basic slag. Silicon and most of the
manganese are oxidised first, along with a little of the carbon.
The remainder of the carbon is then eliminated and the flame
drops. Only a small amount of the phosphorus is removed in
the early stages, and the blowing is continued after the flame
drops in order to further oxidise the phosphorus. The oxide of
phosphorus is absorbed by the slag. This last stage of the basic
process is known as the “ after-blow.” The oxidation of phos-
phorus is very exothermic and supplies heat during this period.
A comparatively low temperature is desirable during the “ after-
blow”’ to avoid complete removal of manganese, thereby minimising
the oxidation of the steel. The temperature at this stage can be
controlled to a great extent by reserving a portion of the total lime
charge until the carbon has been removed. The metal is ¢ooled
in this manner, just prior to the beginning of the ¢ after-blow.”

The blown steel has very low carbon and silicon contents, and
the metal is finally adjusted to the required composition by the
addition of iron-carbon-manganese alloys and ferro-silicon.
Basic Bessemer steels are used to a large extent in the manu-
facture of all kinds of structural sections, boiler and ship plates,
tubes, rails, axles, tyres and also for castings

The slag, containing phosphates, is a valuable by-product,
and is used as anagricultural fertiliser.

THE SIEMENS-MARTIN OPEN-HEARTH PROCESS

In this process pig iron and steel scrap are melted in com-
paratively shallow hearths by means of the combustion of gas
generated in producers near to the furnace. With the ﬁlmace‘
are connected two pairs of regenerative chambers containing -
firebricks arranged in chequer fashion, through which the gas,
aiong thhtheaxrneoessary for combustion, are passed inde-
- of each other before entering the furnace chamber -
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where combustion occurs. ‘The regenerators are used in pairs,
one pair being heated up by the hot waste products of com-
bustion from the furnace, and, at the same time, through the
other alrcady heated pair is being passed the air and gas for com-
bustion in the furnace chamber. By this system the in-going
air and gas are preheated to a temperature of between 500 and
800°C., and this additional heat assists in providing the necessary
temperature for melting the metal. Each pair of regenerators is
used alternately, and, by means of a system of valves, the direction
of the gas, air, and waste gases is reversed every 20 to 30 minutes.
During the operation of the furnace, slag, dust and dirt tend to
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Fre. 13.—Sectional Diagram of Open-Hearth Furnace with Regenerators.
A and B Gas and air ports. C Hearth. D Charging doors.

be carried over by the out-going gases, and to intercept this and
minimise the choking up of the chequer brickwork, slag pockets
are provxded

Charging.is carried out by the use of an overhead revolvmg
chargmg machine or a ground type machine. The latter is used
where it is desirable to have passing over, an overhead crane
such as a ladle crane. The charge is placed in the furnace
through a series of doors, often water-cooled, at the back of the
furnace,

The furnace itself may be either of the tipping or fixed type,
of capacities ranging from 10 to 300 tons and constructed of a
very refractory material, usually silica brick. ‘

‘The Acid Siemens process. The hearth, shaped hke a shallow ‘
saum,,

consists: -of silica sand built up layer by layer under heat. .
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F1G. 14.—A 4o0-ton Open-Hearth Furnace. Fixed Type.

(Courtesy—Messrs. Wellman Smith Owen Engineering
Corporation, Ltd.)

F1G. 15.—A 300-ton Tilting Open-Hearth Furnace.

(Courtesy—-Messrs. Wellman Smith Owen Engmemng
Corporation, Ltd.)
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Owing to the acid character of the lining, charges must be low
in sulphur and phosphorus. The charge is made up with pro-
portions of pig iron and good quality steel scrap, the ratio varying
with the type of steel it is desired to produce. Higher pro-
portions of the pig iron are used when a higher quantity of
carbon is to be retained in the finished steel, and lower pro-
portions when low carbon is required. Charges of all pig iron
could be used but the oxidation period would be too prolonged.
A high average silicon content also prolongs the period between
the melting down and commencement of the boil, but quantities

, i Vit

FIG 16.—A 5-ton Charging Machine. Revolving Ground Type.

(Courtemy—Messrs. Wellman Smith Owen Engineering
Corporation, Ltd).

rd

of 1 per cent or so are necessary to react with any iron oxide
which may be formed and helps to minimise excessive action on
the lining of the furnace. Silicon, when oxidised, generates heat,
which assists in the melting of the charge. The charge has an
approximate manganese content of 0-5 per cent or slightly less.

The pig iron is charged first and the steel scrap on top of the
pig.

During the process silicon and manganese are oxidised first,
and then the carbon is brought down to the required value by
additions of hematite iron ore, converting the carbon to carbon
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monoxide which bubbles through the bath and gives the metal
the appearance of boiling.

A simple expldnation of the reaction which takes place is that
the iron ore Fe,O4 breaks up to a great extent at furnace tem-
perature into magnetic iron oxide Fe;O, and oxygen. The
magnetic oxide reacts with the carbon in the metal.

F6304 +C =3FeO +CO

The carbon monoxide liberated dissolves in the metal and
slag, and the boil commences when both are saturated with the

F1G. 17.—A 4-ton Charging Machine. Revolving Overhead Type.

(Courtesy—Messrs. Wellman Smith Owen Engineering
Corporation, Ltd.)

gas. The oxidation of carbon during the boil is brought about
by the reaction between the dissolved ferrous oxide FeO and the
carbon in the metal.
FeO+C=Fe+CO

This reaction decreases the concentration of dissolved oxide
in the metal, causing a migration of ferrous oxide from slag to
metal, and this continues until a condition of equilibrium is
reached, when no more oxidation of carbon occurs. Further
additions of ore disturb the equilibrium and further oxidation is
promoted. By the taking of spoon samples for rapid analysis,
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Fi1G. 18.—A 300-ton Tilting Furnace. Charging side showing
Water-Cooled Doors.

(Courtesy—Messrs. Wellman Smith Owen Engineering
Corporation, Ltd.)

FiG. 19.—View of removable port end on a 50-ton Basic
Open-Hearth Tilting Furnace.

(Courtesy—Messrs. Wellman 3mith Owen Engineering
Corporation, Ltd.)
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the oxidation can be discontinued when the desired amount of
carbon has been reached.

Deoxidation and adjustment of the manganese content is made
with the usual manganese alloys as in the Bessemer process,
either by addition to the bath, ladle, or both. To perfect the
deoxidation, small quantities of the ferro-alloys of vanadium,
titanium, or silicon may be added.

The Basic Siemens process. The hearth of the furnace is
lined with burnt dolomite fritted in layer by layer under heat,
and each layer having an application of basic slag. Basic pig
, iron and steel scrap make up the charge, and the proportions vary
according to the composition of the pig iron, the required carbon
content of the finished steel, etc. In this process, owing to the
basic nature of the slag, phosphorus and sulphur are removed.
The phosphorus content of the charge usually ranges from
0-2§ to 0-50 per cent.

The amount of manganese in the charge is important for
several reasons. It acts to some extent as a desulphurising agent,
especially if high enough initially to promote the presence of
some residual manggnese in the steel when oxidation of the other
impurities is complete. Also its oxide acts as a base to combine
with any silica liberated from the silicon in the charge.

Along with pig iron and steel scrap is added a quantity of lime,
the purpose of which is to maintain a strongly basic slag. When
the charge is melted, a little fluorspar (calcium fluoride) is added
to prevent the slag from becoming too viscous.

The silicon is reduced to a great extent during the melting-down
period, along with the loss of some manganese. When the bath
is molten, the oxidising medium in the form of iron ore is added
from time to time, along with further additions of lime. When
available, millscale is preferred to iron ore, since iron ore con-
tains silica as an impurity, and the use of iron ore results in more
lime being necessary to maintain a sufficiently basic slag, other-
wise dephosphorisation is retarded. Carbon and phosphorus
are oxidised together, the best conditions being obtained when
the dephosphorisation is complete, when the carbon has been-
reduced to the desired amount. It is sometimes necessary, how-
ever, to continue with the oxidation after the required carbon
value has been reached, in order to obtain a sufficiently low
phosphorus content.

The steel is then deoxidised as in the previous processes, and
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the carbon increased to the desired amount by the addition of
anthracite coal.

Acid and basic steels. Steels made by the acid process are
considered as being rather superior in quality to basic steels on
account of the process being more easy to control, there being
generally less oxidation of the steel, and consequently less
possibility of the presence of non-metallic inclusions. Acid steels
are suitable for practically all purposes, particularly high-class
castings. However, when the process is correctly controlled,
that is, when the oxidation of impurities is complete when the
carbon has been reduced to the desired value, and particularly
when manganese is present throughout the heat, basic steels of
very satisfactory quality are obtained, which renders them suit-
able for many purposes, including structural work, for tubes, and
for the production of wire for ropes, etc.

Steel production in the electric furnace. Both acid and basic
processes can be employed, and the lining of the furnace is
accordingly made up with acid or basic materials. The acid
process is used when good quality steel scrap is available.

However, as the price of electrical energy is comparatively
high, the general aim is the production of high-quality steels
from the cheaper type of scrap materials which may contain
appreciable amounts of sulphur and phosphorus. In view of
this, the furnaces, mostly of the arc type, operate with basic
linings made up with domolite, magnesite, or mixtures of the two.
Boiling anhydrous tar is used as a binding agent for the rammed
lining. When the charge begins to melt, a quantity of the usual
slag-making and oxidising materials—lime, iron ore and fluorspar
—are added. Oxidation then proceeds along with the melting
of the charge, and, when complete, the slag covering is removed.
The slag removal is rather important owing to the subsequent
processes of deoxidation and desulphurisation requiring reducing
conditions, which, if the slag was still present, would cause the
phosphate in the slag to be reduced and re-enter the metal.

The bath is recarburised by stirring in anthracite coal. The
reducing conditions are promoted by additions of lime, fluorspar,
crushed coal or coke and ferro-silicon. The lime and carbon are
the chief desulphurising agents and act as follows :—

CaQ+C+FeS=CaS+CO +F¢
and, as a result of this reaction, some of the carbon monoxide
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may dissolve in the bath. The dissolved gas is then removed
by addition of the appropriate amount of ferro-silicon, the silicon
acting in the following manner :—

2CO +8Si=8Si0y+2C

which minimises the possibility of blowholes due to released
carbon monoxide when the molten steel is poured, and solidifies.

TYPES OF MELTING FURNACE FOR IRON
AND STEEL

The cupola. The cupola bears a similarity of construction
to the blast furnace. It is, however, much smaller, and its other
main distinction is that whilst the chief function of the coke in
the blast furnace is to reduce the iron ore to iron, its purpose in
the cupola is to melt pig iron, iron scrap and steel in the pro-
duction of cast iron for use in foundries, or molten iron for small
Bessemer plants, etc. The cupola is used in some instances as
the primary melting unit in the duplex melting process, the
refining and superheating of the molten iron being carried out
in a secondary furnace of another type.

It consists of a cylindrical steel shell lined with firebricks and
ganister. The shell stands on a brick foundation or on steel
pillars, the latter type usually having hinged drop bottom doors.
Ten feet or more from the bottom of the cupola is an opening
for the introduction of the charges. The shell is usually con-
tinued for a distance of several feet to form a chimney. The
wind belt is near the bottom of the stack from which emerge
through the lining one or more rows of tuyeres. In the type
known as the Balance Blast cupola, there is a row of main tuyeres
near the bottom of the wind belt, and higher up in the same
wind belt two or more rows of small auxiliary tuyeres. The
bottom tuyeres are valved and their adjustment allows variation
of the amount of air which passes through the upper and smaller
tuyeres. Itis claimed that this arrangement promotes preheating
of the iron before reaching the actual melting zone, thereby
effecting a saving in coke, and providing hotter and more fluid
iron. The total tuyere area of cupolas in general, is about one-
fifth to one-sixth of the cupola cross-sectional area.

The working bottom of sand is made up to slope slightly
towards the tapping hole. The slag hole is situated midway
between two tuyeres and § to 7 in. below the tuyere level.
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from the coke, all of which when fused and molten form a fluid
slag. The iron and coke are introduced in alternate layers until
the charging door is reached. The weight of the charges depends
upon the diameter of the cupola and is largely determined by
practical experience. When the cupola contains the required
number of charges, the tuyere covers are closed, the tap hole
closed by plugging with damp clay, and the blast turned on.
After a period of about ten minutes, drops of molten metal can
be seen dropping by the tuyere sight holes. The iron collects in
the bottom of the furnace, filling in the spaces between the coke
lumps of the bed. When sufficient metal has collected in the
well of the cupola, the clay plug at the tap hole is pierced with a
pointed steel bar, and the molten iron is run down the spout
into a ladle or other receptacle.

The melting zone is a short distance above tuyere level, and,
gs the top of the coke bed burns away whilst melting the first
charge of iron, the first charge of coke above the first charge of
iron takes its place. This sequence is repeated continuously
with each following layer of iron and coke, and, with suitable
practice, the bed is thereby maintained at a constant height.
In cupola practice it is important that the bed should remain
at the same height—a low bed leads to cold and sluggishly pouring
iron, and a high bed gives high sulphur and carbon contents due
to pick up from the excess coke. As the charges melt and the
level of the material in the stack falls, other charges are intro-
duced so that the stack remains full throughout the run, enabling
them to be preheated before reaching the melting zone.

The blast pressure varies from about 7 oz. per sq. in. for small
cupolas to 13 oz. per sq. in. for larger ones. 30,000 cu. ft. of
air are required to melt one ton of iron. The melting rate of the
cupola is roughly determined by its diameter, as 10 to 11 1lb. of
iron are melted per hour for every square inch of cross-sectional
area at the melting zone.

If the operation of the cupola is consistent, and all metal, coke
charges, etc., carefully weighed, a continuous supply of uniform
metal can be obtained. The cupola may be operated on continuous
tapping by allowing the tap hole to remain open, and the iron
run into a large mixing ladle or receiver from which it is drawn
as required. If a continuous supply of metal is not required,
intermittent tapping is employed by closing the tap hole with a
plug of clay, and re-opening when iron is required.
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A disadvantage of the cupola is that there are oxidation losses
which will fluctuate if the working conditions such as blast
pressure and volume, height of coke bed, weight of charges,
etc., are not consistent. Oxidation losses are usually allowed for
when charges are calculated as indicated below :—

Silicon is decreased by oxidation from the theoretical amount
charged by 0-25 to 0°40 per cent.

Manganese is decreased by oxidation from the theoretical
amount charged by approximately o3 per cent.

In the case of the sulphur there is an increase of 0-015 to
0'030 per cent over the theoretical amount and which is
absorbed from the coke.

The air or reverberatory furnace. The air furnace consists
essentially of suitable firing equipment, a bed or hearth where
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F1G. 22.—Sectional Diagram of Air Furnace.

melting takes place, and a chimney stack. Originally all air
furnaces were hand-fired, burning lump coal in a firegrate at
one end of the furnace, but, in general, pulverised fuel is now
used, and in some cases oil firing has been adopted. The metal
is melted by radiation from the flame and the shape of the roof
is consequently important. The shape of the roof has under-
gone several changes in the course of time and different shapes
are still used. In the early days of the air furnace, a roof with a
double arch was employed in which the lowest point was near
the middle of the hearth, the heat being mainly concentrated at
that point. A more popular design now is a straight roof or one
which slopes downwards to the chimney flue. The roof is some-
times made up in sections known as bungs, some being removable
for charging purposes. The furnace is constructed of steel or
cast-iron plates usually braced across with steel tie rods. The
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lining consists of firebrick, and patching or repairing is carried
out with ganister or fireclay. The well is made up with firebrick
covered with a layer of fritted sand, the tap hole being situated
at the lowest level of the well. In larger furnaces there may be
more than one tap hole, the others being situated at various levels.

For furnaces fired with lump coal, adequate draught for com-
bustion is provided by a good chimney, although forced draught
is used in some instances.

Pulverised fuel, usually burnt with a combination of forced
primary and secondary air, is considered to be cheaper and more

F1G6. 23.—An Air Furnace (Whiting Corporation).
(Courtesy—Whiting Corporation.)

convenient than lump coal firing. Also the times required for
melting the charges are more consistent.

Air furnaces deal with charges of metal ranging from 5 to 30
tons, an average size being about 15 tons. There is a consider-
able loss of silicon, manganese and carbon due to oxidation, but
an advantage of the air furnace is that when the charge is molten
it may be held in the furnace while a sample is analysed, after
which the composition of the bath can be adjusted by the neces-
sary additions of pig iron or ferro-alloys. There is no appreciable
pick-up of sulphur from the fuel.

A modification of the air furnace is what is known as the
cradle furnace, which is actually a tilting air furnace mounted
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on rockers and wheels. For convenience in the delivery of metal,
the cradle furnace employs lip pouring in a similar manner to a
ladle, thus eliminating the use of a tap hole. This type of furnace
lends itself very readily to the duplexing process for irons, par-
ticularly malleable cast iron ; that is to say, it acts as a secondary
furnace for superheating metal from other melting units such as
the cupola.

F16. 24.—Cupola and Air Furnace for Duplexing
(Whiting Corporation).

(Courtesy—Whiting Corporation.)

The rotary furnace. The rotary furnace is constructed in
the form of a cylindrical mild steel shell with conical ends, and
lined with a plastic refractory material. At one end is inserted
the burner, and in the centre of the other an exhaust pipe for
the removal of the products of combustion, coal ash, etc. The
body of the furnace is mounted on four rollers which enable it
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to be rotated at a continuous low speed by contact with two race
rings round the circumfercence. Each racc ring rests on a pair
of rollers. The side plates attached to the body are constructed
as toothed segments, and the furnace may be tipped by a pinion
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F1G. 25.—Sectional Diagram of
the Cradle Furnace.

shaft which engages the toothed periphery of the side plates.
This tipping arrangement enables the furnace to be charged
through the burner inlet by mechanical means from an overhead
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F1G. 26.—General Lines of Rotary Furnace,
(Courtesy—Brackelsberg Melting Processes, Ltd.)

charging platform, and at the same time the slag runs out of the
lower exhaust end.

Furnaces are made in a range of sizes from 1 to 50 tons capacity.
Smaller types are often non-tilting and in these cases charging
may be carried out by hand or some form of machine. The tap
holes, usually two in number, may be used alternately, and are
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situated at the cone end near the burner, or on cither side of the
furnace body.

The hot gases and products of combustion are passed through
a metal or brick regenerator situated in the chimney. The air
necessary for the combustion of the fuel passes through the
regenerator, and is thereby preheated resulting in a high flame
temperature and quick melting. The flame passes over the charge.
When the charge is liquid, the furnace is set in motion and rotated
at the slow speed of about one revolution per minute. As the
rotation proceeds, the lining gives up its heat to the charge.
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Fi1G6. 27.—Diagram of Regenerator,
(Courtesy—Brackelsberg Melting Processes, Ltd.)

When the desired temperature has been reached, the rotation
is stopped and the metal tapped.

Temperatures up to 1650°C. can be obtained with the rotary
furnace, and it can be used for melting and superheating a
variety of ferrous metals, from all steel charges to the cheaper
types of cast iron by virtue of the fact that small scrap, borings
and turnings can be incorporated in the charge. ‘

The advantages of this furnace are that the slow rotation mixes
the metal. There is no pick-up of sulphur as in the cupola, but
there is a slight loss of carbon, manganese and silicon, but
the composition can be largely corrected because the molten
charge may be retained in the furnace until a spoon sample of
metal is tested. The melting losses may also be allowed for when
-3
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computing the charge, or reguiatcd by adjustment to the fuel or
air controls.
ELECTRIC FURNACES
Although the operation of the electric furnace is in general
more expensive than the other types of melting furnace described,
excepting perhaps when the running costs are somewhat offset
by the use of cheap charges containing borings, clippings and so

on, certain special advantages are gained by its employment.
It is an ideal unit for superheating both iron and steel, and

F1G. 28.—Rotary Furnace in charging position.
(Courtesy—DBrackelsberg Melting Processes, Ltd.)

very high metal temperatures can be obtained. It is easy to
obtain a metal of predetermined composition without the danger
of pick-up of injurious impurities from fuels. Melting is quick
and the operation is clean. The three chief types of electric
melting furnace for iron and steel are the direct arc, indirect arc,
and the induction furnace. .

. The direct arc furnace. This type of furnace employs a
bowl-shaped hearth lined with acid or basic refractory material.
The carbon electrodes are suspended vertically over the hearth
and are securely gripped by clamps attached to a rigid electrode
arm. There may be either two or three electrodes, but the three-
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phase type of furnace with three electrodes is the most generally
used. The furnace is stationary whilst melting, but is con-
structed to tilt forward for pouring, and backwards for slagging
or for fettling the hearth. The roof is.domed and built in a
separate mild steel ring often constructed in such a manner as
to enable it to be detached for repairing. Furnaces with larger
outputs use top charging, and in one method the roof and elec-
trode superstructure is by hydraulic mechanism, smoothly and

F16. 29.—A 6-8-ton Electric Direct Arc Furnace. Top charging type, open
for charging.

(Courtesy—Birmingham Electric Furnaces, Ltd.)

rapidly raised, swung to one side, and the furnace is then quickly
charged by means of a drop-bottom bucket. Another charging
system is to make use of a gantry to remove the roof and travels
laterally, With small furnaces, charging is done through a door
opposite the pouring spout. .
When the furnace is in operation, the arc strikes downwards
on to the metal and the current actually passes through the charge
or bath, Because the power input varies according to the length
of atc, automatic electrode control is employed, which maintains
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the correct length of arc and consequently an almost constant
power input.

Capacities of electric furnaces range from those of a laboratory
type, melting approximately 20 1b. of metal, to those melting 30
tons, having power ratings of roughly 37 kVA to 10,000 kVA
respectively.
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F16. 30.—Schematic Diagrarh of Cross-Section of Furnace with Electrical
and Mechanical Gear.

(Courtesy—Birmingham Electric Furnaces, Lid.)

The electric furnace is used in the production of acid or basic
steel, both for castings and ingots. Its application for cast iron
is mainly for large-scale production in automobile and other
foundries casting high-strength iron, also for duplexing or super-
heating molten iron taken from the cupola.

Rocking indirect arc furnace. This type of furnace consists
essentially of a melting chamber which is cylindrical in form,
lined with a refractory material of good quality backed by a
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layer of heat insulation which minimises heat losses, and the
whole is encased in a robust steel shell. The pouring spout is
formed in the charging opening, being situated on the mid-
circumference. A graphite electrode enters the chamber on the
axis at either end, the arc being formed between these two
electrodes in the centre of the chamber. The arc is independent
of the charge (indirect) and the control of its length is automatic.

F16. 31.—A Direct Arc Electric Furnace pouring.
(Courtesy—Birmingham Electric Furnaces, Ltd.)

The furnace casing is mounted on rollers on which the rocking
takes place about its horizontal axis. The rollers are driven in
alternate directions by an electric motor controlled by a reversing
mechanism which oscillates the furnace through an angle adjust-
able up to nearly 180°. The rocking motion distributes the
heat of the arc and the refractory lining gives up its heat directly
to the metal. New portions of the lining surface are constantly
conting under the influence of radiation from the arc by reason
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FI1G. 32.—A Birlec-Detroit Indirect Arc Furnace. 350 Ib.
capacity.
(Courtesy—Birmingham Electric Furnaces, Ltd.)
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Rocking control
‘ Rocking drive

: Rocking motor

F1G. 33.—Cross-Section of Furnace.
(Courtesy—Birmingham Electric Furnaces, Ltd.)



MANUFACTURE OF IRON AND STEEL 39

of the rocking motion, and the lining is generally prevented from
reaching excessively high temperatures, the result being a com-
paratively long life.

Rocking is commenced a few minutes after the furnace is
switched on, a small rock being employed at first, and the angle
of rock is gradually increased by an automatic device as melting
progresses.

Owing to the close-fitting nature of the melting chamber of
this type of furnace, a non-oxidising atmosphere can be main-
tained which results in negligible alloy and carbon losses from the

F1G. 34.—General view of a layout of three High-frequency
Electric Melting Furnaces.

(Courtesy—General Electric Company, Ltd.)

metal. This makes possible the production of complex alloys
which may be computed accurately from the ingredients of the
charge.

The rocking arc furnace is used in the production of high
strength and dense grey irons, alloy cast irons, malleable iron
and alloy steels.

Furnaces are built in various sizes to hold charges ranging
from 30 Ib. to 3000 lb., and power ratings from 36 kVA to
875 kVA.

High-frequency induction furnaces (coreless type). The high-
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frequency induction furnace is crucible-shaped. The charge is
melted by the heat produced in it by eddy currents developed by
a high-frequency current carried by a water-cooled copper
inductor coil surrounding the crucible. The current is supplied
by a special motor generator set generating at the comparatively
high frequency of about 500 to 2000 cycles.

The furnace is of simple construction (Fig. 35) and is usually
arranged with the pouring spout on the axis of tilting so that the
metal can conveniently be poured direct into the moulds.

F1G6. 35.—Sectional Diagram of High-frequency Coreless
Induction Furnace.

(Courtesy—Electric Furnace Company, Ltd.)

The metal is contained in either a proper crucible, or a crucible
built up in the furnace by a lining of suitable refractory material.
Between the crucible and the coil there is a layer of heat-insulating
material, and, although only 2 or 3 in. from the molten metal,
the temperature of the coil never exceeds 9o°C. Melting in the
high-frequency induction furnace is rapid and clean in operation,
and mixing of the ingredients of the charge is thorough owing to
the stirring motion introduced by the eddy currents. Capacities
range from approximately 5 cwt. to 8 tons. '
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A modification of the coreless type of furnace is that of the
partially cored type (Fig. 36). A highly magnetic alloy steel
container C, supports the inductor coil B and the crucible A,
and is brought to the nucleus of a core D. It is claimed that
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Fi1G. 36.—Cross-Sectional Diagram of Witton Furnace.
(Courtesy—General Electric Company, Ltd.)

economies are effected by the production of a strong and centrally
situated magnetic field within the crucible containing the charge.

High-frequency induction furnaces are used chiefly for the
production of light steel castings, and also for melting special
alloy steels, carbon tool steels and stainless irons.



CHAPTER 2
MECHANICAL TESTING

N this age of ‘speed and advancement in engineering practice

there has developed in recent years a demand for materials
which will respond to the higher duties required of them. As a
result the metallurgist has introduced a large number of alloys
to meet this demand, and we have seen the evolution of alloys
of increased strength, ductility, and resistance to wear, heat,
fatigue, shock and corrosion.

The severe conditions to which many engineering materials
are subjected in service has led to more stringent specifications,
new types of testing equipment, and a generally wider application
of mechanical testing. As a result, acceptance tests are now de-
manded and employed for materials required for a wide variety
of engineering purposes. The various forms of test specimen
and minimum test values allowed are now largely standardised
and defined by the British Standards Institute, American Society
for Testing Materials, and other bodies.

THE TENSION TEST

Undoubtedly, the oldest and still most popular test is the test
in tension, in fact, it is more widely employed than any other
single test, and consists of applying a direct pull along the axis
of a bar producing elongation and ultimate fracture. From the
tension test, values for ultimate tensile stress, proportionality
limit, yield point, modulous of elasticity, elongation and reduc-
tion of area may be obtained. When a steadily increasing load
is applied to a metal tensile test specimen, up to a point it will
extend proportionately to the load. The rate and the amount of
extension varies with the type of material under test.

Let us first of all consider the behaviour of a test piece of mild
steel and which is represented as a stress-strain diagram in
Fig. 38. As the load is applied the extension of the specimen will
be found to be proportional to the load, but eventually with in-
creasing loads a point is reached where the stress and strain cease
to be proportional, this being known as the limuz of proportionality.

~ 42
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Up to this point, that is, between A and B, the extension is
clastic, and if the load were to be released, the test piece would
return to its original length. A further slight increase of stress

F1G. 37.—Illustrating Test Bar in Tension.
(Courtesy—Messrs. W. and T. Avery, Ltd.)

after the limit of proportionality has been reac;hed produces a
permanent set in the metal, this value of stress being known as th_e
elastic limir B, but, generally speaking, the terms elastic limit
and limit of proportionality are regarded as being synonymous.
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As the stress is further increased a point closely follows the
elastic limit where a marked increasc in strain occurs without

an increase in stress.

Normally, when testing soft mild steels

there is actually a sudden drop in the amount of stress due to
the sudden elongation of the specimen. This point is known as
the yield point, and in a normal tensile test is shown by a sudden
and momentary drop in the load at C.

It is then found that the stress and strain from D onwards can
be simultaneously increased but they are no longer proportional.

Stress

£
C
D F
B
]
1
1
1
E
1
)
:'
|
A ]
Strain
F1G. 38.—Stress Strain Diagram.

The material passes through
a plastic stage where the
cross-sectional area dimin-
ishes in approximately the
same proportion as the in-
crease in length. The greatly
reduced area of the speci-
men is insufficient to sustain
the load and ultimately a
maximum is reached at E
where the strain is in excess
of the rate of loading, and the
necking of the specimen is so
rapid that the load decreases
until rupture occurs at F.
The point E indicates the

ultimate tensile stress of the material, calculated on the. original

area.
Metals of different composition behave rather differently when
tested in tension, the following being a general classification :—

Certain non-ferrous metals, hardened, high tensile or cold-
worked mild steels give a straight line from A to B, the stress
being proportional to the strain, without a well-defined yield
point and the specimen breaks at or near the maximum stress E.
Other non-ferrous metals and cast iron give a curved line
from the commencement of application of stress and have no
range where the stress is proportional to the strain. Again
there is no defined yield point and the specimen breaks at the
point of maximum stress.

Alloy steels give a straight line from A to B where the stress
is proportional to strain. There is no defined yield point, and
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stress and strain increase from D to E. Generally the plastic
range, partlcularly in steels of the lower alloy contents, causes
the specimen to break after the maximum stress has been
passed, but this also depends upon the heat treatment.

When the material shows no well-defined yield point as in the
cases cited above, it has become the practice to define the point
at which a predetermined amount of permanent set occurs, and
for this purpose the term proof stress is frequently employed in
specifications.

The resistance to stretch within the elastic limit of a material
is termed the modulus of elasticity and is the ratio between stress
and strain. It is often referred to as Young’s Modulus and is
given by the relation

E (Modulus)—= Stress (Ibs. per sq. in.)

Strain (per in. of length)

Methods of testing in temsion. Tensile tests are carried out
in tensile testing machines which vary considerably in design,
but all embody the combination of three general principles.

(1) Grips for the specimen

Either

(a) Split tapered jaws with serrated surfaces which auto-
matically increase the grip on the specimen as the load is
applied. The jaws are removable, interchangeable and
supplied in sizes to grip bars of different diameters. This type
of jaw is not suitable for very hard specimens.

(b) Threaded shackles for use with specimens having
screwed ends. Or

(c) Split chuck with ““ keep ” ring or wedge-shaped jaws for
use with headed or dumb-bell type specimens. These are
suitable for harder metals.

(2) Straining mechanism
Either
(a) Load applied by screw mechanism, motor-driven through
reducing gears (Fig. 66). Or
() Hydraulic ram on which oil pressure is exerted by means
of an accumulator or pump (Fig. 39).
(3) Load-measuring attachment
Either
(a) By the steelyard method employing smgle or multi-
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lever arrangement, with a movable counterpoise to maintain
balance of the lever (Fig. 40).

(&) The use of a weighted pendulum, the deflection of which
varies with the load applied.

(¢) Measurement of the pressure of the fluid in the straining
cylinder. Or

(d) Measurement of the deflection of a calibrated spring

used on several makes of small

machines.

Many modern testing
machines have incorporated
autographic  recorders from
which are obtained stress-strain
records of the test.

An observation of the be-
haviour of the machine during
the test will often indicate the
yield point of the material
although accurate measurements
are determined by means of an
extensometer or an autographic
recorder. When the lever type
of machine is used, the counter-
poise is run out comparatively
quickly in the early stages of the
. . . test, but as yielding sets in there
F1G. 39.—Hydraulic Self-Indicating is a sudden difference in the

Universal Testing Machine. £ £ th
(Courtesy—Messrs. W. and T. ratc o movement 0 the

Avery, Ltd.) counterpoise required to main-

tain balance, that is, the rate is

much slower. The load applied when this change is noted is

taken as the yield point. In the case of hydraulic self-indicating

machines, the yield point is sometimes easily noted by the hesita-

tion or slowing up of the movement of the load indicating finger

as it passes round the dial. In testing mild steels, there is often

a definite momentary falling back of the indicating finger when
the yield point is reached.

Another simple method for determining the yield point is to
mark off the gauge length with a centre punch, and adjust the
points of a pair of dividers to coincide with the gauge length on
the test bar. One point of the dividers is firmly inserted in the
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lower punch mark, whilst the other point is held only in loose
contact with the upper punch mark. When, during the applica-
tion of the load, the bar clongates and the upper punch mark
begins to separate from the loose point of the dividers, the load
applied at that moment is taken for calculating the yield point.
The Extensomerer is a small instrument which is attached to
the bar during test. Since a test piece having a gauge length of
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F1G. 40.—A Single Lever Testing Machine.
(Courtesy—Messrs. W. and T. Avery, Ltd.)

2 in. is only extended by 0-002 in. or less when the elastic limit
is reached, the instrument is of necessity sensitive to very small
strains and capable of measuring accurately to 0-0oo1 in. per in.
of specimen. Extensometers vary as regards principle of opera-
tion, but are based on either, or a combination of the following :—

(a) The use of a micrometer or vernier.

(b) Measurement by dial gauge.

(c) Reading extension by means of a microscope.
(d) Mechanical methods of magnification.

(e) Optical methods of magnification.
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Fig. 42 illustrates an extensometer which employs mechanical
magnification along with a micrometer. Its principle of operation
is evident from the diagram-
matical illustration. B=vibrat-
ing reed or tongue having a
downward movement five
times the extension of the test
piece.

C=graduated = micrometer
head which is turned until
just touching the tongue as it
vibrates and from which the
extension is read.

Elongation and reduction of
area. These values give a

(Courtesy—The Cambridge measure of the ductility of the

Instrument Company, Ltd.) material, and are simply

obtained from the two fractured

halves of the test bar. The portions are clamped together

and the extension over the original gauge length measured

by means of a finely graduated rule in y3sths of an inch, and the
elongation calculated as a percentage of the original length.

The reduction of area
at the point of fracture is
determined by measuring
the new diameter, using a
micrometer (pointed), and
then calculating the re-

¢ duction in area as a per-
centage of the original
area.

- ] Specially calibrated
C.: =] rules are obtainable for a
O i standard test bar, sq that
calculations are dispensed
with and the value for
—z elongation can be meas-
F1G. 42.—Cambridge Extensometer. ured directly from the
dividers, and the reduc-

tion of area from the fractured end of the test bar.

Test pieces for tensile test. Test bars may be cast roughly

F1G. 41.—The Cambridge
Extensometer,

o]}
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to shape in sand moulds along with the castings which they re-
present, and, whilst the results obtained in testing are not strictly
accurate due to the effects of the ““ skin ” on the test piece, they
often suffice for routine and comparative purposes in works labora-
tories where considerable quantities of test pieces are dealt with.

The more usual practice, however, is to machine down plain
bars into tensile pieces, the dimensions varying to some extent
with different types of material, particularly the forms of the ends
of the specimen and the radius joining the parallel length with the
ends. The latter requirements depend largely upon the ductility
of the metal. With ductile materials it is satisfactory to make the
radius from the parallel portion to the shoulder of the grip equal to
the diameter of the parallel length. In the case of cast iron and
other materialsof low ductility, it is necessary to increase this radius
considerably to several times this value owing to the tendency to
fracture because of stress concentration at the transition point.

The grip ends of ductile materials are conveniently left plain
for use with serrated grips or screwed with suitable threads for
adaption to screwed shackles. Hardened or other materials of
low ductility, such as cast iron, should have grip ends headed
for testing in self-aligning shackles.

Specifications for tensile bars for various materials are covered
by B.S.I. specifications, but in general conform roughly to the
following table ! :—

]
'
]
L
_______ p c N
/<4 s

F1G. 43.—Diagram of Test Bar for Tension Test.
Cross-sectional area A=I—)?-r
Gauge length G=4VA =3-54D.
Parallel length P=2G minimum =3-98D minimum.
Radius R at shoulder for wrought metals= .

:—E minimum (0-88D minimum).
1 B.S. 18 Tensile Testing of Metals.
4 .
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Cross- - .
. . Gauge Parallel Radius at
Diameter .sezt:gzal length length shoulder
D A G P R
(mirimum) | (mimimum)
wrought metal
in. sq. n. n. in. mn.
0798 0°5000 3-00 337 075
0'564 0°2500 2'00 225 0’50
0424 01412 1'50 169 037
0399 0'1250 I'41 1-58 035
0357 01000 126 1°42 03I
0282 00625 1:00 112 025
0226 0°0400 o-8o 0'90 020
0'159 0°0200 056 0'63 014
0'125 00122 044 050 o'1I

The above dimensions cover most ferrous and non-ferrous

metals.

especially in the radius.

Cast-iron tests bars are slightly different in dimensions,
Test bars are cast in the form of plain

round bars which may be first used for making the transverse
test, and the tensile test piece then turned from one of the broken

halves.

The test bars are cast to such a size as to represent the main
cross-sectional thickness of the castings as shown in the following
table (abstracted from B.S.S. No. 786, 1938) :—

Di Gauge Minimum M’:"i’.”“m Main cross-sectional
af'::;fr diameter | Area | parallel | " fo;us thickness of casting
tensile test length shoulder represented
mn. n. 5q. n. in. n.
06 0399 | 012§ 1 1} Not exceeding £ in.
0875 0'564 | 025 2 3% Over £ in. and not
exceeding £ in.
i -] 0798 | o'50 2 3% Over £ in. and not
. exceeding 1%} in.
1-6 1-128 1°00 2 33 Over 1} in. and not
exceeding 1§ in.
21 1596 | 2-00 2 3% Over 1% in.
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HARDNESS TESTS

Hardness is a very important property of materials, and testing
for hardness finds a great application in ascertaining the suita-
bility of the material for use in machinery, particularly in parts
where friction and varying loads are likely to be experienced.
The usual interpretation of the term hardness is its resistance to
penetration or abrasion, but whilst hard materials resist penetra-
tion there are exceptions where a material may resist abrasion to
some extent yet be softer than other materials which do not.

One great advantage of hardness testing is the ease and speed
with which the tests may be carried out, and when making tests
on steels and certain other materials, the determination of hard-
ness makes possible an estimate of the approximate tensile
strength. Moreover, certain treatments of parts during manu-
facture, such as mechanical working and heat treatment, influence
the hardness of materials, and therefore a hardness test will often
throw light on the nature of the treatment which the material
has received during manufacture.

A wide range of machines are used in testing for hardness,
varying both in principle and design. The whole range of
hardnesses likely to be met with is, however, adequately covered
by three types, namely :—

(1) Ball indentation machines.

(2) Diamond indentation machines.

(3) Rebound machines. .

The ball indentation hardness method. In this, known as
the Brinell method, a hardened steel ball is forced into the
flat surface of the specimen by means of the application of a
predetermined load. An indentation is produced on the sur-
face of the metal, of which the depth and the diameter bear
a relation to the hardness of the material. The type of im-
pression, by reason of its outline, permits the measurement of
the diameter by the use of a suitable microscope provided with
a graduated eyepiece.

"The hardness of the material is simply determined by the
ratio :—
Pressure in kg.
Spherical area of the impression in sq. mm.

Tﬁé type of impression produced will ra'nge between the
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types illustrated in Fig. 44, A being typical of softer and wrought
metals, and B being typical of harder and cast metals. The
contact surface is sharply defined and the dimension d can be
readily measured by means of a suitable microscope. The
Brinell figure can be calculated from the following :—

P

H=
?(D—\/'Dh—d?)

For normal testing a ball of 10 mm. diameter is employed
along with a load of 3000 kg., but the use of this combination
is limited to some extent by the sectional thickness and the size

(A)
F1G. 44.—Types of Brinell Impression.

of the material under test': and also by the hardness of the
material itself.

P . .
Experiments by Meyer showed that D2 is constant for indenta-
tions of similar shape on the same material, and this relationship
allows comparative tests to be made when the 10-mm. ball and
3000-kg. load are not applicable. —I-)P—2=3o, so that :—

For a 5-mm. diameter ball a 10ad of 30 X 52 is used =750 kg.

s 2 9 D) » 30X22 ,, =I20 ,

s I 1 ” 2 3OXI2 » = 30 ,
Owing to the ridge effect on the indentation (Fig. 44) when

. . P .
softer materials are tested, different values of Dz are used, and it
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is foqnd advisable to limit the ratio of the diameter of the im-
pression to the diameter of the ball to between 0-25 and o-50.

. P . .
The approximate values of D2 for the various classes of materials

are \—

Steel and cast iron, 30.

Copper alloys, aluminium alloys, I0.
Copper and aluminium, 5.

Lead, tin and their alloys, 1.

Other factors which control the choice of load and diameter
of ball are :—

(1) The width of the specimen shall not be less than s times
the diameter of the impression.

(2) The thickness of the test specimen should be at least
10 times the depth of the impression given by the formula :(—

Depth of impression in mm. = “DH

The effect of time on the size of the impression varies to some
extent and the specified time of application of the load when

P . P ..
Dz =301is I5 seconds, and when P2=10 5o0rIitis30 seconds.
A ‘typical Brinell machine is illustrated in Fig. 45. Its con-
struction bears a similarity to a platform weighing machine. The
weighing mechanism consists of a system of steel levers fitted
with knife edges and bearings. Proportional weights to make
up the desired load are suspended from the steelyards. A screw
connected to the small handwheel is fixed in position by a catch.
The specimen to be tested is placed on the platform and, by re-
leasing the catch, the ball is brought down by turning the same
handwheel until it almost contacts the surface of the specimen.
The catch is replaced in position and the large handwheel is rotated
which slowly applies the load through a worm drive. Application
of the load is stopped when the steelyards rise to a horizontal
position. When the load has been maintained for the prescribed
time, the pressure is released by turning the large handwheel
in the opposite direction, when the steelyards fall back to their
original position. The diameter of the impression is found by
the use of a special microscope, readings being taken to an
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F1G. 45.—Brinell Hardness
Testing Machine.

(Courtesy—Messrs. W. and
T. Avery, Ltd.)

accuracy of 0-0§ mm., still higher-
powered microscopes being provided
for use with the smaller diameter balls.
The diameter is converted to Brinell
number from a conversion chart. A
precaution to be taken when using
Brinell machines is that, when testing
material with a hardness exceeding
500, a ball considerably harder than the
test piece must be used, otherwise dis-
tortion of the ball occurs and low hard-
ness figures result. Although ball hard-
ness machines are quick and simple in
operation, the upper limit to which they
can be safely employed using a steel ball
is 550 on the Brinell scale.

The diamond hardness method. Again,
there are various types of machine
utilising different methods of applying
the load to the specimen. The diamond
indentor may be pyramid-shaped, as in
the Vickers machine, or in the form of
a cone with a rounded point, as in the

Monotron or Rockwell machines.

The diamond indentation machines have been designed to
overcome some of the disadvantages associated with the ball
machines. They allow the testing of a greater

range of hardness values and, owing to the
extreme hardness of the diamond indentor, they
are applicable to the testing of super-hard tool
steels. The small size of the diamond carries a
further advantage that, in conjunction with the
lighter loads employed, the impression made on
the surface of the object is very small, and
permits the testing of finished parts which

would be damaged and often rendered unusable
by the use of the ordinary Brinell test with its
much larger impression. Also satisfactory tests

can be made on thin sheet material.

Well-known machines of this type are the suf;ﬁ;:f’;}%::

Vickers Pyramid . hardness testing machines pression.
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and the Rockwell machine.
The Vickers machine is illus-
trated in Fig. 47.

The load is applied to the in-
dentor by means of a dead
weight operating through a 20 to
1 leverage system to a thrust rod
acting on a tube which is free
to move vertically. The in-
dentor is situated on the lower
end of the tube. The timing
and rate of loading is controlled
by a cam and dash pot mech-
anism which has the advantage
that it is independent of the
operator. Resetting of the
loading mechanism for a sub-
sequent test is readily carried
out by depressing a foot pedal.
Measurement of the impression
is made across a diagonal of the

F1G6. 47.—The Vickers Pyramid
Hardness Testing Machine.

(Courtesy—Messrs. Vickers-
Armstrongs, Ltd.)

pyramid impression by means of a special microscope attached
to the machine. Incorporated near the top of the microscope

tube is a specially designed micrometer ocular.

The impression

is measured by an adjustment of knife edges. The image of
the impression is first focused sharply in the microscope by
adjusting an elevating table holding the specimen, and finally
by a fine adjustment screw on the side of the microscope. The

F16. 48.—The Micrometer Ocular.
(Courtesy—Messrs. Vickers-Armstrongs, Ltd.)

left-hand knife
edge is brought
into operation
by turning a
knurled thumb
screw until the
knife edge just
corresponds
with the left-
hand corner of
the pyramid,
and the actual
measurement is
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then now completed by turning the knurled and geared micro-
meter screw connected to a counting mechanism and which also
controls the second knife edge. The screw is turned until this
right-hand knife edge corresponds with the right-hand corner of
the pyramid impression. When both knife edges are correctly set
according to the diagonal of the impression, the reading is taken
from the counter at the side of the eyepiece of the microscope,
and converted by means of tables to Vickers pyramid numbers.
Any combination of weights can be used to make up the required
load, and the microscope is provided with both a high- and a
low-powered objective. Holders housing a 2-mm. or 1-mm. ball
are interchangeable with the diamond indentor, enabling the
machine to be used for carrying out the Brinell type of hardness
test.

F1G. 49.—Measuring Diamond Impression.

Hardness tests on a wide variety of materials are possible on
the instrument. A useful feature is that a sliding table may be
fitted on which the specimen rests, and, after the impression has
been made, a movement of a handle to the right to its fullest
extent brings the impression directly under the microscope
objective. Accessories are also provided such as extended
diamond indentors with long shanks, extended microscope tubes,
gear-testing equipment and vee blocks, permitting the testing of
parts of intricate and varying shapes.

The indentation made by the Rockwell machine is not measured
in the usual manner by means of a microscope but with a sensitive
dial type gauge which records automatically the depth of the
indentation. A steel ball may also be used with the instrument
and two scales are employed—the “ C” scale when using the
conical diamond and the “ B * scale when using the steel ball.

The Shore Monotron hardness tester embodies a slightly
different principle. The diamond impressor is made to penetrate
a definite predetermined standard depth into the specimen by
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means of a hand-operated handle, the depth being indicated by
a dial. A further dial calibrated in ur’ts of hardness records the
gresiure required to make the diamond penetrate to the standard

epth. .

Rebound hardness testing. As distinct from the other two
forms of hardness testing previously described, this is a dynamic
test. The only instru-
ment of this type in ex-
tensive use is that known
as the Shore Scleroscope
(Fig. 50). A small dia-
mond - tipped  tup,
weighing about 1% oz.
and contained in a glass
tube, is allowed to fall
freely from a height of
I0 in. on to the test
piece. The tube con-
tains a vertical scale
reading from o at the
bottom to 140 at the
top. Suction provided
by the manipulation of
a rubber ball raises the
tup to the top of the
glass tube, where it is
held in a small clip.
The tup is released to
fall on the test specimen

by squeezing the same F1G. 50.—The Scleroscope.
rubber ball. By rapid (Courtesy—Coats Machine Tool
and careful observation Company, Ltd.)

the height of the re-

bound is noted against the scale, which gives a direct reading in
Shore units. The harder the material, the higher the rebound
and, of course, the higher the reading.

The instrument may be used for testing any class of steel and
non-ferrous metal, but the test piece must be firmly supported
and a smooth surface used for the test. For the testing of
small hardened steel parts it is particularly suitable, and rapid
n use. )



58 METALLURGICAL MATERIALS
IMPACT TEST

The impact test supplies information regarding the capability
of a material to withstand shock, and stress concentration. The
characteristic of impact resistance indicates differences in con-
dition which are not revealed by any other test and provides a
valuable check on heat-treatment. For instance, different heat
treatments on a material may produce the same characteristics
such as the values obtained by testing in tension and for hardness,
but impact resistance may vary widely.

There are several forms of impact test, but that which is
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F1G. 51.—Izod Impact Testing Machine.
(Courtesy—Messrs. W. and T. Avery, Ltd.)

probably the most generally used is the Izod test. The testing
machine is illustrated in Fig. 51. A prepared standard specimen,
either square or round, is clamped securely and vertically in an
anvil fixed to the base of the machine and with the notch at its
front face. The pendulum is held in its raised position by means
of a spring-loaded trigger. On release, the pendulum, having a
potential energy of 120 ft. Ib,, falls and strikes the specimen with
the striking knife edge at a position 22 mm. above the notch.
The energy absorbed by the specimen during fracture is a
measure of the resistance of the material to shock or stress con-
centration. The residual energy in the pendulum causes it to
continue its swing, and in doing so, carries forward a pointer
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which indicates on a graduated chart the amount of energy
absorbed by the specimen.
Bending, shear and compression tests. Whilst these are not

7 iz
F1G6. 53.—Bend Test.
carried out with ‘the same frequency as the more common tests
previously described, they do provide additional information
relative to articles to be used for specific purposes.
The Bend test consists of bending a specimen .of specified

(U

FiG. 54.--Transverse Test in Operation.
(Courtesy—Messrs. W. and T. Avery, Ltd.)

“dimensions round a prescribed radius generally by the use of a
former located at the centre of the span. The bending is con-
tinued whilst it shows no sign of fracture or cracking until the
test piece assumes an angle of 180 deg. or any other predeter-
mined angle.
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Owing to the rather brittle nature of cast iron the tension test
is often supplemented by the Tranmsverse Test in order to assess
its resistance to fracture under bending loads. The standard
tests employ round cast bars of various dimensions, the choice
depending on the average thickness of the castings which they
represent. For making the test the bar rests on two rounded sup-
ports spaced at a standard distance apart, loading being applied
at the centre of the span through the medium of a radiused
tool. The deflection of the bar just prior to fracture is measured
by a dial indicator fixed in the frame of the testing machine.

The following table sets out dimensions of test bars and other
testing requirements :—

] Overall | Distance | Main cross-sectional
Test bar | Diameter length between | thickness of castings
& supports represented
in, n. n.

© S - 0875 15 12 Not exceeding £ in.
M 12 21 18 Over £ in. thick and
not exceeding 2 in.

L 22 21 18 Over 2 in.

As the test bars are usually tested in the ““ as cast ” condition,
they may deviate slightly from the standard diameter due to
moulding or pouring conditions, etc. The following formula
for corrections may then be applied to obtain results in terms of
the standard :—

Breaking Load (Standard)=

Actual breaking load (

Equiv. defn. on Standard=
Actual diam.
Standard diam.

The Modulus of Rupture is obtained By multiplying the
breaking load by factor K, which is—

0-0204 for bar S'!
00118 for bar M
o-oo019 for bar L

K X W (Breaking load)=Modulus of Rupture in tons per sq. in.
' 1 Abstracted from B.S.S. 321, 1937.

Standard djam.) 3
Actual diam.

x Actual defn.
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The Shear Test measures the force which, when applied at
right angles to the axis of a bar, results in the adjacent sections
of the material sliding across each other. In making shearing
tests a specimen, usually round, is passed through units con-
taining hardened steel bushes. The units employed generally
consist of one centrally situated and working between the two

F1G. 55.—Shear Test.
(Courtesy—Messrs. W. and T. Avery, Ltd.)

sides of a forked member. The test piece should closely fit the
bore of the bushes in order to minimise bending action. Materials
used in the production of gudgeon pins, bolts and rivets are
tested for shear strength.

The Compression Test, as the term implies, consists of com-
pressing or crushing a specimen by subjecting it to an external
load which tends to reduce it in length. To ensure accuracy the
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load should be applied parallel to the axis of the specimen, and
to obtain this condition the specimen is mounted on compression
seats having a spherical back. Tests in compression may be
applied to ascertain the load required to cause failure of com-

F16. 56.—Tools for Compression Test.
(Courtesy—Messrs. W. and T. Avery, Ltd.)

paratively long columns, for example, the testing of pit props,
and struts for aircraft construction, and the testing of concrete.

TORSION TESTS

Torsion is the form of sheer stress which is set up in a bar
when two equal torques tend to rotate its ends in opposite direc-
tions round its axis, each transverse layer of the bar tending to
slide on the next. The stress at any point in a section is pro-
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portional to the distance of the point from the axis, being zero
at the centre of a shaft and greatest at the surface.

Tests are generally made on specimens of round section, having
enlarged ends and provided with keys to resist rotation. One
end of the specimen is secured in a holder controlled by gearing
through which the twisting moment is applied, whilst the other
end fits into a holder connected to the load-indicating mechanism.

Fi1G. 57.-#A Torsional Fatigue Machine.
(Courtesy—Messrs. W, and T. Avery, Ltd.)

The torsional stress on the specimen is communicated to the
steelyard by a lever system and is there balanced off by the use
of a movable poise operated by a small handwheel. A pro-
tractor is provided which measured the angle of twist. Machines
may be equipped with autographic recorders.

When a solid bar of mild steel is tested in torsion the yield
point is usually less marked than in the tension test owing to
the material not at once being stressed to the same degree. The
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stress is greatest in the outside layers, but becomes more evenly
distributed over the section as the plastic stage is traversed.
Owing to more uniform stress distribution in comparatively thin
walls, the yield stress can be obtained more accurately if the test
piece is made in the form of a tube.

There is no appreciable reduction in the cross-section of the
test piece and the stress-strain curve does not show the droop
at the end of the test as in the tension test, but runs for a period
almost parallel to the strain axis.

Torsion tests supply to the engineer valuable information
regarding the torsional rigidity of material to be used in the pro-
duction of transmission gear, crankshafts of engines, units of
tubular construction, helical springs and any other product
subject to torsional stress.

FATIGUE TEST

The fatigue value of a material is that stress or range of stress
which must not be exceeded when subjected to repeated or
alternating loading conditions if failure is to be avoided, and is
always lower than the yield stress value of the material.

When stress variation occurs in cycles the repeated variation
is known as a stress cycle. The algebraic difference between the
maximum and minimum values of the stress applied is termed
the range of stress. The fatigue range is the range of stress within
which an indefinite large number of repetitions of stress will not
cause failure. The greatest stress that can be applied in a given
stress cycle without eventually causing failure is known as the
fatigue limit or sometimes referred to as the endurance limit.
When the range of stress is maintained invariably throughout
the test, the number of cycles required to cause failure is known
as endurance.

The type of stressmg producing fatigue fractures may be in
tension and compression, bending, shear, torsion or a combination
of these. Machines are produced for adaptability in making use
of each or a combinatign of these various forms of stress, and all
find application in testing.

As the greatest number of fatigue failures appear to be due to
reversed bending stresses, testmg machines of this type are by
far the most popular, “and the eqmpment is comparatively simple.
A test piece of standard dimensions in the form of a round bar

5
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is rapidly rotated and has a load applied which stresses the bar
in bending, the outer fibres of the material suffering alternate
tension and compression as the bar rotates. The specimen takes
the form of a cantilever with the load applied at the free end
through the medium of a ball race. This type of test was first
introduced by Wohler and is known as the Wahler test.

Often a four-point loading system is employed in which the
Sondriker test piece is used. The specimen is supported hori-
zontally in bearings at both ends and loaded at two equidistant

o
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Fi1G. 58.—Fatigue Testing Machine for Rotating Specimens.
(Courtesy—Messrs. W. and T. Avery, Ltd.)

points in its span, a method which gives a constant bending
movement over the gauge length.

The tests mentioned above are chiefly applicable to specimens
turned to a standard shape and the tests are practically limited
to the testing of materials. As it is often desirable to test finished
machine parts, methods of testing these parts for fatigue resist-
ance have been devised.

Small machine parts of many kinds are tested by vibration in
a machine which applies controlled magnetic impulses to the
test specnnen which is mounted in a manner closely resemblmg
service conditions (Metro-Vickers machine).
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Another machine, illustrated in Fig. 60, is used for testing full-
sized machine members under service conditions, including
temperature and corrosive influences, and permits testing under
loads of 6 and 20 tons. The  Pulsator ” machine produces

[ X

—

- (A)

(B
F1G. 59.—Fatigue Test Specimens.

axial push-pull stresses with or without initial static load. By
means of the use of special tools, alternating bend stresses can
be produced, also provision is made for the testing of flat or
round specimens of material. The Pulsator is a dual mass
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F1G. 60.—Fatigue Testing Machine which can be used for full-sized
machine members.

(Courtesy—Messrs. W. and T. Avery, Ltd.)

resonance machine, one mass being formed by its oscillations
system and the other by the machine base. The cross spring
beam is in direct contact with the gripped specimen, and is
oscillated by an exciter consisting of a flexible shaft operating an
out-of-balance rotor at one free end of the beam. Its other free
end is compensated by a counter weight in such a way that the
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two halves of the springbeam have exactly the same natural
frequency. By this means the test piece is subjected to axial
push-pull stresses and the oscillations are transmitted to the
loop dynamometer through the test piece. The number of stress
cycles varies between 2600 and 2900 per minute. Tests may
be carried out with (a) No initial static load, and the maximum
5 6 pL}lsating load can be ap-
plied. (b) Equal amounts
of static and pulsating load
between zero and maxi-
mum. (c¢) Unequalamounts
1 o 3 4 | 5 of static and dynamic
l stresses between zero and
maximum,
F In fatigue testing and
in service, the design of
: the machine component
affects its fatigue value
h and is greatly influenced
o by geometric form, di-
F1G. 61.—Diagram showing working mensions, location of
principle of *“ Pulsator >’ Machine. shoulders, threads,

1. Adjustment of initial static load.
2. Springs for applying static stresses. notches, grooves, keyways,
. Specimen. 4. Loop dynamometer.  sharp-edged oil holes, sur-

3 h .
g. Adjustment to length of specimen. face finish and very often

- Regulation of amthu‘;e‘ y external influences such as
(C"“”“y;{‘a'gf”l'fta) ~and T. extremes of temperature,
, Ltd.

corrosive agencies, etc. As
an example, threads of a vee type with a sharp root may cause
failure due to stress concentration set up at the root of the thread.
Rounding off the tool which cuts the vee at the root of the thread
increases the endurance limit by a considerable amount.

Failures due to fatigue occur first in the form of a fine hair
crack which spreads gradually throughout the cross-section
without any premonitory symptoms, causing-the effective section
to become so reduced that it suddenly fails under the load
imposed. After fracture, fatigue failures show two distinct zones,
one exhibiting a rather brittle appearance and the other a more
ductile fracture. In more brittle materials, however, the difference
between the two zones is not so apparent. The shape of the zones
depends largely upon the type of material and mode of stressing.
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CREEP TESTING

When stressed at high temperatures, metals have a tendency
to undergo continuous deformation, and from this phenomenon,
known as “ creep,” a method of testing has been developed
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FiG. 62.—Showing loading arrangements of Creep-Testing
Equipment.

(Courtesy—Messrs. Metro-Vickers Elect. Company, Led.)

involving the minute but continuous deformation which occurs
under a predetermined load. The amount of deformation
depends on the temperature and the load applied. The test is
carried out under conditions whereby a constant predetermined
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load is applied at a predetermined constant temperature over a
considerable period of time.

In creep testing the specimen, in the form of a tensile test piece,
is heated in an enclosed wire-wound and electrically-heated
tube furnace, thermostatically controlled  and suitable for pro-

PR S——

Front view. Rear view.
Fics. 63 and 64.—Complete Single-Unit Creep-Testing Equipment.
(Courtesy—Messrs. Metro-Vickers Elect. Company, Ltd.)

longed operation up to 9oo°C. For loading the specimen, a
single 10 to I lever is employed supporting calibrated weights at
its free end. Two methods for measuring the creep are employed.
For comparatively coarse measurements a dial indicator is sup-
ported over the end of the lever, but as errors are likely to be
introduced by distortion of the frame due to changes of tem-
perature, the use of a special type of extensometer is favoured. -
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An extensometer employing two mirrors, also telescopes and
scales, is clamped over specially enlarged portions at either end
of the 8-in. gauge length of the specimen by means of split
clamps.

The ordinary method of creep testing involves rather long
periods of time, sometimes extending into months. To over-
come this disadvantage a high-temperature slow tensile method
of testing has been devised, and, whilst it is recognised that it

F1G. 65.—A Six-Unit Creep-Testing Equipment.
(Courtesy—Messrs. Metro-Vickers Elect. Company, Ltd.)

does not determine quantitatively the true creep resistance of a
metal, it does serve a very useful function in indicating the.
relative creep resistance. The test is of relatively short duration.
A machine for making the slow tensile test at elevated tem-
perature is illustrated in Fig. 66. The load is applied by means
of a constant speed motor through a train of gearing providing
rates of strain of from 0-00I to 0-25 in. per minute as desired.
The latter rate corresponds approximately with commercial
rates of testing in tension, and enables the machine to be used for
ordinary testing at normal temperatures, The motor-driven
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loading mechanism may also be disconnected and a lever fitted
for ordinary creep testing. The method of heating the specimen

' S e

F16. 66.—High-Temperature Slow
Tensile-Testing Equipment.

(Courtesy—Messrs. Metro-Vickers
Elect. Company, Ltd.)

and the automatic temperature
control is similar to that used in
ordinary creep testing. An auto-
graphic recording mechanism is
fitted for slow tensile tests, in
which the load and the extension
are recorded automatically by a
photographic method, and this
recording device may also be
used for direct visual measure-
ment. The standard size of
specimen for tensile testing is
2 in. gauge length and 0-357 in.
diameter (i.e. oI sq. in.). The
apparatus is designed to exert a
maximum stress of 45 tons per
sq. in. on the test piece.

The limiting creep stress is the
stress at any temperature, which,
if exceeded, will cause con-
tinuous creep and eventually
failure of the stressed part.
The limiting creep stress is re-
duced with increase of tempera-
ture, and this value must be
considered in connection with
metals working under stress at
high temperatures such as are
employed in high-pressure steam

plant, boiler parts, superheaters, valves and parts of internal

combustion engines.

MECHANICAL TESTING OF SMALL TEST PIECES
AND MATERIALS FROM SMALL PARTS

It is often desirable to test specimens taken from actual pro-
ducts such as castings and forgings, and frequently the size and
shape of the article does not permit the cutting of a convenient
section for turning into a test piece for testing in the larger
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type of te_sting machine. A small part will sometimes fail pre-
maturely in service and valuable information may be gained if a
test piece can be taken from it for test in tension, hardness, etc.
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F16. 67.—Photographic Stress-Strain Record.
(Courtesy—Messrs. Metro-Vickers Elect. Company, Ltd.)

Checks on the quality of the material in components before and
after long service are also useful sources of information. A
universal and portable testing machine which supplies the

F16. 68.—The Hounsfield Tensometer.
(Courtesy—Tensometer, Ltd.)

information regarding the quality of such material is the Houns-
field Tensometer.

The general construction of the instrument is illustrated in
Fig. 68, A tensile test piece is held in a pair of split chucks
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pinned to spherically mounted attachments. The load, ranging
up to 2 tons, is applied through a hand-operated handle and
geared mechanism. This force acts through the test piece and
is measured by the deflection of a calibrated spring beam, which,
in deflecting, acts on a piston in a mercury cylinder whereby
mercury is displaced into a small-bore glass tube adjacent to a
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FI1G. 69.—Some applications of the Tensometer.
(Courtesy—Tensometer, Ltd.)

graduated scale. Attached to the instrument is a recorder drum,
slowly rotated by means of gearing from the movement of the
operating handle. The pointer of a cursor is made to follow the
head of the mercury column in the tube and a pricker is regularly
operated to produce a series of punctures on a sheet of graph
paper attached to the recorder drum. The load is recorded as
ordinates and the straining of the test piece is recorded at abscissae
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giving a stress-strain diagram on the chart. Accessories either
incorporated in, or supplied with, the machine enable, in addition
to tensile tests, a wide variety of other tests to be made, including
notched bar, cast-iron bend, uniform bending movement, Brinell
hardness, compression, punch-shear and cupping. The machine
is also applicable to the testing of strip, plate and wire, plastics
and textiles. The measure of o

the ductility of the material can
be rapidly and simply deter-
mined from the fractured test
piece by the use of gauges for
elongation and reduction of
area. Although the machine
deals mainly with miniature
test pieces ranging in diameter
from 0-126 to 0-506 in. and in
overall length from approxi-
mately I in. to 24 in., the
results obtained from the tests
are remarkably accurate and,
indeed, the machine can be used
with confidence even when
sufficient material is available
for conducting tests using the
larger and standard test bars in
other testing machines.

For the purpose of testing
small specimens for impact
value, small impact machines
have been devised. A useful
machm.e for conducting this type Fic. 70— The Hounsfield
of test is the Houngﬁeld Ifnpact Balanced Impact Machine.
Machine. Briefly, it consists of (Courtesy—Tensometer, Ltd.)
two swinging tups mounted on
ball bearings and housed in an upright frame. The tups are
designed and arranged so that they move one inside the other,
the outer one being of double construction and in which the
anvils are carried. Both tups are initially held in the elevated
position by catches and, when released by manipulation of the
hammer H, swing in opposite directions from the same height,
so that the moving weight is divided equally between them. The
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test picce S, having a standard V notch which is engaged by the
notch register, is fixed in the inner tup and located at the centre
of percussion of the moving tups. . When the tups pass one
another after breaking the test piece, a non-return pawl mechanism

F1G6. 71.—The .Hounsfield Balan¢ed Impact Machine with
tups in elevated position ready for test.

(Courtesy—Tensometer, Ltd.)

prevents them from swinging backwards. The indicating pointer
P records the difference in movements between the tups and is
read from the scale K. The machine gives comparative results
with materials, and good Izod equivalents are obtamed on ferrous
metals if the result is multiplied by 2-s.



CHAPTER 3

PHYSICAL EXAMINATION OF METALS

METALLOGRAPHY

ETALLOGRAPHY is the term applied to the optical

examination of the internal structure of metals by visual
means using a metallurgical microscope. It is often found that,
although two samples of metal are identical as regards chemical
analysis, they differ very widely in other properties, and the
microscope provides a means of determining the physical con-
dition of the metals. In many instances positive information
is obtained regarding the mechanical and hcat treatments which
a sample of metal or a finished part has received during its
manufacture.

The preparation of specimens. The specimen to be examined
is cut to a convenient size. Holding and manipulation of the
specimen is simplified if it is not tall in relation to the section of
the face to be polished. Taking the simple example of a cylindri-
cal specimen, its height should be less than the diameter. For
thin specimens, such as sheet and wire, special methods of mount-
ing are employed.

Where possible, the specimen should be lightly cut to a con-
venient size with a sharp hacksaw. Excessively hard materials
may require cutting with an abrasive wheel, during which pre-
cautions must be taken to keep the specimen in a comparatively
cool condition. This precaution must also be taken when pre-
liminary grinding the surface to be examined, by using a flow
of water as a coolant, or by frequent dipping in water because,
with some metals, particularly hardened steels, a slight increase
in temperature, even though it may be only local, will give an
alteration in structure. ’

The scratch marks made by the wheel are then erased by
means of a fairly fine file. As it requires considerable experience
to maintain a flat surface by applying the file to the specimen, it
is better to hold the file in a vice or lay it flat on a bench, and
firmly but not too heavily rub the specimen on the file at an
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angle of 9o° to the scratch marks made by the wheel. The
pressure should be just sufficient to feel that the file is actually
cutting. This step, of course, is not possible with very hard
materials and filing is omitted.

The remainder of the operations may be carrled out by hand
or on a motor-driven horizontal polishing disc. In the former
method, strlps of various fineness grades of coarse emery, and
also what is generally known as French emery paper about
3 in. wide, are firmly fastened with drawing-pins to flat boards
of hard wood of suitable size. Alternatively, the whole required
series of papers may be pinned on to a long board which has,
running down its entire length and most of its width, a long
piece of inlaid glass, allow-
ing a wooden border on
both sides for pinning on
the papers. With this
latter arrangement, pro-
vided that the specimen is
manipulated in the correct
manner, a perfectly flat
surface is obtained. The
specimen is held face
downwards on the first
grade of emery paper and,
by resting the elbow on the

F1G. 72.—Plan of Polishing Board. bench and using it as a

pivot, the specimen is
passed backwards and forwards with firm but not heavy pressure
at an angle of 9o° to the scratches previously made on the file
or cutting wheel. The operation is continued until these
scratches are removed. The process is repeated on the other
progressively finer grades of papers, each successive transfer
being accompanied by the rotation of the specimen through a
right angle. The French emery papers are brown in colour,
and number 1, 1M, IF, 0, 00, 0oco and oooo in progressively
finer grades. It is essential that transfer from one paper to the
next should not be made until all scratches are in the same
direction. After leaving the 0oo or 0ooo paper, the specimen
has a smooth bright finish except for a series of very fine
scratches running in one direction. The specimen is then ready
for finishing.
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Finishing is carried out on a strip of selvyt cloth, chamois
leather or any other non-gritty soft cloth without excessive pile.
A substantial application of polishing powder, with a supply of
water to form a paste, is made to the cloth. Several polishing
powders are available, namely, chromic oxide, rouge, zinc oxide,
manganese dioxide, tin oxide, magnesium oxide and diamantine,
the last named being a specially prepared form of aluminium
oxide. Choice of polishing powder depends upon the type of
material being polished. For quick rough work and for very
hard specimens chromic oxide is very satisfactory, but this has
the disadvantage that soft constitu-
ents, such as graphite in cast irons,
tend to become damaged, and for
this type of constituent magnesium
oxide or diamantine is preferred,
but the process is much slower.
A favourite powder for average
speeds on ferrous work is rouge,
but this often has the property of
clinging to the surface of certain
specimens, and the surplus is not
easily removed. The specimen is
considered as being completely
polished when, by wiping on a
clean soft cloth, the removal of
the surplus abrasive paste leaves
a mirror-like surface free from
scratches. ,

When a polishing wheel or disc FIG. 73.—Polishing Wheel.
is used, a groove round the disc
and a spring enables the papers to be changed as desired. For
final polishing, the cloth may be fixed to the disc, and clamped
over this is a bottle with a fairly fine jet, from which water is
allowed to drop at a slow and constant speed to keep the paste
fairly fluid. The speed of the wheel should be 400 to 600 re-
volutions per minute and the specimen should be moved to and
fro across the wheel during the operation.

During preparation, specimens of the softer metals, particularly
non-ferrous metals, are easily and deeply scratched, and a layer
of amorphous metal tends to flow over the surface of the polished
face in a similar manner to a very viscous liquid. This con-
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dition is aggravated by excessive pressure. Consequently much
greater care is necessary in the polishing of the soft metals,
lighter pressure being required and the polishing papers may,
with advantage, be soaked in paraffin before use. The final
polishing of non-ferrous alloys is often carried out by means of a
good quality liquid metal polish on selvyt cloth or chamois
leather but, prior to etching, any grease should be washed off
with a solvent. Magnesium and aluminium alloys may be
finished with magnesia or alumina.

Methods of mounting specimens for polishing. Some speci-
mens, for various reasons, require special means of mounting.
For the examination of surface hardening, case hardening,
decarburisation and plating, it is often desired to examine the
structure up to the edge of the specimen. Even the most care-
fully polished unmounted specimen will show some degree of
curvature at the edge, rendering an examination of a flat field
very difficult. For examination of edges several methods of
mounting may be employed.

In the first method the specimen is mounted in a metal of low
melting-point. For this purpose
a copper, brass, or steel ring is
placed .on a smooth steel plate,
which has been slightly warmed.
The specimen, having its sur-

F16. 74.—Setting of Specimen face for egamina'tion ground or

in Fusible Metal. filed flat, is placed face down-
wards on the steel plate and in
the centre of the ring. The ring is then filled by pouring
in the molten metal which, in solidification, firmly mounts the
metallographic specimen. Polishing can now be continued in
the usual manner. Tin can be used as the mounting medium
when nitric acid is the etching reagent, and lead where the
material is etched with a reagent with hydrochloric acid as
a constituent. The low melting-point fusible alloys such as
Wood’s metal mentioned in chapter 10 are also often use-
ful for mounting specimens for polishing. The choice of
mounting metal is important, for if both mounting metal
and specimen are attacked by the same reagent preferential
attack may result, and the purpose of the mounting would be
defeated. '
A more satisfactory method of mounting is by the employment
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of an hydraulic mounting press using bakelite or a transparent
plastic as the mounting medium. The specimen is mounted by
using specially designed mould outfits, electric mould heaters,
and coolers. Slight heat along with pressure is applied and the

Fic. 75.—The * Millen ” Hydraulic Mounting
Press for Metallographic Specimens.

(Courtesy—Messrs. Griffin and Tatlock, Ltd.)

mounting material perfectly surrounds the metallographic speci-

men, and the close adherence of the plastic which, on cooling,

becomes a hard solid, makes possible the examination of the

extreme edges. The mounting medium does not tend to smear
6
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across the metal face when polishing, as is liable to happen when
fusible alloys and metals arc used as mounts. The differential
etching action
encountered
with fusible
metal mount-
ings is avoided
as bakelite is
impervious to
the normal etch-
ing agents. All
kinds of speci-
mens of incon-
FI1G. 75a. Mould Outfits for Millen Press. venient shapes,
such as wire,
sheet, etc., can be polished and examined in bakelite mountings.
Etching the specimen. Non-metallic inclusions, like graphite
in cast iron, slag in steel, and other metals not soluble in the
matrix of a metal or alloy (e.g. lead in brass), stand out clearly
under the microscope after the polishing operations, and often
require no further treatment. It is usually necessary, however,
to use a chemical or combi-
nation of chemicals, known
as etching reagents, to reveal
the detailed structure of the
metal. During polishing a
thin film of amorphous metal
flows across the face of the
specimen in varying degrees
depending upon the com-
position of the specimen,
the weight applied during
polishing, etc., and this con-
dition is particularly pre- F1G. 756.—~Mounted Specimens.
valent with the softer metals.
The etching reagent removes this amorphous layer and attacks
the constituents of the metal undérneath, revealing the true
structure. Etching reagents react by the gradual solution
of the metal from the surface downwards, the rate of solution
being dependent upon the degree to which the constituents are
impervious or acted upon. The time of etching is governed by
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the reagent used, its strength, and the type of material under
examination, but the most convenient and satisfactory period is
one that gives the desired result in not less than 10 seconds nor
more than about 2 minutes. Very often more than one etching
operation is necessary to remove the amorphous film, and
develop the true structure. In this case the practiceis to give the
specimen several repeated polishings on the wet abrasive cloth,
and etching operations alternately until the desired condition is
obtained.

The uniformity of etching obtained with alcoholic solutions
is usually greater than that with aqueous solutions, and staining
of the surface is less common.

The chief and more frequently used etching reagents are
listed below :—

Iron and steel ,

(1) 2 to 5 per cent solution of nitric acid in absolute alcohol
for general structure, and particularly ferrite grain boundaries.

(2) Saturated solution of picric acid in alcohol for general
structure, but gives better definition of pearlite than nitric
acid in alcohol.

(3) Alkaline sodium picrate. 2 gm. of picric acid dissolved
in a solution of 25 gm. of caustic soda in 75 c.c. of water. The
specimen is immersed in the boiling reagent for § to 10 minutes.
On withdrawing, the specimen is quickly washed in water.
Used for revealing cementite and which appears blackened by
etching (Kourbatoff’s Reagent).

(4) 10 gm. potassium ferricyanide, 10 gm. potassium.
hydroxide in 100 c.c. water (Murakami’s Reagent). For
distinguishing carbides in chromium and tungsten steels.
Cementite requires a longer immersion to colour than alloy
carbides.

(s) 10 per cent hydrochloric acid with 10 per cent by weight
of ammonium persulphate for stainless steel.

(6) 20 c.c. hydrochloric acid, 40 c.c. nitric acid, and 40 c.c.
glycerine for high-speed steels.

Copper and copper alloys
(1) 10 per cent solution of ammonium persulphate in water.

If etching is too slow for any alloy, the addition of 25 per cent
of strong ammonia will decrease the etching time, often with
beneficial results. Used with alloys of copper and zinc.
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(2) 10 c.c. ferric chloride, 30 c.c. hydrochloric acid, 100 to
120 c.c. water. Used for phosphor bronze and high-strength
brasses.
The above two reagents will satisfactorily etch practically all
the copper-rich alloys.
Nickel and nickel alloys
(1) Ferric chloride solution as above.
(2) 50 per cent nitric acid, 25 per cent glacial acetic acid,
and 25 per cent water by volume.
Bearing alloys
(1) 5 to 20 per cent hydrochloric acid for alloys rich in tin.
(2) 1 to 5 per cent nitric acid for alloys rich in lead.
Alumimaum alloys
(1) 1 to 10 per cent hydrofluoric acid in water.
(2) 5 to 20 per cent sodium hydroxide or potassium
hydroxide in water.
(3) 20 c.c. nitric acid, 20 c.c. hydrofluoric acid, and 60 c.c.
glycerine.
Magnesium alloys
(1) 2 per cent nitric acid in alcohol.
(2) 2 per cent oxalic acid in water (useful for grain boundary
etching). '
Tin alloys ,
(1) 5 per cent hydrochloric acid in alcohol.
Zinc and zinc alloys
(1) 1 to 4 per cent nitric acid in alcohol.
(2) A few drops of a solution of 94 c.c. nitric acid and 6 gm.
chromic acid, added to 50 c.c. water.

Lead and lead alloys
(1) 5 per cent nitric acid in alcohol.
(2) Acetic acid and up to 3 per cent addition of hydrogen
peroxide.

After etching, the specimen is washed thoroughly in running
water, then in absolute alcohol or acetone to remove the water.
The alcohol or acetone quickly evaporates in the air, but the
evaporation is often accelerated by a warm steam of air from a
hair dryer. ‘

e microscope. Examination of the structure of metallo-
graphic specimens is carried out with a microscope employing
reflected light. A microscope consists essentially of :—
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(1) A stage for holding the specimen and which may be
racked up and down to accommodate various heights of speci-
men. By racking up the stage the image of the structure of
the metal is brought into rough focus at a set distance from the
objective, this distance depending upon the magnitying power
of the objective,
being shorter with
higher magnifica-
tions. The objec-
tives used for high-
power examination
have the shorter
working distance be-
tween the surface of
the specimen and the
bottom lens of the
objective. Care is
therefore necessary
when racking up the
stage that the speci-
men does not come
into contact with the
lens of the objective,
which may become ¢
damaged as a result.

With  magnifica-
tions of about 8oo
and over, the working
distance is increased
by smearing the face
of the specimen and

FiG. 76.—Typical Metallurgical

the lower lens of the Microscope. Bench Type.
objective with cedar- (Courtesy—W. Watson and
wood oil, and rack- Sons, Ltd.)

ing up the stage until
the two films of oil meet. After use, the oil is easily removed
by wiping with xlene on a soft clean cloth.

(2) The microscope body tube, to which is clipped or
screwed the objective at the lower end, and an €yepiece, some-
times termed ocular, is inserted at the top of the tube. An eye-
piece is a combination of two lenses set in a short cylindrical



86 METALLURGICAL MATERIALS

tube and may be interchanged according to the magnification
required. The initial magnification at the objective is in-
creased by the magnifying power of the eyepiece. Data
regarding the optical equipment are usually marked on the
accessories, or given in the microscope makers’ specification,

F1G. 77.—Photomicrographic Apparatus.
Vertical Type.

(Courtesy—W. Watson and Sons, Ltd.)

from which the magnification can be calculated approximately
from the formula :(—

M=§n
where T =the tube length from the front of the ocular to the

tip of the objective and including the vertical

illuminator. .
=the focal length of the objective.

n=the magnifying power of the eyepiece.
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Incorporated in the body tube is a micrometer screw for fine
adjustment of the focus.

(3) A vertical illuminator for directing the illuminating rays
of light on to the specimen. Two forms are in general use: a
glass prism and a thin glass plate type, and housed in an
attachment between the lower end of the body tube and the
objective. For convenience in some microscopes, both the
glass plate and the prism are mounted in the illuminator on a
device which permits immediate changing from one to the
other. The light enters at the side of the vertical illuminator
and at right angles to the body tube. The source of light may
be daylight, an electric filament bulb, or an arc lamp.

The glass prism is mostly used in examination at the lower

F1G. 78.—Photomicrographic Apparatus. Horizontal Type. Watson’s
Metallograph.

(Courtesy—Messrs. W. Watson and Sons, Ltd.)

powers of magnification, the princfple being illustrated in
Fig. 79. The rays of light enter from the side and strike the
face of the prism, from which they are deflected downwards
on to the surface of the specimen. The specimen reflects the
rays back again up the body tube, past the prism to enter the
eyepiece of the microscope.

The glass plate is placed at an angle of 45° to the optical
axis. With this type of illuminator all the rays of light are not
reflected downwards, but some pass through the glass plate,
as indicated by the dotted lines in Fig. 80, and are lost in the
microscope body tube. As a result, with the same source of
light for both types of vertical illumination, the density of the
light rays reaching the eyepiece are less with the use of the glass
slip than with the prism. A much better and more detailed
image is obtained by the use of the glass slip illuminator.
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(4) For the taking of photographs a reflex camera attach-
ment is employed. A ground-glass screen is provided which
slides into place at the end of the bellows, and on to this the
image is thrown prior to final focusing. To carry out the final
focusing, the ground-glass screen is removed and a plain glass
plate is inserted in its place, and the micrometer screw in the
body tube of the microscope is slowly turned until, by viewing
through a focusing magnifier resting on the glass plate, the
image appears sharpest in outline. At the other end of
the bellows is a sliding light-screened collar surrounding the
eyepiece. The camera is -also provided with a time shutter
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F16. 79.—Vertical Illumi- F1G. 80.—Glass Slip
nator with Prism. Type of Illuminator.

for controlling the lengths of exposure given to the photo-
graphic plate. The latter is contained in a light-proof holder
and fits into an arrangement at the end of the camera. When
ready to make the exposure, the slide of the holder is with-
drawn, and the plate is then exposed to the rays of light. When
taking photographs, filters of green, yellow, or other colour are
used to eliminate rays of undesirable light, thereby reducing
glare and giving a sharper image. The colour of the filter used
depends to some extent upon the source of illumination, the
magnification, type of photographic plate, and the colour tone
* of the metallographic specimen.

All are familiar with the appearance of the usual bench type
of microscope. A camera attachment may be used in conjunction
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with this for taking photographs of metallographic specimens.
During recent years special types of photomicrographic apparatus
have been developed, both of horizontal and vertical designs, in
which the introduction of various devices enables the same in-
strument to serve with little alteration, as a routine microscope
for visual examination or as a photomicrographic apparatus.
Sometimes, in addition, certain makes of instrument may be

FiG. 81.—The Vickers Projection Microscope.
(Courtesy—>Messrs. Cooke, Troughton and Simms, Ltd.)

employed as a micro-drawing apparatus and for projection of the
image on to a white screen for demonstration purposes. Illus-
trations of typical modern instruments are Figs. 77, 78 and 8r.
The magnification of the image on the photograph is pre-
determined by the use of what is known as an objective micro-
meter, consisting of a polished piece of metal of suitable size.
In the centre of the micrometer are very fine graduations in the
form of a metric rule 1 mm. in length, and divided into 100 equal
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divisions. The graduations are placed under the objective of
the microscope, and focused on to the ground-glass screen fitted
in the end of the camera, where they are
clearly seen. A convenient number of the
divisions are then measured with an ordi-
nary type of rule graduated in centimetres
and millimetres. For example, if 50 gradua-
tions of the micrometer give an image measur-
ing 8:5 cm. on the ground-glass screen, the
magnification of the image on the photograph
would be 8500-+-50=170 diameters.

Various outfits require different methods of
levelling or setting the specimen. The surface
of the specimen to be examined must be set
at right angles to the axis of the objective.
The use of the bench type of microscope and
the vertical types of photo-micrographic out-
fits necessitate the levelling of the specimen
on plasticine held on a small glass slide.
This may be carried out by two methods.
The first employs a hand-mounting press, as shown in Fig. 82.
The specimen is placed face upwards on. the plasticine, and
levelled by depressing the plunger, so that the disc which is exactly
parallel to the base of the press firmly presses the specimen

F1G. 82.—Plasticine
Levelling Press.

Plasticine

Specimen
F1G. 83.—Levelling with Glass Plate Plasticine and Ring.

into the plasticine. On withdrawal of the hand from the knob,
the spring brings the plunger and disc back to its normal position.

In a satisfactory alternative method of mounting, the specimen
is placed face downwards on a glass plate and surrounded by an
accurately parallel ring. A piece of plasticine, attached to a
strip, is pressed on to the specimen until the strip contacts both
sides of the ring. On lifting the strip, the specimen adheres
to the plasticine, and examination under the microscope can be
proceeded with without further levelling.
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With most types of horizontal microscopes, mounting is not
necessary, as the specimen is placed face downwards on the
stage. The stage is constructed to house a disc with a hole in
the centre and, as a choice of discs is usually provided, the
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F1G. 84.—Specimen Inverted in Stage

operator chooses one which has a hole slightly smaller than the
dimensions of the specimen. The light enters through a hori-
zontal collimating tube, and is reflected upwards into the objective
and then on to the face of the specimen.

SPECIAL METHODS OF REVEALING THE
STRUCTURE

(1) Electrolytic polishing. An interesting method of final
polishing when the specimen leaves the ooo emery paper is by
electrolytic means, and is finding increased favour as a quick

F16. 85.—Circuit for Electrolytic Polishing.
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nethod instead of the often laborious process of using the wct
brasives. It is applicable to all metals, but is especially con-
renient for the final polishing of the softer non-ferrous metals,
vith which difficulty is often experienced in the final removal of
cratches.

The specimen forms the anode of the circuit and the cathode
nay be a plate of iron or aluminium of a considerably larger
urface area than the specimen. The current density, voltage
nd composition of the electrolyte is varied with the type of metal
inder examination. Voltages in the order of 1 to 100 are used
vith current densities of 0-07 to 0-16 amps. The time required
or the operation also depends upon the type of material and is
etween 4 and 10 minutes.

Etching after polishing can then be carried out with the usual
itching reagents, or etched electrolytically.

(2) Electrolytic etching. The specimen is made the anode
)y being supported in an electrolyte by a length of platinum
vire. The cathode consists of a piece of platinum foil. The
jJectrolyte solutions used are ammonium nitrate and other
weutral salts. Weak ammonia may be used for etching copper
ind brass, sodium thiosulphate for bronzes, and dilute sulphuric
icid along with a small quantity of hydrogen peroxide for copper-
iickel alloys. Small currents of 0-01 amp. per sq. cm. of etching
irea is usually sufficient.

(3) Polish attack. Final polishing is carried out by lightly
‘ubbing on a soft pad moistened with a suitable etching reagent—
immonium nitrate for steels and dilute ammonia for copper and
ts alloys. The method has only a limited application owing to
‘he amount of care necessary to produce good results, and avoid-
ng over-emphasis of the grain boundaries.

(4) Polishing in relief. This is a method which has only a
rery limited application now, but was used more frequently in
he early days of metallography when the choice of suitable
stching reagents was not so wide. Hard constituents are thrown
nto relief by polishing the specimen on a soft cloth impregnated
vith rouge after it leaves the emery papers. It can, however,
rive some indication of the distribution of the hard-wearing con-
itituents such as phosphorus in cast irons, carbldes in iron and
iteel, and hard particles in bearmg alloys.

(5) Heat tinting. This is a method of examination which
lepends upon the preferential oxidation of the constituents of
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an alloy when heated in air. The method takes rather more
time than the dip-etch procedure with the normal etching re-
agents, but it is a valuable means of revealing phosphides and
dendritic structures, particularly in non-ferrous metals. It has
the advantage that the structure in areas of unsoundness due to
blow holes or other types of porosity can be examined more
satisfactorily. This is because of the tendency of any etching
solution trapped in the cavities when the dip method is used to
creep back over the surface of the specimen after drying and
standing some length of time. The surface of the specimen then
becomes stained.

_ After complete polishing, de-greasing, and warming to remove
moisture, the specimen is floated, polished side uppermost, in a
shallow trough of tin which rests on a small hot plate. The tin
is thereby heated uniformly, and is maintained by suitable control
at a temperature of approximately 280°C. With the copper-
nickel alloys containing substantial percentages of nickel, a tem-
perature of about 360° is often required to give suitable tinting
conditions.

When a purple tint is observed over the surface of the specimen,
it is withdrawn from the tin and quickly cooled by floating in
another shallow trough or dish containing mercury, carefully
avoiding contact of the face of the specimen with the mercury.
If the desired depth of tint or contrast is not obtained, the opera-
tions may be repeated. The time required is 3 to 6 minutes for
gunmetals, brasses and phosphor bronze, 10 to 15 minutes for
cast iron, and a considerably longer period for manganese bronze
and the copper-nickel alloys containing high proportions of nickel.

(6) Sulphur printing. The specimen is ground flat, and need
not be perfectly polished as for micro-examination. It should
be free from grease. A sheet of gaslight or bromide photographic
printing paper is soaked in 5 per cent sulphuric acid, and the
surplus acid removed with blotting paper. The face of the
specimen is then carefully and lightly pressed on to the prepared
paper so that complete contact of the surface is made with the
paper. After about 2 minutes the paper is peeled off the specimen.
The acid on the paper reacts with the manganese sulphide and
iron sulphide in the metal, liberating hydrogen sulphide which
combines with the silver salt in the paper to give a dark brown
stain of silver sulphide. An indication of the distribution of
sulphur is indicated on the print (Fig. 227). For a permanent



94 METALLURGICAL MATERIALS

record, the print may be given a quick rinse in water, and fixed
in hypo solution in the same manner as an ordinary photographic
print.

(7) Macrostructures. The macro method of etching and
examination consists of roughly polishing a large specimen or
section of a complete casting, forging or ingot, and etching with
a reagent which acts quickly on the metal giving a short period
of contact. The sample is usually too large to be examined by
the ordinary metallurgical microscope, and the quick deep etch
gives a visual indication of the distribution of impurities, general
structure, porosity, large dendritic structures, and the method
is particularly valuable for showing the flow lines in forged or
rolled articles.

Macro-etching can be accomplished by a large number of
reagents and the choice depends upon the features desired to be
revealed in the metal. Some of the common reagents are :—
Iron and Steel

(1) An 8 per cent aqueous solution of copper ammonium
chloride is poured over the surface of the specimen to produce
a coarse loosely adherent deposit of copper. The metal is then
treated with a solution containing 120 gm. copper ammonium
chloride, 5o c.c. hydrochloric acid, and 1000 c.c. water. When
etching is complete, the copper deposit is wiped away. The
effect -obtained can often be improved by lightly rubbing the
surface on fine emery paper, when the structure standing in
relief appears in contrast.

(2) Stead’s Reagent. 10 gm. cupric chloride, 40 gm.
magnesium chloride and 20 c.c. hydrochloric acid. The salts
are dissolved in the acid with a minimum amount of hot water.
1000 c.c. of alcohol completes the reagent.

During use, copper is deposited on the areas low in phos-
phorus. The reagent will also reveal prlmary dendritic
structures in cast steel.

Copper and copper alloys

(1) 25 gm. ferric chloride, 25 c.c. hydrochloric acid, and
100 c.c. water.

(2) 50 c.c. ammonia, 2'5 gm. ammonium persulphate, and
150 c.c. water. The solution is especially useful for brasses
containing the beta phase.

Aluminium and aluminium alloys
(1) 20 per cent aqueous solution of hydrofluoric acid.
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(2) Reagents of increased activity can be produced by.
mixing with dilute hydrofluoric acid, suitable proportions of
hydrochloric and nitric acids.

Interpretation of structures. The various pure metals crystal-
lise in various polygonal forms, some cubic, some hexagonal and
some tetragonal. If the crystals of a solidifying molten metal
were able to form and grow freely, crystals of perfect geometric
shapes would be obtained, as is the case when certain saturated
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F1G. 90.—Diagram showing Crystal Formation in Pure Metals.

solutions of chemicals are allowed to crystallise. Crystals of
definite geometric shape are known as idiomorphic crystals.
Crystallisation commences from a series of nuclei or centres
in the cooling liquid or molten metal, and in the early stages of
their growth they have idiomorphic shapes, but as they grow
they impinge and mutually limit further growth. Each grain or
crystal consists of a large number of unit cells of the same geo-
metric design as the complete crystal. When pure metals have
completely solidified, their grains have no apparent geometrical
form (allotriomorphic crystals), but their internal molecular
pattern is just as perfect as that of the idiomorphic crystals.
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Where the growing crystals impinge, the remaining thin layer
of liquid metal between them solidifies in the form of amorphous
metal and makes up the grain boundaries. The grain boundary
is regarded as an undercooled liquid, highly viscous and analogous
to pitch, sealing-wax, etc. At elevated temperatures the grain
boundary is the weakest part of the metal owing to its decreased
viscosity when heated, and therefore stressed metals fail at their
grain boundaries, particularly easily at temperatures approaching
the melting-point of the metal.

When examined under the microscope in the etched condition,
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Fi1G. 91.—Effects of Orientation of Crystal Grains on the Rays
of Light from the Microscope.

the shape and size of the grains, and the grain boundaries can
be clearly observed. The etching reagent, having removed the
amorphous layer covering the surface of the specimen, exposes
the true crystal surfaces to the illuminating rays of light from the
microscope. The crystals appear in tones of black, white and
half-tone according to the orientation or angle at which the cells
of each crystal bear in relation to the rays of light. Those faces
at right angles to the rays of light from the objective, reflect
back the light directly into the objective and appear bright in
colour. Those crystals having their faces set in such a manner
as to reflect the light at various angles from the vertical, appear
‘half-tone or dark. The grain boundary of amorphous metal



PHYSICAL EXAMINATION OF METALS - 97

has been attacked to form a minute channel and, becausc it does
not reflect much light directly back into the objective, appears as
a dark network.

When slowly cooled to allow complete diffusion and homo-
genity, some metals which are soluble in each other in the solid
state to give one constituent only, exhibit crystalline structures
similar to those of the pure metals. However, when an alloy
which gives a complete solid solution is cooled more quickly, a
dendritic or cored structure is formed. Solidification takes place
through a range of temperature increasing from a small range,
when one of the metals greatly predominates, to a larger range
when the metals are present in approach-
ing equal proportions (see Fig. 133).
As the temperature of solidification is
reached, the solid nuclei which form in
the molten mass have not the same com-
position as the remaining molten alloy,
but are slightly richer in the metal of the
higher melting-point. These solid nuclei
attract others and form <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>