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PREFACE

Knowledge of metallurgy is essential to
modern industry. Nearly every type of
manufacturing today depends upon what
we know about the behavior of metals and
their alloys, and upon our skill in using
them,

This book presents the basic informa-
tion about metailurgy—how ferrous and
non-ferrous metals behave and why. It de-
fines terms, explains guiding principles,
and outlines manufacturing processes.
The theories discussed are the organized
results of the best shop practices; there-
fore, not only the practical man in industry
but also the student in the classroom will
find it an accurate source of important in-
formation.

For the beginner who wants to deveiop
his skill and judgement, the systematic
and logical organization of the text materi-
al will prove particularly heipful. The con-
cise writing and selected illustrations
should give a clear and simple introduc-
tion to metallurgy. For anysne who wants
~ to learn, this book provides a working
~knowledge of the behavior of metals and
/~alloys in modern manufacturing.

- Because of its recognized practical val-
~ ue to everyone concerned with the fabri-

cations of metal products, Physical Metal-

lurgy is stressed rather than Chemical
- Metaliurgy.

To help the reader systematically study
metallurgy, this text presents the subject
in four sections. The first three sections
relate to ferrous metallurgy and the fourth
section relates to non-ferrous metallurgy,
including bearing metals.

Section I, Chapters 1 through 4, covers
the early history of iron and steel, the raw
materials and equipment used in produc-
ing basic iron, the refining processes used
to produce steel and the various shaping
and forrning processes used to supply the
required steel shapes used in moderr: in-
dustry.

Section I, Chapters 5 through 10, cov-
ers physical metallurgy, the metallic state
of pure metals, the mechanical properties
of ferrous metals, the methods, theory
and equipment related to testing metals,
the theory of alloys and equilibrium dia-
grams, heat treatment for steel and sur-
face treatments of ferrous metals.

Section Ill, Chapters 11 through 15, in-
ciudes alloys and special steels, the SAE
and AISI classifications of steels, cast
irons and foundry practice, welding metal-
lurgy and related processes and powder
metaliurgy.

Section IV, Chapters 16 through 20,
covers the non-ferrous metals. This sec-
tion includes the production of non-
ferrous metals, light metais and alioys,
copper and its alioys, bearing meials and
lesser known metals, pure or used as ai-
ioys of the major metals.

At the end of each chapter questions
are available for the student to use in the
review of the material in the chapter. All
weights, measures and temperatures in
the iext are given in both the common
English system and the equivalent Sl (met-
ric} system in parentheses. At the end of
the text there is a Glossary of Terms and
an Index.

The Publisher
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CHAPTER 1

EARLY HISTORY

7 OF IRON AND STEEL

Iron has been known and used for over
five thousand years. An iron object, ap-
parently a dagger, was found at the site of
the ancient city, Ur of the Chaldees. Ht is
believed tc date from about 3,700 B.C.
References to iron in the early literature of
indiza and China indicate that iron was
known in these countries at least 2,000
years before the Christian era.

The first iron that was used is believed
toc be of meteoric origin. Meteors, the
shooting stars that flash across the night
skies, are of two types: stone and metallic.
Ancient iron articles have been chemically
analyzed and found to contain a high per-
centage of nickel (7 to 15 percent) in the
iron base; this is very close to the nickel
content of metallic meteors, as in Fig. 1-1.

The common use of iron could not begin
until a method of removing iron from its

Fig. 1-1. Structure of iron-nickel meteor-
ite showing crystalline siructure. (Field
Museum of Natural History)

ore was learned. Iron ore is a chemical
compound of iron and oxygen, technically
referred to as iron oxide. This oxide of




Metallurgy

ron is the rust that develops on steel and
ron products when they ars exposed to
moist air. A methed of remmoving the oxy-
gen from the compound is called a reduc-
ticn process.

Early hunters probably learned the re-
duction technique by accident when a
camy fire was built over an out-cropping
of iron ore, Fig. 1-2. The glowing charcoal
in the fire would unite chemicaily with oxy-
gen in the ore to form a common gas, car-
bon dioxide (CC.', and would leave a
spongy mass of retallic iron mixed with
azh and other matter. The hunters found
that the mass could be shaped by pound-
ing it while it was stilt white hot. The
pounding not only shaped the mass but
alsc squeered out most of the ash and im-
purities. The metal that resulied v:5 a
crude form of wrought iron. Thiz -~ not
iron as we define it today because, while
there was enough heat to remove the oxy-
gen from the iron ore, the fire was not hot
encugh to meli the iron.

Fig. 1-2. Prehistoric man first smelted
iron accidentally by building a fire over an
ore sutcropping.

2

CHARCOAL AND
IRON ORE

DRAFT

WIND ™

Fig. 1-3. Earliest furnace design took ad-
vantage of wind power.

Later on, sufficient heat to melt the iron
became available with the building of
small, rough furnaces. These were stone
and clay boxes into which were put iron
ore and charcoal, Fig. 1-3. These box fur-
naces were placed in areas noted for high
~inds and the openings faced the usual
wind direction. The wind-driven air in-
creased the intensity of the fire and melt-
ed the iron. Later furnaces utilized beilows
operated by hand as in Fig. 1-4, or by
power from water wheels or windmills.

Over the centuries, improvements were
made upon this basic furnace. The shape
of the furnace was made micre efficient in
retaining heat and stacks were contructed
to add a draft effect to the incoming air
from th2 bellows. The charcoal used was
the source of the carbon which not only
was the fuei for the furnace but also, as it
became very hot, supplied ibe chemical
carbon for the reduciion process. As the
metaliic iron formed it melted, ran down




CHARCOAL

BELLOWS

Fig. 1-4. When winds faii, the belfows cre-
ates its own supply of air under man
power.

through the rad-hot coals and out of the
bottom to form an early form of pig iron.
The first iron was reiatively soft, of un-
e o1 quality and hard to work. However,
ircr ures are pientiful and widely distribu-
tad throughout the world. Some historians
beiave that the Hittites brought the
xnowiedge of ironmaking with them when,
about 1500 B.C. they migrated west from
the area now known as Afghanistan. An-
cient Egyptian writings indicate that the
highly sophisticated civilization of the
Pharoahs knew nothing of iron and nego-
tiated with the Hittite kings 1o learn the
fechniques of ironmaking. ifron is men-
tioned in the earliest books of the Oid Tes-
tament and the reverberatory furnaces of
Ezion-Geber at the head of the Red Sea
have drawn the attenticn of archeologists.
The ancient ironmakers occasionally
produced steel, possibly by accident. By
definition, steel is an alloy of iron with a

Early iHistory of iron and Steel

Fig. 1-5. Damascus swords were banded
layers of tough wrought iron and hard
steel edges.

Fig. 1-6. Fourth century iron molds for
casting sickle blades from China.

small amount of carton (usually less than
1 percent). Certain percentages of other
elements were also found in steel, some
valuable and beneficial, others harmful.
Thus, it is not hard to imagine an occa-
sional heat of iron centaining carbon and
other elements that would produce the
much stronger mretal, sieel.

However, it is probable that most of the
steel produced in ancient times resulted

3




Retallurgy

from heating the iron in a forge fire in con-
tact with red hot carbon (Fig. 1-4). The
surface layer of the iron would absorb
some carbon on the outer surface. This is
now referred to as a case. The red hot iron
bar with its case of high-carbon iron could
then be hammered. After many repetitions

of heating and hammering, a fine steel
would be produced, such as the famous
swords of Damascus and Toledo, Fig. 1-5.
There is evidence of steel made by this
process as early as 1000 B.C. Recently
found Chinese iron sickle molds have
been dated before 400 B.C., Fig. 1-6.

DIRECT PROCESSES FOR MAKING WROUGHT IRON

From about 1350 B.C. until 1300 A.D.,
practically all iron that was worked into
tools and weapons in Europe and the Near
East was produced directly from iron ore.
This method of production is called the di-
rect process to distinguish it from the
process now used, in which iron is first
smelted, then purified, and then ftinally
cast or wrought. This is an indirect proc-
ess. The product of the direct process is
called sponge iron. Today wrought iron is
produced by the indirect method which
will be described later in the book.

In the early direct process, alternate lay-
ers of charcoal, and mixtures of charcoal
and iron ore were placed in the furnace
until several layers of core built up. Then
the whole mass was covered with fine
charcoal. The charcoal had three func-
tions: (1) to supply heat during combus-
tion, (2) to serve as a reducing agent on
the ore, and (3) to shield the hot metal
from the oxidizing influences of the air.

Air for combustion was induced through
a pipe or nozzle directly into the bed of
coals first buiit up before the furnace was
loaded (charged) with charcoui and ore.

&

Very early in the history of iron making,
combustion was aided by an artificial draft
supplied by bkellows. The air (20 parcent
oxygen} in the blast combined with carbon
in the incandescent charcoal to produce
carbon monoxide (CO). a reducing gas. As
this gas ascended through the mixture of
charcoai and iron ore it combined with the
oxygen in the ore (Fe203) to produce car-
tion dioxide (002) which passed out of the
forge into the atmosphere.

As the process continued, tiny crystals
of iron would form and drip down into the
bottom of the forge. The temperatures
were only sufficient to achieve a pariial re-
duction of the iron from its ore. The rest of
the iron content (between 50 and 60 per-
cent) was lost in the stag {refuse). Reduc-
tion of iron ore starts at about 2200°F
(1200°C) and the melting of iron at
2800°F (1540°C). Since this latter temper-
ature could not be maintained in the prim-
itive furnace (Fig. 1-4) the iron was not lig-
uefied. Besides iron oxide, the slag would
contain fused impurities from the ore and
the fuel. As the iron droplets settled to the
bottom of the hearth, the slag, being light-




er, would float on top of the iron and pro-
tact it from oxidation.

After several hours, a spongy masse of
ront would have accumulated at the bot-
tom of the furnace. This was then pried
cut or withdrawn with tongs. White hot, it
was taken to the anvil and hammered vig-
orously and repeatedly to squeeze out as
much slag as pessible and to weid the iron
crystais into a solid mass. Between the
iorging periods, the iron wouid be reheat-
ed to soften or liquefy the remaining slag
rendering the iron more malleable.

The iron mass produced was called a
bloom. it was very smali, some weighing
oniy one or two pounds. This weight was
increased to more than ten pounds after

Early History of iron 2nd Steel

1000 A.D. Furnaces produced only one
bloom per day as iate as 1350 A.D. ai-
though more than one furnace might be
arerated at an iron works.,

. he later Middle Ages, the process
was imp “oved by adding a fluxing material
to the charge. The was usually limestone,
but slags from old furnaces werg reused
The added fluxing material markedly cut
cown the waste of iron and conserved
~hgrecal n reacting chemically with the
ga~que {impurities in the ores), the flux al-
so prevented some of the impurities from
dissolving in the fluid iron and this im-
proved the quality of the iron. This adci-
tion of a flux to the charge represented -
maijor step forward in iron working.

BEGINNING OF PRODUCTION FURNACES

In the early furnaces, recharging or con-
tinuous charging was not frequently prac-
ticed. This practice limited the size of the
bloom produced and the amount of iron
that could be produced in one day. Old re-
sords indicate that as late as 1350 A.D,,
English forges were producing an average
of less than three tons per year, and the
average biocom weighed les: than 33
pounds.

About 1300 A.D., the famous Catalan
forge (furnace} was developed in northern
Spain, Fig. 1-7. This furnace employed the
principle o repsated charging and also
utilized water power {0 force the draft.
This furnace is regarded as the ancestor

BELLOWS

- S

Fig. 1-7. Catalan furnace provided princi-
ple of repeated charging without shutting
down.
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of the blast furnace. The hearth apparent-
ly ranged from 20 to 40 inches {or 0.8 x
1.6 m} square and from 16 to 30 inches
(0.6 x 1.2 m) in depth. The furnace was en-
closed within a building but had no chim-
ney.

The operation was started by covering
the hearth with several inches of fine char-
coal. Then & vertical coclumn of charcoal
was placed against the back of the fur-
nace. In front of the charcoal was placed a
cotumn of lump ore. Air was first blown
gently through the ignited charcoal and
then gradually increased in force and vol-
ume. In passing through the gfowing char-
coal, the oxygen in the air would react with
carbon {o form hot carbon monoxide (CQO)
gas. This gas would pass through the pile
of ore where it reacted with the oxygen in

the iron ore to produce carbon dioxide
gas (002) which then dispersed intn the
atmospheie,

Crystals of iran nroduced in the process
gradually meited and settied to the base
of the hearth and from time to time char-
coal and additionai ore would be addec to
their respective columns on the hearth.
After five or six hours, a soft, white mass
of iron containing a mixture of slag was
pried out of the hearth. Usually the blooms
weighed between 200 and 350 pounds.
The blooms were then forced on an anvil
by a powered hammer operatd by water
power, Fig. 1-8.

The influence of the Catalan forge was
felt throughout Europe. Between 1300 and
1400, a revolution in forge construction
and operation took place. Furnaces be-

RANE
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Fig. 1-8. Water power raised a massive forging hammer by winching it up, then dropping

it on red hot bloom.
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came larger, conlirucus charging more

common and the use <! water power quite

general. As a result. ‘e production per
furnace increased meay foid. in Engiand
the new methods and ~guipment came in-
tc use somewhat later. In 1408 an English
forge produced 278 blooms in a year,
each bioom weighing 195 pounds, for an
annual production ¢ over 27 tons. Com-
pared ic a national average of less than
three fons filly years sarlier, this was a
meaningful increase.

Alsc evoived from the Catalan furnace
was the stuckofen or old high bloomery,
Fig. 1-8. This furnace was popular in
northern Eurol 2 in the fourtesanth century.
The development of the stuckolen furnace
consisted in gradually increasing the
height of the furnace, providing a stronger
biast, introducing the charge through an
opening near the top of the stack and
providing a drawing hole at the hottom of
the shaft for extracting the blooms. Fuel
and ore were added at reguiar intervals.
The draw hole was closed by a brick or a
stone wall which was easily torn down,
then rebuilt.

Fig. i1-4. Oid high stuckofen was begin-
niing of modern blast furnace, providing
greater biast, and separate charging and
tapping of the molten metal.

Early History of lron and Steel

As these furnaces were built higher and
the air blast increased they began to gen-
erate higher heat and melted the iron for
easier exiraction. Variations in charge and
operation permitted the production of ei-
ther low-carbon wrought iron or molten
high-carbon pig iron. A similar furnace
called a flussofen was developed to pro-
duce molten, high-carbon steel. These fur-
naces were referred to as shaft furnaces
and wera prototypes of the modern blast
furnace and the cupola now used world
wide.

Several centuries later American
bloomeries represented the highest devel-
opment of the Catalan or simple hearth-
type funace. These bloomeries were open
at the front like a domestic fireplace. The
hearth was rectangular shaped, about
three feet wide and two feet deep, front to
back (91 x &1 cm}. The blast was preheat-
ed to save fuel by passing it through pipes
around which the hot gases rising from
the hearth passed. A tuyere or blowing
hole was placed either on one side or at
the back of the hearth which was protect-
ed by a water-cooled botiom plate.

BELLOWS
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Fig. 1-10. The Saugus Iron Works, America’s oldest colonial bioomery.

After a bed of charcoat had been ignited
and was purning well, alternate layers of
ore and charcoat were charged and smeit-
ing continued until a sufficient amount of
metal had collected on the hearth bottom,.
This mass of spongy metal, in which con-
siderable slag was entrapped, was then

taken 1o a separate forge tc be hammered
into a bloom. A typical bloomery would
proguce about a ton of wrought iron i 24
hours. Fig. 1-10 represents the historic
colonial Saugus bloomery. The last Ameri-
can bloomery ceased operations in 1901,

BEGINMING STEELMAKING PROLESSES

ron produced by the direct process was
relatively pure, containing about 89.5 per-
cent jron {ferrite) and less than 0.1 percent
carbon. Since carbon s the principat

8

substance that gives iron its hardenability,
the iron as originally reduced could not be
hardened by heat treatment or any
amourt of forging. This iron was not suit-



able for making cutling tools or weapons.

Early smiths achieved some success in
hardening iron when they discovered that
if iron was heatied for a sufficient iength of
time in a deep bed of charcoal embers
the iron could be hardened by plunging
the red-hot metal into cold water. Why
this happened was a mystery to the
smiths although they probably didn't give
it a second thought. The process, how-
ever has great metallurgical meaning.

The glowing bed of charcoal not only
suppites t{he heat to raise the iron to a
reghot temperature but it also proiects
the surface from the oxidizing effect of the
atmosphere. In addition, the glowing char-
coal permits the transfer of carbon atoms
into the surface of the iron which raises
the carbon content of the surface iron and
penetrates o a significant depth. This in-
crease in carbon transforms the soft iron
into steel, at least on the surface.

This early carburizing process permitted
weapons and cutting tools to be hardened
and sharpen=d. However, the rapid
quenching induced brittleness which
caused the fools and swords to break un-
der stress. The Romans, who needed reli-
able swords, are credited with inventing a
process to reduce the brittleness while re-
taining most of the hardness. This process
is also a heat treatment called fempering.
With thic invention, hardened steel be-
came the wonder metal of the Western
world,

The
process of partial carburization and are
believed to have introduced this process
into England during their invasions. The
metal of 2 Danish battle-axe of about 895
A.D. found in Enrgiand has a carbon con-

ancient Vikings understood the

Early History of lron 2nd Steel

tent of only 0.05 percent, typicaily wrought
iron. The cutting edge of the blade, how-
ever, had been locally carburized and then
hardenad by quenching in cold water.

An interesting cost reduction process
dating from the first century A.D. is steel-
ing. This consisied in welding steel strips
onto an iron base. Hammers have been
found in England which had thin piates of
steel welded to the face of the hammer
head, as in Fig. 1-11. Steeling for the con-
serviticn of an expensive metal was a
common practice until this century.

The sword makers of the Near East de-
veloped a rather complicated method of
increasing the carbon content of wrought
iron. This process consisted of piling high-
carbon sieel bars together with pieces of

Fig. 1-11. Through the steeling process,
an old English hammer was faced with
steel for more lasting service.
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low-carbon wrought iron, heating the pile
to a red-hot welding temperature and then
forging the pile into a single solid piece.
This process wouid be repeated until the
smith judged that the correct amount of
carbon, referred {2 as gualities, had been
imparted to the metal. The diffusion of
carbon from one i{ayer of metal to another
was incomplete and the steel exhibited a
peculiar wavy appearance called watering.
This was a visible characteristic of the fa-
mous Damascus blades.

Any number of methods of increasing
the carbon content of wrought iron came
to be called the cementation process. The
process is basically the heating of wrought
iron in close contact with any carbona-
ceous material, such as charcoal, up to a
red heat (1550 to 1750°F) (850 to 960°C),
Depending on the iength of time the part
is held at the red heat a carbon content up
1o 1.7 percent can be gbtained. This proc-
ess was the principal means of producing
steel up to the middie of the 18th century.
in most of the world no other process was
known.

The cementation process practiced in
the 17th and 18th centuries consisted of
placing alternate iayers of wrought iron
and charcoal in sealed clay pots. The pots
were then piaced in a type of reverberate-
ry furnace where the flames would have
no contact with the pots. The tempera-
tures varied from 1470° to 2010°F (800°C
to 1100°C) and the tota: time in the fur-
nace ranged from 7 10 12 days.

The bars of carburized wrought iron this
process produced would be covered with
srali blisters and the stee! was known as
biister steel. Steel carburized by this spe-
cial cementation method was also re-

10

ferred to as cement steel. Blister or ce-
ment steel was uneven in composition and
more carburized on the surface than in the
center,

To obtain 2 more homogeneous prod-
uct ihe English steel makers, early in the
eightgenth century developed a process
called shearing. In this process, cement
steel bars would be broken in two, the two
halves laid together in a bundle, covered
with clay or sand o prevent oxidation, re-
heated to a weiding temperature and then
hammered into a solid bar. This was
called single shear steel. For still higher
homogeneity of the metal the process
would be repeated to produce double
shear steel.

Shear steel proved to be superior t¢ the
best steel manufactured eisewhere in Eu-
rope. it was used in the production of cut-
lery, shears, razors, engraving tools or
whierever the highest quality steel was re-
quired. Techniques used in producing
shear steel were similar in some ways to
the ancient process of producing Damas-
cus steel.

The only other early method of preduc-
ing steel was developed in India many
centuries ago. The famous woofz steel
was produced in fire clay crucibles in a
single heating process and produced a
homogeneous high-carbon steel. it is as-
sumed that high purity iron ore was
ground together with charcoat anc sealed
in the crucible. Buring the first phase of
ihe heating period, the carbon in the char-
coal would reduce the iron oxide to pure
iron. Then the iron would absorb carbon.
As the iron absorbed greater amounts of
carbon, its melting point was reduced.
Whereas pure iron melts at 2800°F




(1540°C), a highly carburized iron will
have a melting point several hundred de-
grees icwer.

As the carburization continued and the
melting point lowered, the metal would
begin to melt and the added carbon would
be equally distributed within the meited
steel. When the crucibles cooled, they
were broken open and a small ingot of
high-carbon steel was removed. The
crude ingots could then be reheated to
the welding temperature and forged into
bars. This ancient method, which does not

1Y 1A
appear to have been known 1o the West-

ern world, was lost to the worid before
modern times. One of the remarkable
things about this process is the fact that
the iron workers of ancient India, unlike
those in Europe and the Near East, were
able to consistently attain temperatures
high enough to melt a highly carbonized
1roQn,

No steel made by the cementation proc-
ess could be totally homogenecus and
products made from this steel would be
unpredictable in hardness and hardena-
bility. This bad characteristic of cement
steel ted Huntsman, an English clockmak-
er to seek a way of obtaining a more uni-
form stes! suitable for delicate clock
springs. Hunisman conceived the idea of

Fig. 1-12. Huntsman's pure steel made
beiter clock springs and found wide-
spread use.

Early History of Iron and Steel

melting steel in a closed container so that
the metal would lose none of its carbon or
other elemenis and become completely
homogeneous throughout. Huntsman's
process, introduced in 1742, was similar
te the wootz process of ancient India.

Huntsman started with cement steel
with carbon averages that would give him
the desired carbon percentage in the final
product. The bars were broken into small
pieces and placed in sealed crucibles. The
crucibles were placed in a coke fired fur-
nace and heated until the bars were thor-
oughly melted and fused. The crucibies
were removed from the furnace and
opened. The smali amount of impurities
(slag) floating on top of the steel was first
skimmed off and the steel then poured in-
to cast iron ingot molds. The ingots were
then forged to desired shape.

The steel produced by Huntsman's
method was not only homogeneous but
free from slag and dirt. In fact, the steel
was admirably suited to Huntsman'’s pur-
pose and others soon recognized it as the
best steel available, Fig. 1-12. Where high
quality steels are required, the crucible
method “as held a position of supremacy
for over two centuries. Today, little cruci-
ble steel is made in crucibies of fire clay or
graphite fired in a open flame furnace.

11
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New types of furnaces, electri¢ fired and
with controlied atmosphere, turn out spe-

cialty steeis that Huntsman couldn't

dream of matching with his
process.

crucible

REVIEW

1. About how many centuries ago was
iron known about and used?

Z. Metsallic meteors contain nickel in
whai percentage range?

3. What is common iron ore, a com-
pound of iron and oxygen, chemically
named? What is the common name for
this compound?

4. What was used long ago o remove
oxygen frorn the iron ore?

5. Why is a biast of air necessary to
meit iron?
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8. What is the definition of steel?
7. Name two types of famous swords.
8. What percentage of oxygen is in the
air we breathe?
9. Define slag.
10. Define a bloom.
11. When and where was the Catalan
forge developed?
12. What is the principal substance that
gives iron its hardenability ?
13. Describe the wootz or Hunisman's
process of producing steel.




-] PRODUCTION OF

IRON AND STEEL

The United States has been the worid
leader in steel production since the begin-
ning of the twentieth century. Annual pro-
duction of ingot steel in the U.S.A. has ex-
ceeded 100 million net tons several times
in the last three decades. The nation’s
steeimaking capacity increased at an un-
precedented rate during and after World
War ii. An average of $1.3 billion a year
was spent in those years to improve and

expand on iron and steel-making facilities.

Increased requirements for steel cre-
ated a need for larger supplies of raw ma-
terials and for blast furnaces, coke ovens,
rolling mills and other facilities. The na-
tion's iron and steelmaking facilities today
number over 150 blast furnaces for pro-
ducing basic pig iron and more than 1200
refining furnaces to convert pig iron into
steel.

RAW MATERIALS

Huge quantities of raw material are
needed and consumed annually by the
steel indusiry. A ton of steel produced in
any one of the more than 150 stcel milis
may use iron ore mined in Minnesota,
limestone from Michigan, coal from Mon-

tana, manganese from India, fuel oil from
Okiahoma, scrap steel from many in-
dustrial centers, magnesite from Canada,
dolomite from Oregon, ferrosilicon from
New York and iron ore and raw materials
from other countries and other continents.
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fron ores. Iron ore is the term applied to
an iron-bearing materiai in which the con-
tent of iron is sufficient for commercial
use. About five percent of the earth's
crust is composed of iron. Unlike other
metals, such as copper and gold, iron is
rarely found as a metal. lron is usually
found as a chemical compound with oxy-
gen, sulfur and other elements. In addi-
tion, iron compounds are usually found
mixed with other materials such as clay,
sand, gravel, or rock. This material is
worthless and is cailed gangue.

The most common iron minerals occur-
ring are listed in Yable 2-1.

furnaces. Stony ores such as taconite,
which contain 22 to 40 percent iron, were
not used in earlier years as long as better
ores were plentiful. Today taconite ores
are beneficiated by crushing and grinding
to a flour-like consistency. The powdered
ore is then passed over a series of mag-
netic separators where the magnetic iron
ore particles are separated from the non-
magnetic impurities.

The concentrated taconite, which cen-
tains 60 to 66 percent iron, is partially
dried and formed into round pellets after
adding a suitable binder material, Fig. 2-2.
The pellets are then baked into hard,

TABLE 2-1. COMMON IRON MINERALS IN NATURE.

NAME FORMULA IRON CONTENT (PERCENT)
Hematite Fe,0s 70
Magnetite Fe304 72.4
Limonite Feys0O5 + H,O 52-58
Siderite FeCO; 48
Taconile 22-40
Jasper (a wide variety of minerats!

Tre high grade iron ore from the Mesabi
mines, Fig. 2-1, in northern Minnesota is
relatively free of worthless gangue (non-
ore rock) and is dug up from open pits and
shipped to the steel milis. Lower grade
ores require a beneficiation process to
remove the worthless gangue before
shipping.

Ores are up-graded by crushing,
screening and washing. Complete removal
of very fine particles is necessary as
such fines create problems in the blast

14

dense, blast furnace charge material. The
peliets are grey in color and sized from
3/8 to 5/8 inches in diameter for pro-
cessing.

A second method of forming ore fines
into usable blast furnace charge material
is sintering. Sinter is a clinker-like product
obtained by fusion on a traveling grate
machine passing over a vagcuum induced
by large fans. Modern sintermaking prac-
tice generally incorporates sufficient flux-
es to render the sinter self-fluxing. This
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Fig. 2-1. {ron ore being removed from open pit mine located near Lake Superior. {Ameri-
can lron & Steel institute)}

Fig 2.2 Rich taconite ore powder, with
non-iron bearing material removed, is
rolled with coal in huge drums to make
smaif balis in Minnesota iron beneficiation
operation {Allis-Chalmers)

material, when charged nto a blast fur-  tion resulis in an overall lowering of coke
nace, is pre-calcined and reduces the fur-  consumption in the blast furnace.
nace’s thermat load. This thermal reduc- Coke. Coke is not only the fusel and
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source of heat for a biast furnace but it al-
50 actively enters into the complex chemi-
cal reactions that ccocur in the operation of
ihe blast furnace. Coke is produced from
coat called metallurgical coal which has a

fow ontent. Coke is the skeleton of

ofet: the schd that remains from a

com emical procass calied coking.
coking process, in addition 1o mak-

gaseous products
piped to a chemical plant where
industirial fuel gas, tar, ammo-

Fig. 2.3 Incandescent ¢o
iron & Steel institute e)

T8

nia, oils, coal tar dyes and other valuabile
by-products. The coke cvens are air-tight
ovens, rectangular in shape, 30" to 40° (8
to 12m) long and & 10 14" (1.8 to 4.3 m)
deep. They are only 117 to 22" (28 10 56

m} wide and arg buill in rows containing
up to 100 ovens. Metallurgical {low sulfur)
coal is loaded in rotation and the ovens
are sealed. Heat is applied to release the

viiatile gases in the coal, Fig. 2-3.
A modern coke oven can receive 3

charge of 18 to 20 tons of coal. Tempera-~

quenching car. (American




tures of 1600 to 2100°F {870 to 1140°C)
are majntained up to 17 hours to complets
the coking. The cven doors are opened
and 2 pusher ram shcves the entire
charge of coke {about 12 tons) into a wait-
ing quench car. The gtowing coke is taken
to 2 guenching staticn where it is cooled
bv a deluge of coig water.
Limestone The third major raw materi-
ai in iron and steelmaking is limesione.
hiost states have fimesione deposits but
much of the 30-pius million tons used an-
nuatly as fluxing material comes from
hMichigan, Pennsylvania and Ohio. Lime-
stong s bignied rrom rock formations at
the quarry, crushed and then screened
and sorted 10 matching sizes, Fig. 2-4.
{imestone is & natural compound, cal-

Produclion of ron and Sleel

cium carbonate {CaCOa) which when heat-
ed in the blast furnace decomposes into
lim=. CaC. and carbon dioxide (CO,)
Limeastone is often referred to as flux
stone. .

Any metallurgical operation in which
metal is separated by fusion {(melting)
from the impurties with which it may be
chemically combined or physically mixed
{as in ores) is cailed smeiting. Both condi-
tions exist in iron smelting. The impurities
are difficult to melt. The primary function
of imestone as a flux is to render these
impurities more easily fusible.

Some elements in the iron ore, being re-
duced with the iron, dissolve in or aven
combine chamically with it. Some other
compounds, already combined with the

Fig. 2-4. Limeastone is sized for fluxing use. (American Iron & Steel instiiuia)
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metat in the rew materials, refuse > be
separated from it uniess there is presant a
substance for which thzy have a greater
chemicat affinity. To furnish a substance
with which these slements or compounds
may combine in preference to the metal is
the secondary function of a flux such as
iimestone.

Sersp. Scrap iron and sieel are not
strictlv raw materizals but are used like raw
materials. Over 8% million tons of screp
ferrous metal is used annually. In modern
terminology this old steel industiry practice
of reuse of scrap is cailed recycling.

Basically there are three different kinds
of iron and stesl scrap; (a) home, that
which is the iron and steel scrap generat-
ed within a sieel plant, {b} prompt indus-
trial, scrap stes! returned 1o the siseimak-
er by a customer and, {c} dormant, scrap
steel in the market from junked autcs,

building demaolition and environmenial re-
cycling activities, Fig. 2-5.

Steel mills are their own best suppliers
of steei scrap inasmuch as about 30 per-
cent scrap is generated in steelmaking
operations. On an average, 60 percent of
the screp required by the steel industry is
generatsd within steei plants and the re-
maining 40 percent is purchased from
outside sources. in miils which utilize
scrap only, as in the case of electric fur-
nace steel, about 75 gercent of the scrap
is purchased.

The auality and analysis of scrap steel is
an imporiant factor in the use of scrap. |
must be sorted and graded as to particie
size, cleanliness and rust as wefl as o
chemical composition. Certain non-
ferrous metais such as zinc and tin are
harmful 1o furnace refractories. Copper in
excess of 0.30 percent is detrimental 1o

Fig. 2-5. Scrap iron for charging intc open
hearth furnace. {American Iron & Steel In-
stiiute)




the hot-forming properties of flat rolled
products. Scrap containing alioying ele-
ments such as nickel, chromium and mo-
ivbdenum in known gquaniifies 5 more

Production of iron and Steel

vaiuable than carbon steel scrap in the
manufacture of many alloy steels because
its use recycles and helps conserve ex-
pensive and scarce aHoy elements.

SMELTING—THE BLAST FURNACE

iron is nxiracted from its ore by means
of the Liast furnace. Taller than a twelve
story building. the ironmaking biast fur-
sace takes its name from the blast of hot
alf and gases that are forcsed v through
layers oi iron ore, coke and iimesione. Fig.
2-6 shows a typicai view of 2 blast furnace
including the auxiliary charging eguin

Fig. 2-6. Exterior view of a blast furnace.
{inland Steei Corporaticn)

mert. Fig. 2-7 shows & cross-section of
the furnace proper wiih the alternating
iayers of iron ore, coke and limesione re-
acting with a blast of hot air which gener-
ates temperatures necassary 1o liquefy the
iron as well as promoting the compiex
chemical processes. The burning of the
coke furnishes the necessary heat and the
carbon moncxide (CO) gas generated by
incomplete combustion of the coke, to-
gether with the red-hot, glowing coke, re-
duces iron ore to the element, iren.

The passage of the hot carbon monox-
ide gas up through the furnace charge
causes the foliocwing actions:

1. Drives off moisture in the materials
charged in at the 1op.

2. Chemically changes {reduces) the ox-
ides of iron {(the ore).

3. Caicines the flux {limestonej CaCOS
= a0 + 002.

4. Melts the slag and iron.

5. Reduces the oxides of manganese,
silicon and phousphorus.

8. Removes sulfur from the molien iron.

Biast furnaces require many auxiliary fa-
cilities to support their operation. in sim-
plest terms the furnace itself is a huge
steel shell aimost cylindrical in shape and
lined with heat-resistant fire brick. Once
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Fig. 2-7. Diagram of a blast furnace. (Bethiehem Steel Corp.)

started, or blown in, the furnace operates  closed down. The duration of furnace op-
continusously untii the refractory lining  ervations from start (¢ finish is referred to
needs reoairs or untif the demand for iron  as a campaign and may last several years.
drops to the point where the operation is Outline of operations. iron ore, coke
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and limasiane are charged aiternately into
the furnace thru a double-beil hopper at
the top and work their way down against
the up-rising hot gases. hecoming hofler
as they descend. in the top half of the fur-
nace, the carbon monoxide gas removes a
great Jeal of the oxygen from the iron ore.
About hatfway dovin, the limsestone begins
o react with the impurities in the ore and
coke to form o slag. The ash from the
burnt coke tg absorbed into the siag.
Silica (8%0,) or sand) in the ore is also re-
duced by the gas to form silicon which
dissoives in the ren as does some of the
carpran from the coke. At the furnace bot-
tom  the temperatures rise well over
3.00C°F {(1543°C). The melied iron and
stag trickle down into the furnace hearth
where lighiar slag fioats on the heavy iron.
This separation makes i possible o drain
the slag off through a slag notch into ta-

Production of lron and Steel

dles for disposal. Tha molten ron is like-
wise released from the hearth through a
{ap hole into a large ladie or a thermos-
botile-like hot metal railroad car for trans-
oortation to the refining furnaces.

The hot air blown intc the hearth
through fuyeres is heated to 1400-2100°F
{760-1140°Cy by passing it through
stoves. Stoves are built in pairs, each
serving in two  alternating  functions;
{1} being heated by burning exhaust car-
bon monoxide from the blast furnace; (2)
heating ambient air biown through the
heated brick checkerboard in the stoves.
The stoves may contain up to 250,660 ft”
(2,322,500 rn2) of heating surface. As
much as four and a half tons of air may be
needed {0 make one ton of pig iron.

Raterial reguirermenis. Tc produce one
ton of pig iron requires about 1.6 net tons
of iron ore, 0.65 ton of coke, 0.2 ton ¢f

Fig. 2-8. Molten iron from blast furnace moves by ladle car to other steel making depart-
ment. {Witliam B. Poliock Co., Div. GATX Co.)
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imestone, $.03 ton miscellanecus iron
and steel scrap. in addition, the water
cooling system for the furnace shafl may
use 10 1o 12 mitlion galions of water per
day. At an average production rate of
3000 tons wer day for one blast furnace,
this means that up to 12,000 gallons of
water are used o produce one ton of pig
iromn.

The term pig iron may seem obscure 1o
modern city dwellers but its origin was
perfectly ciear in earlier farming communi-
fies with a smail blast furnace. in those

Fig. 2-9. Casting machine delivers molten
iron to molds for pig iron production, later
to be made into pipe. (Deere & Co.)

days the molten iron from the tap hole ran
through channeis in the sand flcor with
small siots at their sides. To the farmers
the set-up resembled newborn nigs at the
sow’s side, suckling. Today mosi of the
iron from the blast furnace is kept in a fiqg-
uid state and taken tc the refining
process, or may be pigged for cast iron
production, Fig. 2-8. Commercial custom-
ers for cold pig iron are foundrymen who
vast pipe, automobile engine parts and
the many cast ron products in indusiry,
Fig. 2-8.

DIRECT REDUCTION PROCESSES

The term direct reduction as currently
used in the industry refers {o any process,
other than the conventional blast furnace,
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for extracting iron from its ores. The iron
in use commercially up to the latter haif of
the 19th century was wrought irgn which




Fig. 2-10. Sponge iron is obtained by di-
rect reduction of fron minérals without
melting the melal (American lron & Steel
nstitetef

high enough 1o melt the iron.

Whiie the scarliest blast furnaces came
nto use around 135C AD., direct reduc-
ticn of iron ore in charcoal hearths had
been used for at least 1500 years o pro-
guce sponge ircm, Fig. 2-10. This metal,
containing various impurities such as slag
(silicates), could be hammered while hot
to produce useful implements. Direct re-
duction was the ironmaking
process; however, ng 20, Drocess has
yet atiained mass production capabilities
that could compete with the speed and
iarge tonnage capacity of the blast

furnace.

The comparative ease with which ron
ores can be reguced o metallic iron
makes a direct reduction process desir-
able i it can efiminate the large invest-
meni, maintenance and operaiing cosis of
a blast furnace. There are over fifty direct
reduction processes being developed,
tested and scaled up for high production.
The industry is looking at these efforis (o
choocse those which are commercially
viahble.

The various processes for divect reduc-
tion can be divided into three general
tyoes:

riemiar af
SohsLgie bk
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1. Those that utilize a kiln for reduction
of the ora.

2. Those that utilize retorts in a baich
prOCEsSs.

3. Those that use the fluidized bed tech-
nigues.

Kiln reduction. One of the most ad-
vanced processes of this type (o be tested
on a large scale has produced up to 100
tons per day in a pilot plant built to dem-
onstrate its commercial potential.

The process derives its fuel energy and
reducing potential from coal and ratural
gas {or other suitable hydrocarbons). A
variety of bituminous, sub-bituminous and
anthracite coals have been tested, and if
proper charging technigues are utilized,
aimost any coal can be used successiully.

The raw material is high grade ore pel-
lets containing 67 percent iron, dolomite
{limestone) and coal. The pellets and the
stone are screened {0 remove over-sized
and under-sized particles. These raw ma-
teriais are fed continuously in desired pro-
portion into a common conveyor ieading
to the kiln, Fig. 2-11.

The kiln is 115 ft {35m) long with an in-
ternat diameter of about 7 1/2 f1. (2.3 m)
and can be rotaled at constant speed over
a wide range of speeds. The kiln is very
much fike those used in the Portland ce-
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Fig. 2-11. Conveyor-fed grate kiln iron ore pelletizing facility. (Allis-Chaimers)

ment industry.
about 8 1/2 inche
oy natural gas.
The materiais enter at the shightly ele-
valed head and of the kiln and the gas
fltame moves up from the lower, discharge
end. The rctation moves the material
nrough ths kin in about five hours. The
cunter-fiow of the raw materials to the
ascending heat permits sequential drying,
chemical reduction of the cre, carbonizing
cf the coal and sintering 10 take place.
o the material is about
it g passed through a
-kiln which is about 85 ft
(Z20milong, 5 & {? 5w O, D and rotated at

lined with fire brick
s (2. cmithick. it is fired

)

a constant speed. The first third of the
cooler-kiln is lined with fire brick, and wa-
ier spravs are directed on the outer sur-
face of the unlined two-thirds. The coolsd
material is then magneticaily separated to
sasgregate the metallic iron.

Retort reduction. This proceass involves
the baich reduction of high grade iron org
in sealed retorts. A 500 ton per day piant
has been in production since 1960. The
process makes use of reformed natural
gas containing 73 percent hydrogen, 16
percent carbon monoxide, 7 percent car-
bon dioxide and 4 percent unconveried
methane

In the 500 ton per day piant, the ore




charge is 100 tons of ore in each of four
retorts and the full cycle time is 12 hours,
equally divided into the four stages of the
process. These are: (1} charging, (2) sac-
ondary reduction. {3} primary reduction
ang {4} cooling. In the process, the pudi-
fied reformed gas Is preheated to 16007
10 180G+ {870-98G°C). The reduction re-
torts are arranged in parabiel, and the pre-
haaled gas enters one of the retorts in the
orimary stage of ore reduction {final re-
duction! and passes downward through
the fixed bed of ore where a portion of the
hydrogen is converted into water. At this
point, the partiaily spent reducing gas is
used to preheat and partially reduce the
ore in a second relort. The final degree of
raduction averages about 90 percent but
varies from 88 percent at ithe top to 73
percent at the bottom of the ore bed.
Fluidized bed process. There are three
major fluidizeg bed processes in use. One
process s a simple multi-stage, continu-
ous fluidized bed process operating at
essentially atmospheric pressure. This
method utilizes a long, moving grate type
furnace where the ore enters at one end. 1t
moves through a flame resulting from the
partial combustion of natural gas with air,
genergting a reducing gas of 21 percent
carbon monoxide, 41 percent hydrogen
and 38 percent nifrogen. The alr is pre-
neated to 1500° io 1600°F {(R15°-870°C),
the naturai gas to 600 to 700°F (310-
1. The partial combustion of the nat-
3 ;:sm‘-szdas ihe neat required 1o ac-
celerate the reduntion reactions.
process uses the Buidized bed
technigque for reducing powdered ores of a

rminus 20 mesh fnenass. It differs from
s in (hat it ¢ a semi-batch

U
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method and operates at a lower iempera-
ture of 806G F (480°C) and a higher pres-
sure ot 500 psi (3447.5 kPa).

The third method uses the fluidized bed
tachnigue for reducing minus 10-mesh ore
by hydrogen. This is done in a two stage
process at 1200° to 130G°F (650 to
700°C) and at a pressure of 30 psi (2067
kPa ). Hydrogen for the process may be
manufactured from natural gas. fuel oif,
powdered coal or other materiais by sev-
aral common commercial methods.

in the process, iron ore is preheated 1o
about 1700°F (830°C) and enters the
primary-stage reacior where the hematite
ore {Fe O Vis reduced io the oxide Fe( at
1’*00°F (?OO Cj by the partly spent off-
gas from the secondary-stage reactor.
The original reducing gas, containing not
less than 85 percent hydrogen, enters the
secondary-stage reactor at about 1550°F
{B4D°C) and 30 psi (207 kPa ) where if re-
duces the FeO from the primary stage 1o
metallic iron at 1200° tc 1300°F (650° {o
700°C).

Proguct guality. Sponge iron contains
two or three percent oxygen combined
with the iron. While not desirable, this
smali amount of oxygen is not necessarily
nermiui as the refining process that fol-
tows is an oxidizing process. A major ad-
vantage of sponge iron is the absence of
trace alloving elements such as nickel,
chromiur‘“ copper, tin, zing, iead and sui-

ur which are usually present in scrap gur-
chased on the open market.

A dishinct disadvantage i sponge iron
is that the gangue initialiy present in the
gre ig retained in the final product. This Is
undesirable ir refining operations as it re-
tards mekting, increases fuel consumption,
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is generally acid in nature and must be
fluxed by added lime, thus increasing the
siag volume.

From the physical property standpoint,
fow temperature direct reduction of fine
ores produces a pyrophoric material that
can be neither stored, shipp2d nor ex-
posed to moisture without the possibility

of extremely rapid oxidation even o the
point of self-ignition. This pyrophoric
character of fine iron powders can be min-
imized or eliminated by reduction at tem-
peratures above 1300°F (700°C) or by
hot-briguetiing the freshly reduced iron
powder under a neutral or protective at-
mosphere.

REVIEW

1. Define gangue.

Mame the most common ron ores

and their perceniage of iron con-

tent.

3. Describe the taconite beneficiation
Process.

4. Define sinter.

5. Define cocke and describe its manu-
facturing procass.

5. What is the primary function of
imestone in smelting?

7. Name the three principal sources of
iron and steel scrap.

8. How did the blast furnace get its
name?

9. What three matenals are charged
into a blast furnace?

10. Which substance is the fuel of the
blast furnace?

11. What actlion changes the iron ore to
fron?

o

12. How hot does the botiom portion of
a blast furnace get?

i3. lron and slag melt in a blast fur-
nace. Which substance drops ic the
bottom and what happens io the
cther?

14. How is the moHen slag and iron re-
leased from the bottom of the biast
furnace?

15. How is molten iron transported
from the blast furnace o the refin-
ing operation in a modern integrat-
ed steel mill?

16. What is pig iron? How did it get its
name?

17. What process
iron?

18. Discuss the advantages and the
disadvantages of sponge iron as a
product.

produces sponge




#MAJOR REFINING PROCESSES

Over 150 million tons of steel per year is
currently being produced in the United

meiallurgical progess called refining and
is basically a method of reducing the high
carbon corient of pig iron to the lower re-
quirements of steal.

Pig iron contains up to 5 percent carbon
and variable amounts of silicon, sulfur,
phicsphorus, manganase and other trace
elements. The amounts of silicon and sul-
fur are governed to some extent by the
operation of the blast furnace. but the
phosphorus content depends solely upon
the raw materials used.

Sutfur and pnosphorus are the two most
undesirable impurities in steel. bMuch of
the sulfur comes from the coke, particu-
larly if the coke is made from coal with &
high or even moderate sulfur content. Sul-
fur in stee!l causes brittlenass at high tem-
peratures, krniown as hot-short steel, Such
steel causes difficuities in hot working op-

erations such as forging. Phosphorus in-
creases the tendency ioward a coarse-
grained steel. This weakens the steel at
any temperature and is known as cold
short steel.

Steel was first produced in high-
tonnage in the United States in 1864 at
Wyandotte, Michigan using an air blowing
process invenied by Wiliiam Kelly. Kelly
began his development of the process in
1847 umaware that Henry Bessemer in
England was developing a similar process.
Both mnen were granied patents in their re-
spective countries but Kelly went bank-
rupt in the Panic of 1857 and sold his pat-
ents 1o the company that built a plant and
produced the firsi ingots of what was later
to be known as Bessemer steel in 1864.
America’s first steel railroad tracks were
made in 1865 at the North Chicage Rolling
Mill from steel made by Keily's process.
Steel was alsy being made by another
cornpany using Jdessewer's patents. In




Metatlurgy

1866, the Kelly and Bessemer interests
were merged and the process became

. o2 T [ yTa]
known as the Bessemer process. Tonnage

increased sharply as 3000 tons (2721
tonnsst of steel were produced in 1867
and one million tons {807,000 tonnes) a
year by 1880, only 13 vears iater.

Close on the heels of the Bessemer
process came the open heariy process,
based on development work done by the
Siemens brothers in England and the Mar-
fin brothers in France in the 1860's. The
cpen hearth furnace made its debut in the
United States in 1868. Large tonnages of
steel have been produced by both meth-
ocds but boih the open hearth and the Bes-
semer processes where challenged a cen-
tury later (1950's} by the basic oxygen
process developed in Austria after World
War ll. The basic oxygen process gives the
steel indusiry several major advantages.

The Basic Oxygen Process

The main advantage of the basic oxy-
gen process is a shortened heat time.
Forty-five minute tap-to-tap heat cycles
out-pace the average open hearth's ten
hour cycle, with the quantity and quality of
sach heat belng approximately equal
White the Bessemer converter is able to
produce stes! about as fast as the basic
oxygen furnace (BOF), selected raw mate-
rials ara required and the properties of
Bessemer steel strictly Ymit #s use in in-
dustry,

Ancther economic advantage is the low-
er total investment requived for a BOF.
Baginning in the 19637's, many steel mak-
ers opted to install new BOF facilities 1o
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replace aging facilities of other kinds. New
federal requirements to retro-fit old facili-
ties with air pollution squipment, coupled
with increasing maintenance costs on the
cld equipment, led to the increase in BOF
installations.

The basic oxygen furnace has a capaci-
ty up ic 300 tons of molten metal, 1t is a
steel shell, lined with refractory materials.
The body of the furnace is cylindrical; the
bottom slightiv cupped and the top is
shaped like a truncated cone set on top of
the cylinder, Fig. 3-1. The narrow top of
the truncated cone is open for charging
and the insertion of an oxygen lance. As
the burn proceeds, the waste gases exit
the furnace through the copening and are
freated in extensive air pollution control
equipment to remove particulate matter.

in operaticn, the furnace is tilied on
trunnions so that the top opening can be
positioned for charging. Cold scrap and
hot metal {liquid pig iron) is loaded into
the furnace. The percentage of coid scrap
steel varies with different steel producers.
From a low limit of 30 percent scrap, its
use has climbed to 50 percent scrap un-
der certain operaling and economic con-
ditions.

After charging, the furnaceis raised to a
vertical position and the oxygen lance is
lowered. The lance is 16 to 20 inches (40
to 50 cm) in diameter, 50 to 60 # {15-18 m)
long and has areplaceable bronze tip. The
tip and the lance tube are water cooled.
As the lance tip nears the surface of the
liquid won, the oxygen is turned on o &
fiow of 5000 to 6000 cfm {approximately
23,600 to 28,300 msls) at a pressure of
beatween 140 and 180 psi {865 1o 1100
kPaj. When the iance has reached the de-
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Fig. 3-1. Diagram of a basic oxygen fur-
nace. (Bethiehem Steel Corp.)

sived distance from the liquid surface itis
clamped in position. This distance varies
from 80" to 1007 (150-250 cm) depending
on the chemicat composition {(blowing
guality} of the scrap and pig iron used.
Shortly ater the lance has been posi-
tioned, a fight will be obtained as the oxy-
gen starts burning the excess carbon. This
is the start of the blowing reaclion. About

Refining into Steel

one minute after the light, lime, fluorspar
and milf scale (iron oxide) is added. These
are the fluxes required. The end-point of
the blow is determined by a visual drop in
the flame, accompanied by a definite
change in the sound being emitted from
the furnace. In newer, computer con-
trotied furnaces, devices to sense the re-
guction in the weight of the charge due o
the oxidation of solids are used to deter-
mine the end-point.

When the end-point is reached, the oxy-
gen is shut off, the clamps are released
and the lance is retracted through the
hood. The furnace is then rotated toward
the charging floor until the slag, floating
on top of the steel, is even with the lip. The
slag quantity, amounting to about 250
pounds per ton {114 kg/tonne) of steel,
makes it unnecessary to pour off at this
point. The temperature of the liquid is
then determined with an immersion ther-
mocouple. The desirable temperature
range for low-carbon steel is 2800°F (a-
bout 1600°C). With stee! over 0.15 per-
cent carbon, a test sampie is taken at this
iime and if necessary the metal is recar-
burized 10 the required percentage.

When both temperature and carbon
content are found to be correct, the fur-
nace is rotated until the slag approaches
the pouring lip and the metal flows under
the slag and into the ladie without any ad-
mixture of slag. Alloys are dropped into
the ladie and it is transferred tc the pour-
ing {feeming) aisle.

The Bessemer Process

First infroduced in the U.8. in 1864, the
Bessemner refining process was the first
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Fig. 3-2. Section of bessemer converter
with detachabie bottom.

high production method of oroducing
steel although i is now a minor process.
its air biowing methods are related 1o the
basic oxygen furnace with its oxygen.

The Bessemer converier is a large,
pear-shaped vessel made of steel plate,
lined with refractory rnaterials and mount-
ed on trunnions to permit its tilting to icad
and discharge. As shown in Fig. 3-2, the
converter has a couble bottom through
which air is biown into and through motten
pig-iron poured into the converter top.

Converters range in capacity from 5 o
25 tons and the air is blown in at a pres-
sure of 22 1o 28 psi (150 to 200 kPa) and
at the rate of 25,000 to 35,000 ft°/min
{706-1000 m>/min),
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The oxygen in the air burns out the ex-
cess carbon, and the silicon and man-
ganese present in the pig iron. The silicon
and manganese are the first to oxidize
and the products of reaction, with some
oxide of iron produced at the same time,
combine {o form a slag.

Bessemer steel is likely to be highly oxi-
dized and dirty. Although it is usually con-
sidered inferior to steei produced by other
methods, it is used for products calling for
a low-carbon stesl with not very high re-
guirements for strength, ductility and
toughness. Bessemer steel is now used in
low-grade sheeis, fence wire and screw
stock. Due to the economics and high
guality of basic oxygen steel, relatively
smat! amounts of Bessemer steel are
made today, less than 3 percent of total
U.8. production, but that is still millions of
tons.

Electric Arc Furnace

Using electricity solely for the produc-
tion of heat, the electric arc furnace has a
reputaiion for producing tool and die
steel, roller and ball bearing steel, stain-
less and heat resisting steel and other
specialty alloy steels. The first electric
steel making furnace was built in 1806 and
the process has grown in capacity from
smaill units for specialty steei to large fur-
naces with capacities of 150 o 200 tons
{135 to 180 tonnes) of steel per heat at a
rate of up to 800 tons (725 tonnes) per 24
hours. Today the process accounts for
ore quarter of all U.S. production.

The electric furnace has proved to be an
ideal melting and refining unit. l{s advan-
tages are the non-oxidizing condition of
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Fig. 3-3. Diagram of an electric furnace. Temperatures can be accurately controfied.

(Bethieshem Steel Corp.)

the carbon arc, which is pure heat, the
construction possibility of a tightly closed
furnace for maintaining speciali atmos-
phere, the high temperature attainable,
close limits of quality control and ex-
tremely high efficiency in its operation.
The body of this furnace is a circuiar
steei shell shaped like a keitle and mount-
ed on roiters so the molten steel and slag

can be poured out, Fig. 3-3. The side wails
and bottom are lined with refractory maie-
rials as is the removable roof, shaped like
a flat dome. Three large cylindrical elec-
trodes of carbon or graphite enter verti-
cally through ho'es in the roof. The elec-
trodes are up to 24 inches (60 cmj in
diameter and carry the electric current io
the steel charge in the furnace.
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Fig. 3-4. Electric steelmaking furnace. (In-
land Steel Company)

Electric furnaces are usuaily charged by
removing the roof and charged with 100
percent steel scrap by overhead crane
buckets. The roof is swung back into posi-
fion, ihe electrodes are lowered into close
proximity with the scrap and the alfernat-
ing current turned on. The heat resuiting
from the arcing betwsen electrodes and
the metal begins 1o melt the solid steel
scrap, Fig. 3-4.

At g given point, iron ore 15 added o re-
duce the carbaon content. This causes a vi-
olent boiling action and is the period
where phosphorus, silicon, manganese
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and carbon are oxidized. Limestone and
other fluxes are then added to form a mol-
ten slag that floats on top of the steel and
absorbs the oxides and other impurities.
When the heat is completed, the elec-
trodes are raised to their maximum height
after the electric power is shut off. The tap
hole is opened and the furnace tilted so
that the steel is drained from under the
slag into a ladle. Special alloys, in the form
of ferrg-alloys, are added to the melt in
the ladle at this time prior to pouring the
ingots.

Electric furnace use and tonnage are
rising because of their adaptability to con-
finuous pouring and continuous slabbing
operations.

Induction Furnace

A different type of electric furnace,
usually used for small tonnage meiis, is
the high-frequency, electric induction fur-
nace. This furnace is essentially a trans-
former with the metai charge acting as the
core or secondary windings. The furnace
consists of a refractory crucible around
which a coil of copper tubing is wound.
The copper tubing serves as a waler-
cooled primary winding, Fig. 3-5.

A high-frequency AC current, usually
960 Hertz (Hz), is applied to the primary
windings. This induces a much heavier
secondary current in the scrap steel
placed in the crucible. The resistance of
the scrap metal causes it to melt and thor-
oughly mix by violent convection action.
This mixing action is a natural phenome-
non which takes place as soon as the mol-
ten state is reached.

Because meiting is s0 rapid, thereis on-
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Fig. 3-5. Cross-section of induction furnace.

ly @ stight loss of alloying elements. With a
power input of 300 kw, it is possible o
meit down a 1000 pound (450 kg) charge
in 45 minutes. After melting is complete,
the charge is turther heated for about 15
minutes 1o reach the tapping temperature.
During this time, required alioys and deox-
idizers may be added as the mixing action
continues. The furnace is usuaily mounted
on trunnions so that the charge may be
poured into a ladie for fransport 1o the
souring floor.

Open Hearth Steelmalking

The open hearth furnace was developed
in England in 1864 and after a decade or
two overtook the Bessemer process in an-
nual tonnage produced. The Siemens-
Martin or open hearth furnace is so
named because the hearth or floor of the
furnace is shaped like an elongated sau-
cer. Limestone, scrap steel and molien pig
iron are charged infio the hearth and are
exposed to the open sweep of flames from
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Fig. 3-6. Diagram of cpen hearth furnace. Flames fired first from one side and then
the other, sweep over the top of the metal. (Bethlehem Steel Corp.) Tapping of 550-

ton open hearth furnace. (Weirton Steel Co.)

gas or oil burners which emanate alter-
natety from oppoesite ends of the furnace,

as in Fig. 3-6.
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The open hearth furnace is an extremely
large and costly piece of equipment. A fur-
nace capable of producing 35C tons of




steel {320 tonnes) in five 10 eight hours 18
likely to measure 80 ft {27 meters) long by
30 f (5 meters) wide. The auxilliary equin-
ment, the air heating checker board re-
generafors, the air flues. air reguialing
dampers, together with the hearth, repre-
sents a large capital investment with cor-
responding high mainensnce expense.
Cpen hearth furnaces may be charged
in three ways: {1} sieel scrap and molten
pig iron {about a 50-50 mix), {2} steel
crag and sold pig iron, and (3) 100 per-
ent steel scrap. About 25 percent of in-
T progduced s recycled to suppiy
the stee! scrap of the refining operation.

fux  While suffivient oxygen s usually
generated from the oxides on the scrap
metai or by the introduction of iron ore in-
io the hearth, most modern open hearth
furnaces employ oxygen lances {0 provide
gasecus cxygen during the working peri-
od after melting.

The manufaciure of steel in open hearth
furnaces takes much more time per ton
than by the basic oxygen process. Basic
hearih is capable of producing very large
batches—up to 800 tons (545 tonnes) of
steel with close control of analysis. Alloy
additions are made in the furnace or in the
fadle if they are oxidizabie. Nickle or cop-
per is added into the furnace while man-
ganese and chromium, as ferroalloys, are
added o the stegl in the ladle.

The open hearth furnace {and Besse-
mers) today account for about twenty-five
percent of the steel industry tonnage. Var-
ious economic factors, such as fuel availa-
bility, keap it in use, esnecially after the
addition of the oxygen lance capability,
which shortens its cycle.

Belining into Stesl
The Crucible Process

High-grade tool steeis and some ailoy
steels are still made by the crucible proc-
ess, although the electric furnace is capa-
ble of making steel equal in guality {0 the
earlier. famed Swedish crucible steel. In
the crucibie process, wrought iron or
good, clean scrap, together with a smali
amount of hioh purity pig iron, ferroman-
ganese, the necassary alloying metals and
a flux are placed in a clay or clay-graphite
pot with a tight cover and melied in an
oven.

The earlier process of melting utilized a
floor furnace, essentialiy a firebrick-lined
trench into which the crucibles were
piaced and a stream ¢f hot gases from an
oil or gas flame were passed down the
trench and around the crucibles. Single
crucibies holding fifty to a hundred
pounds of steel can also be melted down
in induction type furnaces or conventional
above-the-floor furnaces. The corivection
currents, which are always produced when
a liquid is heated, completely mix the al-
loys during the melt.

Atter the charge has melted, with suifi-
cient time for the mixing to take place and
the gases and impurities to rise to the sur-
face of the crucible, the crucible is with-
drawn from the furnace and the slag fioat-
ing on the (op of the steel is removed. The
steel is then poured into a small ingot of
fitty to a hundred pounds. The ingot is
then ready for forging or roiling to desirec
shape.

The crucible process differs from other
steel-making processes in that very little
refining is done. The purity of the steel is
directly related to the purity of the materi-
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als placed into the crucible at the start of
the process. The chief advantage of the
process is that it removes practicatly all of
the impurities including oxygen, dissoived
gases and entangied particies. Crucibie
steel is used in the production of fine cut-
iery, surgical instruments, and fine cutting
tools for the machinist.

Specially Melling and
Refining Processes

When high quality steel such as that
ueed in tool-and-die, cutlery, or bail and
roller bearings is required, special type
furnaces and melting techniques are em-
oloyed. These facilities can be grouped in
two general categories. First are those
which receive moitten metal from the con-
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remove the impurities. Among these facil-
ities arm: vacuum stream degassing, vacu-
um ladle degassing, argon-oxygen decar-
burization, Fig. 3-7. The second group
includes: vacuum induction meiting, con-
sumabie elecirode melting and electroslag
relting, Fig. 3-8.

Two other processes that can be used
with elther molten or solid metai as a
charge are: electron beam meiting, Fig.
3-8, and vacuum induction melting. Both
of these processes are carried out in a
vacuum as are the processes in the first
group. Basically, the process of vacuum
degassing is used to draw off the undesir-
abie gases before the steel soiidifies. The
exception in group one is the argon-
oxygen decarburization which is not oper-
ated in a vacuum but rather in a controlied
atmosphere which minimizes the oxidation
of chromium alioy.
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Fig. 3-7. Vacuum siream degassing; vacuum iadle degassing, and argon-oxygen decar-

burization schematics. (AIS1)
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INGOT PRODUCTION

Pouring the ingot

The pouring operztion is critical, first in
controlling the rolien steal so as not {0

endanger personnel ¢r damage equip-
ment; second, because poor praciice in
the assembly, adjustment ¢r manipulation
of the pouring eguipment may sericusly
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and adve.sely affect the
end-product.

I the teeming or pouring operation, the
ladie of moiten sieel is caretully poured in-
to a refractory lined sterage and distribu-
tion trough called a tundish. The tundish is
positioned over the ingot molds and the
meial is gated out of the tundish to fill the

auality of the

The mgul Mgils are massive struc-
turas of cast iron. They range from eight
faet (2.5 m} high by 3 feet (0.8 m) in diame-
ter for hugh tonnage usage. down o three
feet (0.8 m} high by six inches {15 cmj In
cdiameter for specialty steels used in the

manufaciure of tools, Fig. 3-10.

The cross-section of mest ingots is ei-

h round cor-

ners and COE’”UQ&EE sides. All ingot molds
are tapered to facilitate removal of the
schid stesl ingot. hMoids usually are tfa-
pered from gne end to the other so that
the top of the cast ingot is either smaller
or larcer than the bottom. in the case of
the big-snd-up fype, the taper helps in the
solidification process by permitting freez-
ing from the sides and botiom in such a
manner that the fast part of the ingot re-
maining Hauid 8 under the hot top, thus
promoting soundness.

The hot top is a2 separate fire clay mold
shaped like an upside-down, large botl-
tomiess flower pot. The metal in contact
with the hot ton does not freeze as fast as
the metal in the ingot mold and permits
the stiil molien metlal to feed down into the
contracting ingot and at the same time
permits the unwanited oxides and impuri-
ties to rise up into the hot top. The solid
hot-tup secion with the accumulated im-
purities (dirt; is later sheared from the in-
got prior to rolling.

PLILIRED .

r'vt-
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Fig. 3-10. Molten steel is transferred by
pouring or teeming from the ladle into in-
got molds. The ingot eventually will be
processed through a rolling mill into one
of many uselul steei products as, for ex-

ample, plate, sheet, strip or structural
shapes. {(Bethlehem Stee! Co.}

Stripping The Ingot

The inside surface of the ingot mold is
carefully coated with a releasing agent to
prevent droplets, created during feeming,
from splashing up on the chilled cast iron
sides and sticking to them, thus spoiling
the surface quality of the ingot. The coat-
ing also facilitates extracting the solidified
ingot from the mold.

The stripping operation of a big-end-up
ingot requires a special hydraulic ram ia-
ble with clamping devices to hold the mold
upright while the rarmn pushes the ingot up.
Tongs from an overhead bridge crane at-




Fig. 9- 11, Removing ingot molds. The op-
gration is called siripping {American lron
and Steel Insi.}

tach 10 the rad-hot ingot and lift it free of
the mold and carry it 1o the soaking pit. In
the case of ¢ big-end-down ingot, a piung-
er descends from the tongs. The tongs
grab the ingol moid and, while the plunger
pushes against the top ot the ingot, the
tongs {ift the mold up. Fig. 3-11. The ingot
ramains upright on its base piale while the
moid ts izid to one side. Then the tongs
return to carry the red-hot ingot to the
soaking pit.

The making of good ingots is one of the
most difficuit and important sieps in the
fabricatior of stesl, for often defects in
the ingot cannot be eliminated by subse-
guent ot working operations such as roii-
ing or forging. The following iteins are
some of the major defects:

1. Pipe

2. Uendritic structure

Refining into Steel

. Bicwholes
. Segregation
. 8iag inclusions
. Checking, cracks and scabs
. Internal stresses

Pipe. After the moiten metal has been
poured into the mold, it begins 1o solidify
from the ouiside due io the chiliing effect
of the cast iron mold. Because of the
shrinkage that occurs when metals solidi-
fy, the solid metal occupies less space
than the molten metal. This shrinkage re-
sults in a cavity or hollow in the cast ingof.
This cavity is called the pipe of the ingot
and is usually found in the section that is
last to freeze, the central upper portion of
the ingot. This is shown in the second,
third and fourth ingots in Fig. 3-12. The
only way to eliminate this pipe section is to
shear it off the ingot just prior to roliing.

-~ M O W
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Fig. 3-12. Formation of pipe in central upper portion of ingot. Left to right: rimmed steel
{many biowhoiesj; capped steel {(some biowholes and some piping); semikilled steel
(practfca!iy nio blowholes but marked piping); killed steel {highly uniform composition).

{American institute of Mining Engineears)

Dendritic structure. The chilling effect
of the cold iron mold also causes crystatli-
zation of the molten metal to occur in an

&
ahnaormal manner. The ﬁr\’:elo!p form firgt

cn the surfaces of the moid and grow in-
wardly to form a dendritic (from the Greek
word dendron, meaning tree) grain struc-
ture. This leaves the steel inherently weak
because of the cbvicusly weak planes so
formed. Fortunately, in most cases the
chilling does not extend to the center of

4G

the ingot. The central section of the ingot
has a characteristic random crystal orien-
tation and resultant tough structure.
Blswholes. Biowholes cause defcctlive
steel. These blowholes are formed by the
liberation of gases during the solidification
of the ingot. Gases from the molten steel
may rise as bubbles and escape from the
ingot or may be trapped in the sclidifying
metal. Blowholes near the center of the in-
got, known as deep-seated, are less




harmful than biowholes on or near the sur-
face of the ingoil. Deep-seated holes will
normally weld shut during rolling or forg-
ing operations but surface blowholes wili
elongate during hot rofling, producing
seams in the finished steel.

Ssgregation. Duning solidification, lig-
utd solutions separate cut or segregate,
the first portion to freeze being relatively
pure mefal {compared to the iast to
ireeze). This seleclive freezing results in
uneven concentration of the elements
found in the alloy and is called segrega-
tion. In ingot manufacture, the segrega-
tign is aggravated by the chilling action of
the mold. The first portions in contact with
the mold freeze relatively pure. The cen-
tral portions of the ingot, which are the
last to freeze, are richer in the lower freez-
ing point constituents. This is another
good reason for cropping the upper por-
tion of the ingot prior to rolling. Cutting to
remove pipe also removes the section of
the ingot where segregation is worst. The
degree of segregation is influenced by the
type of steel, pouring temjerature and in-
got size. 1t will vary with pc.ition in the in-
got and according to the tendency of the
individuai element to segregate.

Types of ingot Steal

in most staei-making processes the pri-
mary reaction involved is the combination
of carbon and oxygen to form a gas. If the
oxygen available for this reaction is not re-
moved before or during casting (by the
addition of ferrosilicon, aluminim or some
other deoxidizer) the gaseous products
continue to evolve during sotidification.

Refinitig into Steel

Proper control of the amount of gas
evolved during solidification determines
the type cf steel. If no gas is evolved, the
steel is termed killed, because it lies quiet-
ly in the molds. Increasing degrees of gas-
evolution results in semikilled, capped or
rimmed steel.

Killed steel. These steels are strongly
deoxidized and are characterized by a rel-
atively high degree of uniformity in com-
position and properties. The metal shrinks
during solidification, thereby forming a
cavity or pipe in the exireme upper por-
tion of the ingot. Generally, these grades
are poured in big-end-up molds. Use of a
hot-top will usually result in the pipe being
in the hot-top section which is removed
prior to rolling. Severe segregation will al-
so be in the hot-iop area.

The uniformity of killed stee! renders it
most suitable for applications involving
such operations as forging, piercing, car-
burizing and heat freatment.

Semikilled steei. These steeis are inter-
mediate in deoxidation between the killed
and rimmed grades. Sufficient oxygen is
retained so that its evolution counteracts
the shrinkage on solidification. The com-
position is fairly uniforrn but there is a
greater possibility of segregaticn than in
killed steels. Semikilled steeis are used
where the greater uniformity of killed steel
is not required. This steel is used in the
manufacture of structural steels such as
plate, rail steel and forgings.

Rimmed Sfeel. These steels are only
8ightly deoxidized, so that a brisk effer-
vescence or evolution of gas occurs as the
metal begins to solidify. The gas is a pro-
duct of a reaction between the carbon and
oxygen in the moiten steel which occurs at
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the boundary between the solidified metal
and the remaining molten metal. As a re-
sult, the outer rim of the ingot is practical-
ly free of carbon. The center portion of the
ingot has a composition somewhat above
that of the original molten metal as a re-
sult of segregation.

The low-carbon surface layer of rimmed
steel is very ductile. Proper control of the
rimming action will resuit in a very sound
surface in subseguent rolling. Conse-
quently, rimmed grades are particularly
adaptable to applications involving cold
forming and where surface is of prime im-
portance.

Cappea Siteei. These steels are much
the same as rimmed steels except that the
duration of the rimming action is curtailed.
A deoxidizer is usually added during the
pouring of the ingot with the resuit that a
sufficient amount of gas is entrapped in
the solidifying steel to cause the metal to
rise in the moid.

Capped steels have a thin, low-carbon
rim which imparts the surface and cold-
forming characteristics of rimmed steel.
The remainder of the ingot approaches
the degree of uniformity typicatl of semi-
killed steels. This combination of proper-
ties has resuited in a great increase in the
use of capped steels in recent years.

Continuous Casting or
Centinucus Siabbing

The continuous casting process is in
use in the steel and non-ferrous metal
producing industry. The number of instal-
lations in North America is growing. There
is a distinct economic advantage in the
system in that production slabs are pro-

&2

duced that are ready for rolling; and costly
and laber consuming ingot pouring equip-
ment, blooming mills and siabbing milis
are eliminated.

The process is illustrated in the sche-
matic drawing, Fig. 3-13. The process is of
European arigin based on the Junghans-
Rossi designs and the machine depicted is
capable of casting 57-8'%" {13-22 cm)

POURING
LADLE

MOLYEN
METAL

COPPER MOLD
(WATER COOLED)

PULL-DOWN
ROLLE

OXY-ACETYLENE
TORCHES

\cur-ors

FRAME

CUT-OFF
<&=——""" §LAB

TURN-OVER FILATURE
{UP POSITION)

TAKE-AWAY
CONVEYOR

Fig. 3-13. Billets emerge from 4-strand
continuous caster.{Infand Stee/ Company)




squares up to 6% x 247 (17-80 cm) siabs.
The unit is vertical, utilizing gravity for the
flow of the metal. The pouring area is ap-
proximatiely 50° (15.% m} above the run-
out conveyor.

Molten steel in a ladle is hoisted o the
refractory lined iundish. a horizontal stor-
age trough The liquid metat is shielded
from oxidation by a cover over the tundish
and an inert gas atmosphere. At the start
of the operation, a dummy bar witih same
cross-section as the casting and about 20
feel (8m) long is inserted into the water-
cooled copper mold. This starting bar is
pulled down the mold by the pinch rolis as
the molien steel flows from the tundish in-
to the mold. The water-cooled copper sur-
face Chills the molten steel 1o form a sheil
that iz ' 1o 27 (6-12 mm} thick. The
m-old is osciliated vertically through %27
(1S mm), lowering at the same speed as
ihe biliet is dropping and then rising at
three times this speed.

The billet emorges from the mold with a
solid shell and a liguid metal core. 1t is
ihen sprayed with cold water {¢ hasten to-
tal solidification. At the point of cut-off,
the bilet is solid melal and oxyacetylene

Fefining into Stesl

Fig. 3-14. Billets emerge from 4-strand
continuous caster. {inland Steel Company)

torches cut it to a desired length up to 16
{5 m). The biliet is lowered into a dis-
charge basket which rotates 20° ard
pizces the exposed portion of the billet on
the run-out conveyor. The billets, ccoled
to about 1500°F (815°C) may now be re-
moved to ihe rolling mill. Casting speed
runs to 175" {445 cm) per minute and up
10 60 tons {54.4 metric tons) per hour is
cast.

A variation of continuous or strand
casting is shown in Fig. 3-14. Here the ge-
scending billet of stee! i3 gradually curved
while in the plastic condition to a horizon-
tal position for the cut-off operation.

REVIEW

1. Pig iron is not used &as an industria
metal because of its high carbon content
and impurities. What is its average carbon
content percentage and what are the ma-
jor impurities in pig iren?

2. What is hot shiorf sieel and what ele-

men* causes this particular condition?

3. When was large tonnage steel first
produced in the United States and what
type of process was used? What was the
process cailed?

4. What was the second type of iarge
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tonnage steel refining process called?

5. Describe the design and operaticn
of a basic oxygen furnace.

6. Name some of the advantages of the
BOF over its eariier predecessors named
in questions 4 and 5 above.

7. What is charged intoc the BOF fur-
nace at the start of the operation?

8. What happens when oxygen flows
through the lance positioned near the
surface of the charge in a BOF?

9. At what point are alloying materials
added to steel produced in the various re-
fining processes? Why?

i1j. Define the Bessemer converier.
How is it charged and operated?

11. What are the advantages of electric
arc furnaces?

12. What is the size and from what ma-
ferial are the electrodes in an arc furnace
made?

13. What is the charge put into an arc
furnace?

14. Describe an electric induction fur-
nace.

15. What is the charge put into an in-
duction furnace?

16. When are the alloys added in the in-
duction process?

17. What is the charge put into an open
hearth furnace?

18. ¥/hat are the fuels used in an open
hearth furnace?

19. What is used to add supplementary

oxygen during the working period of an
open hearth furnace?

20. What is the maximum batch size of
steel produced in an open hearth furnace?

21. What type of steel is made in the
crucible furnace?

22. What is the charge placed into the
crucible in the crucible process?

23. What is the batch weight of an aver-
age crucible ioad?

24. How does the crucible process differ
from other steel-making processes?

25. Name the types of specialty melting
and refining processes.

26. Define an ingot casting.

27. Of what material is an ingot mold
made”?

28. Why is a hot-top used in teeming an
ingot?

29. How is an ingot casting removed
from its mold?

30. What is the nature of defects called
pipes and how may they be avoided?

31. What effect does the cold iron mold
have upon the grain structure of a cast in-
got?

32. What becomes of deep-seated
blowholes when an ingot is rolled?

33. What is the cause of segregation in
an ingot?

34. Name the four types of ingot steel.

35. What is the economic advantage of
continucus casting?




With the exception of powdered metal
products, alt ithe avaiizble shapes and siz-
es oblainable in metals have their begin-
ning in the form of a casting. That is, the
metals start from a figuid or molien siate.
The molten meial is poured into a suitable
mold and aliowed to solidify into a mass of
desired shape.

Cast iron is an example of obtaining a
desired shape which in many cases is of
unibelievable complexity. Cast steel
products such as the massive coupler of a
railroad car alsc get their intricate shapes
from the casting process. Casting tech-
nigues are further discussed in Chap-
ter 11,

Ali steel starts out as a casting, the steel
ingot described in Chapter 3. As cast, the
steet ingot is a large {up to 5 ton) mass of
steel with impurities at its top and & non-
uniform, segregated crystaliine structure.
in modern, integrated steel mills, ingots
are not allowed 10 cool after pouring but
are placed in soaking pits to conserve
hezat energy. The reheating of cold ingots
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or rough slabs as done by some older
mills is an expensive process and is avoid-
ed if at ail possible.

The ingots in the soaking pits are kept
al a uniform temperature of 220C°F
(about 1200°C} to insure an optimum
plastic condition for rcliing or forging
processes. The ingot is removed from the
soaking pit by overhead crane, Fig. 4-1.

Fig. 4-1. Soaking pit reheats ingots to
2200° F (1205° C) for rolling mill. {Bethie-

hem Steel Corp.)
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and piaced on a powered roller conveyor
in the horizontal pesition. This conveyor
moves the ingot to the shear where a
skilled operator crops off the hot-cap or
upper section which contains unwanted
pipe with its oxides and other dirt. The

cropped ingot is then conveyed to prepa-
ratory shaping in the cogging mill where
the irregular ingot is roughly squared as it
passes through a series of roliers which
have a rough or cogged surface.

HOT WORKING

Hot Rolling

RHolling and hammer forging serve two
purposes. First the processes serve the
purely mechanical purpose of getting the
steel into the desired shape. Secondly,
the process improves the mechanical
properties of the steel by breaking up the
as-casi sfructure. This reiining the grain is
important because it makes the steel
stronger and more ductile and gives it

greater shock resistance.
Where simple shapes are 10 be made in

large quantities, rolling is the most eco-
nomical process, Fig. 4-2. It is used to
produce plates, sheets, rails and structur-
ai shapes. It is also used to produce inter-
mediate bar shapes 1o be used in the pro-
duction of rods, forging billets and wire.
The process of rolling consisis of passing
the red-hot ductile steel between two
large, steel rolis revolving in opposite
directions but at the same peripheral (out-
er edge) speed. The rolls are spaced so
that the distance between them is some-
what less than the thickness of the steel
entering them. The rolis grip the metal and
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reduce the thickness as it passes between
them. As the thickness is reduced, the
steel will increase in length in proportion
{6 the reduction. The amount of reduction
and the width of the piece will govern the
amount of lateral spreading, Fig. 4-2.

The cogged ingot is ihen conveyed to
the biooming mills. These mills are usually
two-high electrically driven rolis that keep
reversing their direction of rotation. The
ingot passes back and forth as its size is
being reduced. An ingot 25" by 27" (62 to
65 cm}) in cross-section ¢an be rolled into
a bloom 9" (23 cm) square, in about 16
passes and in less than five minutes. Fin-
gers, called manipulators, turn the steel
bloom so that its thickness and width may
be controiled. Controls for the manipuia-
tors and the screw-down which reguiates
the thickness are located ir a control pul-
pit where the mill operator is situated. This
control pulpit is a platform with a glass en-
closed, air-conditioned cffice located
above ihe mill where a clear view of the
operation is possible, Fig. 4-3.

Three-high mills use three rollers, one
above the other, Fig. 4-4. By the use of el-
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ietaliurgy

Fig. 4-3. Controi pulpit above rolling miil
floor. (Inland Steel Company)

Fig. 4-4. Principle of a three-high rolling
mifl.

DIRECTION OF PASS
i

evating sections of the powered roller of the rolls is necessary. The product of
conveyors, the steel is lifted from the low-  the blooming mill, while stili red-hot, must
er opening to the upper. Thus no reversing be sheared into shorter lengths. The

43




shears are an important part of every
biooming mil. The lower knife Dblade,
made of very tough steel, is fixed, while
the upper blade is actuated. A blooming
mill can produce elther bicoms, slabs or
biltets. The width of & blooming mill is
somewhat iimited so that special wider
milis roff biligts and are cahied billet mills
while siabbing milis are used 1o produce
the thick. wide slabs. Slabs are used o
feed the hot mill which is used to produce
sheets and sirip.

Mot sérigp ol Hot rolled sheet and
sirip are thin, flat products less than 3/187
{0.48 cm) thick. Sirip is customarily much
narrower in width than is sheet and is of-
ten produced to more closely controlled
thicknesses. Al sieel warehouses wide
sheet is often slit into sirip to custeomer
specifications. A continucus hot-strip mill
with its auxiliaries may be many city
biocks iong and capable of reducing a
heated siab about 77 (18 cm) thick and
weighing more than 12 tons to a coil of
thin sheet in 2 mattar of minutes. The de-
livery speed of & hot-rolled sheet may be
3500 {1068.8 m) per minute.

The hot-strin mill consists of numerous
stands of rolls, set in tandem. The first
stand of rolis is known as the roughing
train and consists of four big stands, each
housing four roiis placed one above the
other, and known as a four-high. The four-
highs make the first reduction in thicknass
of the metal. The two middle or working
rolis squeeze the heated slab down to
about one fourth or more of its original
thickness. The two center rolis are rela-
tively small in diameter. The two back-up
roils, placed above and below the work
roils, Fig. 4-5, exert the pressure neces-

Shaping and Forming Melals

sary e keep the work rolls from bending,
which aids in the production of shest of
uriform gage.

The slab, now considerably longer and
thinner, next enters the finishing frain of
rolts. £ach of the finishing stands reduces
the thickness of the metal, resuiting in a
thinner and much longer piece. The finish-
ing stands look much like the roughing
stands but are only a few feet apart. it is
not uncommon to see seven of these
stands in the operation. The rolls in each
stand move a little faster than in the stand
oreceding it in order to take up the extra
length of steel as it is rolled. The exiting
temperature of the steel sheet is about
1500°F {815°C). The hot-rolied sheset is
delivered to the cooling table and thence
to pickling.

The removal of the heavy oxide, mill
scale, is done by pickling which is the
process of passing the steel through a
bath of dilute hydrochloric or sulfuric acid.
A modern pickler may be several thou-
sand feet long and is operated coniinu-
ously. When the steel emerges from the
iani it is free of hard scale. It is then thor-
oughly washed and, when required by the
customer, is oiled to inhibit rusting in stor-
age. This final preparation pricr to coiling,
complies with a basic industry specifica-
tion Hot Rolled, Pickled and Oiled abbre-
viated H.R.P.O.

Forming structural shapes. The princi-
pai shapes of structural steel are angles,
beams, columns, channels, iees, zees,
sheet piling and rebar. The formation of 2
struciural shape takes place in three hot
rolling stages; roughing, blooming and
shaping. The first two have been de-
scribed earlier in this chapter.
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SOLID LINE SMOWS PIECE
BEING ROLLED IN THREE S -
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ROLL
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BOTTOM BACKING-UP
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FOUR-HIGH ARILL

SOLID Bike SHOWS
PIECE BEING ROLLED

TOP WORKING ROLL

——BOTTOM WORKING ROLL

" o BOTTOM BACKING-UP ROLL

Fig. 4-5. Diagram of roll arrangements in a rolling miil.




Fig. 4-6. Rolls of angle iron.

Fig. 4-7. Rolis for H-beams.

The rolls for producing structural
shapes differ from those that produce
sheet in that the roll surface is machined
with shaping grooves. The roils for pro-
ducing angte iron, for example, are shown
in Fig. 4-6. The red-hot, rough billet enters
the rolls at the left and is reduced in the
firct pass by about 20 percent. This rough
shape is then passed back through the
next groove in the rolis by reversing the
direction of rotation of the rolls. Another
20 percent reduction takes place and the

Shaping and Forming Metals

Ak

ROLLS FOR ANGLE IRORN

1
S
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ROLLS ¥OR H-BLAM

section begins to resemble an angle iron.
Further reduction of area and continuad
shaping in the third and fourth passes
produces the angle iron finished to com-
mercial tolerances.

The production of wide flange W-
beams, shaped like the letter H as differ-
ing from the / shape of conventional S-
beams, has been made possible by the
develocpment of the universai mill, Fig. 4-7.
in addition to having the conventional
grooved horizontal rolls, such a mill has
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SHAPING AND FINISHING PASSES

P&SYING SHOW COMPARATIVE REDUCING ABILITIES FOR VARIOUS SECTIONS

OQVAL AND DIAMORND FLAY
SQU ARs AND SQUARE

AMD EDGE SQUARE HEXAGON

CHAMNMNEL ANGLE

|
STAND : PASSES |
BAR : |
AlLL 1
10
12
‘ ¥
I
4. .
MOST FREQUENTLY USED MODERATELY SEVERE GENERALLY USED TO SMALL STRUCTURAL SHAPES PAY BE
SYSTER--HEAVY BUT REDUCTION USED MOSTLY ROLL LARGE DIAMETER FORMED 8Y A WIDE VARIETY OF

GOOU REDUCTION FOR pPAEDIUM BARS BARS PASSING PROCEDURES

Fig. 4-8. Bar mill rolf passes. Each vertical line of roll passes indicates steps in rofling the
bar or section shown af bottom.
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vertical rolts to frush the auler surtace of
the H.

The steel cribs of machine shops con-
tain & multitude of hot-rolled steel shapes.
These are sl wrnduued on mills with spe-
i ming rolfs, Fig. 4-8 snows
tr‘e amman commercial shapes
and how they are prosrescweiy rolied. As
each family of shapes requires a special
set of forming rolis, i 15 easily seen that a
rmodern steel milt must have on hand
nundreds of these roll sets. Production
runs must be cf long duration to reduce
the costly labor of changing roll sets to
produce other shapes. This operational
orocedure of the stee' mills makes it nec-
gssary to have warehouses, straiegicaiy

ocated across the country {0 serve ihe
many smal shops and fabricators quickly.

Mot Forging

Forging or hammering is the oldest and
moest simple way of reducing metal to the
desired shape. Hot-working is defined as
the mechanical deformation of metal car-
ried out above the temperature of recrys-
tallization. Forging is deformation by com-
pressive force.

Two basic dies are used in forging:
{1} the flat or smith dies which are similar
to the old blacksmith anvil and hammer
with fiat surfaces and, {2) cavity or ¢losed
dies. Forging in closed dies forms the
metal to the shape and designs that are
on the inner surface of the die cavity.
Wher smith dies are used there is little or
no restriction 1o lateral fiow and the final
shave depends on the hammer operator.

¥When metal iz forged, strength and duc-

Shapging and Forming Metals

sectioned and

! fHihars
FH3ers.

-9. Axle forging,
to show flow of meta

tility increase significantly along the lines
of flow or grain. A deep-etched transverse
section of a steel forging is ilustrated in
Fig. 4-9 and shows the flow lines. Good
forging design contrels the lines of metal
flow to put the greatest strength where it
is needed. Steel forgings are used in
mechanism where extreme shock ioading
is anticipated, as in the steering linkage
and the spindles of an automobile.
Forging machines. There are four basic
types of forging machines in use. These
are illustiated in Fig. 4-10. Drop hammers
depend on the weight of the hammer and
gravity for the compressive force. The
board drop hammer has a long history in
metal working and consisis of a heavy
wooden board which is raised vertically by
pincher rolls controlled by the operator.
When the rolls are ioosened with the
board in the UP position, the board and
the hammer drops down to the anvil with a

force of up to 10,000 pounds (44.5 kiN).
The steam drop hamrner is essentially a

steam engine whose connecling rod is
fastened 10 the hammer. Steam pressure
at the bottom of the cylinder raises the
hammer and when the valve is reversed,
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- I/

BUARD DROP HARPMER STEAM DROP HAMMER

ald e

i /)

HYDRAULIC PRESS CRANK PRESS
Fig. 4-10. Power hammer arrangements.

the expanding steam forces the hammer The hydraulic press exerts a continuous
down with great compressive force. These  pressure on the dies, forcing the hot metal
hammers exert forces of up to 50,000 into the die cavities. Hydraulic presses
pounds {222 kilonewtons), exert forces up to 50,000 tons (222 mega
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newions). The mechanicat or toggle press
combings the impact action of a drop
hammer together with  the  finishing
squeere of the hydraulic press. Either
smith or cavity dies can be used and the
ity ranges in size from 200 to
g to 71,171 kilcnewtons)
25 strokes per minute.

Datiusiin Covers (he conversion of a
sohd tengtn of metal. a billet, inis lengths
of desired cross-sections: tubes, bars,
rounds, flats, ovals, tees, wire and special
shapas. This 1s aecomplished by forcing
the plastic metal through the orifice of a
die shaped ¢ the desired cross-section
configuration. Ferrous metals must be

o000
L /
7

Z
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heated to red-hot forging temperatures o
obtain the necessary plasticity. Non-
ferrous metals, being more ductile, are
usually extruded cold.

The operation consisis of placing the
heated biiiet into the chamber of the ex-
trusion machine shown in Fig. 4-11. The
advancing ram, under high hydraulic pres-
sure, pushes the metal through the form-
ing die. The emerging piece takes the
shape cf the die opening and is conveyed
along a take-away conveyor while cooling.

5 z large biilet will produce great lengths
of some sections, the product is sheared
into standard stock lengths after cooling.

Extrusion dies for steel exirusions are
generally madse of hot work steeis, tung-
sten carbide, refractory alloys or high
tungsten alloys, as the process produces
a die temperature during the run in excess

- DIE

UMY BLOC e |

0

EXTRUDED
SHARE

Fig. 4-11. Direct extrusion press.
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of 1000°F (538°C). The life of a die de-
pends on the quality of the die material.
The more expensive, high-quality die

steels will produce up to 100 billet loads of
product before replacing.

EFFECTS OF HOT WORKING

Although the primary object of hot
working of steel 1s to shape it into a usetui
article, the working of metals by hot, plas-
tic deformation deeply affects the struc-
ture and therefore, the physical properties
of the metals, as illustrated in Fig. 4-12 to
4-15. Some of the resulting changes of in-
ternal structure are;

1. Refinement of grain

2. Better distribution of the constituent

. 3. Development of fiber

4_Improvement of soundness

Grain refinemeni. |If it is possible to
cause the grain structure of a metal to
form a new set of crystals, and at the
same time prevent any marked growth of
the newly formed grains, the result is a
materially refined grain or crystal struc-
ture of the metal. Grain size is of utmost
importance in metallurgy. A rule-of-thumb
is: “the smaller the grain, the stronger the
metal.”

The formation of new crystals from old
is referred to as recrystallization, and the
most practical way to bring about recrys-
tallization and the refinement of grain
struciure is by means of piastic deforma-
tion. Plastic deformation resulting from
forging. rolling and other mechanical op-
erations will cause spontaneous recrystai-
lization if the temperature of the metal is
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above the temperature of recrysialization.

The temperature uf recrystallization is
affected by the chemistry of the metal and
by the amount of plastic deformation. But
if hot working is carried out at relatively
low temperatures and at such a rate of de-
formation that little time is allowed for re-
crystallization, the resulting structure will
resemble, more or less, tha of cold-
worked metal and the metal will become
work-hardened. However, at relatively
high temperatures, recrystallization is very
rapid and sudden quenching of the de-
formed metal from the forging tempera-
ture will not prevent recrystailization and
some grain growth. Large grain size pro-
duced by a high finishing temperature and
very slow cooling results in soft, weak
metal. Factors which influence the grain
size obtained from hot deformation are:

1. Initial grain size

2. Amount of deformation

3. Finishing temperature

4. Rate of cooling

improvement of uniformity. The lack of
unformity, referred 10 as Ssegregation,
which is found in the ingot is little altered
bv hot working, owing to the great dis-
tance that the segregated particles would
have to diffuse to improve this condition.
However the dendritic, or tree-like crystal
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Fig. 4-12. Microstruciure of stael contain-

ing 0.30 to 0.35 percent carbon,iit the as- fied 100 times, aircraft drop rurgmg un-
cast condition. White ferrite, dark pearlitic  satisfactory microstructure due to banded
structure, and magnified 100 Htmes.  grain structure.

Coarse, weak grain structure.

o 4

Fig. 4-13. The same stee! as i Fig. 4-12,

magnified 100 times. Section of drop- ' TS

forged aircraft forging. Unsatisfactory mi-  Fig. 4-15. Same steel as Fig. 4-12, magni-
crostructure due to coarse or banded  fied 100 times, aircraft drop forging. De-
grain structure, sirable microstructure.
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segregation produced at the cooling of the
ingot, is improved by hot working. The
piastic defermation breaks up the segre-
gated shell of impurities surrounding the
grains and acts as an aid to the diffusion
of the different elements. This diffusion is
never completed and the different segre-
gated areas become elongated into thin fi-
bers called a banded siructure. This
banded struciure is callad the fiber of the
forging and produces directional proper-
ties in the product. The slag particles and

cther insoluble materials are rolled out in-
to the fibers, forming weak planes where
splitting may occur. This fibrous type of
structure is found in all plastically shaped
steel.

Hot working, if properly carried out, will
further improve metals by increasing the
density, forcing the structural particles in-
to more intimate contact and by closing
up blowholes and other cavities; welding
may occur if the local conditions are fa-
vorable.

COLD WORKING

The shaping of common metals by
working at ordinary termnperatures was
practiced soon after the discovery of
methods to smelt the metals from their
ores. Early people made use of cold-
working in the shaping and hardening of
their metals. The process of hammering
(forging) was used first; rolling and draw-
ing processes were developed much later.

Cold rolling

Used largely to produce a fine finish for
hot-roiled metals, cold rolling imparts a
bright, smooth surface, incures accuracy
i1 thickness dimension (gage) and appre-
ciably increases the tensile strength of the
finished product. Cold rolling is used in
the production of sheets, strip sieel, and
bar-stock such as shafting, flat wire, etc.

Much of the sheet and strip that has

(4]
v

been hot-roiled and pickled, as described
earlier in this chapter, goes through a con-
tinuous cold reducing mill, Fig. 4-16. The
coils of pickied hot-rolled sheets are stari-
ed through special mills to make a prod-
uct that is thinner, smoother and with a
higher strength-to-weight ratio than can
be made on a hot mill.

A modern five-stand tandem cold re-
ducing mill may receive hot rolled sheet
about the thickness of a halt dolWar and
three-quarters of a mile long. Two minutes
later that sheet will have been squeezed to
the thickness of 0.2000" to 0.0060" (5.0 to
0.15 mm) and will be more than two miles
long, Fig. 4-17.

Cold rolling, like hot rolling, may be car-
ried out on a two-high or a four-high rofl-
ing mill, usually in a tandem, continuous
set-up. Cold rolling is continuad until the
sheet reaches its desired thickness or un-
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Fig. 4-17. Coid strip end-product. {inland
Steef Company)
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til it becomeas too hard 10 continue the
process. Steel hardened by cold rolling
must be annealed to soften it o 1 work-
aple condition. ff annealing is carried out
in open furnaces, oxide scale will form on
the surface. Repickling will then be neces-
sary 1o remove the oxide before continu-
ing the roiling.

The alternative 1o open furnace anneal-
ing s comtinuous annealing in  long,
controlled-atmosphere  furnaces  that
compleie the softening without the forma-
tion of surface scale, or even discolora-
tion. Continuous annealing furnaces are
imposing struciures, often longer than a
city block and severai stories high. The
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coils of hard cold-rolied steel are uncoiled
and led up and down through towers in
the annealer. Subjected to the heat within
the towers, the steel is softened in prepa-
ration for further processing.

Temper miil. if the end-product desired
is cold-rolled sheet and there is no inten-
tion of coating the product with zinc or tin,
the annealed cold-rolled sheet goes to the
temper mills, Fig. 4-18. A typical temper
mill contains two stands <1 four-high milis
and imparts the desired flatness and sur-
face quality for sheet steel used for auto-
mobile bodies, refrigerators, washers and
dryers and many other consumer goods,
Fig. 4-19.

Fig. 4-18. Sheet steel enters termper mill
through a single strand to restore stiffness

lost in annealing process. (Bethiehem
Steel Corp.)
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Fig. 4-19. Inspection of cold-roiled sneet at tin mifl. (Inland Steel Company)

Metailic Coating

Tinning. The food-processing industry
uses millions of Ln cans as cgntainers for
their products. The metal of atin canis a
coated steel product. The metal, tin, has
been known for centuries as one of the
few metals that will not react chemically
with the acids of foods. The first true tin
cans were used by Napoleon's guarter-
master {0 provide edible meat for the ar-
my Oh maneuvers.

Tin plate is thin cold-roiled sheet steel,
coated with a very thin layer of tin. Tin
plate starts with a product called black
plate which is actually a form of cold-
rolled sheet which has been annealed, Fig.
4-20. Early annealing processes coated
the steel with 2 btack oxide, hence the

namie. Present metheds produce an
oxide-free product, although the term
black piate is retained.

The annealed sheet sieei goes to a tem-
per mili for further reduction in thickness.
The coating process originaily used was a
hot-dip process where sheets were fed
through a bath of molten tin. Today most
of the tin plate is produced by the electro-
lytic method.

There are three continuous electrolytic
tinning processes in general use today in-
volving ithe electrodeposition of tin on
sheet steel. These are the halogen, alka-
line and acid processes. The three proc-
esses are basically the same, differing
only in the type of electrolyte used. The
halogen process uses an electrolyte of tin
halide salf. The sheet steel enters the pta-
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Fig. 4-20. Deliverv end of annealing iine. (Americari Iron and Steel Institute)

ter and is washed, scrubbed and cleaned
in a ditute acid bath before it enters the
plating section. In the plating section, the
positively charged tin anodes release the
element tin and it is deposited on the neg-
atively charged sheet steel. The thickness
of the coating may be controlled by the
speed of the metai through the bath and
the electrical current used. The coating
may be as thin as 0.000015” {0.000038
mm) or as thick as required. The coating is
uniformly applied to both sides.

Once the sheet steel is coated with tin, it
passes through high frequency induction
heaters which melt the tin to form an im-
pervicus and lustrous coating. This tin
coating is guenched in water, given an
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electro-chemical freatment and then
rinsed in water. Tin plate is shipped in
coils and in boxes of cut lengths.

Terne plate is an impoitant coated met-
al used in the automobile industry, Terne
is a sheet steel, thicker than the steel used
in tin-plate, which is coated with a lead-tin
alloy. The coating is applied in a similar
fashion to tin plate. Terne plate is ex-
wremely corrosion-resistant and is used in
the production of auicmobile gasoline
tanks and in a special type of faminated
rolled tubing used for gasoline lines and
nydraulic brake lines. The alloy resists the
internal corrosive action of the fluids con-
tained, and also the exierior corrosion of
roadway contaminants.



Galvanizing. Certain end-uses of sheel
steel require that the steel be coated with
a corrosion-resistant coating. Coating
with zing, galvanizing, is the most common
process in use. Large cuantities of hot-
rolled sheet and strip are galvanized.
White there are iwo methods of applying
the zinc coating, continuous hot-dip
galvanizing is by far the most prevalent
method used. Several million tons of gal-
vanized sheet sisel is produced yearly for
applications where gorrosion resistance s
raguired,

The continuous hol-dip method consists
of uncoiling, cieaning and moving the met-
al through a bath of molten zinc. Control
¢ the speed of the sheet and the temper-
ature of the zinc gives close conirol of the
coating thickness and improved adher-
ence of the coating. In the fabrication of
home and farm utensils such as buckets,
pails, eic., the product is fabricated and
then hot-dipped as an assembly into the
motten zing bath. Zinc-coated auto body
sieel has also been used in many under-
body parts that are subjected to extreme
corrosion. The ¢oated steel is treated to
permit the forming of the part in the press
without rupiuring the continuity of the
protective zinc coating. The zinc has a
self-healing characteristic that makes gal-
vanizing such an important process. Minor
scratches into the surface of the coated
steel heatl by the formation of oxides of
zinc which cover the scratch and continue
the protection of the under metal.

Cold Drawing

The rolling of bars into rounds, squares,
rectangles and other special shapes is a
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common mill procedure. These products
of the hot-rolling mill would reguire consi-
derable machining and grinding by users
tc get bars with reguired finish and dimen-
sional accuracy. it was early discovered
that if a hoi-rolled bar with the usual sur-
face oxides and varying dimeansiona! toler-
ances were pulled through a die of smaller
dimension, several beneficial actions oc¢-
cured. These were:

1. Bars of various c¢ross-sections may
be elongated and reduced in section to an
extent not readily attainable by other
means.

2. The surface of the bar becomes uni-
formiy smoother and more highly polished
than a hot-roiled bar.

3. The mechanical properties c¢* the
metal are changed. Hardness, stiffness,
tensile strength and elastic limit will be in-
creased, while ductility will be corre-
spondingly decreased.

Metal preparation. Hot-rolled bars from
the mili are generally coated with a heavy
oxide scale and are relatively hard. The
hardness must be reduced by a heat
treatment such as annealing. In this oper-
ation, the steel is heated to a red hot tem-
perature and allowed to cool slowly. Fol-
lowing annealing, the heavy oxide scale is
removed by passing the bar through a hot,
dilute sulfuric acid bath. The acid reacts
with the unwanted oxide and dirt on the
steel surface and the steel emerges from
the bath with a clean surface.

The next step in the preparation is {0
coat the surface of the bars with lime to
neutralize any trace of the acid from the
bath. The lime adheres to the surface and
functions as & lubricant for the drawing
operation. The lime-coated bars are then
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baked io dry the coating and to remove
any hydrogen absorbed by the steel dur-
ing the acid bath (pickling) operation. The
absorption of hydrogen into the steel can
cause brittleness resulting in failure during
the drawing operation.

Drawing operation. Cold-drawn round
bars are made in one of two ways. If the
dia is 3/4" {19 mm) or less, the bars
are handled in coils. The coils are an-
nealed, cleaned and recoiled afier draw-
ing. Steel gver 3/4” {19 mm)j is handled in
straight lengths.

The die. as used in the drawing opera-
tion, is a very efficient tool. It has no mov-
ing parts and does not waste metal asin a
cutting operation. Dies are made of ce-
mented tungsten carbide, a material most
able to withstand the abrasive action of
the steel. For certain reductions in diame-
ter there is a die angle where the drawing
force is at a minimum. Fig. 4-21 shows a

typical die. Die angles usuaily range up to
15 degrees, depending on the material of
the die and the stock being drawn. There
IS a maximum reduction (approximately 45
percent) after which the steel will fail un-
der the drawing force.

The end of the coil or bar must first be
reduced in size to permit entrance into the
die. This is done by a hammering opera-
tion called swaging or by grinding. The en-
tering coif end is fitted to a capstan or
power reel and the small diameter bar is
cold drawn off one reel and recoiled on
the other. Individuat bar lengths are drawn
through a succession of dies on a draw
bench. The dies are arranged in a line with
progressively smaller die openings. Large
pieces are drawn through a single die at
a time.

Shapes varying in size from the finest
wire to those having a cross-sectional
area of several square inches (mmz) are
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Fig. 4-21. Schematic of die drawing for reducing rod and wire diameter.




commaonly drawn., Due to the difficuity of
making dies ana the smail demand for any
other form. the finer sizes are drawn cnly
t¢ a round cross-saction. Larger sizes of
round, square or irreguiar cross-section
ars drawn on a drawbench.

With wire. muitiple die machings are
used. In these machines the wire passes
through one die, arcound a capsian,
through a second die to a second capstan.
atc. As many as tweive stations may be
employed. The speed in multipie die ma-
chines reaches 10.000 feet (3048 m) per
minuie on fine wire.

Tubular Producis

Steel pipe and tubing are among the
most versatile and widely used products
of the stesl industry. In conirast to some
ciher large tonnage steel producis which
may be die-cdrawn, shaped, machined or
otherwise fabricated by the user, pipe and
tubing are generally furnished in finished
form for use. However, they may be re-
worked, reshaped or machined in a variety
of ways.

Sizes of tubutar products range from
those used for hypodermic needles to
those used for pipe lines. Two methods
are used in the raanufacture of tubular
products. These are the welded and the
searmless processes. Seamless processes
comprise three general methods for pro-
ducging tubular products, aill without weld-
ed seams. These methods are:

Hol! piercing. The blooms, billets or
rounds are heated to a red hot tempera-
ture and an initial hole is then pierced
through the metatl in an axial direction.
The rough tube is then rolled through a
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niercing mill over a mandrel to form the
outer and inner diameiers,

Hof extrusion. Pre-pierced, red-hot bil-
lets are forced through an orifice and
simultaneously over an internal shaping
mandrel. The outer surface of the tube ac-
guires the size and shape of the die while
the inner surface conforms to the size and
shape of the mandrel.

Cupping and drawing. By this process,
stee! plates are hot-cupped and hot-
drawn tc the desired finished size of
tubing.

Welding processes start with the form-
ing of a tube from fial strip or skalp by
passing the metal through a succession of
shaped rollers. The open joint is welded
shut by basically four methods: Furnace
welding where the red hot edges of the
joint are forge welded by the mechanical
pressure of the rolls; Eleciric Resistanice
welding where the joint is welded by pass-
ing an electric current through a set of
round pass welding rolls; Electric Flash
welding where the joint surfaces are
fiashed to welding temperature by a flow
of electric current, foliowed by application
of mechanical upsetting pressure by a set
of final rolls. The fourth method is a con-
tinuous, automatic fusion process where
the joint is welded in a conventional elec-
tric arc or gas torch method.

Tubing formed by hot-working as well
as electric welded tubing may be given a
cold-working to produce a finer surface
finish and more accurate dimensions. The
cold drawing process for tubing is much
the same as that used for solid stock.
When there is noc mandrei inside the tub-
ing during the draw, the outer diameter is
reduced but the wall thickness is un-
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changed and unfinished. When a mandrel
is used during the drawing, both outside
diameter and inside diameter can be ac-
curaisly maintained.

betal Forming

Steet in the form of cold-rolied or hot-
roiled sheets ar strip {narrow sheets) may
e formed Nt many intricate shapes for
consumer products by a number of
processes, Some of the more common

rocesses are described below.

Bending. Press-braak forming is used
10 produce parts as shown in Fig. 4-22.
These parts have simpie curves In a paral-
iel, hnear configuration. Two important
factcrs affecting nending are the minimum
bend radius and springback. The mini-
mum bend radius determines the limit of

forming, after which the metal will crack.
Springback is the elastic movement of a
bent metal at the moment of reiease from
the bending die. it results in a decrease of
the bend angle. Compersation is accom-
plished by designing the dies 1o over-bend
tne part slightly so it will _ring back io
the desired angie on release.

Flat drawing. This process, referred to
in the automobile industry as stamping. is
used in the produciion of metal vessels
and compound curved sheet metal parts.
Flat shest metal is placed between the two
halves of a forming die. The fower half
usually is the cavity, forming the outer sur-
face of the part. The upper half is the
punch which, when pressed into the cavi-
ty, causes the flat metal to flow into the
die cavity and assume the required shape.
This process is used in the production of
such auio body paris as fenders and

Fig. 4-22. Press break forming dies and parts: acute angle; obtuse gcose-neck die;
V-bend die; channel die; radius die; self-gaging corrugating die.
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noods. plumbing fixtures such as bath-
tubs, and many other metailic shapes.

To draw properly, metat must be prop-
erly conditioned. Anneaiing provides steel
with the necessary ductitity o prevent
cracking. Flex-roliing is often used in an
automobile stamping plant to condition
oo stock and press blanks {preforms) for
drawin, Lubrication is also required and
is applied 1o the surface of the metal 1o re-
duce iriction during drawing.

Flanging. Essentially a bending opera-
tion. this process is used 1o provide
flanges on drawn parts such as automeo-
hite doars, and in the production of var-
ious brackets and reinforcing members in
metal assemblies.

Upsettirg. This is a hot or cold process

BLARNK

COMYVENTIONAL SPINMING
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used to form a head or to increase the
cross-section of a round bar. Cold upset-
ting is used to form the heads on boits,
rivets and nails in high production auto-
malic presses cailed upsetters.

Punching and blanking. These related
processes consist mainly of a shearing op-
eration using special shaped punches and
dies. When round, square or irregular
shaped holes are required in a sheet metal
part, punches are designed into the die
set to shear the holes. Blanking is a pre-
iminary cperation to press work when a
specially shaped flat sheet is cut out of a
coil of sheet metal. The blank is usually ir-
regular at its outer edges to provide opti-
mum gripping action by the grippers of
the forming die. The blanking die set is es-

SHEAR SPINMING

Fig. 4-23. Conventional metal spinning process (left) and shear spinning process (right).
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H
CHANNEL SECTION BUTT TUBING

oval TUBING

SQUARE TUBING

SEAMED TUBING GUTTER
Fig. 4-25. Shapes produced by continuous roli forming.

ping the metal while at the same time forc- Roli forming. Continuous roli-forming is
ing the forming punch into the metal. The  a high-production cold-forming process
resulting form has rminimum springback. used in the production of tubing, metal
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FiNiSHED WELDING TUBE

A WELDING ROLLS
) {ELECTRODES)
NN

moldings, aluminum siding and roof gut-
ters and other constant section shapes.
Typical rolled sections are shown in
Fig. 4-25.

The roli-forming machine consists of a
series of matched rolis that progressively
shape a flat strip of cold metai into the de-
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Fig. 4-26. Skelp (flat strip) being rolled in-
to finished welding tubeé.

sired cross-sectional shape, Fig. 4-26. Be-
cause of the high cost of roll-forming ma-
chines and the specia!l tooling for each
section produced, roli-forming is not eco-
nomical when production runs are less
than 25,000 lineal feet (7500 m).
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Effects of Cold Working

When metal is at room {ambient} tem-
perature, it may be gdeformed permanently
by the plastic flow behavior of the metal.
The metallic crystals elongate by a proc-
ass of shearing on weak planes, called slip
planes. If metal is sufficiently cold-worked,
all the available slip planes will be used up
and further deformation will produce faii-
ure by rupture. Therefore, in shaping met-
ais cold, plastic deformation must not be
carried beyond a certain point or cracking
is likely to resuit.

Cold-working operations may be divid-
ed into two broad classes:

1. Where the cold-working is carried out
for the purpose of shaping the articies on-
ly; and where the hardening effect is not
desired and must be removed at various
stages of plastic shaping as well as from
the finished article by annealing.

2. Where the object of cold-working is
not anly o obtain the required shape but
to harden and strengthen the metal, and
where the final annealing operation is
omitted. High-strengih wire for suspen-
sion cables, Fig. 4-27, is thus obtained.

inn order to continue 1o shape metals by
coid-working, they must be anneaied at
proper intervais. Ctherwise deformation
must be carried out at temperatures
where anneaiing s simultaneocus with
hardening, as in hot-working of metals.
The method adopted will depend on the
particuiar metal, as well as on the shape of
the end-product. See recrystallization,
pagss 82 and 83,

B

Fig. 4-27. Photograph cof a 0.60 to 0.70
percent carbon steel in the form of hard
drawn wire, magnified 100 times.

Overworked mefal. After a metal has
been subjected to severe cold-working
operations, further cold deformation may
cause a decrease in its strength. When
this occurs, the metal is said to be over-
worked. This loss of strength is usually
due to failure of the internal structure of
the metal, such as shearing apart or split-
ting. Normally, the strength increases as
the cold-working progresses, and contin-
ues as long as the continuity of the metal
is maintained.

Lold work and corrosion. The corro-
sion rate of metals is accelerated by cold-
working, particulariy if such cold defor-
rmation is iocalized. For exampie, when
strained meial comes in contact with un-
strained metal, the strained metal is more
subject to corrosion. The action of chemi-
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cals upon strained and unsirained metals
is different.

Deformation of aggregales. Steel and
many other allovys are structurally com-
posed of mixed crystals having different
chemical and physical characteristics. The
weak, ductie constituents deform readity.
The stronger and less plastic constituents
resist deformation, but ultimately, if the
deformation is severe enough, the harder
constituents are also deformed, either by
plastic flow or by rupture; that is, by
breaking up into smaller parts and flowing
with the more plastic and weaker constitu-
ents. biany alloys in the cast state are
rather weak and brittie; but in hot-

working, the brittie constituents surround-
ing the more ductiie grains are broken up
and are enveloped in a ductile phase, and
ihe metal can be drastically worked.

Several authorities mantain thal colo-
working breaks up brittle constituents
even more effectively than hot-working,
and that the plastic constituents welid the
internal structure together, even when
working befow the anneating temperature.
Thus, the structure remains sound. Cold-
working with annealing can be ceonsidered
as a means of developing marked plastici-
ty In retals that are structurally com-
posed of an aggregate of plastic and brit-
tte constituents.

REVIEW

1. In what physical form does all stesi
begin?

2. Why are soaking pits used in inte-
grated steel mihs?

3. ¥What is the temperature maintained
in the soaking pits? Why?

4. Why is the upper end of an ingot
sheared off 7

5. Why is the ingot run through a
cogging mill?

6. What are the basic hot working
processes?

7. What two purposes are served by
hot working?

€. What type of shapes are produced
by roliing?

8. What is the maximum thickness of
sheet or strip?
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10. How is the heavy oxide and mili
scale removed from hot-rolled sheeis?
Describe the process.

11. What do the initials H.R.P.O. stand
for?

12. Name the principal structural steel
shapes.

13. Define hot working.

14. What are the {wo basic die shapes
used in forging?

15. How does forging increase the
strength of steel?

16. Name four basic types of forging
machines.

17. Define the operation of extrusion.

18. Name four improvements result

from the mechanical ireatment of steei by
hot working.




19. What are three physical resulis ob-
tained by cold rolling?

20. Describe the process of making tin
plate.

21. Describe terne plate and name
some industrial products made from it.

22. Describe the galvanizing process
and name some common articles made
from galvanized iron.

23. Describe the drawing of wire.

Shaping and Forming Metals

24. Name the three seamless methods
in the production of tubing.

25, Name the four methods used to pro-
duce welded tubing.

26. What prcducis are made by flat
drawing {stamping}?

27. What products are formed by the
upset forging process”?

28. What means is employed 1o restore
plasticity to metal that is hardened by
coldworking?
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Strength together with plasticity (ability
to deform without rupture) is the combina-
tion of properties tha: makes meials of
great importance in the mechanical and
structural field.

Many substances, glass for instance,
have high tensile strength, but lack plas-
ticity when loaded rapidiy, as in shock;
these are known as brittle substances.
Brittle substances may flow slowly or ex-
hibit plasticity under tremendous pres-
sure. if an attempt were made to use a
brittle substance such as glass in the
structure of a bridge, it would fail and fali
into the river when it became unevenly
loaded. However, various metals are used
in the construction of bridges. The struc-
furally used metals have the ability to de-
form without rupture, both elastically and
plastically, when subjected to overloads
due to uneven alignment. This deforma-
tion ocours without loss of strength; in-
deed, in many cases metals so deformed
become stronger.
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Although the materials used in ma-
chines and structures in most cases are
subject to loads so low that the materials
behave in a nearly elastic manner, a num-
ber of conditions may occur under which
metais are subjected tc loads so great.
that p'astic action occurs. Therefore, the
behavior of metals in the plastic range be-
comes of utmost importance. This is true
during the shaping and fabricating opera-
tions performed upon metals in the crea-
tion of structures, or in finished structures
that occasicnally become coverloaded.
tMaterials that can deform plastically when
overloaded are much safer structural ma-
terials than those having greater strength
that are facking this property.

In addition to strength and plasticity,
metals exhibit many favorable character-
istics, such as resistance to corrosion,
electrical and heat conductivity, a good
luster, etc. The characteristics of metals
are due to two structural factors: first, the
atoms of which the metallic state is com-




posed; and second. the way in which
these atoms are arranged. A crude com-
parison can be made to a house, the char-
acter of which is in part determined by the
type or guality of raw materials, such as

Physical Metallurgy

bhricks and becards (the atoms), and in part
by the workmanship or assembly of the
raw materials (the arrangement of the
atoms.}

THE SOLID CR CRYSTALLINE STATE OF METALS

When a metal freezes {chang.s from the
iguid to the solid state), it crystallizes.
During the process of solidification, the ai-
oms of the iiguid metal arrange or group
themseives into an orderly arrangement,
forming a definite space pattern. That is,
the aloms regiment themselves info
groups similar {o a group of soldiers on
parade. The pattern formed by this order-
ly arrangement of the atoms is known as
the space lattice, and it is made up of a
series of points in space, giving birth to a
geomeirical structure of atom groups.

Although the atoms are too small to be
seen by ordinary means, such as under
the microscope, we may visuatize a crystal

as being made up of atoms, these atoms
being arranged in space in some prede-
termined pattern or space lattice. The
space lattice of the crystal state of metals
has been determined by X-ray crystal
analysis methods. By means of X-rays, the
internal atomic arrangement of the crystal
state may be studied, and a piciure of the
space lattice may be drawn as shown in
Fig. 5-1.

There are a number of different patterns
or space lattice groups into which the at-
oms of a crystal may arrange themselves.
A very common space lattice is that of the
cubic pattern which many of the common
metais, such as copper, iron, aluminum,

Fig. 5-1. Common crystal patterns.
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lead, nickel, molybdenum, and tungsten,
form. Some of the metals forming the cu-
bic pattern assume the body-centered cu-
bic pattern, an atom at the center of the
cube and an atom at each corner of the
cube, Fig. 5-1 left. Other metals crystallize
into the face-centered pattern having an
atom in the center of the cube face and an
atom at each corner, similar to Fig. 5-1
center. Also, some metals have the capac-
ity of crystallizing in one form but, upon
cooling, change to another form; some
change from a face-centered tc a body-
centered pattern. Iron undergoes such a
change of space lattice during heating and
cooling, and within a temperature range
that still maintains iron in a solid or crystal
form without melting. When a metal un-
dergoes a change from one crystal pattern
to another, it is known as an aliotropic
change. When a metal undergoes an allo-
tropic change, such as the change from a
body-centered to a face-centered cubic
lattice, this is accompanied by a marked
change in the characteristics and proper-
ties of the metai involved in the change.

The change from a body-centered to a
face-centered pattern completeiy rear-
ranges the space lattice and atoms within
the crystal, with the body-centered cube
with 9 atoms in its pattern changing to a
face-centered cube with 4 stoms in its
pattern. Such a change of atomic arrange-
ment brings about a compieie change of
characteristics.

While the cubic paiiern i3 the mosi
prominent with the common metaig, there
are many other space lattice arrange-
ments. A rather common arranigement is
the hexagona! pattern, known as the

lose-packed because of tha number of
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atoms invelved in this arrangement. Met-
als such as zinc, magnesium, cobait, cad-
mium, antirnony, and bismuth assume this
arrangement upon freezing or crystalliz-
ing. This arrangement is illustrated in Fig.
5-1 right.

The properties of metais are dependent,
in a large rneasure, upon the type of space
lattice formed during solidification. In gen-
eral, metals with the face-centered lattice
lend themselves o a ductile, piastic, work-
able crysial state. Metals with the close-
packed hexagonal lattice exhibit, in gener-
al, a lack of plasticity and lose their plastic
nature rapidly upon shaping, such as in a
coid-forming operation. Hexagonally lat-
ticed antimony and bismuth are brittle.

Cleavage and Slip Planes

Some of the most striking effects of the
crystal pattern of atoms are the direction-
al properties created by the planes
formed by the crientation of the atoms.
Between the rows of atoms lies the path of
rupture, so the fracture or failure of a crys-
tal occurs by the separation of the atoms
along a path parailel to the atom crienia-
tion; such a path is called cleavage plane.
Proof of crystallinity is obtained when a
material, such as a metal, is ruptured, and
the ruptured surfaces reveal facets or sur-
faces forming various planes, each plane
being the path beiween the row of aioms
formed by the crystals.

When an attempt is made to fracture
metals of the plastic crystal state, instead
of a brittle fracture taking place between
the rows of atoms, the atom groups slide
over one another along the pianes formed
by the pattern of atoms, causing a plastic




flow or defarmation to take place without
rupture. This behavior leads to the plastic
nature of the more common metals and
allows us tL change the shape of the crys-
tals without rupture in a forming opera-
tien, such as the bending of a piece of
metal. The planes along which slips occur
are knowr as the slip planes. The action of
the piastic flow of the crystal state will bie
discussed more fully in the paragraph cov-
ering the deformation cof metals.

As we have seen, the crystal state con-
»sts of a group of atoms arranged in
some definite patiern or orientation. We
will now see how a liguid which is cooled
in a crucibie or mold gives birth o the
crystal state in which there are a great
number of individual crystals called
grains.

Manner of Crystailization

A crystal may be visualized as forming
from a center of freezing, or nucleus,
which is composed of a smaill group of at-
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oms oriented into one of the common
crystal patterns, Figs. 5-2 and 5-3.

I the process of solidification many of
these nuclei spring up, each nucleus being
a potential crystal and abile to grow to
form a crystal large enough to be seen
with the unaided eye. As each nucleus is a
growing crystal, and the atoms within it
are all similarly oriented, it should be ap-
preciated by the student that no nucleus
within the freezing meit is likely to form
with its planes or groups of atoms the
same as those of any other nucleus. Thus,
when the individual crystals have grown to
the point where they have absorbed ali of
the liquid atoms and have come in contact
with each other along their boundaries,
they do not line up; i.e., their planes of at-
oms change direction in going from one
crystal to another. This results in a solid
state composed of a number of crystals of
different orientation, and we have a Crys-
tal aggregate or mixed crystal. Each crys-
tal is composed of a group of similarly
oriented atoms, but on going from one
crystal to the neighboring crystals the ori-
entation changes.

LRYSTAL
MUCLE!

NUCLEL AY INCEPTIOM
OFf FREEZING

PARTIAL SOLIDIFICATION
DENDRITIC GAINS AND NUCLED

COMPLETION OF CRYSTALLIZATION
GROWING CRYSTALS MEFY

Fig. 5-2. Progressive freezing of a uniformly cooled melt.
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Fig. 5-3. Growth of crystalline grains. (Introduction to Physical Metaliurgy by Walter Ro-

senhain

The nature of the crystal border is stitl
more or less of an unknown, but we may
assume that it is an interlocking border
line where the atoms of one crystal
change orientation from the atoms of an-
oiher crystal. It may be that there are
some ieft-over atoms along this border
line separating the differently oriented
crystais; such unattached atoms act as a
noncrystatline cement between the var-
tous crystals. This condition may account
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for the greater strength of the crystal
boundaries as compared to the strength
of the individual crystals, and for many of
the actions that take place at the crystal
boundaries.

In order to neip in the visualization of
the change from a molten state to the
crystal agaregate state, Fig. 5-4 may be
studied. A crystal nucleus forms as shown
in (A} and then proceeds to send out
shoots or axes of solidification as shown
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TERNARY
AXIS
PRIMARY l__ PRIMARY
A)“S\ AXIS\
I |
¢ - ——
\
MNUCLEUS et _1
SECONDARY
PRIBMARY AXIS AXiS SEcir:DSARY
£ B Lo o

LAYER UPON LAYER
AVILD-UP GF CRYSTALS

Fig. 5-4. Steps in formation of a crysial.

in (B}, {C). and (D), forming the skeieton of
a crystal in much the same way that frost
patterns form. Atoms then attach them-
selves to the axes of the growing crystal
from the melt in pisgressive layers, finally
filling up these axes, and thus ‘orming a
completed solid, as shown in (E).

The student may observe the nature of
crysial growth in the freezing of water
which frequently shows a surface patiern

resembling a tree {trunk, branches, etc.).
Also, the crystalline nature of metals is ap-
parent to the eye in the study of the sur-
face of galvanized iron {z.inc or iron). This
treelike freezing pattern is called den-
dritic, taken from the Greek word meaning
treelike, and the term is frequently used in
referring to a structure that has a treelike
appearance.

A crystal may have almost eny external
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shape, which is contrclled by the condi-
tions leading to its formation. The most
important factor affecting the external
shape of any crystal is the influence of the
other growing crystals which surround it.
However, regardiess of the external shape
of the crystai, the internal arrangement of
the atom is the same. The perfeci external
shape would be a cube for a cubic pat-
tern, and a hexagon for a hexagonal ori-
entation, etc. The crystals found in all
commercial metals and alloys are com-
monly called graing because of this varia-
tion in their external snape. A grain is,
therefore, a crystal with almost any exter-
nal shape, but with an internal atomic
structure based upon the space lattice
with which it began.

Single vs. Polycrystaliine State

In commercial metals and alloys, the
controi of crysial size is considered very
important. The reason for this is revealed
in the properties exhibited by a fine-
grained crystal aggregate, as compared

with the properties of a coarse or larger-
grained metal. A fine-grained metal is
stronger and in many applications proves
more satisfactory than a coarse-grained
metal.

A single crystal exhibits a strength char-
acteristic of its resistance to slip or cleav-
age along any of its atomic planes, where-
as a polycrystalline or many-crystal aggre-
gate has no smooth, straight line through-
out its section for slip or fracture, due to
the change of orientation taking place at
each grain or crystal boundary. Thus, a
fracture traveliing tkrough a polycrystal-
line aggregate changas direction when
going from one crystal to the next. The ef-
fect of this is similar to the break in the
masonry line in a brick wail. Each crystal
keys to its neighbor and builds up a resist-
ance to slip or failure. On the other hand,
a coarse grain size may exhibit more pias-
ticity than a finer-grained aggregate. The
coarse grains have tonger slip planes, and
therefore greater capacity to slip during
plastic deformation than the smaller and
shorter siip planes of a finer-grained state.

DEFORMATION OF METALS

Knowing that inetals are composed of
many crysials or grains, and that each
crystal in turn is composed of a great
many atoms all arranged in accordance
with some pattern, how can we visualize
the plasitic flow that must take place when
metals are deformed during a bending op-
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eration, or during the drawing out of a
piece of metal 1o form a long wire? Thisg
deformation may be visualized as shear-
ing. When a metal is subjected to a load
exceeding its elastic limit, the crystals of
the metal elongate by an action of slipping
or shearing which takes place within the




crystals and between adjacent crystais.
This action 13 similar 1o that which takes
place when a deck of cards is given a
shove, and siiding or shearing occurs be-
tween the individual cards. The mechan-
ism of plastic deformation is illustrated in
Figs. 5-5. 5-6, and 5-7.

Fig. 5-5 is a photomicrograph of pure
iron in the unsirained condition, and Fig.
5-6 shows the same iron agfter the occurr-
ence of slight plastic flow. The dark lines
within the grains in Fig. 5-6 indicate the
nianes on which plastic deformation took
piace. If deformation of the metal is ¢on-
tinued, the crystals become noticeably
stongated, as itiustrated in Fig. 5-7. a pho-
tomicrograph of a section of brass that
was severely deformed during plastic
shaping.

This piastic fow of the metal, resulting

Fig. 5-5. Commercially pure iror bef.re
deformation. {Iniroduction 1o “hysical
Metallurgy by Walter Rosenhain;
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i
Fig. 5-6. Commercially pure iron after

slight plastic deformation. (introduciion to
Physical Metallurgy by Walter Rosenhain)

. I
T 41
i}

L

)
i
i
h

Sdnt 2 ¢ 15 R3¢

Fig. 5-7. Cartridge brass, severely de-
formed, magnified 100 times.

in permanent deformation of the crystals,
is accompanied by marked changes in the
physical properties of the metal. The ten-
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sile strength, yield point, and hardness are
increased, but not the scratch hardness,
or difficully of cutting, as in machine oper-
ations in a lathe. The stiffness remains
about the same, though in some cases it
may increase as much as 3 percent. With
the increase in hardness and strength, the
plasticity or formapitity is reduced. If de-
formation of the crystals is continued, the
metal becomes brittle. This deformed
state may retain high residual stresses
and may corrode rapidly when exposed to
corrosive atmospheres.

Work Hardening

fMany attempts have been made to ex-
plain why metals become hardéer and
stronger when permarently deformed.
Two common theories are the amorphOus
cement theory advanced by Rosenhain.
and the siip interference theory, by
Jefiries.

The amorphous cement theory explains
that work hardening is caused py the for-
mation of a hard, noncrystalline cement
{amorphous, or without form), due to the
rubbing together of the weak planes with-
in the crystais; and that this cement acts
as a binder, making the weak pianes
stronger and therefore increasing the
strength of the metal as a whole.

The shin interferance thecry explains
that work hardening is caused by the ac-
tion of local disorganization of the crystal
structure, not necessarily until it is amor-
phous in nature, but having racre crystal
fragmentation. These crystal fragments,
according to this theory, ac* as mechani-
cal keys along the weak planes of the
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crystals, keying them together and there-
by making them stronger. If we add to
these effects the end-resistance to slip-
ping which is offered by the differently ori-
ented crystals, perhaps we will have some
reasonable explanation of the effects of
work hardening of metals.

Recrystallization

The deformed or work-hardened condi-
tion found in metals that have been
stressed beyond their elastic limit is an
abnormal one. If the temperature of the
work-hardened metatl is raised above nor-
mal, the deformation begins to disappear
and the metal returns to the normal condi-
tion of structure and properties. This re-
markable change occurs through the
recrystallization and grain growth of struc-
ture that takes place when work-hardened
metats are heated to within certain tem-
perature ranges. The process of heating
work-hardened metals to temperatures
where the deformed structure disappears
and the properties return to normal, is
called annealing.

If the work-hardened metal in its highly
stressed state is subjected to very low an-
nealing temperatures, the internal stress-
es are almost completely removed without
any apparent struztural change and with-
out appreciable lcss of strength or hard-
ness. In fact, botk hardness and strength
may be slightly increased. This treatment,
often called stress relief, is important in-
dustrially.

If work-hardened metals are heated to
higher temperatures, the return to the
normal, soft, dustile state occurs rapidly.
This change is accompanied by a marked



change in structire. Such a change is one
of recrystaitization, that is, the deformed
grains crystellize over again without any
metting. The action 15 one of new crystal
nuctel formng around the boundaries and
throughout the old deformed crystais, in a
way simiiar to the formation of nuclei 0 a
melt, and thess nuctel grow at the ex-
pense of the oid grams until they com-
nietely obiiterate them.

The mechanism of recrystallization is it
lustrated in several photomicrographs, as
foliows. Fig 5-7 is & photomicrograph of
cold detormed brass showing that marked
piastic flow has taken place. Fig. 5-8
shows the same specimen after heating
siightly above room temperature but into
the recrysiatlization range for this speci-
men, new crystals having formed in and
around the oid crystais. Fig. 5-9 shows the
same specimen after heating to a temper-
ature where complete recrystallization has
occurred. The metal is now in excellent
condition with a fine, strong, and highly
plastic structure. The original grain struc-
ture of the metal may have been coarse,
with envelcpes of impurities around the
grains and having the relative brittleness
of the cast siate, along with the internal
stresses and distorted condition of the
work-hardened state. This has all disap-
peared, resuiting in the strong, tough, uni-
form, and stress-free condition which
makes a {orging so much superior to a

casting for many industrial applications.
Grain Growth

it the temperature of the work-hardened
metal is increased above that of the low-

Physical Metallurgy

Fig. 5-8. Severely deformed cartridge
brass as shown in Fig. 5-7, partly recrys-
tallized by heating. Magnified 100 times.

£

Fig. 5-9. The same samples as in Fig. 5-8,
completely recrystallized by heating. Mag-
nified 100 times.

ast temperature of recrystallization, the
newborn grains grow rapidly in size by ab-
sorbing each other, as illustrated in Fig.
5-10. This action is known as grain growth
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and resuits in fewer but larger grains. The
amount of gréin growth occurring during
an anneating cperation depends to a great
degrze upon the maximum temperature
and the time spent in the annealing opera-
tion. Large grains are often wanted, par-
ticularly if cold working is 1o be resumed
after annealing, because & large crystal
size does not harden as rapidly in subse-
quent defrrmation as does fine-grained
metal.

The temperature at which meial recrys-
taitizes after cold deformation depends
upon the compaosition of the metal and the
amount of cold deformation. The greater
the amount of cold deformation, the lower
the recrystathzation temperature. Lead re-
crystallizes at roem iemperatures, and
therefore cannot be work hardened by
cold deformation.

The greater the amount of cold defor-
mation, the finer the grain size will be after
ine anneakng treatrment. However, some-

Fig. 5-10. Cold worked brass, as shown in
Fig. 5-7, annealed at 1475° F (about
800G~ Cj. Magnified 100 times.
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times siight deformation (for example, 5
percent with iron} results in extremely
large grain after an annealing operation.

Germination

The heating of cold-worked metal to its
recrystallization temperature usually re-
sults in a very fine grain or crystal size,
due to the large number of nuclei or new
centers of crystal formation. The number
of nuclel that form seems to govern the
size of the individual grains. Aiso, the
greater the amount of cold work or defor-
mation before annealing, the finer and
rmore numerous will be the grains after
annealing.

However, a slight amount of cold defor-
mation before annealing (such as 5 per-
cent with iron) results in the forming of on-
ly a few nuclet or centers and they grow at
a rapid rate, resuiting In very coarse
grains. This extreme growth of grain is
sometimes called germination.

Other conditions also contribute to ex-
treme grain or crystal growth. Coarse or
large grains weaken the metal and possi-
bly ruin it for commercial use, as for cer-
tain shaping operations such as deep
drawing in power presses. Extremely large
grains may cause the metal to rupture in
deep-drawing operations, or may result in
such a rough surface as to make the prod-
uct undesirable.

Cold Crystallization

Grain growth, which is commonly
termed crystallization, cannot take place




i steel or iron while cold. The old belief
that metal sections often failed in service
due to coid crystallization has been dis-
carded. This belief developed from the
fact that parts breaking in service showed
at the break a relalively coarse and open
grain. The assumption was that this
coarse grain developed in service. The
fact is that the part had a relatively coarse
grain, due to pogor forging or heat-treating
piactice, before it was put to work 1n the
machine. This coarse grained part, when
subjected to severe stressss in service
was incapable of standing up under them
and faifure resuited. in other words the
weak, coarse grain did not form in service,
but was in the sieel before it had seen any
sarvice at afl,

it is true thai grain growth wiil take
place below the critical range, but only
with free ferrite or iron, and this free fer-
rite or iron must be severely distorted and
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heated 10 a red heat vefore any marked
grain growth will take place. No grain
growth will occur at room temperature.

in chains and other machine parts that
are abused and become severely strained
in service, there is always danger of in-
creasing the brittleness of the material,
but this brittleness is due (o the cold
working effect produced by severe abuse
of these parts. f a coarse grain is present
in these parts, failure due to extreme brit-
tleness is certain to result. Where the
chain links and other parts have not yet
failed because of severe service, the brii-
tleness can be relieved by annealing. This
annealing relieves the strains and stress-
es, putting the parts back in shape for fur-
ther service. However, if the parts have
been so strained as to cause a slight fail-
ure, such as surface cracking, annealing
should be prohibited, as it will not
strengthen nor weld broken parts,

SUMMARY

Grain size conirol during cold working is
one of the major problems encountered in
industrial uses of commercially pure met-
ats or their alioys. The only way in which a
commercially pure metal may have iis
properties altered is by means of cold de-
formation and control of the arnealing op-
eration that may follow the cold working.
Therefore, a careful study should be made

of ail the characteristics of commercially
pure metals, particularly those involved in
the cold working of these metals. This
knowledge can be applied aiso to the be-
havior of the more complicated alloys.
From an industrial point of view, com-
mercially pure metals find their greatest
use in the electrical industry as conduc-
tors, and in the fields where corrosion-re-
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sistant materizis are needed. With the ex-
ception of some spacial stainless alloys,
such as stainless stzel and Monel metal,

nrires matalo ara mas AR o mmeen wefant §
Fuits GCian VS MUGH MSTre rasisiant 1o

atmospheric corrgsion than their alloys.

Such metais as copper, aluminum, nickea!,
chromium, and cadmium are used either
alone, or as a surface coating 1o impede
corrasicn of a base metal.

REVIEW

1. What combination of properties
makes metals of great importance in the
mechanical and structural field?

Z. The characteristics of metais are
due 1o what two structural factors?

3. What is a space lattice?

4. How has the space lattice of the
crystal state of metals been determined?

5. What is an allotropic change?

£. How does the type of space lattice
formed during solidification affect the
properties of metais?

7. What is meant by a cleavage plane?

8. Describe briefly the manner of crys-
tallization of a metal.

9. What is meant by the term dendri-
tic?

B&

10. Why does a fine-grained metal, in
many applications, prove more satisfacto-
1y than a coarse-grained metal?

11. Give a brief description of what hap-
pens when metals are deformed during a
bending operation.

12. Why do metals become harder and
stronger when they are permanenily de-
formed?

13. What happens when work-hardened
melais are heated to within certain tem-
perature ranges?

14. Upon what does the temperature at
which a metal recrystallizes after cold de-
formation depend?

15. What is germination?




A thorough knowiedge of the physical
characteristics of metals is required by
people in the skilled trades to enable them
10 do their jobs efficiently and effectively.
The designer, tooimaker. die maker, ma-
chinist. welder and mechanic must know
the specific properties of the metals and
alfoys used in industry.

The knowledge of metals and their use
goes back in history thousands of years,
vet the use of iron and steel in large guan-
tities is relatively recent. The American
Declaration of Independence nnt nnly sig-
naleg the beginning of a new nation u.it
was almost coincident to the start of the
massive use of iron and sieel. This in-
dustrial era is calied the “lron Age’” by
contemporary historians,

The reason for the increased use of
metals and particularly of iron and steel
products is found in their special physical
properties. The most important of these
properties is strength, or the ability to

suppoert weight without bending or break-
ing. Combined with toughness, the ability
10 bend rather than break under a sudden
blow, these characteristics made steel the
prime construction material, Fig. 6-1.

Other properties that led to increased
industrial use were the resistance to at-
mospheric deterioration, plasticity, and
the ability to be formed into desired
shapes. In addition, many metals have the
ability to conduct heat and electric current
and to be magnetized.

Metals can be cast into varied and intri-
cate shapes weighing from a few ounces
to many tons. Steel has a special property
of being weldable, which has given rise to
the skill of weiding, both for fabrication
and repair, Fig. 6-2.

Another important metallic property in
this age of impending power and material
shortages is the reciamation or recycling
of scrap metal. Obsclete and worn-out
automobiles, ships, bridges and other
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Fig. 6-1. Modern skyscraper built with
steel framework. {American Ilron & Steel
institute)

Fig. 6-2. Using a coated steef rod to arc
weld a special flange on the end of a pipe.
Note the head shield, gloves and apron
worn by the worker. (Fischer Controls Co.)

g8




Fig. 68-3. Steei can be used over and over.

Mechanical Properties of Metals

This scrap is on its way to the open hearth

furnaces to be amelted to new steel. Special rail cars haul the loaded cars to furnace
doors. it is not unusual for haif of the charge in an open hearth to be in the form of scrap.

(iniand Steal Company)

steel structures can be cut up, and remelt-
ed and finally worked into new industrial
products, Fig. 6-3.

A knowiedge of the properties of specif-
ic metals or alioys enables us to determine
whether or not such materials are suitable

for certain detinite uses. See Table 6-1.
This knowledge will aiso permit use of
special heat and mechanical treatments of
these materials in order to modify them
for special uses such as forging and hard-
ening a cutting tool.
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TABLE 6-1. CARBON CONTENT OF CARBON STEELS FOR DIFFERENT USES
CARBCN RANGE ! o

USES OF CARBON STEEL

PERCENT ) e

005 0.i2 Chain, stampirgs, rivets, nails, wire, pipe, welding
sinck, vihere ver ' soft, plastic steel is necded

0.:0 0.20 Very =oit, tough sigel. Structural steels, machin : parts.
For case-hardenad machine parts, screws

020 030 Better grade of machine and structural steel. Gears,
shafting, bars, bases, levers, etc.

0.30 0 40 Responds to heat (treatment. Connecting roas,
shafting. crane hooks, machine parts, axles

0.a0 050 Crankshafts, gears, axles, shafts, and heat-treated
machine partis

360 0.70 Low-carbon tool steel, used where 3 keen edge is not
necessary, bul where shock strangth is wanited. Drop
hammer dies, set screws, locomotive tires, screw
drivers

0.70 0.80 Tough and hard sweel. Anvil faces, band saws, ham-
mers, wrenches, cable wire, eic.

.80 0.90 Punches for metal, rock drills, shear blades, cold
chisels, rivet sets, and many hand tocis

0.80 1.00 Used for hardness and high !sasile sirength, springs,
high tensile wire, knives, axes, dies for all purpeses

1.00 1.30 Drills, taps, milling cutters krivs, etc.

1.10 1.20 Used for all tools where rardness ie a prime consider-
ation; for example, ba' Hrarings, cold-cutting dies,
drills, wooad-working toul .. aihe tools, etc.

1.20 1.30 Files, reamers, knives ‘uois for cutting brass and
wood

1.25 1.40 Used where a keen cuttine =007 & necessary; razors,

saws, instruments and machine parts wnere maximum
resistance to wear is neadad, Boring and finishing
tools

CARLOW STEELS

Aithough ail steels contain carbon, the  uent ¢ bonmore than any other constitu-
terms carbon steel and plain carbon sterl  ent dete nines the properties and uses of

are used to distinguish a steel to which no
special alloying element, such as nickel,
tungsten or chromium, has been added in
appreciable amour-<. In carbon steels, as
well as in special ¢. My steel, the constit-
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st.2el, Table 6-1.

iae carbon content of steel may vary
com a few hundredths of one percemt
{2 008 percent) up to nearly two percent
carbon. The lower percentages are in the
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range of commercially pure iron. These
lower percentages of carbon steel, called
fow-carbon steel exhibit properties of
nearly pure iron, that is, high ductility and
inability to be hardened.

The upper limit of carbon in steel is
shown in seme charts as 1.7 percent. At
this high percentage the steel is extremely
brittie. The practical upper limit of carbon
content as determined by experience in
making and using cutting toois is 1.4 per-
cent, Fig. 6-4. The object of increasing the
carbon cenient of steel is to enhance its
normal {low-carbon) qualities of strength
and hardness.

Steel was early catagorized into three
classcs relating fo its carbon content.
While not an accurate definition by to-
day's standards, steels having a carbon
content of below 0.30 percent were ciassi-
fied as low carbon, Table 6-1. Low-carbon
steel forms the bulk of steel tonnage pro-
duced as it has moderate strength, ductili-
ty and ease of machining. Machine steel
and structural steel are prime usages of
low-carbon steel.

Medium-carbon steei ranges between
0.30 and 0.70 percent carbon. In this
range the steel has sufficient carbon to re-
spond to heat treatment. As shown in Ta-
bie 6-1, articles made of steel in this range
are mainly machine parts that may require
a limited amount of hardness or a special
structure obtainable by other heat ireat-
menis.

High-carbon steels are those with more
than 0.70 percent carbon content, Table
6-1. These steels constitute a small per-
centage of the steel tonnage produced
because the articles made from high-
carbon steels are mainly tools use” in
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shaping and cutting low-carbon steels and
other metals.

Minor Constituents in Steel

Carbon steet is an alloy metal consisting
of iron and carbon. Carbon has a unique
effect on the structure of iron, changing it
from a simple, soft metal to a very com-
plex alloy and producing an increase in
hardness and strength while reducing its
plasticity. However, there is no pure iron-
carbon alloy as all steel contains at least
four other alloys. Two of these are silicon
and manganese which are added to the
steei to counteract the effecis of the other
two undesirable elements——sulfur and
phosphorus. These and other impurities
are discussed below.

Manganese. This element is essentiai in
a good steel. H promotes soundness of
steel ingot castings through its deoxidiz-
ing effect and by preventing the formation
of harmful iron sulfides it promotes forge-
ability of the steel. Manganese content in
reguiar steels varies from about 0.30 to
0.80 percent, but in special alloy steels it
may run as high as 25.0 percent. Man-
ganese chemically combines with any sul-
fur in the liquid steel, forming manganese
sulfide (MnS), and prevents the sulfur
from combining with the iron to form iron
sulfide. Steel with iron sulfide present be-
comes brittle and weak when hot and is
known as hoi-short steel. Any excess
manganese (over the amount used to
combine with the sulfur) combines with
the carbon available in the steel to form
manganese carbide (MnSC). This carbide
associates with the iron carbide (Fe,C) in




cementite, ingreasing the hardness and
strength of ithe alloy, but lowering the
plasticity.

Silicon. This element is added to steel
as it is poured into the ladle after refining
to improve the soundness of the steel by
opposing ine formation of blowholes as it
combines with dissolved oxygen to form
to the top of the ingot and is removed in
the ¢cropping operation.

The silicon content of carbon steels var-
ies from 0.05 to 0.30 percent while special
ailoy steels may contain over 2.25 percent
silicon. Silicon, in excess of amounis
needed to deoxidize the steel, dissolves in
the iron and under §.30 percent has little
infiluence on either the structural charac-
teristics or the mechanical properties of
the steel.

Sulfur Any sulfur content in sieel is un-
desirable. it may vary from a trace to 0.30
percent. In the usual types of steel, the
sulfur content is held below 0.06 percent.
Sulfur should always be combined with
manganese, for which it has a great affini-
ty, to form manganese sulfide (MnS).
Manganese sulfide is distributed through
the steel as smail inclusions which make
the steel brittle but easily machined. Such
steel is often used to make parts that do
not require good mechanical properties
and can be made on automatic screw ma-
chines. Hence, this steel is referred to as
screw machine steel. This steel also has
poor weldability.

Phosphorus. This element is also unde-
sirable in steel. The phosphorus content in
commercial steels varies from a trace to
0.05 percent. Phosphorus weakens steel
by its tendency to segregate in the last
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portion of the ingot to solidify, producing
a heterogeneous, dendritic structure. This
segregation may cause banding of the
steel in subsequent hot-working opera-
tions. Steel with excess amounts of phos-
phorus in solution is known as cold-short
steel. While it has free-machining proper-
ties for easy forming in screw machines,
the products made from cold-short steel
are coarse grained and weak.

Copper. In small amounts copper is
sometimes added to steei to improve re-
sistance to atmospheric corrosion. The
presence of copper in steel is detrimental
to forge welding but not to arc or acety-
lene welding.

Lead. This metal greatly improves the
machinability of steels. The lead is insolu-
bie in steel and is randomly distributed
throughout the steel in small globules
which smear over the tool face when steel
is being machined. This action reduces
cutting friction and the steel is used main-
ly in screw-machine operations.

Oxides. Any oxides of iron that may be-
come trapped in the solid stzel are forrned
during steel-making by the additions of
marganese {Mn0), silicon (Sioz), alumi-
num (A|203) and other metals. iron oxide
(FeQ} is also present. These impurities are
referred to as dirt in the steel and usually
rise in the cooling ingot and are removed
by the cropping operation. Oxides that re-
main in the steel are harmful because they
are mixed with the steel in a mechanical
manner, being entangled throughout the
structure of the steel. Thesq oxide parti-
cles break up the continuity of the struc-
ture and impart directional properties in
forged steel. They also form points of
weakness and may start a fracture.

93




Metallurgy

Gaseous impurities. Such gases as ni-
trogen, hydrogen, carbon monoxide and
oxygen are always present in varying
amounts in steel. These gases may occur
as bubbles in the steel, or may be dis-
solved, or combined. The effects of gases,
in the main, is to cause a decrease in plas-
ticity; and in the case of hydrogen, to em-
brittle the steel. The more free the steel is
from any gaseous impurities, the higher
the quality and the more likely it is to be
satisfactory.

Selection of Carbon Steels

Although the quality of steel is not de-
termined by carbon content solely, the
carbon content of the steel largely dic-
tates the use to which the steel is 10 be
placed. The quality of any carbon steel is
largely determined by the exacting con-
trois used by the steel maker. These are
the metallurgical controls used during the
steel making operations and the testing
and inspection given to the semi-finished
and finished steels. Close control of the
amount of carbon and the control of im-
purities, oxides and slag, all constitute
factors that contribute to good steel. In
the selection of a carbon steel for any spe-
cific use, both the carbon content and the
amount of minor constituents will influ-
ence the choice of a steel. In order that
the reader may have some practical
suggestions to follow in the selection of a
steel, Table 6-1 should be studied. It will
serve as an indicator of the influence of
the percentage of carbon has in the type
of product produced. This should help one
in the choice of a steel from which to make
similar products.
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Ingot iron. This is a very low-carbon
iron alloy. This alioy differs from wrought
iron in that it does not contain an appreci-
able amount cf stag. It is cast into ingots,
similar to steel, and then rolled into plates,
sheets, shapes or bars. It is used where a
ductile, rust-resistant metal is required,
especially for tanks, boilers, enameled
ware and for galvanized sheets. It is very
ductile and can be formed cold by draw-
ing or spinning.

A very low-carbon iron, Plastiron, is
used for molds and dies which are pro-
duced by the hobbing method. This meth-
od forces a hardened hob or pattern of
the part to be produced into the soft steel

‘to form a close dimensioned cavity. The

iron is very plastic under the hob and can
then be carburized and hardened for use.

Tin plate. The material from which tin
cans are made is tin plate. The ordinary
tin can is made from thin sheet steel which
has been coated on both sides with a very
thin layer of tin. The process of making tin
plate is described in Chapter 4.

Wire, rivels and nails. These products
are made from steel containing 0.10 per-
cent or less carbon. Most of this steetl is
made in the Bessemer process. The chief
requirements of this steel is that it be soft
enough to form easily and sufficiently duc-
tile to withstand the deformation of the
cold heading process without cracking.

Structural Steel This steel comes fab-
ricated in such shapes as the S-beams,
channels, angles, etc. used in buildings
and industrial equipment. It is a common
steel containing less than 0.15 percen!
carbon. It is produced and used in a hot-
rolled condition and has a rather low
strength when compared to heat-treated




steels of higher carbon content. In gener-
al, the requirements for this type of steel
are strength, ductility and ease of machin-
ing. Under this classification of steel may
be included piates and various shapes re-
ferred to as machine sieel.

Forging steel Steel for forging, Fig.
6-4, may contain from 0.25 to 0.65 per-
cent carbon. This steel is usually rolled in-
to billets or rods of convenient size and
then cut and forged into desired shapes.
Square and rectangular forging billets
may be distinguished from reguiar square
or rectangular machine steel by the radius
at the ~orners. This radius prevents fold-
ing ana accidental forming of seams dur-
ing the .orging process.

Screw machine stecl This is the mate-
rial from which such parts are made as
screws and spacers, parts which do not
require specia! mechanical properties.
This steel has, in fact, poor mechanical
properties, but has the property of free
cutting and can be used profitably on au-
tomatic screw machines, hence its name.
These steels have a jow-carbon content,
less than 0.20 percent, Table 6-1, and
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contain manganese sulfide iclusions
which make the steel brittle wut easily
machined as the chips break intc small
particies. This steel is usually made in a
Bessemer furnace. It is also compounded
by adding sulfur to a low-carbon steel.
This steel is refered to as resuffured steel.
A second type of screw machine steel is
leadsd steel described earlier in this
chapi-=r.

Tool sreels. Practically all carbon toc,
steel - made in electric furnaces and
gres: “Tre is exercised to keep impurnities,
such - phosphorus and su'fur, and non-
metall. aclusions (dirt) ai = minimum.
These s-:.!s may coentain 0.6 2 1.40 per-
cent ca.. on, Table 6-1, depending upon
the use t- whiui. they are put. Tools such
as hammi~rs and ~tamping dies are made
from steeis of the ower carbon range as
they cannot be bri.le nor need they be
exceptionally h.+). Tools such as razors,
tool bits and drills are made from th:
higher carbcon ranges. Most tool ='cels,
both carbon and alloy steels, are suld un-
der manufacturers’ trade names.

MECHANICAL PROPERTIES

Generally we are very much concerned
with the mechanical properties of metals.
The mechanical properties such as
hardness, tensile strength, compressive
strength, ductility, etc.,, are those mea-
sured by mechanical methods discussed
in the next chapter.

A knowledge of the properties of both

ferrous amd nonferrous metals enables
one not only to determine whether or not
such materials are suitable for certain def-
inite uses, but also to modify the thermal
and mechanical treatments of materials in
order to obtain a conditioned metai in the
desired form.

Strength with plasticity is the most im-

95




Metallurgy

poitant combination of properties a metal
can possess. Strength is “th2 ability of a
m.aterial to resist deformation”. Plasticity
15 ‘‘the ability 10 be defcimed withouwl
breaking’'. Metais, such as steel, have this
combinaiion of proper-ies and are used in
critical parts of structures, machine toois
and motor vehicles that may be momen-
tarily overla- “zd in service. For example,
should 2 mierr - of a pridge structure be-
come over d A, plasticity allows the ov-
arloaded me.. er to flow, so that the load
ecome: redi tributed to other paris of
the bridge ¢ Jcture.

A numoer of sirength values for a metal
musi be known to fully understand the
strength characteristics of the metal
Among these strengt™ values are: tensile
strength, cor reasive strength, fatigue
strength anc 2id strength.

Tensile - re: 1this defined as the “‘max-
imum fezd it -sion which a m>terial will
withstand priey o fracture”’. Tro s the
value most _ummonly given fc- the
stizngth of a material and is give: 'n
po.nids per square inch (psi® or kiloNew:-
tons g er square meter (kN/mz).

Compressive strength is defined as the
“maximum foad in compression which a
material will withstand prior to 2 predeter-
mined amount of deformation.” The com-
pressive strengths of both cast ircn and
concrele sre greater than their tensie
strengths. Due to their brittle nature, an
overload will result in shattering. Steel and
most other metals have tensile strengths
in excess of compressive strengths.

Fatigue strength is the “maximum load
a material can withstand without failure
during a iarge number of reversals of
load”. For exampte: a rotating shaft which
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supports a weight, such as an automobile
axle, has tensile forces along the lower
portion of the shaft, due to bending, and
compressive forces aiong the upper por-
tion resisting the bending. As the shaft is
rotated, there is a repeated cyclic change
in tensile and compressive stresses
around the axle. Non-rotating structures
sach as aircraft wings and other struc-
tures subject to rapidly fluctuating loads
must have fatigue strength values con-
sidered during their design.

Yield strength is the “maximum load at
which a material exhibits a specific defor-
mation”. Most engineering calculations
for structures are based on yield strength
values rather than on tensiie strength val-
ues. Yield strength values vary from about
50 percent of the tensile strength for cop-
per to about 85 percent for cold-drawn
mild steel.

Elasticity. Since lcading a material
causes a change in form, elasticity is the
“ability of a material to return to its origi-
nal form after removal of the load”. Theo-
retically, the elastic limit of a material is
the limit to which a material can be loaded
y&t racover its original form after removal
of th= load. In reality, metals are not en-
tirely zlastic even under light loads; there-
fore, an arbitrary method of determining
the comragreial elastic limit must be used.
if loading is increased bevond the elastic
limit, the material will be permanently de-
formed.

Ductility. The plasticity exhibited by a
material under tension loading is known
as ductility and is measured by the
amount it can be permanently elongated.
Ductility is the property of many metals
that permit them to be drawn into wire.



fdalleabitity. This is the “ability of a
metal to deform permaneantiv under com-
pression without rupture’. it is this prop-
erty that permits hammering (forging} and
rofling of metais into sheeis and various
commercial shapes (angle iron, S-beams,
and forgings). '

Toughness. This is a description of a
metal, such 2s steel, which has high ten-
sile strengti: and the abiiity to deform per-
manently without rupture. There is no di-
rect and accurate method of measuring
the toughness of metals. Toughness in-
volves poth ductility and strength and may
be defined as the “ability ¢f a metal to ap-
sorb energy without failure;” often the im-
pact resistance or shock resistance of a
material is taken 23 an indication of its in-
herent toughness.

Brittleness. This is the physical proper-
ty which is the opposite of plasticity. A
brittle metal is one that cannot be visibly
deformed perrnanently as it lacks plastici-
ty. Cast iron is britile and fully bardened
tool stee! may exhibit very little plasticity
and could be classified as being brittle.
However, hardness is not a measure of
plasticity. A brittle metai usually develops
little strength upon tensiie loading, but
may be safely used in compreassion. Brittle
metals show very little shock or impact
strength.

There are no values for brittleness and a
brittle metal will fail without any warning of
impending failure. On the other hand, a
ductile metal may fail without any visible
deformation if the load becomes concen-
trated due t0 a notched effect as shown in
Fig. 6-5. The test specimen A in Fig. 6-5
has sharp reduction in cross-section;
when puiled apart as in a tensile test, it
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Fig. 6-5. Notching and its effect on plas-
ticity.

ruptures with a brittie fracture (See speci-
men B). Specimen C, made from the same
metal but with a c¢radual reduction in
cross-section, behaves as a plastic mate-
rial, elongating noticeably before rupture
as in specimen D,

The noich effect is very important in all
designs of metal parts. Sharp corners,
notching or sudden changes in cross-
section must be avoided. In castings, gen-
eraus fillets (rounded internal corners)
must be used where surfaces meet at right
or sharp angles.

Hardness is not a fundamental property
of a material but is related to s elastic
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and plastic properties. Generally, hard-
ness is defined as the ‘resistance to in-
dentation’. The greater the hardness, the
greater the resistance to penetration. The
nardness test is widely used because of its
simplicity and because it can be closely
correlated with the lensile and vyield

strength of metals. In general, it can be
assumed that a strong steel is also a hard
one and is resisient to wear. Scratch or
abrasion iass are sometimes used for
special applications, as are elastic or re-
bound trardness tests. These are de-
scribed in the following chapter,

OTHER PROPERTIES OF MIETALS

Susceptibility to Corrosion. Metals
vary greatly in their resistance to atmos-
pheric and chemical corrosion. The rust-
ing of iron {(oxidation) is a common and fa-
miliar example. A iist of metailic elements
in the order of their susceptibility to corro-
sion would start with potassium which ac-
tually catches fire when in contact with
water. The list would end up with platinum
and gold, which ar< ‘mpervious from at-
tack by almost ai chemical reagents.
Such a list, known as the Electrochemicai

Series. s shown in Fig. 6-6, and further
detailed in Table 6-2.

The electrochemical series is an ar-
rangement of the metals in the ¢*minishing
order of their tendency to oxidize or cor-
rode. Hydrogen is not a metal but is in-
¢cluded in the series to show *s activity in
relation to the metais.

Oxidation or corrosion » metals at
the top of the list takes piz = at ordinary
temperatures. Such activity decreases
from top to bottom. Copper and those be-
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Fig. 6-6. Electrochemical series begins with the most reactive metals and ends with the

most inert.
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TABLE 6-2. SOME PROPERTIES OF METALL!C ELEMENTS.
{Arranged in order of decreasing tendency to go to oxidized state}

ELEMENT  SYMBOL  MELTING SPECIFIC ELECTRICAL LINEAR
SYMBOL POINT GRAVITY CONDUCTIVITY COEFFICIENT
{°F) (1s percent Ag)! OF THERMAL
EXPANSION?
Poiassium K 150 0.859 24.9 46.0
Caicium Ca 1490 1.55 385 14.0
Sodium Na 208 0972 8.5 29.0
Magnesium Mg 1204 1.70 35.5 14.3
Beryllium Be 2345 1.85 9.5 6.8
Aluminum Al 1215 2.7 53.0 13.3
Manganese Mn 2268 7.2 35.9 12.8
Zinc Zn 787 7.2 26.0 18.0°
Chromium cr 2750 6.92 67.6 4.6
Iron Fe 2795 7.85 17.6 6.5
Cadmium Cd 610 8.7 21.2 16.6
Cobalt Co 2714 8.9 16.3 6.8
Nickel Ni 2646 8.9 11.8 7.1
Tin Sn 449 7.3 11.3 11.0
I ead Pb 621 11.3 7.6 10.2
Hydrogen H -485 0.0695 — e
Copper Cu 1981 8.9 94.0 9.2
Mercury Hg -40 13.60 36.8 —
Silver Ag 1761 10.5 100.0 10.5
Platinum Pt 3224 21.45 16.4 4.9
Gold Au 1945 19.3 66.0 7.9

1gilver taken as 100 percent conductivity

2Thermal expansion per degree F @room temperature. Vaiue given in millions, or X 10'6

318.0 for hot-roiled zinc with grain; 12.8 across grain

low it do not oxidize at ordinary tempera-
tures when exposed to pure dry air.

Metals above hydrogen are difficult to
obtain free in nature as they readily unite
with other elements, hence their ores are
oxides, sulfides, etc. Metals below hydro-
gen are usuaily found free in nature be-
cause they combine with other elements
with difficuity. Hence, they do not corrode
and are not easily oxidized.

An interesting fact about the placement

of the metals in the chart above is the re-
action taken when two different metais are
placed in contact and exposed 1o salt wa-
ter or acidic solutions. The metal that is
nearest the beginning of the chart in re-
spect to the second metal wili corrode
first. This action is known as a sacrificial
action and is used in hot water heating
tanks to protect the ferrous pipes and
tank from corrosion. To do this, 2a magne-
sium rod is suspended in the tank. Any
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corrosion that is going to take place will
affect the magnesium rod. You will note
that magnesium is more corrosive than
iron.

Although the list indicates the varying
effects or lack of effects of corrosion, it is
misieading in practice. Bcth aluminum
and zinc form protective coatings in their
early stages of oxidation and are not fur-
ther corroded. Iron and steel, on the other
hand, if left unprotected, will rust com-
pletely away. For this reason, iron and
steel, when used in exposed positions,
must be protected by paint or a thin coat
of zinc (galvanized sheet). A thin coating
of tin, as in a tin can also protects both the
outside of the can fro= the effect of humid
air and most importantly, the inside sur-
face of the can from the corrosive action
of fruit and vegetable acids. If greater re-
sistanse to corrosion is required, copper
or its alloys, brass, bronze, or nickel sitver
are used. Where real permanence is re-
quired, the precious metals musi always
be chosen.

The development of stainless steels
{steels containing varying percentages of
carbon, chromium, and nickel) has made
it possible to use this material without
protective coating against corrosion.

Electrical conductivity. Copper and
aluminum are used for conducting elec-
tricity since they offer little resistance to
the passage of the current. Silver offers
even less resistance but is too expensive
for commercial use. Copper offers less re-
sistance than aluminum for the same size
wire, but aluminum, due to its lighter
weight, offers less resistance per unit of
weight. Despite this fact, from a cost
standpoint the advantage is stifl with cop-
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per. In the passage of current through a
conductor, resistance results in the giving
off of heat; the greater the resistance, the
greater the heat for the passage of a given
current. For electrical heating, metals with
high electrical resistance are needed.
These are found in the alloys; among the
best are alloys of nicke! and chromium.
The relative conductivity of some metals is
shown in Table €-2. Note that copper is 94
percent of that for silver, while iron is only
17.7 percent of that tor silver.

Electrical resistance. The opposition to
electric current as it flows through a wire
is known as the resistance of the wire. In
order 10 have a standard of comparison,
an arbitrary resistance unit has been
agreed upon internationally. This unit is
called ohm. The resistances of metals are
expressed in terms of millionths of an
ohm, or microhms of resistance in a cube
of metal one centimeter on each side.

The resistance of an electric circuit is a
property of the conductor forming the cir-
cuit and depends upon the length, cross-
sectional area, temperature, and upon the
material, whether copper, iron, brass, etc.
Silver, as has been stated, is the best con-
ductor known; in other words, it offers the
least resistance to the passage of an elec-
tric current. Copper, gold, and aluminum
are next in order of minimum resistance.

Resistance to heatl. The relative electri-
cal resistances of metals may be seen in
Table 6-2. The resistance to the flow of
heat is of the same order as the resistance
to electricity; hence, ordinarily we use
copper for boiler tubes, heating coils, and
soldering irons. For cooking utensils, alu-
minum is used because of the combina-
tion of high-heat conduction with resist-
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TABLE 6-3. MECHANICAL PROPERTIES OF SOME METALS AND ALLOYS .

TENSILE STRENGTH
METAL COMPOSITION ELONGATION BRINELL  MODULUS OF

Yield Ultimate PERCENT HARDNESS  ELASTICITY

Paint Strength (in inches) {tension)

(psi}
ARMINUM. ., Al 8,000 12,500 20 21-24 10,000,000
Brass, 70-30, annealed......... 70 Cu-30 2n 18,000 46,000 64 70 12,000,000
Brass, 70-30, cold-worked.... 70 Cu-30 Zn 45,000 92,000 3 170 12,000,000
Brass, 93-5, annealed........... 95 Cu-5 Sn 13,000 46,000 67 74 11,000,000
Bronze, 95-5, cold-worked... 95 Cu-5 Sn 59,000 85,000 12 166 15,000,000
Bronze—manganese............. Cu+Zn+Mn 13,000 70,000 33 a3 15,000,000
Copper, annealed.................. Cu 5,000 32,000 56 47 14,00C,000
Copper, cold-drawn.............. Cu 38,000 56,000 6 104 16,000,000
Chilled cast iron......c.ccveeueees Fe+C+Si+Mn  ...... 35-8C¢,000 - 400-700 33,000,000
Duralumin, heat-treated........ Al+Cu+Mg+Mn 48,000 56,000 18 95 10,000,000
Gray cast iroN......cccecvvevirvnnnes Fe+C+Si+Mn . ..... 20-60,000 1 150-225 15-20,000,000
Iron, commercial, pure.......... Fe 19,000 42,000 48 69 30,000,000
Lead...ccccovvveivnniiiee e eeeeeeceeenns =7 o J 3,000 406 S
Magnesium..........coeocon Mg 1,200 32,500 6 41 6,700,000
Magnesium—aluminum
alOY. e Mg-+Al 26,000 44,000 14 55 6,250,000
Malieable cast iron................ Fe+C+Mn 37,500 57,000 22 110-145 25,000,000
Moiybdenum......ccoveviieenannn, Mo ... 150,000 2
Monel metal............coooeieennnnnn. Ni+Cu 50,000 90,000 40 166 25,000,000
Nickel . e, Ni 25,000 70,000 48 85 32,000,000
Steel, structural..................... Fe+C 35,000 60,000 35 120 30,000,000
Steel, high-carbon, heat-
treated.. ..o Fe+C 150,000 275,000 5 550 30,000,000

Steel alloy, heat-treated........ SAE 2340 174,000 282,000 8 488 30,000,000
Steel alioy, heat-tfreated........ SAE 4140 116,000 140,000 16 250 30,000,000
Steel alloy, hest-treated........ SAE 5150 219,000 235,600 13 455 30,000,000
B 1L TP T OO Sn 200 2,000 43 . 6,000,000
Tungsten wire...........ccceeiennnee w o L 230,000 3 . 60,000,000
Wrought iron......c...cccceeeeeeee Fe+Slag 30,000 50,000 35 100 27,000,000
Zinc, rolled sheet................... Zn 5,000 24,000 35 - 12,000,000

TThe data in this table are based on ‘ests made in several materials testing laboratories.

s{eiey; 10 sa11edoid [euey e
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ance to attack by foodstuffs. in magnetic
properties, iron and its alloys stand alone.

Tables 6-2 and 6-3, listing the most im-
portant physical constants of various met-
als, will be helpful in szlecting the proper
metal for a given job.

Meiting point. The melting point is the
temperature at which a substance passes
from a solid to a liquid condition. For wa-
ter this is 32°F. Pure substances have a
sharp melling point, that is, they pass

from entirely solid to entirely liquid form in
a very small temperature range. Alloys
usually meit over a nwuch wider tempera-
ture interval. The melting points and other
temperatures in Table 6-4 are expressed
in degrees Fahrenheit. According to this
scale, water melts at 32° and boils at
212°. In metaliurgy, temperatures are ex-
pressed frequently in degrees Centigrade.
To convert degrees Centigrade to degrees
Fabrenheit, use the following formula:
C=3/9(°F-32)

TABLE 6-4. SOME PROPERTIES OF METALLIC ELEMENTS.
(Arranged in order of melting points)

METAL MELTING POINT SPECIFIC ELECTRICAL LiNEAR COEF.
(°F) (°C) GRAVITY CONDUCTIVITY OF THERMAL
PERCENTAGE'! EXPANSION2
Tin 449 232 7.3 11.3 11.63
Bismuth 520 271 9.8 1.1 3.75
Cadmium 610 321 8.7 21.2 16.6
Lead 621 327 11.3 7.6 16.4
Zinc 787 419 7.2 26.0 18.0-12.8°
Magnesium 1204 651 1.7 355 14.3
Aluminum 1215 660 2.7 53.0 13.3
Arsenic 1497 814 573 4.6 2.14
Silver 1761 961 10.5 100.0 10.5
Gold 1945 1063 19.3 66.0 8.0
Copper 1981 1083 89 94.0 9.1
Manganese 2268 1260 7.2 c 12.8
Beryliium 2345 1350 1.85 . 6.8
Silicon 2600 1420 2.4 e 1.6-4.1
Nickel 2646 1455 8.9 11.8 7.6
Cobalt 2714 1480 89 16.3 6.7
Iron 2795 1535 7.87 17.7 6.6
Palladium 2831 1553 120 . 6.4
Platinum 3224 1774 2145 15 4.3
Chromium 3275 1615 7.14 Cee 4.5
Molybdenum 4748 2509 10.2 32.2 3.0
Tungsten 6098 3370 19.3 28.9 2.2

'Silver= 100 percent conductivity.

. : - -8
2Thermal expansion per degree F at room temperature. Value in millions, or = X10 .

318.0 for hot-rolled zinc with grain; 12.8 for hot-rolled zinc across grain.
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Ceefficient of expsnsion. With few ex-
ceptions, solids expand when they are
heated and contract when cooled. They
increase not only in length, but also in
breadth and thickness. The number which
stiows the increase in unit length of a solid
when it is heated one dJdggree is called its
coefficient of linear expansion.

Specific gravity. Sometimes it is an ad-
vantage to compare ‘n¢ density of one
metal with that of anotaer. For such a pur-
pose, we need a standard. Water is the
standard which physicists have selected
with which to compare the densities of
solids and liquids. Hence, the weight of a
substance compared to the weight of an
equal volume of water is called its specific
density or specific gravity.

If we weigh one cubic foot of copper, we
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find that it weighs 549.12 pounds. One cu-
bic foot of water weighs 62.4 pounds. If we
divide 549.12 by 62.4, we get 8.9, which
we call the specific waight of copper. The
specific weight or gravity of the common
metals is listed in Table 6-4. If we wish to
fird the weight of a cubic foot or centime-
ter of any of these metatls, then all we have
to do is to multiply 62.4 by the specific
gravity as listed in the table, or with centi-
meters by 1.

Measuring Mechanical Properties.
Generally we are very much concerned
with tha mechanical properties of metals
and alloys. The mechanical properties,
such as hardness, tensile strength, com-
pressive strength, ductility, etc., are those
measured by mechanical methods. These
properties and their testing are discussed
in Chapter 7.

REVIEW

1. NMame and define the most impor-
tant physical property of steel.

2. Define toughness.

3. What speciai property of steel has
promoted its use in buiidings, steel prod-
ucts and the repair of steel structures and
products?

4. Define a carbon steel.

5. What are two properties of low-
caruon steel?

6. What steel products use most of the
low-carbon steel tonnage produced?

7. What is the percentage range of
carbon in mediumi-carbon steel?

8. Name four typical products made of
medium-carbon steel.

8. What is most of the high-carbon
steal used for?

10. Carbon steel contains four minor
constituants, two beneficial and two detri-
mental. Name the constituents in each
area.

11. What does manganese do as an ad-
ditive to improve steei?

12. What does silicon do as an additive
to impro'e steel?

13. What is ingot iron and of what com-
mercial use is it?
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14. Why do square and rectangular
forging bitiets have rounded corners?

15. What physical property is desirabie
for screw machine work?

16. What are ihe iwo types of screw
machine steef :n use?

17. Define strength.

18. Detine plasticity.

19. Define tensile strength.

20. Deline elasticity.

21. Define ductitity. What commercial
product depends on this property”?
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22. Define brittleness.

23. What is the notch effect and what is
done in the design of mechanical parts o
avoid it?

24. Define hardness.

25. Define the electrochemical series
of metals,

26. What is sacrificial action and how is
it empioyed?

27. What two metals have high electri-
cal conductivity and are commonly used in
electrical wiring?




_/TESTING OF MATERIALS

The design of metal parts for industrial
and commercial use requires precise
knowiedge of the mechanical and physi-
cal properties of the metal. This knowi-
edge is obtained by physically testing
representative samples of the material in
various special testing machines.

Some tesis involve testing the part or
material sampie to complete failure. This
is known as destructive testing. Examples

of destructive testing are certain types of
hardness tests, tensile tesis, impact tests,
torsion tests and fatigue tests. Other
methods of testing do not harm the sam-
ple parts nor impair them for future use.
Such tests are known as non-destructive
tests. These tests inciude X-ray and Y-ray
inspection, ultrasonic inspection and mag-
natic particle {Magnaflux) inspection.

 DESTRUCTIVE TESTING

Tensile Test

A tersie tes s used to determine the
siatic, mechanicai properties of a materi-
al. These include ductility, tensile strength,
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proportional limit, elastic limit, yield point
and breaking strength,

Tensile tests may be made on the ma-
chine illustraied in Fig. 7-1. This machine
measures the ioad placed upon the speci-
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Fig. 7-1. Universal testing machine for detrmmmg tensife strength; equipped with

electronic high magnification recorder for drawing stress-strain diagram. {Tinius Ol-

sen Tesiing Machine Co.}

men, by dividing the load required to
break the specimen by its area, the ulti-
mate tensile strength of the material is ob-
tained. Tensile sirength accordingly is ex-
pressed in pounds per square inch (psi) or
in Newlons per sguare millimeter (N/mmz)
or (kN/m?).

It an accurate gage is