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l^REFAC K lO THE^OXTRTH EDITION 

For the Fourth Edition of this book a complete new manu¬ 

script has been required. Only a very few f)f the pages included 

in the three other editions have been reproduced here. This is 

due not entirely to the material of the old pages being out of date, 

but, also to a necessity of rearrangement of all the matter. One 

of the objects of this rearrangement is to present the subject 

very largely from the historical standpoint. Experience has 

shown that this meth(wD)f/presentation seems to be at once more 

interesting and moabsorbed a beginner. 

Throughout the whole book the difficulty has been to condense 

the necessary material into the space available for a textbook. 

The problem has, therefore, been one of treating the different 

subjects in such a way as to give gach one an amount of attention 

proportionate to its relative importance. The emphasis on the 

different subjects has necessarily been considerably altered for 

two reasons: In the first place, the basic open-hearth process is 

now so predominant from the tonnage standpoint, and the study 

of its physical equipment and chemical progress so very impor¬ 

tant from the standpoint of quality, that a great deal of space 

should properly be devoted to it. The second consideration in 

allocating space has been the availability of other books on the 

subjects treated. For example, the last few years have seen the 

publication of a number of excellent books, both in English and 

in German, on the subject of forging and rolling. This section 

of the Third Edition was, therefore, curtailed to make space for 

other subjects which cannot adequately and easily be found in 

recent, reference or textbook form elsewhere, such as, for example, 

the electrometallurgy of iron and steel. 

The subject of alloy steels deserves at least one whole book 

devoted entirely to it. At least one or two good books have 

appeared each recent year on some one or two of the alloy steels, 

but there has been nothing covering comprehensively the high 

points of alloy steels in general. Therefore, only the high points 

arc treated here, leaving the details for those special treatises 

which have already appeared and others now in course of prepa¬ 

ration which the author knows will soon be published. 
vii 



PREFACE TO THE FOURTH EDITION viii 

The subjects of welding, testing, metallography, and corrosion 

were prepared for inclusion in this edition, bui threatened greatly 

to exceed the space available in a textbook which could be sold 

at a moderate price. They were, therefore, reluctantly omitted, 

although this reluctance is somewhat modified by the fact that 

they are available in other textbooks not devoted wholly to 

iron and steel metallurgy. 

Bkadlky Stoitcjhton. 

Bkthlehem, Pa., 

December^ 1933. 



PREFACE TO THE FIRST EDITION 

The purpose of this book is to serve as a textbook, not only 

for college work but for civil, mechanical, electrical, metallurgi¬ 

cal, mining engineers and architects and for those engaged in 

work allied to engineering or metallurgy. America now pro¬ 

duces almost as much iron and steel as the rest of the world 

tpjgether, although less than eighteen years ago she held second 

rank in this industry. It seems fitting that the record of this 

progress should be brought together into one volume covering 

every branch of the art of extracting the metal from its ores and 

of altering its adaptable and ever varying nature to serve the 

many requirements of civilized life. 

I take pleasure in acknowledging here, with sincere thanks, 

the assistance of many who have aided in the make-up of the 

volume and especially the Adams Co.; American Electric Fur¬ 

nace Co,; American Sheet and Tinplate C'o.; Bethlehem Steel 

Co.; Brown Specialty Machinery Co.; Connersville Blower Co.; 

Crocker-Wheeler Co.; Francis G. Hall, Esq., Holland Linseed 

Oil Co.; Chas. W. Hunt, Esq., secretary, American Society of 

Civil Engineers; Prof. James F. Kemp, Mackintosh, Hemphill 

& Co.; Morgan Construction Co.; National Tube Co.; S. Ober- 

mayer Co.; J. W. Paxson Co.; Henry E. Pridmore; John A. 

Rathbone, each of whom has kindly loaned electrotypes. Also 

Dr. H. C. Boynton, the Brown Hoisting Machinery Co.; Buffalo 

Furnace Works; H. H. Campbell, Esq.; Prof. William Campbell, 

Carnegie Steel Co.; W. M. Carr, Esq., Central Iron and Steel 

Co.; Crucible Steel Co. of America; Fiske & Robinson; The 
Foundry; Harbison-Walker Refractories Co.; Joseph Hartshorne, 

Esq.; Prof. Henry M. Howe, Lackawanna Steel Co.; Marion 

Steam Shovel Co.; Mesta Machine Co,; Morgan Engineering 

Co,; Prof. A. H. Sexton, William Swindell & Bros,; United Coke 

and Gas Co.; United Engineering and Foundry Co.; Wellman- 

Seaver-Morgan Co.; Whiting Foundry Equipment Co, And 

O. S. Doolittle, Esq., for information upon paint; Frank E. Hall, 

Esq.; and W. J. Keep, Esq. 



X PREFACE TO THE FIRST EDITION 

But especially am I indebted to the following?; ji;entleinen, each 

of whom has read a section of the book and made suggestions for 

its revision which have been very valuable to me: Messrs. W. 

Arthur Bostwick; Stanley G. Flagg, Jr.; Alfred E. Hammer; 

Joseph Hartshorne; J. E. Johnson, Jr.; Carleton S. Koch; 

Frank N. Speller; Herbert L. Sutton; and Hugh P. Tiemann. 

Bradley Stoughton 

January^ 1908. 
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THE METALLURGY OF IRON 
AND STEEL 

C'-HAPTER 1 

INTRODUCTION AND EARLY fflSTORY 

The story of man’s first use of iron is lost in the remote past, 

for two reasons: First, it antedates by an unknown number of 

centuries the time of recorded history; and, second, iron is so 

rapidly rusted and attacked by the elements that no samples of 

early manufacture remain to give evidence of their existence, 

unless they happened to have been placed in a locality where the 

climate is dry and relatively noncorrosive and where they have 

been protected by the exclusion of air and moisture. However, 

a rare example of written history exists in a Chinese manuscript 

which dates from before 1500 b, c. and perhaps even 2500 b. c. 

This describes what were called ‘^south-pointing chariots,” used 

by a Chinese war lord to point his way homeward from a 

campaign in the fog-infested regions to the north. Perhaps these 

south-pointing chariots were applications of the principle of the 

modern mariner’s compass, also said to have been originally 

developed during the lost age of civilization of ancient China. 

It has been suggested that the magnetic attraction of these 

south-pointing chariots was due to the natural magnetic iron 

mineral known as lodestone. However, it is very doubtful if the 

relatively feeble magnetism of lodestone would have sufficed, 

and it is at least possible that steel corresponding roughly to 

that of our modern compass needles was made and used by the 

ancient Chinese. If so, the fact indicates an almost modern 

knowledge of the art of steel compounding, heat treatment, and 

production of permanent magnetism. It is very probable that 

the first manufacture of iron and steel was carried on in the Far 

East, such as China and India, and thence found its way into 

Egypt. But the comparatively dry atmosphere of Egypt affords 

so much better opportunities for preservation of early specimens 

1 



2 THE METALLURGY OF IRON AND STEEL 

of iron and steel that we ha\'e many ancient iron objects from 
that country. This includes a piece of high-carbon hardened 
steel tool, now contained in the British Museum and disco\’ered 
in a crevice in one of the pyramids. It was apparently made 
and hardened more than three thousand years ago. This is an 
indication not only of knowledge possessed by the ancients but 
also of the possibility of the long retention of hardness in a heat- 
treated steel object. 

Where Ancient Iron Was Obtained.—Many meteorites fall 
to the earth from other heavenly bodies in the course of a year. 
Most of these consist of iron containing about 8 per cent of nickel 

Fkj. I-l.—Egyptian iron-smelting furnace. From wall painting in the tomb 
of Rekhmara at Thebes. Eighteenth Dynasty, 1535 1450 n. r. iLudwig 
Becks, ''Geschichte des Eisens,’' voL I, 1891.) 

and not much of other ingredients or impurities. Many of these 
meteorites are of very large size and doubtless were so in the past. 
They could easily afford chippings and samples of a strong and 
tough metal, which primitive man could and did hammer into 
various weapons and implements. In America this is believed 
to have been the only source of iron available to the natives, 
including even the civilized tribes in Mexico and Central and 
South America. In Europe, however, existed an early smelting 
process which is of considerable interest to us because it is in 
chemical principle identical with the process of smelting iron 
from its ores prevalent in the upper half of the most modem iron 
blast furnace. It was also a source of supply for iron and steel 
in civilized countries even well into the nineteenth century and 
the principal means of production until about the eighteenth 
century. Briefly, it consisted in subjecting an iron ore to the 
action of heat and a reducing agent, such as the hot gases from 
burning charcoal (see Fig. I-l), The iron ore used was probably 
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always an oxide, because these ores w ere very common in a pure 

form and because they are the simplest to reduce. 

Description and Chemistry of the Ancient Process.—The 

common oxides of iron are Fea04 and Fe20:j, often mixed with 

silica rock, combined water, and clay, as impurities. The 

Fe,s04 wdll attract a magnet slightly and is, therefore, knowm as 

magnetite. Sometimes magnetic currents in the earth caused 

the magnetite to be permanently magnetized and thus attract 

other iron bodies to it. This is the famous lodestone, which 

figures in Arabian Nights ” and other ancient tales. The Fe20a, 

when relatively pure, is called hematite. 

These oxides of iron will give up oxygen readil}^ to a reducing 

agent, such as carbon monoxide gas, hydrogen, carbon, etc., 

e\'en below^ a red heat—say 600°F. A brisk charcoal fire blown 

by a crude form of bellows or blow^pipe w as all that ancient man 

needed to produce lumps of hot metal out of any fairly pure iron 

ore. The metal could not be produced in a liquid condition at 

these temperatures but could be dragged out of the fires in a 

pasty and spongy mass, hot enough to be welded to a similar 

piece of metal, so that serviceable balls of iron could be accumu¬ 

lated. When enough iron had Ix^en welded together, this piece 

would be hammered w hile hot into various useful implements for 

warfare or agriculture. For two or three thousand years before 

the Christian era the Chinese, East Indians, Egyptians, and other 

races practiced this industry on a small scale with furnaces and 

appliances usually of the simplest forms. Not only swords and 

plow\shares but even razors and needles were made, tempered, 

and used at least as early as the day of Alexander—about 

350 B. c. No important change in principle was made in the 

process until the fourteenth century, and even after that the 

crusaders used the famous ^^sw'ords of Damascus,” probably 

traded to them through this ancient city but manufactured 

farther east. And the armies which followed Columbus to 

America w’ere supplied with ” Toledo blades,” doubtless made 

in Spain by the same type of ancient process. It was also 

commonly practiced in many other parts of Europe and appar¬ 

ently in the British Isles at least before the Christian era. 

Iron and Carbon.—The ancients understood that iron could 

be produced either soft or hard, pliable (ductile^) or strong, 

* A ductile metal one that can be squeezed or pulled so that i% will 

permanently change it^ »hai>e without breaking. 
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springy or malleable/ but did not understand the principles. 

Carbon and heat treatment are now known to be the factors 

w^hich produce rcA’^olutionary changes in the properties of the 

metal, so much so that seemingly trifling modifications effect 

changes great enough to make an apparently different metal. 

Carbon has the peculiarity of conferring on iron great strength, 

which, strange to say, it does not itself possess, and also hardness, 

which it possesses only in its diamond allotropic form. So 

important is the influence of carbon in regulating and controlling 

the characteristics of the ferrous metals that they are classified 

according to the amount and condition of the carbon in them 

(see page 12). 

Iron with very little or no carbon is relatively soft, malleable, 

ductile, and low in strength. This metal could be obtained by 

the primitive reduction proccvss, provided the red-hot iron was 

not left too long in contact with the charcoal, because solid iron 

at a red heat will absorb solid carbon or carbon from carbon 

monoxide gas. The absorption is slow: Carbon will penetrate 

hot iron at the rate of about .^n-in. travel in 24 hr. However 

much or little ancient man knew of the theory of this process, 

he was acquainted with the fact that the characteristics of iron 

could be greatly changed by heating it for some hours in contact 

with charcoal, and he learned to regulate the different properties 

conferred on the metal by the length of time it was exposed to 

this contact. 

Today metallurgists know that as little as 0.75 to 1.0 per cent 

of carbon will make revolutionary changes in the properties of 

iron: It is much less soft than the pure metal; does not hammer 

into shape so easily, either when cold or at a red heat; and cracks 

when hammered or pulled into a new" shape at atmospheric 

temperature. It is about two or three times as strong as pure 

iron; is much less ductile; and acquires an entirely new property 

of being hardened by quenching in whaler from a bright red heat. 

Heat Treatment of Steel.—Pure iron is not greatly hardened 

by this heat treatment. If, however, as much as 0.75 to 1 per 

cent of carbon is incorporated with the iron, then its properties 

are revolutionized by rapidly cooling it from a bright red heat. 

This rapid cooling is usually accomplished by plunging the heated 

metal into oil or water (see Fig. I-IA). So great is the hardness 

^ Metal is malleable when it can be hammered into different shapes with¬ 
out brealdn^. 
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produced in the metal by this treatment that man in his super¬ 
stitious state of mind ascribed to the phenomenon a mystic 
significance and frequently surrounded the process by secret or 
religious rites. The relatively pure metal was given the name of 
inm^ whereas the iron containing carbon, which could be hardened 
by sudden cooling, was called steel. 

In Table I-I, taken from Howe, ^^The Metallography of Steel 
and Cast Iron^^ (pn-ge 598), is seen how carbon affects the hardness 
of steel in its annealed,’’ or slowly cooled, condition and also 
how much more potent is the effect of rapid cooling in hardening 
steel when the carbon is higher. 

Fig. I-la.—EfToot of heat treatment on steel. A piece of steel was cut in 
two; one part was heated to V)right-red heat and very slowly cooled. The other 
part was forged into a punch and hardened by quenching in water from a bright- 
red heat. Its brittleness was then relieved by warming (called tempering), 
after which it was ground to a fine point and then driven through the piece 
which had been softened by slow cooling. It will be seen from the photograph 
that the point of the hardened pieco was scarcely injured and that the soft steel 
was scarcely cracked during this penetration. 

The Knowledge of Ancient Man.—Ancient man knew then 
how to smelt iron out of its oxides; knew when and how to 
produce it free from carbop or to incorporate carbon with it; and 
knew how to heat treat the iron to which carbon had been added 
so as to make it suitable for weapons and other cutting tools. 
He also knew that the rapid cooling of the steel gave it both 
hardness and brittleness and that it had to be warmed somewhat 
to decrease the brittleness to the point where the metal could be 
used without breaking under shocks. He even knew that by 
wanning a little more effectively he could modify the hardness 
te the point where he had a very elastic Or springy material. 
He also knew that swords could be made with the back of low- 
carboU material and the edge partially saturated with carbon, 
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SO that, after heat treatinent, he would ha\'e the toiighness of 
the back portions to sup)port and strengthen the more brittle 
cutting edge. This was accomplished either by welding a strip 
of high-carbon steel to form the cutting edge along a piece of 
softer iron or else by making the whole blade of soft., low-carbon 

"able I-I.-InCHKASE f>F THE Bit I NELL AND Hhoke Hardness WITH THE 
C’AitnoN Content 

Shore si Icroscope hardness 
Brinel! or ball 

j hardness 

C'arbon con tout, 1 
1 ' 1 

per cent Normal 
merchant 

able 

Hard- 
1 em*d 

: i 

Annealed 1 

■ I 

Hard¬ 
ened 

2 04 i 
1 

; 286 i ('racked 

1 75 40 t(» 45 ; 50 to 55 1 10 i 

1,72 286 I 477 

1.50 37 to 40 ! 47 to 50 no 
1.25 35 44 no 262 627 

1.00 30 to 35 ' 40 107 259 0)27 

0.80 28 to 30 38 105 235 648 

0.66 1 202 578 

0.65 j ! 235 652 
0.60 1 27 36 ' 102 225 628 

0 50 26 34 96 204 579 
0.45 i 194 555 
0.40 25 32 IK) 175 478 
0.35 24 1 30 ' 82 156 ! 402 
0.30 23 i 28 70 ! ! 

0.25 22 27 58 : 143 311 
0.20 21 1 26 50 115 196 
0.15 ! 20 1 25 43 
0.10 ! 19 24 35 97 ; 149 
0.05 18 23 : ^5 

0.01 1 75 '. 
( 107 
j 112 

metal and then increasing the carbon in the edge that was to do 
the cutting by lea\'ing it for many hours in contact with red-hot 
carbon, which resulted in nearly 1 per cent of carbon being 
absorbed by the metal. However, the art of early jnan was often 
the result of chance. Swords and other implements of the very 
highest quality were sometimes made and were usually reserved 
for royalty. But lack of understanding of the nature of the 
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processes occasionally resulted in uncertainty and irregularity, 
so that many of the early pnjducts of metallurgical art were 
of poor quality compared with our present-day standards. 
Damascus was the ancient city at which Europeans often pur¬ 
chased swords of \ery high quality. The name Damascus swords 

was therefore often applied to these weapons but incorrectly, 
because they were doubtless made in Persia or some other point 

Fui. 1-2.—Early sword blades. The patterns are made by welding pieces 
of steel of different degrees of carbon and twisting, folding, and rewelding them 
in various w^ays. The best Vdades are said to contain from 4,000 to 4,000,000 
layers in a thickness not more than in. After producing the layers, the steel 
is finished, polished, and etched wdth lime or lemon juices, or, more rarely, with 
acids. (Courtesy of Ceorge C. Stone.) 

east of Damascus. The name damascene was also incorrectly 
applied to the watermarks which indicated that these swords had 
been extensively worked and rewelded, because, at that time, 
such configurations could not be made in any other way. This 
extensive working was one reason for the toughness and durability 

of the metal. 
Steel by ‘‘Cementation.*’—Steel makers of the past two 

centuries, and perhaps earlier, attempted to control the amount 
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of carbon absorbed by wrouf?h(. iron at a rod heat: They heated 
the iron in closed vessels in contact with charcoal; the tempera¬ 
ture and time were accurately controlled. Even under these 
circumstances the carbon varied in various pieces in the same 

...til 

Stone'ii New Y^k tlie collection of George C 

S^h A^blL'^ He wa^' he tho«rvantof 
moat of hia work between a. D.TssS^lOaa “ “’^ordamiths and did 

metallurgists practiced cementation 

hen must have been a haphazard product, however produced. 
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Carbon and Melting Temperature.—Pure iron will not melt 
until a temperature of about 1535°C. has been reached. When 
the iron contains about 1 per cent of carbon, melting begins at 
1150°C. but is not completed unless, and until, a temperature 
of 1450®C. is reached. With 3 per cent of carbon, melting is 
complete at 132()°CL The lowest melting temperature is obtained 
with iron containing 4.25 per cent carbon, where the alloy melts 
at about 1130°('. With less or more carbon than this, the 
melting temf)erature is higher. It is generally believed that the 
ancients were never able to get a high enough temperature to 
melt low-carbon iron. Iron with low carbon became commonly 
known as wrought iron, because it could not be melted and cast 
but must always be wrought into shapK^ under a hammer or similar 
implement. Some metallurgists believe that the ancients put 
iron into a refractory pit with about 1 pt^r cent of charcoal and 
then placed the pot in the midst of glowing coals, which were 
blown \4gorously until the mass melted to liquid steel. Such 
melted steel could be cjist into shape and used for cutting tools. 
Definite evidence of this practice by the ancients is lacking. It 
is true that a suitable crucible can Ix^ brought to a temperature 
of 150(rC. when in direct contact with a briskly blown charcoal 
fire, but enormous difficulties exist in the way of carrying out 
such a pr(»cess. Injn containing 3 or 4 per cent of carbon can 
easily be melted and cast into molds. It is known as cast iron^ 

and the objects produced are known as iron cmiinrjs. It is so 
brittle that it cannot be worked either hot or cold without crack¬ 
ing. To summarize: Cast iron cannot be wrought; wrought 
iron cannot be cast. 

There was recently discovered in China a cast-iron stove made 
before 200 b. c. Whether this is the earliest cast-iron object 
ever made or how general the practice was of making and melting 
cast iron or by what process the melting was performed is 
unknown. 

The Fourteenth Century Discovery of Cast Iron.—If iron ore 
is reduced with charcoal in a low hearth or fire, the metallic lump 
can be dragged out of it almost as soon as formed. On the other 
hand, if the furnace be shaped like a shaft and this shaft be filled 
with material to the top, then the reduction of the iron may take 
place in the upper levels. The reduced metal will slowly descend 
in the furnace as the charcoal in the bottom is burned. The 
nearer the iron gets to the bottom, where the charcoal is burning, 
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the hotter it will become and the more carbon it will absorb. 
For both reasons it incurs the liability of bein^j; melted. Some 

time about, the early part 
of tlie fourk^enth century, 
either through chance or 
through design, some furnaces 
in Uvsc in the Rhine Valley 
(see Figs. 1-4 and I-4a) had 
reached such a height of stack, 
and the rapidity of burning 
the fuel had reached >such an 
intensity, that iron ore was 
wholly reduced in the upper 
levels. Then the metal, on 
reaching the lower levels of 
the furnace, became sat urated 
with carbon and, finally, 
melted. It flowed out of th(^ 
furnace in a molten stream. 
The furnace was called a blast 

furnacej because of the large 
volume of air which was 
forced into it at a ^elati^^ely 
high pressure. This process 

is more rapid and cheaper than the production of solid lumps of 
metal which have to be welded together. The product melts easily 
and it is put into service either by remelting and casting or elst^ 

Fio. 1-4.—Stiickofeii. {From “6V- 
schichte des Eisem'" vol. II, 1893-1895.) 

by casting directly from the furnace into sand molds in which it 
solidifies as stove plates, kettles, parts of machinery, etc. In 
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later times the metal was allowed to run out of the furnace aloiiK 
a main runner, then into side runners, and thence to overflow 
into small impressions, ha\'inj^ t he jj;eneral appearance of a back 
of a comb with its teeth (see Fig. 1-5). It also has the general 
appearance of a sow with pigs, and the name pig iron ultimately 
became universal for the material, cast at the furnace in this way, 
when broken apart and sold. 

The Ferrous Metals.—Because iron and steel are used 
industrially more than all other metals added together, it is 

Fkj. 1-5.—Casting from a blast furnace into pig l>eds. {From Richard Peters, Jr., 
“ Two ('niiuries of Iron Smelting in Pennsylvania.'*) 

customary to divide metals into two classes, viz.^ ferrous and non- 
ferrous metals. Ferrous comes from the Latin word ferruniy 

meaning iron, as does also the chemical symbol Fe. All the 
[iroducts defined in the previous paragraph contain at least 94 
fx^r cent of iron; also, almost all modern alloy steels contain 
75 to 95 cent of iron; and all of them contain at least 50 per 
cent of iron. Therefore, the term ferrous metals is appropriate. 
There is also a group of metals which we might appropriately 
call ferrous a/'cessoriesj because the chief use for them is to serve 
as a ‘‘ physic,^’ or else as an alloying element, in steel manufacture. 
For example, silicon and manganese are added to almost all 
liquid steels in order to rid them of objectionable gases. More 
silicon and manganese are used for this purpose than for all their 
other uses combined. The following table summarizes these 
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facts and gives a bird's-eye view of the position of iron and steel 

among metals: 

Takle I-Il.—Fehkous and Nonfeukous Metals 

1 F'erroiis aceeasories 
Common 

1 

Precious 

Ferroms rnetalK nonferrou.s nonferrous 

Clas.s A’ I ChlNS 

! 

Class C-* j 
metals metals 

Pig iron ' 
i 

Manganese ' Nicked j Zinc , (’upper Gold 

Cast iron Silicon j Chromium I Lead* j Lead Silver 

Wrought iron Aluminum* ! Tungsten Nickel Aluminum Platinum 

Vanadium Molybdenum 1 j Chromium Zinc 

Steel Titanium Cobalt Tin Tin 

Alloy steels Copper* Cadmium Nickel 

1 Aluminum 
1 

i 

Cobalt 

Tungsten 

Mercury 

' Claas A ferrous accessories are used both us steel physics and lo produt^e alloy steels. 

2 Class li ferrous accessories are used for luakinK alloy steels. 

^ Class C ferrous ucccs.sories are used for coating iron and steel to prole<‘t them from rust 

and other oxidatiorus. 

^ Copper, lead, and aluminum are the only ferroiu? H<'C<5««orieis which are more used inde¬ 

pendently of steel than in connection with it. 

Early Definitions.—Beginning several centuries ago the 
following ferrous products were, therefore, established in the 
daily life of man: 

Pig Iron,—The product of the blast furnace; iron with usually 
3 or 4 per cent of carbon and often other impurities; melted rather 
easily; not strong or reliable in tension; brittle; cannot be forged 
either hot or cold without breaking; often cast into some useful 
shape, when the name of cast iron is given to it. The objects 

thus cast are known as iron castings. 

Wrought Iron.—Iron too low in carbon to be hardened by 
quenching; always containing admixtures of slag which are 
small in sisse but visible to the eye; can easily be forged (hence 
the na tiej. It is stronger than cast iron; ductile; easily welded 
when cleaned piec/es arc hammered together at a white heat 
(actually about 1200 to 1400°C.). 

Steel,—Iron containing enough carbon to be appreciably 

hardened when quenched but not enough to be brittle like cmt 
iron. 

These simple definitions meet satisfactorily the requirements 
of science and technology. They continued in vogue until the 
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latter part of the nineteenth century, when the Bessemer and 
open-hearth processes were developed. These processes can 
make a product either high or low in carbon, as desired. Usually 
it is too low in carbon to be capable of appreciable hardening on 
quenching, but it ivS always produced in a liquid state, so that it 
does not contain intermingled particles of slag. The slag 
particles are characteristic of wrought iron, owing to the latte^^s 
final stage of pastiness when taken out of the furnace. Even 
when the Bessemer or open-hearth metal could 7iot be hardened 
by rapid cooling, the manufacturers, nevertheless, desired to 
call it steel, because they could sell it more easily and get a better 
price. Thus the early definition of steel was sacrificed to com¬ 
mercial considerations. Metallurgists, however, do not despair 
of some day seeing the revival of a more logical classification for 
varieties of iron and steel. 

Latek Developments in Oiie Smelting 

The old so-called direct process of reducing ore to a relatively 
pure, malleable product has long been superseded by a smelting 
process which produces a liquid metal. The direct process is 
technically so simple and advantageous that it is reinvented 
at frequent intervals, but it is doubtful whether it will ever 
compete industrially until it can produce in a single operation, 
without the necessity of transferring to another furnace for 
rernelting, a finished product capable of being cast or wrought 
into serviceable objects. Otherwise the product can command 
a price no higher than that of scrap of like analysis. Today 
practically all the iron ore smelted is made in the blast furnace 
into the impure liquid product known as pig iron. 

The Blast Furnace.—The cinde blast fimnace of the fourteenth 
century has been developed from a chemical vessel which would 
produce a few tons of pig iron per month to a twentieth century 
type which can produce 1,200 tons per day. This development 
has proceeded along the lines of both evolution and revolution. 
The evolutiofi has consisted in increase in efficiency of the original 
apparatus, such as the substitution of steam blowing engines for 
cruder devices, mechanical hoisting, and top charging; also a 
change in furnace design and other improvements whereby a 
larger amount of fuel could be burned jier minute, for it is the 
speed of burning the fuel which determines the rapidity of the 
process. - There have been two major revdlvtions in the o|>era- 



14 THE METALLURGY OF IRON AND STEEL 

tion: The first was a gradual change, wJiercby coke replaced 
charcoal as a fuel. This occurred first in England about the 
middle of the eighteenth century. The second revolutionary 
innovation was introduced in the beginning of the nineteenth 
century, when Neilson first used preheated blast. 

Mechanical Features of the Blast Furnace.—I]xcept in siz(^ 
and details of design, the modern blast furnace embodies the 
same general principles as the fifteenth century model. Figure 
1-6 represents a furnace in vogue fifty years or so ago, illustrating 
the prominent features: At the throat of the furnace ail raw 
materials are introduced, and the furnace is kept full at all times 
up to this point during its campaign of a few years. The charge 
is introduced by means of the bell B. The fuel is burned in th(‘ 
lower level where the tuyeres blow in the preheated air for 
combustion. It is the burning of the lower portion of the fuel 
column which permits the charge to sink in the furnace and 
necessitates regular addition of new material at the throat. 
The blast furnace itself consists of a tall cylindrical stack lined 
with an acid (siliceous) refractory fire brick. 

I Furnace Parts.—The different parts of a blast furnace are 
designated by names which were the same fifty years ago as they 
are today. They are indicated in general in Mg. 1-6 and sum¬ 
marized as follows: The lower pari of the furnace which serves 
as a reservoir for the melted products is known as the rrmible 

or hearth. It contains the iron notch or lap hole located a few 
inches above the bottom of the furnace, so that most of the liquid 
contents will be drained out of it when the tap hole is opened. 
The dag notch (also called monikey) is located far enough above 
the bottom of the furnace to allow below it a reservoir large 
enough to be packed with a column of coke and i>ermit sufficient 
interstices between the cc>ke particles to contain at least 200 tons 
of melted pig iron. The slag notch must l>e a few inches below 
the level of the tuyh'es, so that it may be ofxmed at intervals 
and the slag drained out before it reaches the point of running 
back into the tuyere notches. The tuyeres surround the top of 
the hearth at regular intervals. They project about 12 in. inside 
the furnace and are protected by copper tuy(>i*e coolers through 
which water flows to keep them from melting. The budle pipe 

surrounds the furnace and distributes the heated blast to the 
several tuyeres. The bosh is the sloping portion of the furnace 
extending from the top of the hearth to the lx)itom of the stack 



INTliOnVVTION AND EARLY HIETORY 15 

Stock— 
line 

■'-Down comer 

Fla. 1-6.—'A nineteenth century blast furnace sectioned to show interior. 
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The inwalls of the bonh arc filled wilh several rows of hollow 
steel castings in wedge sha|>e, through which water is caused to 
circulate in order to cool the brickwork of the bosh. Everything 
is supposed to be melted in that zone of largest furnace diameter 
which marks the top of the bosh. Below the top of the bosh 
there should be no solid material except the coke itself. A 
column of coke extends from the top of the bosh to the very 
bottom of the hearth of the furnace. Beginners sometimes find 
it difficult to believe that the coke extends all the way down into 
the hearth through the liquid metab and many practical men have 
doubted the possibility of this, but it has been demonstrated 
many times by inserting a bar through the tap hole. The 
mantle surrounds the furnace and is supported by columns, so 
that the upper part of the stack is not supported by the structure 
of the bosh and hearth, which, because of its high temperature, 
is not well adapted for support purposes. The stack extends 
from the top of the bosh to the throat. In the upp>er part of this 
stack there should be complete reduction of iron ore to spongy 
iron without melting. The stock line is the top of the solid 
materials in the furnace, and this line should be kept at a fairly 
constant level for reasons to be mentioned later. Above the 
throat is the charging mechanism which usually consists of two 
bellsj one situated above the other. A modern furnace has four 
downcomers spaced equally around the periphery of the throat. 
Above these downcomers extend the bleedersj which permit of 
release of pressure, which may exist in an emergency, at the 
throat. 

Charcoal vs. Coke as Fuel.—Charcoal was regularly used as a 
blast-furnace fuel up to a century ago. It is still used on occasion 
when one or the other of the following reasons exist: first, in a 
few rare cases, such as Sweden, where coke is excessively costly 
and supplies of charcoal can be obtained from near-by forests. 
This is a question of economics. It is becoming rarer, however, 
and, even in Sweden, is being partly replaced by heat obtained 
from electricity. The second reason why charcoal continues 
to be used is because it is a purer fuel than coke and produces a 
higher quality of cast iron, though at a higher cost. The sulphur 
in coke is its impurity which is most objectionable in iron smelt¬ 
ing. The sulphur can be largely carried away in the slag when 
a high temperature is used in the furnace and a slag rich in 
calcium oxide is employed. This is costly but is cheaper practice 
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than employing charcoal as fuel—first, because charcoal costs 
more per unit and, second, because charcoal is a relatively weak 
material. Therefore, it will not support a heavy column of 
material in the furnace, so that charcoal furnaces must be much 
smaller in size. This means, of course, smaller tonnage per 
24 hr. with consequent increase in costs, especially labor costs. 
Some industries, however, are willing to pay an extra price for 
charcoal pig iron, because they believe that the product of this 

Fig. 1-7.—Remains of the old charcoal iron furnace at Oxford, N. J. At this 
furnace, in 1834, hot blast was first used in America in an iron blast furnace. 

furnace gives a higher quality of cast iron, e.g., for making chilled 
cast-iron rolls. One reason offered for the superior quality of 
charcoal iron over coke iron is that it is manufactured at a lower 
temperature. Indeed, this principle has been carried to the 
point where some charcoal-iron manufacturers do not even use 
preheats blast, and the resulting material, known as cold-blast 
charcoal iron, is desired by some users. It happens that the 
manufacture of charcoal and its by-products is carried on in the 
United States in connection with the smelting of iron ore with 
charcoal* The consequence is that industrially the plants seem 
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to be more important from the chemical standpoint of the 
production of methyl alcohol and acetate of lime, so that 
economically the industry is more chemical than metallurgical. 
For this reason, and also because the operations are very small 
in comparison with other iron and steel processes which have to 
be discussed all too briefly in one book, we shall not deal further 
with charcoal smelting. 

Preheated Blast.—In an iron blast furnace only about one-half 
of the calorific value of the fuel is usefully employed, while the 

Fig. 1-8.-—Neilsou’s original iron blast.-heatiug Htovo. {From Frvd (devienin, 
Bl(Lst Furnace Practice,*’ vo/. II, ia29.) 

remainder goes out of the top in the form of sensible heat and of 
combustibles, especially carbon monoxide, in the top gases. 
The sensible heat as well as the combustible value of this gaseous 
product can be used. James B. Neilson invented, in 1824, a 
method of using some of the calorific value of the top gases for 
the purpose of preheating the blast driven into the furnace. An 
illustration of his original apparatus^ is shown in Fig. 1-8. It 
will be seen that the blast is driven into the furnace through iron 
pipes. Around the pipes is situated a fire chamber in which the 
top gases from the furnace are burned and thus preheat the 
entering blast, This principle of countercurrent flow, in which 

^ Talc;en from Clements, Blast-funiace Practice,” vol. II, p. 326. 
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the out)i;r)inf2; p;ases of any furnace are used io preheat the ent;erinj»: 
jiir, is known as the recuperative Hydcm. This recuperative 
method of preheating blast-furnace blast has long been super¬ 
seded by a process known as a regenerative system. In the 
regenerative system there are always two or more regenerative 
chambers, containing a chcckerwork of brick or some similar 
structure, whereby fire brick offers a large surface to hot, burning 
gases. The surfaces of the brick absorb the heat until the whole 
chaml>er has become a calorific reservoir. Then the next phase 
of the regenerative operation takes place, as follows: The burning 
gas(\s are dix erted to a second fire-brick chamber, and the air 
which is to be driven into the blast furnace is passed through the 
heated chamber, therelw absorbing the heat which has been 
impounded in the surface of the fire brick. A blast-furnace 
plant of the late nineteenth century usually included four hot- 
blast stoA'Cs. After a stove had l)een luxated up by gas burning 
in it, it could be used for about an hour to preheat the blast. 
Usually it re(|uired 2 to 3 hr. to heat it up again before it next 
went on air. Four stoves were necessary, because the gases 
from the top of the furnace contain a good deal of dust, consisting 
of fine coke and ore particles carried over from the furnace 
charge, ''i'his caused the fire-brick channels between the bricks 
to become partially choked and the surface of the bricks to be 
glazed, which re<pured occasional cleaning. Nowadays (because 
bhist-furnace gas is more carefully cleaned before burning in the 
stoves), three stoves suffice for each blast furnace. 
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CHAPTER II 

FIRST APPLICATIONS OF CHEMICAL THEORY IN 
FERROUS METALLURGY 

The primitive process of producing a fairly pure iron, mixed 

with particles of slag equivalent to about 1 or 2 per cent of the 

weight of the mass, continued for a long time after its economic 

usefulness was superseded by cheaper products. The production 

of a liquid metal, maintained in a liquid condition until all the 

chemical changes to which it is to be submitted have been com¬ 

pleted, permits handling a product in enormous quantities at a 

minimum of cost. On the other hand, there seems to be a very 

slight, almost imperceptible, falling off in quality of iron when 

it is submitted to oxidation at a high temperature. The extent 

of this superi(jrity is so slight that it has eluded a thorough proof 

of its extent; nevertheless, many makers of steel objects of the 

highest quality at first held somewhat tenaciously to the use of 

raw materials which had never been melted or subjected to very 

high tenqxiratures. However, as pig iron gradually became 

lower and lower in price as compared with wrought iron, some 

iron masters of England, which long held the supremacy in the 

production of the largest amount and the highest quality of iron 

and steel, finally turned their attention to making wrought iron 

out of pig iron, instead of producing it directly from iron ore. 

This involved a definite complication of processes and a duplica¬ 

tion of chemical operations. This will be evident from the 

following summary: In the upper half of the blast furnace the 

old direct process is repeated, with production of a fairly pure 

iron direct from the ore without melting. This reduction should 

be entirely complete before the ore has traveled halfway down 

the furnace stack. Then follow a melting of the metal and its 

admixture in the lower part of the furnace with impurities, 

especially carbon, which makes it brittle and unworkable in a 

forge either hot or cold. In order to make wrought iron out of 

this brittle material, it had to be freed from its objectionable 

impuiities. A method of doing this was finally developed in the 

28 



24 THE METALLURGY OF IRON AND STEEL 

eighteenth century. The final development of the process was 

due to the genius of Henry Cort and resulted in the so-called 

ing boiling, or puddling, process which is used today for wrought- 

’ron manufacture. 

Chemical Law of Melted Metallurgy.—The reduction of metals 

from their ores, as well as the elimination of impurities from crude 

metals, depends upon the following chemical law, which prevails 

where^er melted elements or compounds are subjected to either 

reducing or oxidizing influences: Reduced elements tend to dissolve 

in one another; oxidized clenients tend to separate from reduced 

elements. 

It happens that almost all reduced elements are heavier per 

unit volume than oxidized elements; therefore, the law of gravity 

tends to help in the separation of the two, although the funda¬ 

mental basis of the separation is chemical, viz., that the oxidized 

elements tend to dissolve in each other, and the reduced elements 

tend to expel all oxidized elements from them. This is exempli¬ 

fied in the blast-furnace operation when the melted iron saturates 

itwself with carbon and with ail the silicon, manganese, phosphorus, 

and sulphur^ which are present in the reduced condition. It 

may be applied likewise in the removal of carbon, silicon, manga¬ 

nese, phosphorus, and sulphur if melted iron is subjected to 

slightly oxidizing conditions which convert the impurities into 

an oxidized form and leave the iron in reduced form. 

Chemical Strength of Metals.—Elements can be arranged in 

a series beginning with the one which has the greatest chemical 

affinity for oxygen and continuing in sequence. This may be 

illustrated by determining the amount of heat evolved when an 

element unites with oxygen to form a definite compound. It is 

almost universally true that, the greater the amount of heat 

developed, the greater will be the chemical affinity involved. 

Table II-I is an example of this sequence of affinities and repre¬ 

sents the relative affinity of the elements included therein as 

existing at atmospheric temperature. It happens that their 

chemical affinities at other temperatures are usually proportional 

to their affinities at atmospheric temperature. Carbon is the 

great exception in this respect and we shall discuss it in detail 

later. 

* Sulphur will dissolve in iron if it is in the form of iron sulphide, FeS, but 
not if it is HI the form of calcium sulphide, CaS, or sulphur dioxide, SO2. 
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For the present, we may illustrate the application of the facts 

comprised in this table somewhat as follows; If we should submit 

a mixture of those oxides listed in 1''able 11-1 to rcducin^j; influences 

of gradually increasing intensity, we should begin to reduce the 

elements from their oxides commencing with the ones at the 

bottom of the list and proceeding upward. This would result 

in the elements’ dissolving in each other as fast as reduced. In 

practice we adjust the intensity of our reduction by the tempera¬ 

ture, because carbon is more intense in its reducing effect the 

higher the temperature. 

'1\hle II-I IIe\ts of Formation of the Oxides 

(’alori<‘s por Kilojiram of Ow^oii 

Cxuk' 
Honffe of 

j form at ion 

Va ( «() 9,485 
A1 A1 1 8,120 
V VA), 7,399 
8i 8iO> r> 280 
Md MiiO [ 5.438 
/n ZiiO 5 205 
(k CVAb 1 5,080 
P P>0'> 1 4.508 
8n SnO> 1 4,315 
CM Clio 4 075 
Fe Fe20< I 3,994 
\\ WO, 1 3,990 
Mo i MoOh ' 3,055 
H i H>0 3,017 
Ni 1 NiO , 3,013 
Co ! CMO 3.600 
8 1 80. 2.210 
Cn (\i() j 2,180 

Impurities Present When Iron Is Smelted.—To illustrate an 

application of the facts comprised in this table, we may assume 
that an iron ore contains some of the frequent impurities, such as 
oxides of copper, phosphorus, manganese, silicon, and aluminum. 
Obviously, all the copper oxide would be reduced and go into the 
iron. Carbon would go into the iron because it is already present 
in the coke in reduced form. Phosphorus, manganese, and 
silicon would not go into the iron provided we gaged our intensity 
of reduction with that exactness which would cause reduction 
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of the iron oxide without the reduction of the oxides above if in 
Table II-I. This we can do in the direct process, where the iron 
ore is reduced without melting. But, in order to produce liquid 
metal, we must have a temperature higher than that necessary 
for the mere reduction of iron oxide, with the result that phos¬ 
phorus and a certain amount of manganese and silicon are una¬ 
voidably reduced from their oxides and consequently go into t he 
iron. This is indeed the means whereby the blast-furnace opera¬ 
tor produces pig iron with silicon less than 1 per cent, or as high 
as 10 per cent, if desired. There is always a great abundance of 
silicon dioxide present, both in iron ores and in the ash of the coke. 
Therefore, it is only necessary to increase the intensity of reducing 
inflpences to introduce a greater quantity of silicon into the 
melted metal. The oxide of aluminum is so far above that of 
iron that, although we frequently have AI2O3 (clay) in our ores, 
nevertheless, the reducing intensity in the blast furnace is never 
strong enough to reduce aluminum into the iron. 

The Application of the Chemical Law to Pig-iron Purification.— 
This same law may also be applied in the re\ erse direction to the 
removal of the impurities in pig iron: The common impurities in 
pig iron are carbon, silicon, manganese, phosphorus, and sulphur. 
If the iron be melted and subjected to slightly oxidizing condi¬ 
tions, the first elements to be oxidized will be those highest in 
Table II-I, viz.j silicon, manganese, and phosphorus. These 
oxidized bodies, being lighter than the iron, will float upon it 
and dissolve in each other to form what is known as a cinder or 
slag. When the temperature gets somewhat higher, carbon also 
will be oxidized and forms carbon monoxide gas which bubbles 
out of the iron and produces a boiling effect. 

Pig-iron Boiling or Puddling Process.—This is the principal 
method of manufacturing wrought iron today. It was invented 
by Henry Cort in the year 1780 and later developed by S. B, 

-Rogers and Joseph Hall. In this process the pig iron is melted 
in a reverberatory furnace (see Fig. II-l) the hearth of which is 
lined with oxide of imn. During the melting there is an elimina¬ 
tion of silicon and manganese and the formation of a slag which 
automatically adjusts itself to a very high content of iron oxide 
by absorption from the lining. After melting, the heat is reduced 
and a reaction is set up between the iron oxide of the slag and the 
remaining silicon, manganese, carbon, phosphoms, and sulphur 
of the bath, whereby the impurities are oxidized and all removed 
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to a greater or less extent. The slag, because of its basicity (by 
iron oxide), will retain all the phosphorus oxidized, and therefore 
the greater part of this element may be removed. The sulphur 
is the least removable of the impurities. The oxidation of all 
the impurities is produced chiefly by the iron oxide in the slag 

and the lining of the furnace, although it is probable that excess 
oxygen in the furnace gases assists the slag. 

The purification finally reaches that stage at which the utmost 
heat of the furnace is not sufficient to keep the charge molten, 
tecause iron, like almost every other metal, melts at a higher 
temperature the purer it is. The metal therefore comes to 
nature,^’ as it is called; i.e., it assumes a pasty state. The iron 

Fig. II-2.—Method of piling muck bar. 

is rolled up into several balls, weighing 125 to 180 lb. apiece, 
which are removed from the furnace, dripping with slag, and 
carried over to an apparatus, where they are squeezed into a much 
smaller size and a large amount of slag ejected from them. The 
squeezed ball is then rolled between grooved rolls to a bar, 
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whereby the slag is still further reduced, so that the bar contains 
at the end usually about 1 or 2 per cent. This puddled bar or, 
"'muck bar/^ is cut into strips and piled up, as shown in Fig. II-2, 
into a bundle of bars which is bound together by wire, raised to a 
welding heat, and again rolled into a smaller size. This rolled 

Fici. II-3.—Mirrostnicture of wrouRht-iron pipe made by the Aston process. 
Magnified 50 X. Section on left is unetched; that on right is etched. (From 
Rawdon and Knight, V. S. Bureau of Standards, Research Paper 124, December, 
1929.) 

material is then known as merchant bar/’ and all wrought iron, 
except that which is to be used for manufacture into crucible 
steel, IS treated in this way before sale. The effect of the further 
rolling is to eject more slag, and also to make a cross network of 
fillers, instead of a line of fibers all running in the same direction, 
i.e,j lengthwise of the bar. The fibers are pmduced by the action 
in rolling of drawing out the slag into strings as shown in the 

micrograph (Fig. II-3). 
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Puddling Furnaces.—There are many different varieties of pud¬ 
dling furnace, varying in capacity from 800 to 1,500 lb. and even 
more, but the commonest is probably the 500-lb. furnace, built 
either single or in pairs, back to back, the latter arrangement 
having the advantage of reducing loss of heat by radiation, which 
is always a very large factor. Puddling furnaces are heated by 
gas or bituminous coal. The commonest method is a deep 
bituminous-coal fire, giving a long flame, and with a large area of 
grate in relation to the area of the hearth in order that a high 
temperature may be maintained. 

Fettling.—The hearth is lined or fettled^' with oxide of iron 
in the fonn of roll scale, or high-grade iron ore, or “bulldog,’' 
i.e.y roasted puddle cinder, and this oxide, together with the 
metal oxidized during the melting, supplies the base which auto¬ 
matically maintains a very basic slag and also serves as the prin¬ 
cipal oxidizing agent of the impurities. The fettling is repaired 
between melts as often as is necessary and suffers wear with 
each operation. 

Puddling.—Pig iron is usually charged by hand through the 
working doors of the furnace, and the puddler^s assistant fires 
vigorously in order to melt it down as fast as possible, which 
usually takes about 30 to 35 min. As soon as it is melted, there 
follows a short stage of 7 to 10 min., during which iron oxide in 
the form of roll scale or very higji-grade iron ore is added, in 
order to make a very basic slag, the charge being thoroughly 
mixed and cooled, for which purpose the damper is put on and 
sometimes even water is thrown on to the bath. The object is to 
reduce the temperature to the point where the slag will commence 
to oxidize the impurities, and especially the phosphorus and sul¬ 
phur, ahead of the carbon. At low temperatures, phosphorus 
oxidizes ahead of carbon; at higher temperatures, carbon in 
preference to phosphorus (see Table II-II for slow removal of 
carbon at first). As soon as the carbon reaction is started, light 
flames begin to break through the covering of slag, produced by 
burning carbon monoxide: 

Fe203 + 3C = 3CO + 2Fe; (1) 
CO + 0 - CO2. (2) 

The slag must be very basic at this time lest the carbon monoxide 
reduce phosphorus and sulphur and cause them to return to the 

metal* 
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As the carbon monoxide forms more and more abundantly^ the 
charge is more violently agitated by its escape, and the “boir' is 
in progress. The formation of gas in its interior causes the 
charge to swell greatly, and it thus rises in the furnace and a 
large amount of slag pours out of the slag hole and into a waiting 
buggy. About one-half of all the slag produced during the proc¬ 
ess is removed at this time. The boil continues from 20 to 

Fig. II-4.—Puddling. (Courtesy of CerUral Iron and Steel Co.) 

25 min., and during this time the puddler stirs or “rabbles” the 
charge vigorously with a long iron rabble, shaped like a hoe. 
Toward the end of the boil the metal begins to come to nature, 
and points of solid metal project through the cover of slag, while 
other pasty masses form on the bottom of the furnace. Both of 
these things must be corrected immediately by the puddler (1) 
lest the iron that is exposed to the furnace gases become too 
much oxidised, (2) lest the iron sticking to the cold bottom 
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become too much chilled, or (3) lest the charge be not uniform 
in composition. Finally, all the charge comes to nature and 
the ‘'balling^' period begins and occupies about 15 to 20 min. 
During this period the bath is divided into three or four portions, 
which are each rolled up into a ball, consisting of a large number 
of particles partially welded together. The balls are rolled up 
near the fire bridge in order, first, to protect them from direct 
contact with the flame and, second, to keep them as hot as 

Fig. II-5.—Removing the puddle ball. {Courtesy of Youngstown Sheet and Tube 
Co.) 

possible until the puddler can draw them, so that the slag may 
be fluid and thus more easily squeezed out of the metal. The 
balls are then squeezed in turn, and the furnace hearth repaired 
for another charge. The total time between operations is usually 
from 1 hr. 10 min. to 1 hr. 40 min. 

Squeezers.—A very common form of squeezer is that shown in 
Fig. II-6, the distance between the inner and outer circle being 

(►greater on the entering side than on the outgoing side. As the 
inner circle revolves, the corrugations on the surface carry the 
ball around, giving it at the same time a movement of rotation. 
By the time the ball exists on the opposite side, it has been 
S(|ueei5ed and kneaded suflSciently to get rid of a large amount 
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of slag. In European countries the squeezer is rai’ely used and 
the ball is ‘‘shingled—reduced under a hammer—to weld its 
particles together and force out the slag. 

Fio. Rotary squeezer. 

Chemistry of the Process.—The removal of the impurities 
during the puddling process is shown in Table II-Il, which is 
quoted because it records probably (he first successful attempt 
ever made to study in this way (he chemistry of an iron or steel 
process. A similar study is graphically represented in Fig. 11-7. 

Table II-Il.—Kemovals in Hand Puddling 

(By Calveht and Johnson, Philmophical Magazine, 1857) 

I Time after 

charging per cent 
: Bi, 
I per cent 

B, 
}K*r cent f cent 

Hr, Min. 
' 

Sample 1. 0 0 2.275 2.720 0.301 0.645 
Sample 2. 0 40 2 726 0.915 
Sample 3. 1 00 2.905 0.197 
Sample 4. 1 5 2.444 0.194 i 

Sample 5. 1 20 2.305 0.182 
Sample 6. 1 35 1.647 0.183 
Sample 7. 1 40 1.206 0.163 
Sample 8. 1 46 0.963 0.163 
Sample 9. 1 50 0.772 0.168 
Puddled bar. 0.296 ! 0.120 0.134 0.139 

During the melting-down stage, the silicon and manganese in 
the puddling charge are almost entirely eliminated, and these 
reactions are as complete as they will be by the end of the clear¬ 
ing^' stage which follows it Much phosphorus and sulphur are 
also remov^, The boil period is, of course, the period during 
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wliicli the carb(^n encapcB, together with some phosphorus and 
sulphur which were not removed during the first two periods. 

Fuel.—The temperature of the puddling process is as high as 
can be obtained in furnaces of this type without preheating the 
air.^ The result is a very large waste of heat up the chimney, 
although sometimes economy in this respK^ct is obtained by plac¬ 
ing boilers, or else furnaces to heat metal for the rolls, where 

Time, Minu+es 
Fig. II*7.—Removals in hand puddling. 

they will receive the waste heat of the puddling furnaces. The 
two greatest items of expense in the puddling process are the fuel 
used and the excessive labor, which, on account of the strength 
and endurance demanded, receives a high price. The amount of 
fuel burned per ton of iron produced will usually be about one ton 
of a soft bituminous coal, or a little more, although better figures 

than this are obtained in some cases. 

* Indeed, in some cases the air is preheated by the regenerative process, 
although this is not the usual prmttice. 
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Losses.—The loss in the puddling process usually averages 
from 4 to 6 per cent of the weight of the metal charged. The 
following table gives a typical example of loss; 

Table II-III.—Table of Losses in Hand Puddlincj 

Percent age of 

Element Burned Loss 

Silicon... 1.0() 

Carl)on. 3.50 

Sulphur. 0.20 

Phosphorus. 0.50 

Marigant\sc. 0.30 

Total. 5.50 
Iron reduced from oxidt*^ = 1.00 per cent gain 

Net loss. 4.50 

1 There is much iron oxidized and carried off in the slag, bul there i.s also imirli reduced 

by impurities. The figure here given represents the excess of reduction over oxidation; in 

some cases it runs as high as 6 per cent or more. 

Fig. II-8.—Squeezing puddle balls and rolling puddle bar* 

Slag.—The slag which runs from the tap hole during the boil 
is known as boilings, while that tapped out at the end of the 
proc^ is known as tappings or tap cinder. The characteristics 
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of the boilings are that they contain a larger amount of phos¬ 
phorus than the tappings, and also that globules of metallic iron 
are carried off in the violent agitation of the boil. An analysis 
of the two varieties, giving a mean composition from seven heats, 
is as in Table II-IV. 

"I'AitLE Tf-IV. —8lao Analyses. Puddlino Process 

CornpoiH'uts JFulinjrs 
I 
1 Tappings 

Forrir ()xi<li\ F('20a.1 6.94 12.90 
Ferrous oxi(l(‘, FeO. f)2.Bl 64.62 
Silica, SiOj. 19.45 15.47 
Phosplioric anhydride, P2O5. 6.32 3.91 
Not dcdoriuiiieil, MnO, S, Cat), edc.. 4.68 

[ 
3.10 

100.00 100.00 

Total iron. 53.55 59.29 

The amount of slag will depend chiefly upon the amount of 
silicon in the pig iron. It will average in weight about one-half 
the w’’eight of the charge, where the silicon is high, as in English 
practice (say 1.70 to 2 per cent), and about one-quarter to one- 
third in American practice, where the silicon is about 1 per cent. 

Bundled Scrap.—In the United States a good deal of wrought 
iron is made exerj year by bundling scrap up into a pile roughly 
resembling Fig. 11-2.^ This is then tied up with wire, heated to 
a welding heat, and rerolled into '‘puddle bar.” This is an 
inferior grade of product. 

Recent Progress in Wrought-iron Manufacture 

The greatest handicaps to wrought-iron manufacture are (1) 
labor a^jd (2) the small size of the operations of manufacture as 
compared with those for steel. The labor problem is not only 
that workers of skill and endurance are required but more 
particularly that the type of labor is not attractive to men of 
intelligence and it has become increasingly difficult to secure iron 
puddlers. The first attempt to meet this was the use of puddling 
furnaces which could be mechanically rocked and tilted or rotated 
so as to avoid the severe labor of puddling and balling. These 
furnaces perform their work satisfactorily and produce a high 

^ See p, 27, 
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grade of wrought iron. Their use, however, has never become 
general. 

The Aston Process.—The Aston process is a decided departure 
from the method of purification by puddling. It consists in 
blowing pig iron in an acid Bessemer converter until its silicon, 
manganese, and carbon are eliminated. The liquid bath is then 
poured into a liquid bath of slag, which has been separately 
melted in a suitable furnace and carried in a ladle to a convenient 
point for the pouring operation. This quenching of molten iron 
in molten slag is called a shotting operation. It results in the 

Fig. II-9.—The Aston shotting’ process. {From Aston, American Institute of 
M%n%ng and MciaUurgical Engineers, September, 1929.) 

iron solidifying and inclosing within it particles of slag. The 
pasty iron is removed from the slag bath and squeezed and 
rolled in the ordinary manner into the desired shape. The 
chemical composition of this Aston process wrought iron is found 
to be very close to that of hand-puddled iron, but with the 
advantage that the Aston process iron has been more uniformly 
freed of carbon, and the so-called carbon streaks sometimes found 
in puddled wrought iron are absent. The amount of entangled 
slag in the new iron is approximately the same, and it never 
contains relatively large particles of slag which are sometimes 
found in hand-puddled wrought iron. The mechanical proper¬ 
ties, such as tensile, torsion, and impact tests are about the same 
in the two irons. It is also probable that the corrosion resistance 
of the Aston metal will be the same as that of hand-puddled iron, 
although definite data on this point cannot be determined except 
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by service tests lasting over a number of years, because so-called 

accelerated tests for corrosion are admittedly unreliable. 

Reference 

Samuel Balowyn llouEiis: “An Eleinciitary Treatise on Iron Metallurgy,” 

lyondoii, 1858. 



CHAPTER III 

THE AGE OF STEEL 

The Cementation Process.—Steel was made in a prhnitix e 
age, before any written records existed, by the absorption of 
solid carbon by solid red-hot inm. This process was known as 
the cementation process. The carbon cemented or soaked into 
the iron and converted it into steel in a p)eriod usually extending 
over some hours in length. This ancient process existed for the 
manufacture of the very highest quality of tool steels, probably 
into the beginning of the present century. The metal, when 
properly made, had a very high quality. It has been believed 
by some that its toughness and durability might be partly 
ascribed to the fact that low temperatures had always prevailed 
at each stage of its manufacture. However, the superiority, 
if any, was very slight and the process has apparently become 
obsolete. 

“Cast,’* or Crucible, Steel.—The second steel process to be 
developed was the melting of wrought iron in crucibles with some 
carbonaceous material which contributed carbon to the liquid 
mass and resulted in an iron containing in the general neighbor¬ 
hood of 1 per cent of carbon. Obviously, the purity of the 
product would depend upon the purity of the raw materials 
used, because no purification was practicable. Aside from 
possible isolated instances in early days, the process was devised 
before 1740 and first commonly used and developed by Benjamin 
Hunsman of Sheffield, England. In E]ngland clay crucibles are 
used and in America crucibles of graphite which hold about 
100 lb. apiece and last longer than the clay crucibles. The 
furnaces are either coke or anthracite beds into which the 
crucible is placed, or regenerative gas furnaces capable of heating 
the crucible and charge to about 1700°C. It requires about two 
or three hours to melt the solid material, and it is then held 
molten and liquid in the furnace for a period of one-half to one 
hour longer in order that it may entirely free itself from .solid 

particles, such as slag in the wrought iron or other oxides, and in 
38 
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order that it may be entirely free from gas. The success of the 
process is very largely dependent on the skill of the operator, 
including the proper killing, pulling out of the furnace, and 
pouring. The name of cast steel was early given to the process 
developed by Benjamin Hiinsman, because it was poured into 
ingots or molds while liquid, in contradistinction to the cemented 
steel which was impregnated with carbon at a yellow heat while 
solid. 

The Situation Previous to the Age of Steel.—ln the first part 
of the nineteenth century steel could be made only on a somewhat 
small scale, because of the excessive amount of labor involved 
in the processes in vogue. The manufacture of wrought iron is 
also one which does not lend itself to a so-called tonnage produc'^ 

lion. The civilization of man was advancing to a point where 
great advances in industry, transportation, methods of com¬ 
munication, and convenience could be made, provided a cheap 
material for structural purposes could be obtained on a large 
scale. Cast iron did not meet this need because it was too 
brittle, and wrought iron and steel could not be made in suffi¬ 
ciently large quantities. Cast iron was used for many purposes 
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which we now consider unsuitable, such as, for example, highway 
bridges. Railroad rails were made of wood with a wrought iron 
or steel strap thereon or else were made of wrought iron with a 
strip of steel over the head. Ships, buildings, most bridges, 
most fences, and almost all containers were of wood. Hardware, 
tools, machinery, railroad rails, agricultural implements, and 
weapons were made of iron and steel but the extent of industrial 
production was enormously limited by the small amount of 
metal that it was possible to produce with the limited processes 
then in vogue. 

A Technical Revolution.—A new era began when man learned 
how to secure high temperatures in iron and steel manufacture. 
Then he learned that the secret of economy in operation and 
large tonnages in production inhered in keeping the metal liquid 
at all times until it has undergone all the chemical changes 
which are to be wrought in it. The full benefit of this practice 
required about fifty years^ development in the United States 
and it is only now coming into full practice in England and 
Europe. It involves producing pig iron in a liquid form, trans¬ 
ferring it in that condition to a furnace where it is purified, and 
then delivering it in a final state of purification and chemical 
adjustment to be cast into ingots, which are not allowed to 
become cold until they have been rolled into finished products, 
such as railroad rails, I beams, plates, and a hundred other 
common forms. The chemical adjustment includes producing 
metal as low as possible in its harmful impurities, such as phos¬ 
phorus and sulphur, as well as more elusive components, such as 
oxygen, nitrogen, or other gases, and specks of oxide and like 
entangled particles. The product also contains when finished 
some carbon, usually for strength but sometimes also for hard¬ 
ness, with usually manganese and sometimes silicon, which act 
as scavengers to help purify the steel and incidentally contribute 
desirable properties. When alloy steels are to \ye made, then 
we must add nickel, chromium, etc., to the other ingredients. 

The Attainment of High Temperature.—Between 1850 and 
1860 Henry Bessemer in England experimented with a process of 
blowing unheated air through, or on the surface of, liquid pig 
iron. We have seen that pig iron contains 5 per cent or more of 
impurities, notably carbon, silicon, manganese, phosphoruB, and 
sulphur. All of these except sulphur can be oxidiis^ at a red 
heat more readily than can iron. Bessemer, therefore, conceived 
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the idea of blowing? air into the liquid metal and burning out of 
it its impurities. He calculated from chemical information that 
the amount of heat generated by this combustion would be more 
than sufficient to keep the whole mass in a liquid stkte until 
purification was complete. The same basic idea had occurred 
I)reviously to an American by the name of William Kelly, who 
built a small vessel and attempted to work the process. Many 
Americans have claimed that Kelly is the real inventor, because 
he started his work about eight or nine years Ixdore Bessemer did. 
However, Kelly and his backers had abandoned thc^ir efforts 
and ne\er developed their process until after the Bessemer 
process was being successfully us€>d in England and Sweden. 

In spite of the ridicule of many practical iron men, who 
ex{x?cted that a mass of liquid iron would lx- quickly chilled and 
frozen if exposed to a blast of cold air, Bessemer’s efforts resulted 
in success. The bath was so much hotter after burning its 
contained silicon, manganese, and carbon that it remained liquid 
e\'en though purer than at the beginning. Bessemer, however, 
received a very serious chock because of three things: First, the 
metal became so charged with oxygen that it was brittle and 
unworkable when they tried to roll it after solidification. This 
was finally remedied by putting about 1 per cent of manganese 
into the liquid bath to purge it of the greater amount of its 
o.xygen before it solidified. This effect was beneficial, although 
the complete elimination of oxygen has never been accomplished 
up to the present time by any of the purification processes. The 
second handicap met in the Bessemer process was that sulphur, 
which is eliminated in puddling to the extent of about 60 per 
cent of its content, was not reduced at all in the Bessemer process. 
Sulphur dissolvx's in iron as ferric sulphide. The puddling slag, 
containing a large proportion of iron oxide, mil also dissolve 
ferric sulphide and, therefore, take a share of it from the iron. 
Furthermore, iron oxide will exped some sulphur from iron, 
perhaps by the formation of ferrous sulphate, from which sulphur 
trioxide is later volatilized. Unfortunately, none of these 
desulphurizing influences existed in the operation performed by 
Bessemer. Third, phosphorus, three-quarters of which is 
eliminated in puddling, was not lowered by oxidizing in the 
Bessemer blow. This was most surprising, because phosphorus 
is above iron in the electropotential series^ and should be oxidized 

* See Table Xhl (p. 26). 
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first. The explanation proved to be that phosphorus formed an 
acid radical, phosphoric anhydride, which would not remain in 
a slag which was predominantly acid, as was the case of the 
Bessemer slag because of the large percentage of silicon dioxide 
produced by the oxidation of the silicon in the pig iron, together 
with silicon dioxide dissolved from the lining by MnO and iron 
oxide. Phosphorus is readily oxidized and carried into the slag 

Pig, 111-2.—Section through Bessemer converter while blowing. 

in the puddling process, where the slag is basic by virtue of the 
predominant amount of iron oxide contained in it. But where 
there is not enough basic radical to satisfy all acids, the stronger 
acid drives the weaker one out of combination. So that phos¬ 
phorus could not be held in a silica slag. 

Bessemer Process.—In a modern United States Bessemer 
process perhaps 25 tons of melted pig iron are poured into a 
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hollow pear-shaped converter lined with siliceous material. 
Through the molten material is then forced 30,000 cu. ft. of cold 
air per minute. In about 4 min. the silicon and manganese are 
all oxidized by the oxygen of the air and have formed a slag. 
The carbon then begins to oxidize to carbon monoxide, CO, and 
this boils up through the metal and pours out of the mouth of 
the vessel in a long brilliant flame. After another 6 min. the 
flame shortens or dropsthe operator knows that the carbon 
has been eliminated to the lowest practicable limit (say 0.04 

Fig. III-3.—Blowholes or gas bubbles in steel. 

per cent) and the operation is stopped. So great has been the 
heat evolved by the oxidation of the impurities that the tempera¬ 
ture is now higher than it was at the start, and we have a white- 
hot liquid mass of relati\'ely pure metal. To this is added a 
carefully calculated amount of carbon to produce the desired 
degree of strength or hardness, or both; also about 1.0 per cent 
of manganese and 0.15 per cent of silicon.' The manganese is 
added to remove from the bath the oxygen with which it has 
become charged during the operation and which would render 
the steel unfit for use. The silicon is added to get rid of the 
gases which are contained in the bath. After adding these 
materials, or * ^ recarburizing as it is called, the metal is poured 
into ingots, which are allowed to solidify and then rolled, while 

^ In the case of making rail steel. ^ 
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hot, into the dCvsimi size and form. The characteristics of the 
Bessemer process are: (a) «;reat rapidity of purification (say 
10 min. per “heat^’); {h) no extraneous fuel is used; and (r) the 
metal is not melted in the furnace where the purification takes 

place. 
A New Definition for Steel.—Wrought iron was defined as iron 

too low in carbon to be capable of hardening by cpienching, and 
also iron entangled with minute particles of slag. Large tonnages 
of Bessemer metal soon began to be produced with carbon as low, 
or almost as low, as that in wrought iron. But the Bessemer 
metal did not contain particles of slag, because the bath remained 
liquid until the purification process wars complete and the slag 
separated from the metal by gravity. The low-carbon Bessemer 
metal was not steel, according to the old definition, because it 
would not harden. On the other hand, it was not WTought iron 
because it did not contain slag. The manufacturers of the new 
metal wanted to call it steel, because steel commanded a higher 
price in those days than did wrought iron. On the other hand, 
a great deal of steel had been made for thousands of years by t he 
cementation of wrought iron. It, therefore, contained slag and 
also enough carbon to be hardened. For fifty years a struggle 
waged between scientific metallurgists who wanted to call low- 
carbon iron ‘^wrought iron,'^ and manufacturers who wanted to 
call it ^LsteeF^ if it had low carbon and no slag. The situation 
has finally been clarified greatly by the practical obsolescence of 
the cementation process, so that slag occurs only in steel made in 
the years prev ious. At very best, however, the definition of steel 
is awkward, because it must include any metal which contains 
enough carbon to be hardened by sudden cooling, and yet not 
enough carbon to make it cast iron.^ Steel must also be defined 
as iron with little carbon and no slag. The Europeans have 
endeavored to get around this awkward situation by calling the 
low-carbon, slagless material ^Tngot iron,’’ because it is cast 
liquid into ingots as distinguished from being pulled out of the 
furnace in a pasty mass. However, even in Europe, the low- 
carbon, slagless material is often called steel. 

A New Era in Industry.—The Bessemer process was the first 
method of making in large quantities a material which 
would satisfy the demands of modern industry for railroads, 

^ The exact boundary between the carbon in steel and in cast iron will be 
discussed in Chap. XL 
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ships, buildings, highways, automobiles, agriculture, machinery, 
mining, airplanes, etc. Without steel in large quantities, it is 
doubtful whether our civilization of the twentieth century could 
have been developed. Therefore, the name steel age has been 
given to our present era, beginning with the latter part of the 
nineteenth century. 

A New Era in Labor in the Iron and Steel Industry. ~ Alx)ut 
seventy years after the technical discovery of ways to maintain 
higher tem|Xiratures in larger furnaces in steel manufacture there 
came another revolutionary change which was no less influential 
in raising the industry to a higher plane in civilization: For 
centuries the 12-hr. shift had been in vogue at blast furnaces. 
As the steel industry grew in magnitude, the same system was 
applied to many departments of its manufacture also. By this 
S3^stem two shifts of laborers co\ered the 24 hr. of the working 
day, sometimes continuously for seven days \K*.r week all the 
year around, altliough this was not customary except at blast 
furnaces. These hours of employment, together with the severe 
type of work recpjired around tlu^ furniices and rolling mills, 
gave labor at iron and steel tvorks the reputation of being mom 
brutal than that in most other industries, with the result that 
good labor was difficult to attract and was often obtained only 
by paying enormously high wages. This did no good to the 
industry. Sliortly after the ending of the World War some 
h]uro|)ean count rit^s and Great Britain began to adopt 8-hr. 
shifts at iron and steel plants, sometimes by agreement and 
sometimes by national law. About 1922 a stud}^ of the 12-hr. 
vshift was undertaken by two committees in the United States: 
The first was a committee of engineers appointed by and repre¬ 
senting some of the national engineering technical societies. 
AVithiii a short time a committee of executives of the industry 
began a similar independent investigation. The engineers’ 
committee reported that the 12-hr. shift could be discontinued 

^ with benefit to the industry and the workmen and with only a 
small percentage increase in the cost of the product. The 
executives’ commitU^e, on the other hand, reported that their 
investigation showed that the change was not desired bj^ the 
workmen ihemscdves and would substantially increase the cost 
of iron and steel. Using the book published by the engineers’ 
committee^ as the basis for bis reasoning, the President of the 

1 The Twelve Hour Shift in Industry,** New York, 1922. 



46 THE METALLUROY OF IRON AND STEEL 

United States finally secured the voluntary agreement of the 
governing bodies of some of the largest iron and steel companies 
to make a trial of abandoning the 12-hr. shift. Shorter hours 
have been in vogue ever since and this has proved a boon to the 
industry both technically and financially. While not claiming 
that this is the sole reason for recent improvements, nevertheless 
the greatest advance in the technique and quality of product in 
the history of the industry has been coincident with the era of 
shorter hours of labor during the past few years. There has also 
been a notable decrease in the number and seriousness of acci¬ 
dents in the same period of time, although a special reason for 
this is the earnest attention and ^'safety campaigns'^ which have 
been in vogue almost everywhere. At the present time (1934), 
when the industry is beginning to approach normal opx^ration 
after a serious depression, tliere is a mo^^ement on foot to establish 
a 6-hr. day in the plants, so that four groups of laborers will 
cover the 24 hr. It is thought that work can thereby be gi\'en 
to a greater number of men. I believe that this is not so. Ha\'- 
ing visited many plants in 1922 to sludy the question of the l>est 
hours of labor, and having written that section of the book 
already mentioned which deals with the iron and steel industry, 
my opinion is that 6 hr, of work are too few to bring the best 
results to either the laborers or the industry, and even if there 
may be a greater number of men receiving wages on 6-hr. shifts— 
which is doubtful—the total number of dollars which the industry 
can earn and pay in wages will be less if the 6-hr. shift is adopted. 

The Open-hearth Process.—Another Englishman, by the name 
of William Siemens, also developed a method of obtaining high 
temperature, by using gas for fuel, and by preheating the gas and 
the air previous to their combustion in the furnace. Siemens 
successfully developed the idea of some one else for preheating, 
by means of the so-called regeneroMve system^ which is described 
in detail in the legend under Fig. III-4. The furnace used to 
contain the liquid bath was similar to a puddling furnace in 
general details and was called the open-hearth furnace. Siemens' 
fij*st industrial furnace was installed in 1868. It had a siliceous 
lining and a slag predominant in silica, so that it was only capable 
of removing from pig iron the silicon, manganese, and carbon. 
The metal was held in a shallow pool on the long hearth and the 
impurities were oxidized by the slag, which floated on the metal 
and to which iron oxide was added to hasten the purification. 
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The purification was much slower than in the puddling process, 
because a furnace lining of iron oxide would not stand the high 
temperature of the open-hearth operation and, if attempts were 
made to oxidize very rapidly by iron ore added to the slag, the 
action in the furnace was so violent as to boil the slag and metal 
out of the doors. 

The Siemens-Martin Process.—The Martin brothers in France 
modified the Siemens process by melting steel scrap together with 
pig iron, to form the bath for purification. Steel scrap is obtain- 

Fig. III-4.—Bohemalic diagram of hanio open-hearth furnaoe, showing 
method of regenerative heating. The four regenerators are indicated in plan 
view, standing in front of the furnace, whi<'h is shown in elevation. Each 
regenerator is fdled with a che(‘kerwork of hri<'k, except for free spaces l>elow an^ 
alx>ve the checkers (see Fig. V-3). Before the furnace is started, the bricks ot the 
regenerators are heated by a wood fire. The air enters the outer regenerator 
on the left; the gas enters the regenerator next it. They are heated by the hot 
surfaces of the checker brick, enter the furnace, unite, and burn. Then they 
pass out through the downcomers to the two regenerators on the right. In this 
way the right-hand regenerators are heated still hotter, by the waste heat of the 
furnace. The direction of the current of air, gas, ai»d products of combustion 
is reversed every 15 min. or so, whereby all four regenerators are kept always 
hot. The result is that the air and gas enter in a preheated condition, which 
gives high temperature and combustion efficiency, while the products of combus¬ 
tion leave the apparatus at a relatively low heat and thus promote fuel economy. 
{Taken from L. W. Spring, **Non-technical Chats on Iron and Steel.**) 

able at a moderate price and is, of course, much lower in impurities 
than pig iron. If, therefore, the raw materials are part pig iron 
and part scrap, it is obvious that the period of purification will 
be shorter. This makes the whole operation shorter in time, 
even though steel scrap is a little slower to melt than is pig iron. 
The process was shortly developed to use almost invariably a 
portion of each raw material. It became known as the Siemens- 
Martin process, which it is frequently called in England and 

Europe. 
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Basic Process.—But the most important development in the 
ojien-hearth process ^^nih the use of a- sia^i; ^ ery low in silica and, 
tlierefore, capable of j)urifying the metal from phosphorus, and 
partly purifying it from sulphur, as well us taking out the silicon, 
manganese, and carbon. Two English chemists, S. (}. lliomas 
and P. G. Gilchrist, had shown that it was slags rich in bases and 
low in silica whicli could hold phos'phorus away from the metal. 
It was also shown that, if the slag was rich in bastes, then the 
lining of the furnaces must be predominantly basic, (;r else the 
slag would dissolve and liquefy the lining. This principle was 
applied to the Bessemer process and it was soon used also in an 
open-hearth furnace, lliis enables the process to employ a 
much cheat^KU* raw material, and, although the ojK'ration itself 
takes longer, the result is a chea|X>r product, which is at the same 
time lower in objectionable impurities, such as phosphorus and 
sulphur. It is, unfortunately, higher in another impurity, 
oxygen, owing to the fact that the basic Slags are themselves more 
highly oxidized and leave the steel in a more oxidized condition 
at the end of the operation. However, the basic open hearth 
is now the predominant process in oyevy steel-making country' 
in the world and produces more than twice as much steel as all 
the other processes added together. The last ten years luus 
witnessed a great scientific advance in the method of making 
basic steel, for the object and with the result of improving it in 
its weakest point as regards quality, tnz,, the oxidized character 
of the product after purification. 

Duplexing.—Since purification is so rapid in the Blessemer 
process and so slow in the open-hearth process, and since the 
open-hearth process has the advantage that it can employ a 
basic process better than can the Bessemer, it is obvious that 
silicon, manganese, and carbon might Ix^ oxidized out of the 
metal in a few minutes in the Bessemer converter and the melted 
product then poured into a basic open-hearth furnact^ where the 
phosphorus could be removed. This is a so-called duplex proceen 
which has many advantages and which uses some three million 
tons of steel per year in normal times in America. 

Electric Furnace*—The Bessemer and open-hearth operations 
are at all times oxidizing, because it has been shown to be impossi¬ 
ble to carry on combustion at high temperatures without subject¬ 
ing the iron to either free oxygen or carbon dioxide gas, both of 
which oxidize it. But the nineteenth century saw the deyelop- 
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men! of a process whereby heat was obtained from the conversion 
of electric energy and this heat applied to metal melting and 
purification processes. The heat obtained in this way has two 
outstanding advantages over heat from combustion of fuel; 
viz.y (1) it may be generated in a furnace whose atmosphere is 
reducing in character instead of oxidizing; and (2) it may employ 
higher temperatures than are feasible with combustion heal. 

Superrefining.—A process has, therefore, been developed 
whereby liciuid steel from the basic open-hearth process can l)e 
poured into an electric furnace and there subjeet(Ml to a reducing 
intliience which will greatly decrease (although it never can 
entirely eliminate) the oxygen in the metal, and where, inci¬ 
dentally, sulphur may be reduced to any desired extent. In 
this way, a top notch of (jualit}" is put on basic u}:)en-hearth steel. 

Other Electric Processes.—While the greatest tonnage of 
('l(‘ctric steel is made by the superrefining of open-hearth metal, 
nevertheless, there is a good deal made by melting steel scrap in 
electric furnaces, adjusting its com[)osition to the desired propor¬ 
tions, easting it into ingots, and then rolling or forging it into 
parts for automobiles, airplanes, cutting tools, and other high- 
quality uses. One of the most important ways in which this type 
of electric process is employed is in the making of alloy steels. 

SuMMAHY OF IkON AND BtKKL AI AN FFAC’TURE 

In Fig. 111-5 are summarized the important modern American 
processes of iron and steel manufacture. The American industry 
is chosen, bcHjause the United Stales produces more iron and steel 
than all the other countries together. While there is one 
important Furopc^an process—the basic Bessemer—which is not 
now used here, nex^ertheiess, the outline in Fig. 111-5 is repre¬ 
sentative of America s largest single manufacturing industry, 
and the basic Bessemer process may be added to it by those who 
desire a bird's-eye view of the processes in \’ogue in England, 

Germany, and France. 
At best this array of different processes is complicated and 

illogical, l>ecause first we extract iron from its ore; then we 
dissolve about 6 per cent of impurities in it ; then we transfer 
it; to one or more other furnaces and refine most of these impurities 
out of it again. And we do not always refine in the same furnace 
but sometimes use one furnace, sometimes another, and some¬ 
times two or three in succession, as, for example, when we first 
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partly purify pig iron in a Bessemer converter, then take phos¬ 
phorus out of it in a basic open-hearth furnace, and finally super- 
refine in the electric furnace. This complexity has grown up 
from economic demands and conditions and not through lack of 
logical design. It arises from the two following conditions: 
(1) because we do not know how to produce a pure product in a 
liquid form by direct reduction from iron ore, therefore the round¬ 
about method is less costly, provided the materials are kept 
always liquid from start to finish; and (2) industry demands 

Fig. 111-5.—General scheme* or skeleton of iron and steel manufacture. 

some materials of the highest quality, and others at a low price. 
Therefore, different methods must be used to produce different 
types of steel. 

Accordingly, the present complicated series of processes will 
doubtless remain in vogue, unless, and until, some inventor 
discovers a means of producing pure iron or steel direct from ore 
in such condition that it may be rolled directly into final shape 
without the expense of remelting first. Considering now the 
present industry: 

Raw Materials for Smelting.—All iron ore used goes to the 
blast furnace for reduction, except a minor amount used as flux 
in the puddling and open-hearth furnaces. We also charge into 
the blast furnace some pig-iron scrap, chiefly that made inci¬ 
dentally to the operations, such as “skulls'^ which solidify 
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around the runners froni the furnace or inside the ladles. There¬ 
fore, ore and iron scrap are the primary raw materials of the 
smelting operation z.e., the raw materials which contain the 
metallic constituents. In addition there must be raw materials 
for accessory purposes, such as: fuel (usually coke); fiux, lime¬ 
stone being practically universally used for this purpose; and air. 
For every ton of pig iron made in America, under good average 
conditions, there are used a little less than 2 tons ol ore; 100 to 
200 lb. of pig-iron or cast-iron scrap; 1,500 lb to 1 ton of coke; 
3^ ton of limestone, and 3 to 4 tons of atmospheric air.^ 

Steel Scrap Used in Iron and Steel Manufacture.—The 
amount of steel scrap used in open-hearth practice is almost 
unbelievably great to one who learns of it for the first time. 
With the 20,000,000 tons of pig iron normally used per year in 
America in open hearth furnaces, there will be mixed from 
21,000,000 to 22,000,000 tons of steel scrap, "l^he wonder is 
where such an amount of scrap can constantly be obtained. 
About 10 to 20 per cent of it comes from the steel-manufacturing 
and rolling processes themselves, from ingots too short to be 
rolled and similar scrap sources, also steel pieces made and 
rejected by the customer because of improper chemical analysis 
or other qualities, croppings^' and ^Mrimrnings^^ from the 
pieces being rolled or forged, etc. The remainder comes from 
structures, etc., which are torn down, old automobiles, machinery, 
etc. It is a constant surprise that, with all the scrap used every 
year, there still seems to be an unfailing supi)ly at a price lower 
than that of pig iron. Steel scrap is also used sometimes for 
melting in electric furnaces and purifying to steel, especially 
alloy steel. Some is used occasionally for melting with cast iron 
to make what is called semisteel in iroiirfoundry practice. Steel 
scrap must, therefore, be considered a.s one of the most imjiortant 
raw materials of the steed industry. 

Cast-iron Scrap.—Cast-iron scrap to t he extent of nearly 50 
l^er cent of the final product is used in iron foundries. Its 
sources are return scrap—f.c., scrap made in the foiindry 
itself, including rejected castings—also machine-shop scrap and 
worn-out parts, such as old railroad freight-car wheels and parts 

of discarded machinery. 

^ At and atmospheric pressure, each 1,000 cu. ft. of air weighs 76 lb.; 
3 long tons of air have a volume of 90,000 cu, ft. It requires about 
100,000 cu. ft. of air to make 1 long ton of pig iron. 



52 THB METALLVUGY OF I HON AND STEEL 

Accessory Raw Materials Used in Finishing Processes. Fuel 

as ordinarily defiiK'd laea-iiiu^!; coal, f»as, oil, ele. is not used 

in Ihe Bessemer eonxeiter or the electric furnace. Iron-ore Mux 

is used in puddling and open-h(‘.arth furnaces. Limestone Mux 

is used extensively iji the basic open-hearth and basic electric 

furnaces and is sometimes used in cast-iron foundry cuix)las. 

It is used sparingly to adjust the comp(y.silion of the slags in the 

acid open-hearth furiiai^e and a< id Besfsemer coinau’ter. Com¬ 

pressed air is used in Bessemer conveaaers and in foundry cupolas. 

Modern open-hearth plants also blow air in regulated volumes 

to control combustion, ddiese facts are shown in the accompany¬ 

ing summary (Fig. 1.11-5), except that the supply of accessory 

raw materials is indicated only where tlu'y are used regularly 

and somewhat extensi\'el3o 

Relative Quality of Different Steels.—Electric steel commands 

the highest price and enjoys a. rei)utation for highest (pialit}^ 

due chiefly to its relative fretaloin from ox^^gen, entangled oxides, 

and sulphur. It is luner entirel}^ free from these defects but 

more so than the n(cxt steel in (|ualit\% which is acid opiui-hearth 

steel. Acid open-hearth stee l is, in turn, freer from oxygen and 

entangled oxides than basic ste(*l and stands second in quality 

when it is fairly low in phosj)iK)rus and sulphur, which ro(|izires 

that it be made from pig-iron and steel scraj) low in these impuri¬ 

ties, because the acid process does not remov e aii}^ l>hosphorus 

or sulphur during its purification o|xuMtion. Bessemer sUxd 

stands lowest in quaiitjq chieM.y because it is usually relativelj^ 

high in phosphorus and sulphur. 

Relative Tonnage.™ Basic open heartli is now predominant in 

tonnage, because (1) from cheap raw materials it makes a product 

low in phosphonis and sulphur; and (2) intensive study and 

research during the past few years liav e very greatly irnprov’ed its 

quality by lessening its chief defects, viz., a tendency" to hold 

relatively large proportions of diss<ilved ox^^gen and entangled 

oxide particles. 

Since the year 1924, more than 80 per cent of American steel 
has been made by the basic open-heart;h process, and this has 
continued through good times and bad, as shown by Fig, III-6, 
which is taken from a recent address by Dr. George B. Water-^ 
house before the American Institute of Mining and Metallurgical 
Engineers. The next process in relative tonnage is the Bessemer 
(shown also in Fig, III-6), and it should be added that a few 
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million tons of steel per year which m credited to the basic! ofH'ii- 
hearth process is really ‘^duplex’' steel; it is made from piju; 
iron first ''blown’’ in a Bessemer converter and then dephos¬ 
phorized in a basic open-hearth furnace. The basic open-hearth 
and Bessemer processes together produce about 97 per cent of 

Fkj. III-O.— 'Prenda in ])asic open-licarth and stool in Amorioa. 
{('ouficfif/ of Dr, Gettrge B, lV(it<rfioos(.) 

American steel. This leases the acid ()}x^.n-hearth and electric 
furnaces as "equality” steel producers, as distinguished from 
"tonnage” steel producers. By this we do not imply that basic 
steel is not also of very fair quality. Indeed, it enjoys a reputa¬ 
tion for occasional su{K5riority over acid steel in rest)ect of tough¬ 
ness and ductility under static stresses, f.c., stresses that are 

Years 

Fia. III-7.—Trends in acid open-hearth and electric st«el in America. (Courtesy 
of Dr, George B, Waterhouse.) 

constant os distinguished from those which are \'ariable, alternat¬ 
ing, or vibratory. To Dr. Waterhouse we are also indebted for 
Fig. III-7, which shows that acid open-hearth steel has been 
decreasing in production, especially during the p^t fifteen years, 
while the production of electric furnaces has been overtaking it 
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and has at last surpassed it during a time of serious indusirifd 

depression. 

Crucible Steel. -Some metallurgists and some authorilicn'! 

among steel consumers insist that crucible steel, because ef its 

uniformity in high quality, is superior to all other steel, d'hey 

argue that there are temptations to take short cuts to production 

and to resort to doubtful practices in electric-furnace manufacture 

which are not so likely to arise in crucible pract ice. At the same 

time, they admit that electric steel, when properly made and 

with all possible precautions observed, is as high in quality as the 

crucible product. It is the author’s opinion that sometimes 

electric steel is not made so wqW jis it should be, but that it can 

be at least as good as any steel ever produced. Figure 111-8 
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- Fkj. III-S.—Trend in erufihle-Hleol maniifaeturo in America. {Courtof 
Dr. Gf'orge B. Wattrhousf.) 

shows that the production of crucible steel in America has now 
dro{)ped to an almost insignificant amount. It is, therefoi-e, 
omitted from the summary in Fig. III-o. If it were to be added 
there, it would appear under the puddling furnace, since its raw 
material is wrought iron. Germany and France make between 
10,000 and 20,000 tons of crucible steel each in a normal year. 

Wrought Iron.—Wrought iron is made to the extent of about 
500,000 tons in a normal year in America. It costs about 10 
to 20 per cent more tJian the cheapest steel. Its chief claim to 
superiority over steel is in its resistance to corrosion, which is 
Bisfcussed in more detail in the following paragraph. It is also 
valued for its toughness and for a fibrous structure which it 
seems to have.^ It is chiefly used for boilers and boiler tulles, 
water pipes, bars and small structural shapes, and wire, also for 
corrugated roofing and building sheets. It is chiefly valued m 
tte railroad field, and many railroad-designing engineers insist 

11-3, p. 28. 
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that it is superior to steel in fatigue resistance, especially because 
a microscopic crack which appears on the surface of a rotating 
member does not seem to develop, or grow so rapidly in wrought 
iron as it does in steel. This opinion persists among some of the 
highest authorities although attempts to prove it by comparative 
scientific investigations have not led to conclusive results. The 
properties of wrought iron are better in a longitudinal direction, 
i,e., when stressed in lines parallel to the slag fibers, than they are 
in a transverse direction. This is true in both tensile and 
impact tests Wrought iron welds easily by the old hand-welding 
process, which, however, has a decreasing importance, because 
modern methods of welding are replacing hand welding even in 
field operations and cruder types of repair shops. An important 
advantage of wrought iron is its rough surface to which paint will 
adhere more firmly. It is also said to take a thicker and better 
coating of zinc in the galvanizing process. The properties of 
wrought iron are nearest to those of pure iron of any commercial 
material, notwithstanding its slag, because its impurities in 
chemical combination are small. The slag is mechanically 
mi.xed with the metal and does not alter some of its mechanical 
and physical characteristics. It is therefore preferred to low- 
carbon steel for electrical conductivity and magnetic purposes. 
When under strain greater than it can withstand, wrought iron 
stretches more uniformly over its entire length than does steel, 
although the elongation close to the point of fracture may not be 
so great. 

Corrosion of Wrought Iron vs. Corrosion of Steel.—There is 
a prevalent couAuction that steel corrodes more rapidly than 
wrought iron. This opinion rests on no very exact experimental 
evidence, although there are not lacking incidents of very long 
service by wrought iron in situations where steel corroded 
rapidly. One point, however, stands out very clearly in this 
connection, viz., that wrought iron containing carbon streaks'^ 
or wrought iron made from so-called bundled scrapis more 
corrosive than steel made well. Likewise, steel which has been 
badly made and contains blowholes, segregation, or other 
inhomogeneities, will corrode much more rapidly than steel made 
well or than good wrought iron. A number of scientific tests 
carried on over a period of years have indicated, however, that 
there is not a great difference in speed of corrosion between welh 
made wrought iron and well-made steel, although the results 
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have been favorable to wrought iron in a case of sea wat/er and 
alkaline water and to steel in the case of dilute acids and acidu¬ 

lated waters. These scientific tests are not entirely conclusive 

as a basis of commercial comparison. Also they have not always 
taken sufficiently into account the localized—i.e., pitting”— 

corrosion to which badly made material is especially subject. 

It is obvious that a badly pitted pipe or sheet will lose its useful¬ 
ness even though the average corrosion over the whole surface 

is not great. This pitting is caused by irregularities in composi¬ 
tion, such as carbon streaks in wrought iron or blowholes and 
segregation in steel. 

Diagram of Steel Manufacture.—Another type of diagram 
often used to give a general view of the industry is shown in 

Fig. III-9.^ This shows only steel manufacture but gives a pic¬ 

ture of the many different operations required to bring steel to a 
marketable form. 
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CHAPTER IV 

IRON-ORE SMELTING IN THE TWENTIETH CENTURY 

An iron-ore smelting industry requires an abundant supply of 
iron ore, fuel, flux, air, and water. Since the gangue of most iron 
ores consists largely of silica, the suitable flux is limestone, 
because it makes a silica-lime slag. There are a great many 
parts of the surface of the earth where iron ore and limestone 
occur within a reasonable distance of each other, but fuel and 
water are sometimes lacking. For fuel we commonly use coke, 
which is made from bituminous coal, but, unfortunately, not all 
bituminous coals will make a good coke. Water is essential for 
cooling parts of the furnace in order to prevent melting of the 
lining. The first, and most important, item of smelting expense 
is the cost of assembling the raw materials in one center. Water 
transportation of ore is cheap, even over very long distances, 
but coke is bulky and breaks up in handling, whereby it loses 
some value as a fuel. 

Iron Ores 

The iron ores used for smelting consist of chemical compounds 
of iron and oxygen containing more or less water, either in 
the form of moisture or chemically combined as wator of 
crystallization. 

Hematite, Fe203.—The best known of these ores is hematite, 
containing when pure 70 per cent of iron. The red hematites 
are the richer varieties, while the hydrated hematites, or 
limonites, usually contain a good deal of moisture, as well as 
water of crystallization, and are consequently poorer in iron, not 
often yielding more than 50 per cent iron. They are called 
brown hematites. 

Oolitic hematite is a variety that exists in the form of spherical 
grains or nodules. It is important because it sometimes contains 
limestone and is, therefore, valuable not only for the iron but 
for the fluxing quality of the lime. The minette ore of France, 
especially Alsace-Lormine, and of Luxembourg is an enormous 
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deposit of this oolitic hematite, running from 30 to 40 per cent 
of iron and giving a pig iron containing from 1 to 2 per cent of 
phosphorus. 

Magnetite Fe304,—Magnetite contains, when pure, enough 
iron (72.4 per cent) to attract the magnet. In the United States 
and Canada it often occurs mixed with impurities, such as silica, 
titanium, and phosphorus, in large percentages. But other 
magnetite ores—notably those of Sweden—are the purest ones 
that exist in large quantities anywhere and form one of the 
sources of the Swedish iron and steel, which is famous all over the 
world for its purity, i.e., for its freedom from the objectionable 
elements sulphur and phosphorus. 

Siderite, FeCOa.—Another variety of iron ore is the so-called 
i^pathic iron ore, or siderite, which is, however, without any 
importance in the United States. This forms the famous ‘^clay 
ironstone’’ of the Cleveland district in England. It is poor in 
iron and is therefore no longer smelted in any quantity in the 
United States in competition with the rich hematites. This ore 
is almost always calcined before smelting to expel the carbonic 
acid, in order to save the blast furnace the extra work of this 
expulsion in its upper levels. 

Pyrite, FeS^.—Enormous deposits of pyrite occur in many 
parts of the world, but the sulphur must be almost completely 
roasted from such ores before smelting, lest the sulphur in the 
ore plus the sulphur in the coke should together be too much for 
the slag to carr>^ away as calcium sulphide. The sulphur remain¬ 
ing in the pig iron should be below 0.05 per cent, if p(3ssible, 
and preferably below^ 0.02 per cent, because sulphur is costly to 
separate from the metal once it is contained therein and is harm¬ 
ful to the physical properties of both cast iron and steel—with, 
however, certain infrequent exceptions to be mentioned later. 
Therefore, notwithstanding its abundance, pyrite is usually a 
costly raw material for the blast furnace. But mention should 
l)e made of pyrite ores containing copper, which, after removal of 
sulphur to make sulphuric acid and leaching out of copper for 
its metallic value, can be sold to iron smelters at a competitive 

price. 
Occurrence of Iron Ore in the World,—^There is no continent, 

and scarcely any ci)untry, which does not contain some deposits 
of iron ore. These ores are smelted on more than a trifling scale 

jin Europe, Asia, Africa, North America, and Australia. South 
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America has enormous deposits on its west coast, from which ore 
is transported to other countries for smelting, and deposits in 
Brazil, which in size and purity are said to equal the famous ores 
of Sweden. But there have not yet been developed in South 
America extensive deposits of coal suitable for coke manufacture 
to supply blast furnaces with fuel. Considering the world in its 
entirety, four iron-ore producing districts stand out as most 
important through having influenced its industrial history— 
and even to some extent its civil history. They are located in 
Great Britain, northern Scandinavia, Central Europe, and the 
Lake Superior region. Today almost all these ores, with the 
exception of those in Central Europe, require some form of treat¬ 
ment to prepare them for blast-furnace smelting. A few words 
as to the treatments commonly used will therefore precede a brief 
discussion of the regions. 

Presmelting Treatment of Iron Ores.—Reference has already 
been made to calcining siderite in England in order to remove its 
carbon dioxide constituent and to roasting and leaching cuprif¬ 
erous pyrite in order to secure its sulphur and copper values. 
Some ores also require driving off of moisture; e.^., ores in 
northern Cuba contain as much as 27 per cent of water. Recent 
years have also seen a great increase in the mechanical concen¬ 
tration, or enrichment, of iron ores, by washing with water in 
specially designed machines which wash away clay and other 
gangue material and raise the purity and/or the grade of the 
material. Crushing followed by magnetic concentration also 
raises the grade and lowers the proportion of objectionable 
impurities, such as phosphorus. Ores in a state of very fine 
particles are also sometimes agglomerated or ^'sinteredinto 
lumps, which are readily treated in the blast furnaces because 
of their porous character. The sintering operation likewise 
has the beneficial effect of further reducing the content of sulphur, 
if present. All these processes for presmelting treatment will 
be found described in detail in textbooks on mining or on subjects 
intermediate between mining and metallurgy. 

Great Britain.—For at least two centuries England stood out 
as a leader in iron and steel production. The industry 
based m several sizable deposits of ore in the British Isles, some 
of i^hich were high grade, or rieh^ by which Is Usually meant high 

in irdh content. Others were rather impure, meaning that they 
Cbittaitted a good deal of phosphorus, but this produced ^ pig 



IRON-ORE HMELTING IN THE TWENTIETH CENTURY 61 

iron which melted easily and flowed readily into thin castings. 
England also possesses bituminous coal which makes as good a 
coke as any in the world. When her competitors began to make 
iron and steel on a very large scale, England lost her predominant 
position because of lack of progressiveness in two respects: (1) 
Her ironmasters failed to secure and import ore from other 
countries on a large enough scale to enable her to keep pace with 
the United States and Germany; and (2) they failed to adopt 
early enough new means and blast-furnace devices promoting 
fuel efficiency, tonnage production, and better chemical control 
of the operation and product. 

This conservatism has both its strong and its weak points: It 
kept manufacturers away from experiments and developments 
which proved in some cases to l>e very costly; on the other hand, 
it caused the English industry, which had been a leader both in 
tonnage production and in teclmical skill, to drop to fourth 
place in pig-iron production. The general trends of production 
for the last sixty-seven years are shown in Fig. IV-1, in which 
we see that English production remained almost stationary while 
that of her competitors increased rapidly. As an opposite policy, 
Germany, when deprived of the Lorraine mines in 1918, began 
importing extensively from Sweden, until her production came 
back almost to normal. Likewise the iron manufacturers near 
the eastern United States seaboard secured ore deposits in Cuba 
and South America, when hard pressed by competition of blast 
furnaces located nearer than they to the Lake Superior deposits. 

Lorraine-France-Luxembourg District,—This is the famous 
iron-ore district of Central Europe often referred to as the 
minette district and opened less than one hundred years ago. 
One outstanding characteristic of the district is a high content 
of phosphorus in the ore, so that the phosphorus in the pig iron 
piodueed is usually too high for an economical basic open-hearth 
process, because it is costly to remove a good deal of phosphorus 
in. the basic open-hearth furnace. Therefore, the pig iron is 
especially suitable for a basic Bessemer converter, since all the 
impurities are removed rapidly in a Bessemer “blow.'' The ores 
are low in grade, averaging usually between 30 and 40 per cent 
of iron. But this is largely compensated by the fact that many 
of the ores have limestone as a gangue. It is, therefore, possible 
to mix ores having siliceous gangue with those having limestone 
Iimgue in pro|^ to give the desired sihcarliine slag an 
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therefore, obviate the necessity of using a Jimesione flux, t'onse- 
quently, the ore burden is as rich using this “self-fluxing” mixture 
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Fig. IV'1.—Annual pig'-iron production in the four principal siderurgical 
countries of the world. 

ae if richer ores were used and limestone added to them. This 
iron-ore district is the basis of extensive industry in Central 
Europe* It has twice been taken as the spoils of war, because 

T
o

n
s 



IRON-ORE SMELTING IN THE TWENTIETH CENTURY 63 

the Germans took it from the French in 1871 and the latter got 
it back in 1918. The influence of a great iron-ore district on the 
production of a country is illustrated in Fig. IV-1: Germany 
rapidly drew ahead of France in pig-iron production after 1870, 
when the minette ores were owned and mined by her on a large 
scale. It will, furthermore, be noticed that the German pig-iron 
production dropped 50 per cent in 1919 owing to the loss of the 
province of Lorraine. After that, Germany began importing 
iron ores extensively from Sweden and hence production rose 
again. It will be noted, however, that the French production 
rose significantly in tonnage, beginning about 1920. The fact 
that France passed Germany in 1930 is due, however, not entirely 
to the recovery of Lorraine but also to the depression's not being 
so great in France as it was in Germany. 

Norway, Sweden, and Finland.—These Scandinavian deposits 
have been worked perhaps for a longer period of time than any 
other large iron-ore resources in the world. They represent also 
one of the most extensive deposits in the world, containing 
between 1,500,000,000 and 2,000,000,000 tons of ore. Their 
most outstanding characteristic is that they are magnetic in 
character. Some of them are extremely pure, meaning that they 
are low in phosphorus; others give a phosphorus iron suitable 
for a basic open-hearth process; and some have so much phos¬ 
phorus that the pig iron is most suitable for the basic Bessemer. 
Some of the ores are naturally of very high grade, meaning high 
in iron content, and all of them are high grade after a water 
concentration. About 80 per cent of all these iron ores mined 
are exported. This is because coke has to be imported into 
Sweden at an extremely high price. Charcoal has been used for 
smelting there for centuries, but the forests are becoming 
exhausted and the charcoal more costly, so that an electric 
process of iron-ore smelting has been developed and brought to a 
high state of technical excellence in Sweden, although the tonnage 
is not large. 

Lake Superior Region.—^The discovery and development of 
the Lake Superior iron-ore deposits well illustrate the effect 
of large iron-ore resources on industrial development of a country. 
The deposits on the south side of Lake Superior were opened 
between the years 1864 and 1884, inclusive. The two larger 

ranges on the north side, Vermillion and the great Mesahi, 
were p|^n^ ip 1884 and in 1892, respectively; From Fig. IV-1 
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it will b6 noticsd that th© Unitsd States passed Great Britain in 
production in the year 1890 and took first place as a pig-iron 
producer. She has been increasing her predominance ever since. 
Nearly 90 per cent of all the pig iron made in the United States 
now comes from Lake Superior ores. When first mined, these 
ores were rich in character but they now require water concen¬ 
tration in some cases. The amount of phosphorus in the ore 
usually makes them of basic open-hearth grade, although selected 
ores make pig iron low enough to produce Bessemer steel of the 

Fio IV-3.—Steam shovel loading soft ore. (Courtesy of Bethlehem Steel Carp.) 

standard requirement of less than 0.100 per cent of phosphorus. 
It is probable that the industry of the United States would not 
have developed on such a large scale if it were not for the abun¬ 
dance of the Ijake Superior ores, coupled with the cheapness with 
which they can be mined on account of the earthy character of 
some of them and the fact that they lie relatively near to the 
surface. An added advantage is their extremely cheap trans¬ 
portation to smelting districts on account of the presence of the 
(Ireat lakes. The character of the ores also makes it passible 
to handte them in gr«it quantities by ch^p methods. 

Iffiniac Meamda at Lake Superior.—Soiw of the Lake Superior 
deporiin ife near the surface and are therefote cheaply mined. 
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This is especially true of the soft, earthy deposits of the Mesabi 
range, which are sometimes worked in great open cuts, the ore 
being loaded upon cars by mammoth steam shovels or sometimes 
by the caving method, the ore falling by gravity into cars situated 
in underground tunnels. The massive, or rock, ores are more 
costly to extract, and the utmost skill of American blast-furnace 
men has been exercised to employ as large a portion of the earthy 
ores as possible without choking up the furnace. The practice 
of agglomerating or sintering fine ores into lump form is becoming 
more prevalent. 

Ore Transportation.—A peculiarity of the Lake Superior 
deposits is that most of the ore is transported a distance of 
800 miles or more in order to bring it to the coke. Thus, western 
Pennsylvania, Ohio, and South Chicago receive much of the ore 
shipped from the Lake Superior mines. Since the weight of coke 
used in the blast furnaces is only about one-half the weight of the 
ore, it might seem uneconomical to carry the latter to the former. 
But coke is bulky in proportion to its weight; furthermore, it 
suifers a good deal of waste in transportation in consequence of its 
friability and of the fact that so much of it is broken down into 
pieces less than 1 in. in diameter (technically known as breeze} 
which are not suitable for charging into the blast furnace. The 
ore, on the other hand, may be handled by the cheapest and most 
rapid labor-saving devices. Indeed, in many cases, the ore is 
never touched by shovels in the hands of man but is mined, 
charged, and discharged in units of several tons each by gravity or 
by specially designed machinery. The mining and transporta¬ 
tion of this great amount of mat.erial is in itself a mighty industry, 
every advance in which has contributed in no small share to 
the increasing volume and importance of the iron, steel, and other 
industries of the United States. The steam shovel loads the ore 
into railroad cars, which run almost by gravity out on to long 
docks alongside of which are brought the boats capable of taking 
a load of 10,000 to 20,000 tons of ore each. The hatches of 
these boats are placed such a distance apart that the hinged ore 
chutes of the bins may be swung down and, when the gates are 
opened, the ore allowed to flow directly into the hold of the 
vessel. In a few minutes the vessel receives her full cargo. 
The unloading of the boats is accomplished with almost as great 

^lerity as the loading, and by means of modem machinery n 
i^mer containing as much as 16,000 tons of ore has been 
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completely discharged in about 4 hr. at the other end of her 
journey. Nor is any time lost in coaling the vessel for another 

The W4lfnan Company.) 

journey up the lakes and back. Great machines pick up whole 
railroad cars of fuel and empty them bodily into the chute 
which hppnects with the bunkers of the vessel, many of the ore 
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steamers being so constructed that this wholesale loading of 
coal can go on at the same time as ore is being discharged. 

Bessemer and “Non-Bessemer’’ Ores.—American iron ores 
are divided into two great classes known as Bessemer and 
non-Bessemer ores. •The Bessemer ores contain somewhat more 
than one thousand times as much iron as they do phosphorus. 
They will, therefore, smelt to a pig iron containing less than 
0.09 per cent phosphorus, which can be blown in an acid Bessemer 

Fig. IV-G.—Iron-ore deposits in the United States. Also sources of coke 
and location of blast furnaces. {From Richard Hartshorne, Journal of Geography^ 
vol, 28, AprU, 1929.) 

converter to a steel having not more than O^lOO per cent phos¬ 
phorus. This is the normal maximum for steel. These Bessemer 
ores command a premium of about 75 cts. per ton above the non- 
Bessemer ores, which, of course, are those higher in phosphorus. 

Other Unit^ States Deposits (see Fig. IV-6).—In the district 
surrounding Birmingham, Ala., are found deposits, of iron or® 
with limestone and coal so close together that none of it requires 
more than 50 miles’ transportation to bring all three to a common 
smelting center. It is believed that the assemblji cost of ra# 
nmterials is cheaper in Alabama than at any other place 
the world. The ores are rich in iron but higher in phosj^rus 

than HiMt American ores. They make a {Hg iton often con* 

taini)^ as mueh as 0.60 per cent phosphorus, but th^ prodhcrioii 
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costs are low. Other important iron-ore districts in the United 
States are the Adirondack region in New York State and the 
Cornwall district in Pennsylvania. Districts in Wyoming, 
Colorado, and Utah are impojtant because they can be smelted 
close to markets for pig iron, which are a long distance from 
the eastern smelting centers. 

Spain and Russia.—From the tonnage standpoint the deposits 
of Spain and Russia are important, although they have not as 
yet greatly affected the world^s industrial evolution. Most 
of the Spanish iron ores are exported to England and other 
countries for reduction purposes. The Russian deposits are 
just now undergoing development and may have an important 
influence in the future. 

Accessouy Raw Materials 

We have already discussed^ the reasons why charcoal is used 
in a few instances for blast-furnace smelting, but we shall confine 
ourselves to discussing coke as a fuel in modern practice, because 
of its great predominance. Limestone requires no special dis¬ 
cussion here, and the use of air in blast furnaces resolves itself 
merely into a discussion of the best apparatus for blowing the 
required quantity at the necessary pressure. 

Coke.—All modern progressive plants make coke by the; 
so-called by-produci process, in which bituminous coal is subjected 
for about 17 hr. to distillation in a refractory fire-brick retort ’ 
whereby almost all of its volatile constituents are driven from 
it, leaving a spongy mass containing 85 to 93 per cent of carbon, 
7 to 15 per cent of ash, 0.5 to 1.25 per cent of sulphur, and 
0.5 to 3 per cent of residual volatile matter. One ton of repre¬ 
sentative bituminous coal will yield approximately 70 per cent 
of coke, 10,000 to 12,000 cu. ft. of gas, 8.6 gal. of tar, 3 gal. of 
light oil, and 22.> lb. of ammonia, calculated as ammonium 
sulphate. The gas has a calorific power in the neighborhood of 
660 B.t.u. per cubic foot and is one of the most important 
fuels for steel manufacture and treatment. This is one of the 
reason® why a by-product coking plant is now customarily 
placed within, or adjacent to, the blast furnace and steel plant. 
Almost aB of the coke-oven gas is today made available for steel 
heating ind melting furna^^^ and the gas which comes from 

ihe top o furnace, which has a calopfic v$lue of only 

-rtBrnpm. ,,;:v 
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about 90 to 110 B.t.u. per cubic foot, can be utilized for heating 
the coke retorts. Another advantage of having the by-product 
plants adjacent to the blast furnaces is because coal can be 

transported to them with relative economy, whereas coke is 
more friable and partly breaks into small pieces, technically 
known as breeze,which cannot be used in blast-furnace smelt¬ 
ing. The tar obtained from by-product coal distillation is also 
sometimes used as a fuel in open-hearth and other furnaces. 
The requirements of a good iron blast-furnace coke is that the 

Fig. IV-7.—Battery of by-product coke oveus. (CourltiH}/ of Bethlehem Steel 
Corp.) 

pieces shall be neither too large nor too small. It is now cus¬ 
tomary when smelting fine ores to crush coke to a maximum 
size of 4 in. and to screen out from the mass all the breeze, 
the name applied to coke particles less than in. in diameter. 
This breeze can be used for firing on special grates, but it chokes 
up the blast furnace and should not be permitted to go into the 
stack. Another important characteristic of coke is that it 
ahall be tough enough not to break into small pieces when 
handled and crushed. At the present time it is customary 
at some blast furnaces to dump the coke into bins situated 
directly over the bottom of the skipway (see Fig. so 
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that a gateway may open and coke may be allowed to flow 
by gravity directly into the skip, thus avoiding handling and 
breakage. A coke grizzly situated under this bin affords a 
last screening out of small pieces. Good coke should have a 
maximum of 12 per cent of ash, and preferably not more than 
10 per cent. Likewise, a maximum of 1.25 per cent of sulphur, 
and preferably not more than 1 per cent. 

Air.—Iron blast-furnace blowing apparatus 
is of either the reciprocating or turboblower 
type. Turboblowers began to be used 
about the beginning of this century, 
because of lower first cost, greater flexi¬ 
bility, less attention required, less weight 
and less space occupied (see Fig. IV-9). 
Turboblowers also lend themselves readily 
to automatic regulation in respect of 
uniform pressure or uniform v’olume 
delivered. Many mechanical-engineering 
authorities still advise reciprocating cylinder¬ 
blowing engines, however, because of com¬ 
plications in superheat and partial vacuum 
required for turbine operation, and because 
they believe the reciprocating engine is 
more uniform, more adaptable, and more 
economical in operation under service 
variations (see Fig. IV-IO). Comparisons 
are still a matter of controversy and both 
types are installed on occasion. 

A Modern Blast Furnace 

A modern blastr-furnace plant must 
include not only the stack itself and at least 
three stoves for preheating the blast but structure of by- 

also an enormous battery of storage bins for 
the storage of solid raw materials, a coke-oven plant for produc¬ 
ing fuel, blowing apparatus for air, pumping apparatus for water, 
ladles for taking away the pig iron and the slag, a casting machine 
for putting the iron in the form of pigs when necessary, and a slag 
dump for disposing of the cinder.' Usually included in the blasts 
furnace plant is also a considerable battery of gas engines in 
Urhich some of the top gas is converted into power and thence 
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Fiu. IV-9. Turboblower for iron blast furnace. Centrifugal compressor 
type, driven by condensing steam turbine. 110,000 cu. ft. air per minute. 
20 to 30 lb. pressure. {Courtesy of General. Electric Co.) 

Fig. IV-10.—blowing ^penito4 by blavt^oiriiiHse gag 
engines. (Cmrtmy of BMekm SM Corp,) 
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into electricity, as well as boilers for steam production. Such 
a plant will cost in the neighborhood of $3,000,000 to $4,000,000 
per furnace. Obviously, to cover this subject adequately, a 
whole book would be necessary, and we can here only touch on 
the points of maximum importance. 

Storage at Blast Furnace in Piles and in Bins.—Since most of 
the Lake Superior ores have to pass through the Sault Sainte 
Marie Canal in order to reach the smelting centers, and since 
this canal is icebound for thi’ee to five months each year, it is 

Flo. IV-11.—Storage pile at smelting plant {('ourU^y of Bethlehem Sted Corp,) 

necessary to have large stock piles at all the blast-furnace plants 
to carry over the ore supply during the winter season. During 
the shipping season, the ore is unloaded by gravity from the 
bottom-dumping railroad cars which bring it from the ships to 
the plant directly into bins arranged in low rows near the blast 
furnace. An elevation of such bins is shown in Fig. IV-12. 
During the off season, the railroad cars are loaded from the stock 

piles and thence into the bins. 
^ Huniiljpg Solid Raw Materials.—One sectional view of a 

&odem American blast furnace and handling apparatus is 
shown in Fig. IV-12, to which reference is made as follows:^ 

^ Taken from Wu-uam A. Havbk, Recent Developments in American 
Blast Design and Practice, Journal Iron and Sted Inditute, No. 1, 
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Coke is loaded from a car or conveyor directly into two bins 

which will drop it, when desired, directly into the blast-furnace 
skip car, thus avoiding handling with consequent breakage. 
Ore and limestone are contained in two long parallel rows of' 
bins situated adjacent to the furnace. Underneath these bins 
runs an electric larry, which receives a charge of one or both 
of these materials and transports it to the foot of the blast-¬ 
furnace stack. The larries are fitted with weighing apparatus 

which weigh the material in transit. From the larry the material 
is dumped into the skip car shown, by which it is hoisted to 
the top of the furnace and dumped into the upper hopper. The 
bottom of this hopper is closed by a bell, which can be lowered 
at intervals and discharges the contents of the hopper into the 
lower hopper. In a great majority of our American blast fur¬ 
naces, a McKee revolving distributor (see Fig. IV-13) distributes 
the raw materials evenly in the lower hopper, thus insuring a 
tetter distribution of the eharge when it is dropped into 
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furnace. After the lower hopper has received many charges 
from above, this bell is lowered and the material allowed to 
fall in an annular stream into the furnace. Obviously, this 
is one of the times when fine dust is liable to be carried by the 
gases out of the furnace and into the gas-cleaning apparatus. 

Fig. IV-13,—McKc^e rotating blast-furnace top hopper. The skip dumps a 
load of material into the upper hopper, the l)Ottom of which is the small bell. 
This load of material, together with the upper hopper and the small bell, is then 
revolved through a predetermined angle. The small bell is then lowered, 
depositing the material into the large hopper. This process is repeated for 
every skip load until enough skip loads have been deposited to make one “round,” 
as it is called, on the lower bell. Then this bell deposits its load ii\to the fur¬ 
nace. Now the cycle is repeated, except that, for the next round, the angle of 
rotation of the upper hopper is changed. This gives a l>etter distribution of 
coarse and fine material in the furnace, in order to prevent channeling of the 
gases, with consequent faster or slower working in different sections of the 
horizontal area of the furnace stack. 

The hoisting of the skip and the lowering of both bells are under 
the direction of a man in the hoist house. The regularity 
with which the man operating the larry and the man in charge 
of the hoist house perform their functions has an exceedingly 
iiiii|»rtant influence on the regularity of the working of the blast 
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furnace and, therefore, its uniformity and economy. An appa¬ 
ratus to record constantly the exact, position of the stock line 

Fiti. IV-14.—Solid raw materials at the stock line. The upper stock line shows 
how coarse and fine materials distribute themselves when the middle point of the 
stock line is about 9 ft. below the bottom line of the closed bell. The lower line 
BCD shows how the materials arrange themselves when the middle point is 
17 ft. 3 in, below the bell. It is evident here that the coarse materials will 
tend to run downhill and accumulate around the central core of the furnace, 
thereby offering less resistance to the passage of the hot ascending gases of 
the furnace. This is further shown by the higher temperatures indicated at the 
central core of the furnace. It will also be noted that the temperatures near the 
periphery are also higher, showing that here too the gasee ascend with greater 
velocity and eonsecjuently there is less absorption of their sensible heat by the 
solid charge. 

in the furnace connects to an index in the hoisting houise Mid 
ady^ the hoist man of the level of the stock line. It irili he 
obvious from Fig. IV-14 that, sinee some materiid is in ltiin|is and 
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other in small size, there will be selective running down hill where¬ 
by lumps will tend to run toward the center, provided the stock 
line is too far below the bottom of the hopper (see line BCD), 
whereas there will be a double-cone arrangement when the stock 
line is close to the hopper. It is exceedingly important that the 
stock line be maintained at a constant point by charging raw 
materials as fast as the column descends in the furnace, in 
order to maintain as even as possible a distribution of large 
and small particles so that the ascending gases may travel 
evenly through the column of solids instead of finding points 
of least resistance. This is the reason why (when using earthy 
Mesabi ores) coke is sized from 4 to 1 in. in diameter and why 
even some of the lumpy ores are crushed to about 2-in. diameter 
when they are used together with earthy ores. However, it 
has been shown that the use of two or three sizes of raw materials 
gives a better contact betwejen solids and gases than where only 
one size is used, provided the differences in sizes are not too 
great, and provided the distribution in the furnace is fairly 
uniform, so that small particles will partially fill up the interstices 
between the larger particles. The ideal is to get as perfect a 
contact between gases and solids as possible and to maintain the 
contact over as long a period of time as possible. 
/ Furnace Lines and Their Development.—The first blast 
furnace had a hearth which was very narrow in comparison with 
the diameter of the bosh and stack, ^ The object was to deliver 
the blast near the center of the furnace in order that a dispro¬ 
portionate amount might not seek the path of least resistance up 
along the furnace walls. A further advantage of this narrow 
hearth was the support offered to the charge in the furnace, as 
may be readily understood by reference to Fig. 1-3. But there 
is today a better understanding of driving air so that a part of 
it penetrates by its own velocity to the very center of the furnace. 
Furthermore, modern coke is strong enough to support the entire 
weight of the superincumbent charge in the furnace, if necessary. 
And, finally, it is known that the blast itself affords a considerable 
degree of support to the weight of the solid material in the 
iumaoe. indeed, the pressure of the blast is due solely to 
the resistance which the descending column of solids offers to the 
ascending gases. On account of these prevailing conditiohsi 
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hearth diameters are now made almost as large as the diameter 
at the top of the bosh. This gives greater hearth volume for 

combustion of coke and decreases the abrasion of the bosh inwalls 

due to the descent of the coke column when it is burned away 
near the base. A modern American furnace (Fig. IV-15) will 
have a hearth diameter of about 25 ft., because it is believed that 
this gives a greater speed of combustion than hearths either 

smaller or larger. It should be noted, howe\'er, 
^ that investigations in Germany on a somewhat 

extensive scale seem to indicate that no additional 
speed was obtained when the hearth diameter 
exceeded 18 ft. The problem in Germany is, 
however, different in twp respects from that in 
America, because, first, the Germans do not ha\'e 
to get their blast-furnace temperature so high or 
their slags so limey, since a great deal of their iron 
is used in the basic Bessemer process and can 
therefore contain more sulphur than is acceptable 
for use in America in the basic open hearth; and, 
second, the Germans are not under the same 
necessity of using fine ores, which tend to reduce 

Fig. IV-15.-- which the ascending column of 
Lines and climcn- i i i i i 
sionsofaraodern gases Will pass through the descending column 
American iron jn the fumace Therefore, German 
blast furnace. i t , , 

blast pressures can be, and are, lower than they 
are in American practice. The maximum diameter of the Ameri¬ 
can furnace at the top of the bosh is 28 ft., and it is customary to 
have a section about 10 ft. high with V'Crtical walls at this point. 
The diameter at the stock line should be from 20 to 22 ft. Some 
recommend a throat-line diameter even equal to the hearth 
diameter. The object of a large stock-line diameter is to get a 
good distribution of raw materials in the furnace, as discussed 
more fully later. The total height of the furnace will be 75 to 
105 ft. These general dimensions and lines are illustrated in 
Fig. IV-15. 

Limiting Dimensions.—When the preheated bl^t strikes the 
surface of the coke and combustion occurs, a temperature esti¬ 
mate to be in the neighborhood of 3150®F* is produced, by the 
reaction C + Og « CO2. This temperature is somewhat reduced 
by the secondaf^ reaction 2CO2 + O2 - 4CO. The reguiting 
white-hot nitrogen and carbon monoxide ascend through the 
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boBh and begin very rapidly to melt the solid materials at a level 
approximately 18 to 20 ft. above the tuyeres. This level marks 
the top of the bosh and therefore fixes the bosh height at about 
20 ft. This again determines approximately the optimum 
diameter of the furnace at the top of the bosh, which also must 
be the maximum diameter of the stack, because, as the charge 
begins to undergo chemical reaction when it descends from the 
stock line, it tends to swell slightly. Therefore, the stack diame¬ 
ter must increase slightly from the throat to the top of the bosh. 
The diameter of the furnace at the throat is determined by 
conditions of good distribution of furnace stock from the bell. 
This again limits the height of the stack. Different types of 
ores will obviously produce different conditions. The modern 
American furnace using a considerable portion of cheap, earthy 
Lake Superior ores will be limited to approximately the dimen¬ 
sions shown in Fig. IV-15. 

Tuyeres.—The total area of the nozzles of all the tuydres in 
relation to the volume of blast will, of course, determine the 
velocity of the blast at the nozzles, provided the area of the 
conduits leading to the nozzles is always greater than the sura of 
the areas of nozzles involved. The number of tuydres around the 
periphery of the hearth will be determined by the optimum 
distance between tuyeres and therefore the uniform distribution 
of blast. Finally, the diameter of each tuyere nozzle will, obvi¬ 
ously, depend on the number and the total area desired. Many 
pages could be written on a discussion of the factors mentioned, 
but we may summarize here by saying that the modern furnace 
usually has between 10 and 12 tuyeres, with a diameter between 
6 and 9 in. each. 

1 Furnace Lining.—Siliceous brick is used for lining the furnace 
from the hearth to the throat, because it is cheap and strong and 
resists both abrasion and melting. Since the slag is predomi¬ 
nantly lime, we should expect that this acid lining would be 
attacked wherever the slag is molten—f.e., in the bosh and smelt¬ 
ing zone. Two factors tend to prevent this attack: first, the 
lining is cooled by water coolers, described in the next paragraph 
and, second, the normal blast-furnace reactions^ cause a deposi¬ 
tion of carbon in the charge. In time, this carbon bakes on to 
the inner surface of the brick, forming a harci scale which is not 

^ ^ 8ce Fig. lV-m 



Fio. IV-16.—Section of blast-furnace smelting sone. {From Howe, 
Steel, and Other Alloys*") 

Drops of iron / 
Lumps of coke ^ . 
Lumps of spongy iron % ““l*®“ "•»* 

Lump, of lime O Lnye.r of molten iron BMS - 

Drops of slag ^ 

\ Cooling the lining.—The bosh walls are always cooled by 
wedge-shaped steel castings placed in the brick work in circles, 
somewhat as indicated in Fig. IV-16. Sometimes bronze or 
copper castings are used instead of steel, because of the better 
heat conductivity of the metal. The lining of the stack is some¬ 
times also cooled by water coolers spaced a greatm* dis^ce apart 
than the coders in the bosh. Smnetimes the coolers in tile stadk 
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are dispensed with altogether. The 
hearth bricks are cooled on the outside 
by water which flows continuously over 
the steel plates. 

Water.—The amount of water used for 
blastr-furnace cooling will depend on the 
size of furnace and conditions of opera¬ 
tion, so that no general figures can be 
given, but a modern furnace will require I 
about 5,000,000 to 7,000,000 gal. per day, 6 
of which about half is used for cooling the g 
tuyeres. £ 

Life of Furnace.—Furnace linings must | 
be torn down and rebuilt when the lining £ 
gets badly worn, so that the furnace does ^ 
not work properly. An American furnace g 
will last about three years for one cam- | 
paign, during which 1,000,000 tons of pig H 
will be produced. But records exist of i 
American furnaces having made as much ^ 
as 1,600,000 tons of iron before having to g 
be torn down, g 

w 
Q 

Preliminary Discussion of the ^ 

Smelting Operation 5 
s 

Cost of Making Pig Iron.—Costs of pro- g 
duction are confidential in nature. The £ 
cost figures, shown in Table IV-I, are •< 
very general in nature and do not repre- 
sent any individual furnace. They are ^ 
only approximate as representative figures, g 
It is probable that no one knows exactly 9 
what representative cost figures would be. ^ 
Nevertheless, the %ures in Table IV-I 

illustrate the important principle that the 
cost of pig iron is chiefly due to the cost 

6f raw materials and the operating costs 

are of ihiitor relative amount. Never- 
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position of a producer in any market. The principal factors of 
operation which can reduce the cost of the product is in the 
efficiency of the use of fuel and labor. Tonnage is the principal 
factor in labor costs, because a furnace can make 1,500 tons of 
pig iron per day with almost the same labor that will be necessary 

to make 1,000 tons. 
The Smelting Operation.—The blast furnace is a huge chemical 

vessel in which the materials are first heated to the point where 
some reducing chemical reactions will occur, then melted, and 
then still further heated until additional chemical reactions take 
place. In general, the principal chemical reaction is the reducing 

Fig. IV-17.—Graphic representation of the weights of solid materials descend¬ 
ing in the blast furnace and of gaseous materials ascending, showing effect of 
reactions between gases and solids. {From Campbell, “ The Manufactiire and 
Properties of Iron and Sted*' New York, 1907.) 

effect of hot carbon monoxide gas on the various oxides, notably 
the oxides of iron and of silicon, manganese, and phosphorus. 
H. H. Campbell* has given us the best summarized illustration 
of tl»8e reactions, as shown in Fig. IV-17. This is shown in 
connection with the small furnaces in use fifty years ago, but the 
principles remain the same today. It will be noted that an 
ascending column of hot gases passes through the furnace from 
the tuyeres to the throat. The most voluminous gas is nitrogen, 
which takes no part in the chemical reactions. The most impor- 

*8ee reference, p. 20. 
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tant iH carbon monoxide. It will be noted that this gas takes 
oxygen very rapidly away from hematite. Complete reduction 
occurs by the time the ore has descended 32 ft. down the stack. 
This reduction converts carbon monoxide to carbon dioxide, and 
the ratio of carbon monoxide to carbon dioxide in the top gases 
has long been considered the index of elSiciency of blast-furnace 
reduction. Top gases which contain only twice as much carbon 
monoxide by volume as they do carbon dioxide have been con¬ 
sidered to indicate good practice. But recently improved 
methods of combustion and better and longer contact between 
solid materials and gases have brought the ratio down to almost 
as low as 1.5 to 1. This is illustrated in Table IV-IA. A more 
detailed exemplification of blast-furnace reactions is given in 
Fig. IV-20, from which we can understand the column marked 
Carbon Deposition in Fig. IV-17. It is important that carbon 
be deposited on the bosh walls and on the solid materials in the 
stack of the furnace, notably on the surfaces of the spongy 
reduced iron, which puts it in a position to dissolve carbon when 
it is red hot and still more rapidly after melting. 

The Different Zones of Iron and Silicon Reduction.—Iron 
oxide should be reduced in the upper part of the furnace stack. 
It has long been considered that even FeO should not be 
[X>rmitted to descend below the top of the bosh, but recent 
investigations indicate that, in the central core of the furnace, 
some FeO niay be reduced by solid carbon even in the 
smelting zone itself. As to the oxides which are above iron in 
t heir heats of formation, we know that they cannot be reduced to 
metallic form until we get to the very high temperature of the 
smelting zone itself. They are probably not even then reduced 
by carbon monoxide but by solid carbon. Phosphorus is so near 
iron in the heat of fonnation of its oxide that all of it wtll be 
reduced and dissolved in the iron at any temperature which is 
feasible in blast-furnace operation, because we must have a 
temperature at least high enough to deliver the product in liquid 
form. Therefore, all the phosphorus existing in the iron ores 
will be reduced and pass into the iron. Ordinarily, all the 
manganese will also be reduced and dissolved, although it is 
possible, by using not too high a temoerature and a slag relatively 
high in silica, to carry some of the manganese in the slag instead 
of in the iron. Silica is abundantly present in the charge, because 
coke ash is rich in silica and most iron ores contain it* The 
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amount of silicon in the iron will, therefore, depend on the 
amount reduced from it.s oxides which will in turn depend upon 
the temperature of the furnace. A furnace will produce 
an iron relatively rich in silicon (say 2 to 3 per cent), an<;J we may 
make a special product known as ferrosilicon containing as much 

Table IV’-IA.—Analysis of Top-oas Samples^ 

Ore sizing 
Number 

of samples 

Per cent by volume CO to 
CO, 
ratio CO. r (^O 

1 
N.,* 

/ i 3 9.2 30 6 61.2 
\ 18 10 7 29.4 1.5 58.4 

No sizing.\ 13 11.5 28.6 2.5 57 4 
1 12 : 9.8 29.6 2.3 58.2 

\ 7 1 10.2 28.7 61.1 

Average *. 53 10.5 28.1 2.0 59.4 2. (>8 

Two sizes. 2 10.9 28.4 60.7 2.00 
Two sizes mixed.S 5 13.1 26.6 1.8 58.5 : 

1 2 10.1 27.3 j 2 9 59 1 1 

Average^. 7 12.2 26.8 2.1 58.9 2 20 

1 13 4 ! 26 5 60 1 i' 
1 4 13.2 23 7 2.5 60.4 [ 

Three sizers.) 8 15.2 24.5 2.4 58 0 
) 2 i 13.2 28.1 58.7 
1 5 13.4 26.9 1.6 > 58 .1 

54 17.2 25.4 .8 1 56.6 

Average. 74 16.3 25.4 1.1 57.2 1 64 

^ From 8 P Kmney, Effect of Sued Ore on Blaet Furnace Operation. U 8. Bureau of 
Mmee, Tecknteal Paper 450, 1930 

* By difference 
* Weighted average 

as 10 per cent silicon. On the other hand, a relatively “cold” 
furnace will produce an iron low in silicon. 

Optimum Operation Depends on Uniformity.—^For the best 
opemtion of a blast furnace it is iraportemt that we Obtain‘'the 
greatest possible uniformity. This refers to chemical reacttons 
pniformiy taUng place at the same level in the furnace ami ako 
utdfonnity of the passage of the ssoendbtg ga^es through all 
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parts of the descending column of solids. By these two processes, 
uniformity in quality, in chemical composition, in temperature 
of the pig iron, in the economy of fuel combustion, and in furnace 
upkeep is maintained. The ascending gases will have a tem¬ 
perature of about 2750®F. at the level of the tuyeres and about 
350®F. at the throat. This drop in temperature obviously occurs 
by contact between the gases and solids. Where the gases find 
columns of least resistance between the solids, they will carry 
their temperature to a higher point in the furnace and vice versa, 
A study of a blast furnace to show velocity of the ascending gases 
at different points in the stack is shown in Fig. IV-18, which is 
taken from Fig. 4 of Flow of Gas in the Blast Furnace Shaft, by 
S. P. Kinney.^ It probably does not represent extreme condi¬ 
tions, but it illustrates how parts of the column may be more 
permeable because of running down hill of larger particles-and 
how the furnace walls make paths of low resistance. Of course, 
uniformity also depends upon uniform combustion at the 
tuy^ix^s, which is secured by constancy in volume, temperature, 
and pressure of blast. The two most important factors in 
furthering uniformity' are, therefore, (1) uniformity in sizing and 
distributing of raw materials at the throat and (2) uniformity in 
combustion at the tuyeres. 

Blast Temperatures, Pressures, and Volumes.—A furnace 
producing 1,200 tons of iron per day (equivalent to 1,867 lb. 
per minute) must be supplied with about 75,000 cu. ft. of air 
(equivalent to 5,625 lb. of air) per minute. This air will be 
heated to a temperature of 1200 to 1400°F. The higher tern-* 
peratures will be used where a large amount of earthy ores are 
not smelted, for the following reason: Earthy ores offer more 
resistance to ascending gases; therefore, they require a larger 
proportion of the porous coke in the charge to help keep the 
column permeable. But the higher the blast temperature, the 
less fuel will be needed to produce the requisite heat, and there¬ 
fore the less permeable the char^. The speed of the operation 
depends upon the rapidity with which coke can be burned, 
because the charge can descend only as fast as coke is converted 
to gas. Therefore, the greater the blast volume, the greater 
the speed, provided the hearth is large enough to afford suflSiCient 
combnstion space and provide the velocity of blast will drive it 

hetween tte interstices of coke and unifori^y distribute it from 

IJ. ft Bum Minm, I>©eembe^^ 
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PiO* IV-18.~--Ga8 velocity at various planes in an iron blast furnace. (Ffom 
Kinney, '^Flm ofGa$ in th^ Blast Furnace Shaft,** U, 8. Bureau of Mines, Decern^ 
>«r. 1029.) 
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the mouths of the tuyeres around the periphery to the center 
core of the furnace. The temperature of the blast also has a 
bearing in this connection, since the hotter the blast, the greater 
the speed of combustion. The blast pressure is a factor solely 
of the resistance which the charge affords to the ascending gases. 
If there should be any jamming in the furnace stack, the blast 
pressure would rise and the volume would tend to fall. The 
modern furnace is therefore equipped with devices which measure 
and automatically maintain at a constant point the volume of 
blast delivered to the furnace under a wide variation in pressures. 
Modern furnaces are also equipped to maintain the temperature 
of the blast at a constant ooint (see Fig. IV-19). 

/M 

Fig. IV-19,—Automatic blast temperature control. The furnace gases come 
through the pipes (?, have their dust separated in the equipment marked S, 
and are distributed to at least three of the hot-blast stovei* marked H. The cold 
blast comes through the pipe ilf, passes through one of the stoves and is heated, 
then entering the hot-blast main A. Its temperature is determined and regis¬ 
tered on the recording pyrometer at the point D. Apparatus operated by this 
pyrometer actuates the valve B, admitting more or less cold air blast into the 
hot-blast main A. In this way, the temperature of the hot blast is maintained 
at a constant predetermined figure, {From The Iron Age, Apr. 30, 1931.) 

The Ascending and Descending Columns.—It takes approxi¬ 
mately 8 to 14 hr. for solid materials to descend from the 
throat to the hearth, and it takes approximately 20 ^c. average 
for the gases to ascend from the hearth to the throat. As the 
solid materials descend, they become heated and begin to be 
acted on by the ascending gases. The approximate temperatures 
attained, shown in Fig. lV-20, correspond approximately to 
the reactions which occur. 
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'* Chemical Reactions in the Upper Levels.—As soon as the iron 
ore enters the top of the furnace, two reactions begin to take 
place between it and the gases: 

2Fe203 + SCO *= 7C03 + 4Fe + C; (1) 
2Fe»0, + CO = 2FeO + Fe^O, + COj; (2) 

and this continues with increasing rapidity as the material 
becomes hotter. The carbon formed by reaction (1) deposits 
in a form similar to that of lampblack on the outside and in the 
interstices of the ore. This reaction, however, is opposed by two 
reactions with carbon dioxide gas: 

Fe + CO2 = FeO + CO; (3) 
C + C^O. = 2CO. (4) 

Reaction (3) begins at a temperature of about 300°C. (575°F.), 
which is met with about 6 or 7 ft. below the top level of the 
stock; and (4) begins at about 535°C'. (1000°F.), or 20 ft. below 
the stock line. Reaction 4 is so rapid that the deposition of 
carbon ceases at a temperature of 590®C. (1100°F.). All the 
way down the ore is constantly losing a proportion of its oxygen 
to the gases. At higher temperatures than .590°C., FeO is 
stable and practically all of the hematite has been reduced. 

FesOi + CO = 3FeO + CO2. (6) 

The reaction between iron oxide and solid carbon begins at 
400“C. (750°F.): 

FejOa + 3C = 2Fe + 3CO. (6) 

At 700'’C. (1300°B\) solid carbon begins to reduce even FeO 

FeO + C = Fe + CO. (7) 

Practically all the iron is reduced to a spongy metallic form 
by the time the temperature of 800‘’C. (1475‘’F.) is reached. 
This is about 46 ft. from the stock line and less than 30 ft. 
above the tuyeres. At 800°C. the limestone begins to be decom¬ 
posed by the heat, and only CaO comes to the smelting sone: 

CaCO, - CaO H- CO*. (8) 

The foregoing facts are summarized in Fig. lV-20, wbidh ii 
adi^ted from H. H. Campbell, with certfdn It ie 
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to be supposed that these figures are exactly correct for the 
different levels, and it is probable that they change from day k» 
day and from furnace to furnace, but a general idea may be 
obtained from this sketch. It will be seen that the upper 15 or 
20 ft. of stock is a region of hematite and magnetite, gradually 
being converted to P'eO by carbon monoxide gas and forming 
quantities of carbon dioxide gas. If these reactions were the 

(1) 2FeiO,i + 8CO=-7COt-f4Fe4-C (begins) 
(2) 2Fe20.+C0-2Fe0^-C02 + Fe30» (begins) 

575° 
750° 

(3) Fe + CO« = 
(6) Fe*0,4-3C« 

FeO-f-OO (begim) 
2Fe-|-3CO 

1025° (4) C -f CO* = 2CO (rapid) 
ll(M)° Deposition of carbon ceawea 

13(K>° (7) FffO “f- C^Fe-ff’O (begins) 

1475° (7) FeO + C-Fe + CO (complete) 
(8) CaCO:. »ra0 + C02 

1830° (4) r + COj* 200 (prevails) 
COs cannot exist below this level 

'fop of Bosh 

SmUt- (9) Si0«+2C-Si4-2C0 
iiig (10) F«S+CaO-|-C*CaS-fFe-fC3> 

Zone (11) Mn0i+2C«Mn-f200 
(12) PtOi+5C«2P-1^500 

Crucible 

Fi0* IV-20.—Diagram showiag chemical action in blast furnace. 

only ones, the top gases would contain no carbon monoxide and 
would have no calorific power, but reaction (1) produces both 
metallic iron and carbon, both of which reduce carbon 
dioxide and thus waste much energy, as far as the blast 
fontace is conc«»ned: Beaotion (3) absorbs 2,340 but wastes 
11^040 mdmiee. Beaetion (4) absorbs 38,880 oalcnies. FVom 
30 to 35 It. below the stock line is the region of PsO« grad- 
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ually being converted to metallic iron sponge by carbon. 
At the lower level of this zone the limestone loses its 
carbon dioxide, which joins the other furnace gases. From 
35 ft. down to the smelting zone is the region of metallic iron. 
This spongy iron is impregnated with deposited carbon, much 
of which soaks into it and dissolves.^ This carburization of 
the spongy iron reduces its melting point and causes it to become 
liquid at a higher point in the furnace than it otherwise would. 

On reaching the smelting zone, the iron melts and trickles 
quickly down over the column of coke, from which it completes 
its saturation with carbon, dissolving about 5 per cent of carbon 
at a temperature of 2750°F. At a corresponding point the lime 
unites with the coke ash and impurities in the iron ore, forming a 
fusible slag which also trickles down and collects in the hearth.^ 
It is during this transit that the different impurities are reduced 
by the carbon, and the extent of this reduction determines the 
characteristics of the pig iron, for in this operation, as in all 
smelting, reduced elements are dissolved by the metal, while 
those in the oxidized form are dissolved by the slag. Only one 
exception occurs, namely, that iron will dissolve its own sulphide 
(FeS) and, to a legs extent, that of manganese (MnS), but not 
that of other metals, as, for instance, CaS. 

Chemical Reactions in the Smelting Zone.—There is always a 
large amount of silica present in the coke ash, and some of this is 
reduced according to the reaction : 

Si02 + 2C = Si + 2CX). (9)^ 

The extent of this reaction will depend on the length of time the 
slag takes to drop through the smelting zone, the relative inten¬ 
sity of the reducing influence, and the avidity with which the slag 
takes up silica. A slag with a high melting point will trickle 
sluggishly through the smelting zone^ and cause the iron to do 
the same, to some extent, thus giving it more chan(*e to take 
up heat. A higher temperature in the smelting zone, which 
increases disproportionately the avidity of carbon for oxygen, will 
promote reaction (9). 

Sulphur comes to the furnace chiefly in the coke. It is 
present as dissolved sulphur and as iron sulphide, FeS, which 

* It is to he understood that this is a chemical reaction between two solids. 
No liiixiid is formed either before or after this carburization. 

*SeeFig.rr-16, 
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will dissolve in the iron unless converted into calcium sulphide^ 
CaS. This conversion is brought about by the following 
reaction: 

FeS + (^aO + C - CaS + Fe + CO. (10) 

Calcium sulphide passes into the slag, and the odor of sulphur 
is very strong when the slag is running from the furnace. It is 
evident from reaction (10) that intense reduction, which increases 
the silicon in the iron, has the contrary effect on the sulphur, and 
this explains the common observation that iron high in silicon is 
liable to be low in sulphur. Indeed, this relation is so constant 
that it is almost a rule. The term hot iron has come to be 
synonymous in the minds of blast-furnace foremen with iron high 
in silicon and low in sulphur. 

Manganese is reduced by the following reaction: 

Mn()2 + 2V = Mn + 2(X). (11) 

The amount of manganese in the iron is dependent, to a certain 
extent, upon the character of the ores charged, but it may be 
controlled somewhat by the character of slag made, because an 
acid slag will carry a large amount of manganese away in the 
fonn of silicate of manganese, MnSiOa. 

With a certain unimportant qualification, the amount of 
phosphorus in the iron is controlled by the character of raw 
materials charged, and districts or countries having high- 
phosphorus ores must make high-phosphorus irons. This is not 
an insuperable objection, because the presence of phosphorus, 
even up to 1.5 per cent, is desired in certain irons for foundry 
use, and the basic processes for making steel can remove this 
element. 

The chemical influence of the blast furnace is a strongly 
reducing one, and this is produced in order, first, to reduce the 
iron from the ore; second, to get rid of the sulphur; and, third, to 
saturate the iron with carbon. 

Amount of Coke Used.—Obviously, the more coke that is used 
in proportion to the other solid materials, the greater the amount 
of heat generated in the furnace. This relation is called the 
voke burden. It is more usual, however, to speak of the amount 
of coke used per ton of iron produced, and this is commonly 
from 1,750 to 2,240 lb. of coke per long ton of pig iron produced. 
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Furnace-temperature Control.—While the total amount of 
heat generated in the furnace depends on the amount of coke 
used, nevertheless, the intensity of heat, or temperature, of the 
smelting operation does not depend primarily on the coke but 
rather upon the melting ^xhnt of the slag. Slags are on the 
limey side of maximum fusibility. That is to say, if silica be 
added to a slag, its melting point will be lowered; whereas if 
lime be added to it, its melting point will be raised. In the melt¬ 
ing of slags they change from solid bodies to pasty, viscous, and 
then fluid masses. The actual melting temperature extends 
over a somewhat long interval, and it is more common to speak 
of ^'free-flowing'^ temperature of a slag rather than its melting 
point. The lower the temperature at which a slag will flow 
freely, the lower in general will be the temperature in the smelting 
zone of the furnace, and vice versa. Therefore, the blast-furnace 
manager adds more limestone to his burden in order to get a 
hotter furnace by having a more limey slag and, therefore, one 

whose free-flowing temperature is higher. Of course, the more 
limey the slags, the more coke must be used in the burden, but 
the actual control and regulation are by means of the slag compo¬ 
sition rather than the fuel burden. Less coke with higher blast 
temperature will give the same amount of heat as more coke with 
lower blast temperature. In the last analysis, however, it is 
not the proportion of coke or the temperature of blast which 
determines the temperature of the furnace but the temperature 

at which the slag will flow freely. 
Opening and Closing the Tap Hole.—It is customary to open 

the tap hole and drain the furnace of iron at regular intervals, 
every 4, 5, or 6 hr. It is customary to drill through with a 
sledge and bar, unless the hole reaches in as far as frozen metal 
on the inside of the hearth. This is burned out with a jet of 
oxygen. When the last of the iron is going out of the furnace, 
a good deal of the slag accompanies it and this is skimmed off 

at the dam and skimmer (see Fig. IV-21). Since the slag floats 

on the metal, it is easily deflected to one side and allowed to 
ran into a slag buggy. After the furnace is draiued, the blast 

pressure is cut off and the hole closed by means of a mud gun 
which projects balls of clay into the opening. A recent inno^ 

vation is a mud gun which can stop the hole without cutting the 

blast pff the furnace* 
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Opening the Cinder Notch.—The cinder notch is opened at 
regular intervals. It is some time after an iron tap before an 
accumulation in the hearth permits of slag’s being drawn from 
the cinder notch. Thereafter the slag must be drawn out at 

Fig. IV-21.—Liquid iron running from blast furnace into prepared molding 
floor. MG^ mud gun tx) close tap hole; support for mud gun; D, dam or 
“skimmer.” 

frequent enough intervals to prevent cinder rising above the 
level of the tuyere notches. 

CAnctTLATiNQ A Blast-furnace Charge 

This subject is of prime importance to young metallurgists, 
because the ability to calculate a charge is sometimes a cause of 
advancement, and the knowledge of the way to do so is not always 
obtainable from one's superior. 

Assun^itions.—^Let us assume that we desire to produce a slag 
contaiiung 55 per cent lime, l5 per cent alumina, and 30 per 
cent silica, these proportioQs being determined by the experi¬ 
ence of the manager, and that the materials from which the 
chaiipQ is to be made analyse according to Table IV-H. Assume 
furthermore that the coke ac^ is equal to 10 per cent of the coke, 
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and that the iron we are going to make will contain about 1 per 
cent silicon. 

Table IV-II.—Analyses of Materials Used 

Material 
CaO, MgO, AloOs, SiO*, Fe.O„ Fe, 

per cent per cent per cent per cent per cent per cent 

Ore A. 6 4 2 . . 00 
Ore B. 2 1 12 1 50 
Coke ash. 20 1 i 18 50 10 
Limestone. i 4() 1 4 2 4 2 

Silicon in the Iron.—This last assumption necessitates our 
allowing a corresponding amount of silica, because the silica 
reduced and absorbed by the iron will not be available for slag¬ 
making purposes. One per cent of silicon is roughly equal to 2 
per cent of silica; we may therefore make the requisite allowance 
by subtracting from the silica in each material an amount equiva¬ 
lent to 2 per cent of its iron content. Thus we begin* to make 
up Table IV-III. 

Magnesia.—In considering slags, magnesia is classified under 
the head of lime, thus obtaining column 2 in Table IV-III. 

Table IV-III.—Analyses after Allowing for Silicon in Puj 

Material 

1 

C^aO, 
per cent 

A1,0„ 
per cent 

SiO,, 
per cent 

Ore A.1 
i 

9 2 10 
Ore B.1 2 12 15 
Coke ash.! 20 18 50 
limestone.| 

1 
50 ' 2 4 

Self-flnxmg of Materials.—It is evident that, in so far as each 
of the materials in Table IV-III contains all the components of 
the slag, they will partially flux themselves. For example, the 2 
per cent of alumina in ore A will theoretically combine with 4 per 

30 
cent of the silica (2 per cent X jg * 4 per cent) and 7 per 

55 
cent of the lime (2 per cent X ig * 7.3 per cent)* to make 
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a slag of the desired proportions, leaving unfluxed percentages 
as per the first line of Table IV-IV. In the same manner 
we may use up all of the lime in ore B by uniting it with weights 
of alumina and silica in proportion to the percentages of these 
components in the slag. Similar simplifications in the analyses 
of coke ash and limestone may then be calculated, and Table 
IV-IV will be completed. 

Table IV-JV.—Analyses after Self-fluxing 

Material 
CaO, 

per cent 
AbOg, 1 

per cent 
1 

SiO., 

per cent 

Ore A. 2 6 
Ore U. 11.5 14 
(^okc ash . 13.0 39 
Limestone. 43 1 

Weight of Charge.—Let us assume that we are going to make 
1 ton of pig iron for exery ton of coke used in the charge, and 
that the coke will be put in in charges weighing 11,000 lb. each. 
This weight includes about 10 per cent of moisture, dust, etc.,^ 
so we calculate with it as if it weighed only 10,000 lb. Now let 
us determine bow much ore will be put in each charge: The ores 

average 55 per cent of iron; therefore, ~ 18,000 lb., 

the amount of ore that must be in each charge, according to the 
assumption of this paragraph. 

Adjusting the Alumina and Silica.—Next adjust the different 
materials so that the weight of alumina shall be 1^0 <>f the 
weight of silica. In the first rough approximation of this we 
may neglect the coke ash, because the weight of this ash is so 
small in relation to the other materials. Therefore only the two 
ores need be apportioned, and we quickly find by trying a few 
mixtures at random that 60 per cent of ore A mixed with 40 
per cent of ore B will give the desired relation 60 per cent X 6 + 

‘ This assumes that the breeze (or ^‘braize*’) is removed after weighing 
the coke. If it is removed before, allow only 3 per cent excess, which 
makes coke charges equal 10,300 lb. ^ 

* Try first 60 per cent of each, and we see that there is too much alumina; 
therefore try less than 60 per cent of the ore having the most alumina and 
COrrSepondi^y more of the other, and wq have it. 
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40 X 14 per cent =» 920 parts of silica; 60 i>er cent X 0 + 40 per 

cent X 11.5 = 460 parts alunrina; ‘*^?920 = Now draw 
Table IV-V, and enter 10,800 lb. of ore A (= 60 per cent of 
18,000), 7,200 lb. of ore B, 1,000 lb. of coke ash (= 10 per cent 
of 10,000), and the percentages from Table IV-IV. All th(‘ 

weights in this table may then be filled in except those of the 

Jimestone and total calcium oxide. 
To obtain the total number of pounds of lime; 

Al,0,:958 X *^'^5 = 3,513 lb. 
SiOa: 2,046 X = 3,751 lb. 

Average of 3,513 and 3,751 is 3,632. 

Table IV-V—Estimated Wek.hts of Materials Esed 

(•»() A1 O, ! SiO. 
I 

Material 1 Weight 
1 1 Pei 

cent 
Pounds 

Per 

cent 
Pounds 

Per 

(ent 
Pounds 

Ore A 

1 

10,800 2 216 6 648 

Ore B ' 7 200 11 5 828 14 1 ,008 
Coke ash 1,000 13 0 130 39 390 

r B j 

Limestone 7,040 43 
1 

3,116 
_„l 1_ 

1 i 
1 1 1 A 

i 
•» 

Total, pounds 
1 1 I 

3 632 j 958 2,046 

____ 1 [ ! 1 

Adjusting for Lime.—It is now only necessary to determine the 
amount of total lime that shall bear the correct relation to 
the alumina and silica calculated. This we do by means of 
the method shown in the figures above Table IV-V. We enter 
this in the square A of Table IV-V. The figures at the square B 
are then obtained (3,632 — 216 = 3,416), and thence the weight 
of limestone to be used (3,416 43 per cent = 7,940).^ 

^ la practice this is often much simplified by taking the AhOa simply as 
fixed, within wide limits, and figuring merely the ratio of CaO and MgO 
to SiO*; disregard AhO.!, unless it is abnormally high and therefore bad 
for physical reasons. If a constant limestone is used, all such calculations 
are much simplified by figuring the net CaO and MgO in the stone after 
the BiOa in the stone is satisfied. 

If a given ratio of CaO 4- MgO to SiOa be desired, it is only necessary to 
add up the ®10i in ore and fuel, multiply by the desired ratio and 
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1’awi;E IV-VI. Ftnai. Estimate of Chahoe 

( aO t MkO MiOi SiO> Fe 

Mutpn ii 1 _ — — — 

* Per 
Poundn 

' Per 
Pounds 

Per 
1 

PoundH 
Per 

Pounds ' 1 exit 1 ceiit 
i 

cent cent 

Oit* V JO 400 9.16 2 
1 1 

208 11 1 ^ 
60 6 240 

Ore n 7 600 > 152 12 912 16 , 1.216 5t3 .1.800 
ii«h 1 (KMJ 20 200 IS 180 50 600 10 100 

Liniehtone 8 2(K) 60 4 100 2 164 ‘ 4 j 328 1 
' I 

2 , 164 

'1 otal weightM 1 5 ,188 1 464 1 1 3 188 1 
1 ' 

10.304 

1 
! 1 1 ~ 206(2 per cent X 

1 ' 1 1 1 10 .104) 

(54 8 f>er (14 9 per. 

! <*ent) ! cent; 
1 1 

1 2 982(30 3 per cent) 
t 

Checking the Calculations.—We now check up all the calcula¬ 
tions by making up Table IV-VI, in which we go back to the 
original percentages found by chemical analysis and given in 
Table IV-II. In making up this final table, however, we use 
our experience in making slag calculations and estimate slight 
changes; e^g.. Table IV-\" shows us that the alumina comes a 
little low in relation to silica; therefore we increase ore B, say, 
by 400 lb. and decrease ore A correspondingly. But ore A is high 
in lime; therefore we use a little more limestone to offset this 
reduction. 

These figures are much closer to those desired than the limit of 
accuracy in furnace operation. The chief difference is that we 
are making a little more iron with 10,000 lb. of coke than we 
intended. If any change seems necessary, it is then well* to 
reduce the weight of ore A to 10,000, leaving everything else the 
same. This will lighten the burden and bring the calculated 
lime, alumina, and silica even closer to the desired figures. 

Phosphorus and Manganese.—No account of the phosphorus 
has been taken in the calculation above. This is necessary some¬ 
times. For example, of ore A happened to be very high in phos¬ 
phorus, we could not use so large a proportion of it. It would 
then be necessary either to secure another ore low in both phos¬ 
phorus and alumina or else to make a slag with less alumina. 

by the effieieney of the stone. The net BiOz in the ores should be tsten; 
the SiC)^ fluxed by the bases in the ore should he deducted. 
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The same line of reasoning applies to manganese but to less 
extent because the manganese in the iron can be controlled by 
the work of the furnace to a considerable extent, and in no event 
does more than two-thirds of that in the charge go into the 

iron. 

Auxiliary Blast-furnace Plant 

Besides the operations of charging, operating, and tapping 
a furnace, there are many auxiliary operations to be performed. 

[ Chunney 

Stove on Gas Stove on Air Blast 

Fig. IV-22.—The operation of a blast-furnace hot-blast stove. Figure on left 
shows stove burning gas from the blast furnace, figure on right shows stove heating 
blast which goes to blast furnace. {From Fred Clements, “ Blast Furnace Prac¬ 
tice,'^ vol. II, 1929.) 

such as heating the blast, disp)Osing of the pig and slag, cleaning 
the gas and converting it into heat or power, manufacturing 
coke, and sintering the flue dust. 

Hot-blast Stoves.—The general principle of heating cold blast 
by means of stoves is illustrated in Fig. IV-22. ^ Each furnace 
has three stoves, of which one is always being used for beating 
the blast and the other two are being heated up by burning gaa 
from the furnace, except for short intervals when it is necessary 
to clean the surfaces of the checker bricks. The ideal is to have 
the maximum heating surface exposed to the burning of the 

^ Taken from p. 336 of vol. H of Clients. 
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gases. In this way, the checkerwork is heated to a high tempera¬ 
ture. The positions of valves, etc., when the stove is thus on 
gas, is shown on the left-hand side of Fig. IV-22. When the 
stove is heating the blast, the position of valves is shown in 

Fig. IV-23.—150-ton mixer ladle. {Courtesy of M. H. Treadwell Co.» /nc.) 

the right-hand figure. The cold blast is introduced underneath 
the checkerwork and passes in a direction opposite to the course 
of the flame in the previous phase. As the heat stored in the 
checkerwork is absorbed by the air, the temperature of the blast 
leaving the stove grows less. The temperature is, therefore, 
falling from a maximum to a minimum. Automatic arrange¬ 
ments, already described (see Fig. IV-19), arrange to introduce 
a varying amount of cold blast into the main with the heated 
blast so that the temperature of the air going into the furnace 
will be always at a predetermined constant figure. These 
automatic devices consist of a thermocouple pyrometer in 
connection with an electric motor. The thermocouple shows 
the temperature of the blast, which operates the motor in one 
direction and admits more cold air if the blast is too hot, or 
vice versa if the blast is too cold. After a stove ceases to give 
air at this minimum figure, it is changed over to gas and the blast 
is sent through an alternate stove. 
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Disposal of Pig .—The runner from the blast-furnace tap hole 
to a ladle is made as short as possible in order to lessen the labor 
of cleaning it after a tap. The liquid pig iron used to be received 
in a number of brick-lined ladles holding about 25 tons each. 
But now it is customary to use mixer ladles each having a 
capacity of 75 to 150 tons, or more (see Fig. IV-23). The advan¬ 
tage of these ladles is that they will hold the liquid metal molten 
for many hours, thus saving pig-iron “ skulls as well as ladle 
repairs, because one of these mixer-type ladles can handle a 
few hundred thousand tons of pig iron before they have to be 
relined. The mixer ladles are taken to either a foundry or a 
refining furnace, in both of which the metal is used without 
solidifying, or else to a mechanical pig-casting machine (see 
Fig, IV-24). 

Mechanical Pig-molding Machine.—There are several types 
of molding machine, but a common form is illustrated in Fig. 
IV-24. It consists of a long continuous series of hollow metallic 
molds carried on an endless chain. D is the pig-iron ladle pouring 
metal into the spout, whence it overflows into the molds as they 
travel slowly past. The pig iron chills quickly against the 
metallic molds, and by the time it reaches the other end of the 
machine it consists of a solid pig of iron which drops into the wait¬ 
ing railroad car as the chain passes over the sheave. The pig iron 
is now in a form convenient for transportation or for storing until 
needed. The molds travel back toward the spout, underneath 
the machine and hollow side down. At the point C they ate 
sprayed with whitewash, the water of which is quickly dried off 
by the heat of the mold, leaving a coating of lime to which the 

melted iron will not stick. This mechanical casting is a, great 
improvement over the former method of cooling iron in front of 
the blast furnace, because of the severity of the worfc which the 

fpimer method involved, which in hot weather was weH-pigh 
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intolerable to human beings. It also gives pigs which are cleaner, 
1.6., freer from adhering sand. This siliceous sand is objection¬ 
able, especially in the basic open-hearth furnace. 

Disposal of Slag.—Short runners lead from the monkey and 
also the dam to spouts permitting the molten slag to run into iron 
ladle cars. 

Sintering.—l^he dust separated out from the top gases is 
extremely fine in size and cannot he returned to the furnace lest 
it should blow out again. It is sintered in a machine which 
agglomerates it into spongy lumps. These lumps work so 
efficiently in the blast furnace because of their extensive surface 
and contact with the ascending gases, and because they make a 
pemieable column, that sometimes fine ores are sintered into 
lumps. This sintering consists in heating up the mass in a 
shallow bed on a grate until the fine particles are sintered and 
fused together at the edges, producing a spongy mass. In the 
case of flue dust, it is not necessary to add much, if any, fuel to 
the mass, because it contains small particles of coke blown over 
with the other dust. It is only necessary to ignite the mass by 
a flame and blow air through it to produce the necessary heat. 
In the case of fine ores, it is sometimes necessary to mix a little 
powdered fuel with the mass. 

Power House.—The power house includes the boiler plant 
and the plant generating power from the top gases of the furnace. 
Some steam is always necessary around a bhist-furnace plant 
and it used to be raised by the top gases of a furnace, but these 
are now so valuable for other purposes that it is more economical 
to raise the steam by using coke breeze or pulverized coal. 
When the amount of breeze separated from the coke in the 
ordinary operations of the coke plant and the coke-bin grisley 
is not sufficient to raise all the steam that may be necessary, this 
type of fuel, which is almost a waste by-product of coke produc¬ 
tion, can be supplemented with pulverized coal. When turbo¬ 
blowers are used for the production of blast, it is customary to 
drive them by steam. But by far the largest amount of power 
raised is by a type of gas engine specially adapted for burning the 
tbp gases of the furnace, which have a calorific power of only 
90 to UO B.t.u. per cubic foot. Some of the gas engines are used 
for blowing horizontal blowing engines (see Fig, IV-IO), if that 
type of blowing mechanism is used, and others are used for driving 
electric generators from which electricity is supplied to the blast 
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furnace and adjacent steel plant. It is customary to have one 
or two steam-blowing engines on hand to be used before top gas 
is available, or in the case of an emergency. Some power is also 
requisite for driving pumps for the cooling water. 

Further Discussion of the Smelting Operation 

Autographic Records of Charging.—In order that the blast¬ 
furnace manager may have supervision over the regularity of 
charging operations at all times, the stock-line recorder makes a 
continuous autographic record of the level of the stock line in 
the furnace. Autographic records are also made of the times of 
hoisting each skip and of lowering each bell. These form 
invaluable checks on the performance of the operations most 
important for uniformity in stock distribution. 

Autographic Records of Blast Temperature.—Autographic 
records are also made and kept of the blast temperature, pressure, 
and volume. 

Slag or Cinder.—Slag consists principally of lime, silica, and 
alumina. In many cases a little magnesia is also present which 
is added to the lime for estimating the basicity of the slag. 
Some representati^'e slag analyses with basicity ratio of lime + 
magnesia to silica are shown in Table IV-\TI. The functions of 

Table IV-VII.—Slag Analyses 

Material 
United States' German 

1 furnace furnace 
1 1 

^ English 
1 furnace 

SiOj.! 33 33 26 

CaO. . .! 48 45 42 

MgO . * 5 1 1 5 2 

AI2O, .1 1 12 i 1 8 1 
FeO...,. 1 + ! 3 1-f 
Others .^ 1 6 10 

Ratio: CaO -f MgO to Si02. . . j 1.61 ' 1.52 1.60 

the slag are to separate from the iron the gangue of an ore, the ash 
of the coke, and as much sulphur as possible, which means as 
much sulphur as has been converted into the compound calcium 
sulphide. The slag should not dissolve much more than 1 per 
cent of iron oxide. One of the important functions of the slag 
is to regulate and cojatrol the temperature of the smelting aone 

of the furnace, as already pointed out, Slag is a useful basis 
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for cement manufacture because of its lime content. Many 
millions of bags of slag cement are made each year. It is also 
used for ‘^slag wool/' for railroad ballast, for road making, and, 
less commonly, for making bricks. In order that the furnace 
may work properly and that a good deal of sulphur may be kept 
out of the iron, it is necessary that the slag volume shall be at 
least 1,000 lb. per long ton of pig iron made. On the other hand, 
it is costly to have more than 1,500 lb. of slag per long ton of pig. 

Weight of Slag.—The weight of slag may be calculated from 
the weight of lime, CaO, in the furnace, which may be calculated 
from the percentage of lime in the limestone and other materials 
charged into the furnace. Since all the lime charged goes into 
the slag, the amount of the latter will be equal to the weight of 
lime divided by the percentage of the lime in the slag. Thus, if 
we use per ton of iron 1,100 lb. of limestone, containing 50 per 
cent of lime, there will be 550 lb. of lime charged ftr every ton of 
iron made. If the slag made contains 40 per cent of lime, then 

550 
the weight of slag will be == 1,375 lb. per ton of iron made. 

Drying the Blast.—The water vapor blown into the furnace 
(derived from the moisture of the air) is equivalent to from 
to 2 gal. of water per 10,000 cu. ft. of blast, or 2}/i to 15 gal. per 
minute, depending on the humidity of the atmosphere. This 
is equal to about from 20 to 125 lb. of water per minute. Though 
this steam is as hot as the blast, it materially cools the smelting 
zone of the furnace by dissociating there: 

H2O + C = 2H + CO (absorbs 28,900 gram calories); 

or 1 lb. of steam absorbs 722,500 calories. The hydrogen and 
oxygen reunite in a cooler part of the furnace and return the same 
amount of heat, but this does not compensate for that taken away 
from the smelting zone, where it is most needed. For this reason 
several American and European plants adopted James Gayley's 
process of drying the air by refrigeration before it is drawn into 
the blowing engine. This results in valuable saving in fuel and 
greater regularity of furnace working. In fact, so great is the 
improvement shown in this respect that there was a tendency 
at first to receive the results with skepticism. 

The same condition prevailed upon the introduction of the hot 
blast, early in the last century, for the seme reasons: that no 
explanation was forthcoming of the observation that the fuel 



104 THE METAJJMmr OF IRON AND STEEL 

saved in practice was so much greater in proportion than the heat 
saved or restored to the crucible. But it was pointed out by 
J. E. Johnson^ Jr., in the discussion of Mr. Oayley's results, that 
certain functions of the smelting process can l>e carried out 
only above a certain “critical temperature/^ which was in fact 
the free-running temi)erature of the slag, and that the heat 
a\ ailable above this temperature, and not the total heat devel¬ 
oped in the furnace, is the measure of the economy that can be 
attained. Approximately speaking, the interval between the 
critical temperature and the theoretical combustion temperature 
is the measure of this available heat; and as the critical tem¬ 
perature is, roughly speaking, four-fifths of the theoretical 
combustion temperature, any change which increases or decreases 
the latter by a given proportion will increase or decrease the 
available heat by a proportion five times as great. This simple 
explanation to^bles us to calculate with accuracy the effect of 
any given change in known conditions. 

Johnson also pointed out that the theoretical combustion 
temperature might be increased by enriching the air in oxygen, 
instead of reducing the moisture in it, since this enrichment would 
increase the calorific efficiency. 

Labor at Blast Furnaces.—At an old-fashioned type of blast 
furnace, casting in sand, without mechanical devices to carry 
or break the pigs, as little as 200 to 250 tons of pig iron per 24 hr. 
would require about 15 men in front of the furnace, including a 
keeper, first helper, 5 assistant helpers^ who open and close the 
tap hole, break the pigs from the sows, and do the general cast- 
house work, 5 men to carry iron, a “cinder snapper,a scrap man, 
and a stove man. This labor would be required for each shift. 
Back of the furnace there must be a scale man to weigh stock and 
18 men on the ground besides 3 “top fillersto handle material 
for burden, provided it is done in the old-fashioned manner. 

On the other hand, at a furnace with mechanical devices for 
casting and for handling stock, more than four times as much pig 
iron can be made with 4^^ tomen in front of the furnace, per 
shift, consisting of: 1 “blowerfor each two to four furnaces, 1 
keeper, 1 helper, 1 “cinder snapper,'^ 1 “flue-dust man,“ 1 
hot-blast stove man. Sometimes another man is required, 
called a “scrap or, perhaps, a laborer. With oxygen 
for burning oiit the red-hot iron in the tap hole, mud gun, short 
mmers to sing and metal ladles, etc., one furnace is able to get 



mON-ORE SMELTING IN THE TWENTIETH CENTURY 105 

alonp; with 4 men and a fraction of a blower^’ per shift. Back 
of the furnace a scale-car man is required, but, with mechanical 
handling to ore pockets and to the furnace top, about 5 to 6 
men per shift per furnace can handle the stock to make 1,200 long 
tons of pig iron in 24 hr. 

Irregularities in Blast-furnace Working.—Since the hollow 
castings surrounding the tuyeres extend about 12 in. into the 
furnace, they are at a location of very high temperature where 
they may burn through if not kept Gr)nstantly cooled by the 
winter circulating inside 4hem or if a piece of coke causes a hot 
flarne to strike them in one point for a long time. The changing 
of tuyeres on this account takes place at every blast furnace, 
sometimes once p(T month and sometimes oftener. Irregularities 
in blast-furnace working may also somelimes cause a spot on 
the side to become red hot, necessitating applying a stream of 
water upon it until the difficulty is corrected. Occasionally 
this has resulted in ''break-outs.'’ On the other hand, an error 
in burdening, or change in the weather causing damper air to 
be blown by the blowing engines, or a leaky tuyere causing water 
vapor U) be blown into the furnace, etc., may result in cold 
working at the hearth, with hard taps (f.c., difficulty in opening 
the tap hole to let the iron run out), low silicon and high sulphur 
in the pig iron, and accompanying difficulties. "Off iron,” 
meaning pig iron different in analysis from that desired, may 
result from a furnace working either too cold or too hot. With 
tetter penetration of blast into the center of the furnace and 
good distribution of coarse and fine pieces at the throat, many 
of the former difficulties of furnace working have been greatly 
lessened, such as: jiillaring, or cold charge in the core of the 
furnace; scaffolding, or building out of cold material from the 
walls inward until sometimes the charge "hangs” in the upper 
part of the stack and may have to be broken down by suddenly 
cutting off the bhist pressure at the tuyeres. Breaking down of a 
scaffold results in a ^'slip,” like an explosion inside the furnace, 
which now seldom happens but formerly was not uncommon, 
especially when smelting the fine Mesabi ores. 

Ckssificatiaii, Grades, apd Uses of Pig Iron and Cast Iron 
(see Table IV-VIII).—Pig iron is graded according to the use 
for which it is intended, as foilows: Basic pig iron, for use in the 
basic open-hearth furnace, must be low in silicon, which, being 
m acid-formii^ element, uses up limestone flux and may also 
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attack the basic lining of the furnace. Bessemer pig iron must 
have enough silicon to provide heat, since the oxidation of silicon 
produces more useful heat in the process than does the oxidation 
of any other element; on the other hand, the pig must not contain 
too much silicon, because that would produce too much heat 

Table IV-VIIL—Analyses of Some Common Grades of Pig Iron, Etc. 

Trade name 
Total r, 
per cent 

Si, per cent S, per cent P, per cent Mn, per cent 

No. 1 soft . . . 3.00± 2.76 to 3.26 0 06 and under 0 30 to 1.60 O.lOto 1.00 
No. 1 foundry 3 25± 2.26 to 2.76 0.05 and under 0.30 to 1.60 O.lOto 1.00 
No. 2 foundry 3.50± 1.76 to 2.26 0.06 and under 0 30 to 1.60 0.10 to *1.00 
No. 3 foundry 3.76± 1,26 to 1.76 0.065 and under 0 30 to 1.50 O.lOto 1.00 

Gray forge... 3.50± 0.76 to 1.76 0.07 and under Under 1.00 O.lOto 1.00 

Standard ^ 
acid V 3.60 to4.00 1.00 to 1.^0 1 Unaer 0.08 Under 0,09 0.20 to 1.00 

Bessemer pig / 

Basic pig .... 3.50 to 4.00 Under 1.25 

1 

Under 0.08 0.10 to 1.60 1.00 to 2.00 
Malleable ( 
Bessemer \ ' 

3.50± 0,75 to 2.00 Under 0.07 Under 0.20 0.50± 

Ferrosilicon ^.. 0.60 to 2.00 10,00 to 60.00 Under 0.04 Under 0.10 0.20± 
Silicospiegel... 1,00± 6.00 to 15.00 Under 0.02 Under 0.10 15.00 to 26.00 
Ferromanga¬ 

nese ....... 6.00 to 7.00 0.60 to 1.00 Under 0.03 40.00 to 80.00 
Ferroph 08- 

phorus. 1.00± 1.60± Under 0.06 10.00 to 26.00 
Spiegeleisen.. . 4.60 to 6.00 1.00± Under 0.04 16.00.to 36.00 

^ Ferrosilicon of 10 per cent grade, ferromanganese, silicospiegel, ferrophosphorus, and 
spiegeleisen are made in blast furnaces, by variations of the usual practice and by using 
special ores. Ferrosilicon of 20 to 50 per cent grades, and several other .so-called /erro- 
aUoys, are made in electric furnaces. These include ferrochrome, ferrotungsten, ferro- 
molybdenum, ferrotitanium, ferrovanadium, etc. They are all practically pig irons with 
large amounts of the alloying metal. When these alloys are free from, or low in, carbon 
they are made by the thermit and other processes. 

and also lengthen the time of blowing. The phosphorus in 
Bessemer pig must be low enough to give a steel containing not 
more than 0.100 per cent phosphorus. Pig iron for use in 
puddling furnaces is known as forge iron. That used to make 
malleable cast-iron castings is known as malleable iron. For 
making iron castings several grades of pig iron are used and 
mbced in order to give the exact analysis desired, as discussed in* 
detail later. There are also made several cast-iron-like products 
known as ferroaMojfs. These are used chiefly to recarburise 
and/or midce alloy steds. 
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Cleaning and Utilization of Blast-fttrnace Gas 

each long ton of pig iron made, there are produced from 
125,000 to 150,000 cu. ft. of top gas (reduced to atmospheric 
temperature and pressure). Somewhat less than one-third of 
this is necessary for heating the hot blast stoves. A small 
proportion is needed for gas engines to drive the furnace blowing 
engines, provided a cylinder blowing engine is employed. The 
remainder is available for use in gas engines to generate elec¬ 
tricity. In the last ten years, however, blast-furnace gas has 
become an exceedingly important fuel for the production of heat 
in open-hearth furnaces and in furnaces for heating for rolling 
or forging. Since the calorific power of the blast furnace gas 
is low for these purposes, it is mixed with coke-oven gas and/or 
producer gas for use in various furnaces. Blast-furnace gas is 
so very cheap that it is also used for heating the retorts in coke 
ovens and thus liberating a greater amount of coke-oven gas, 
which has a calorific power of about 650 B.t.u.* per cubic foot. 
In America and Europe it is now customary to transport blast¬ 
furnace gas in large pipes from long distances to various localities 
in the plant and to maintain enormous reservoirs for its storage. 
The gases contain large amounts of dust which is detrimental 
to the gas and which would be useful as a raw material in the 
blast furnace. The first step for the utilization of the gas is, 
therefore, separating the dust from it. Progress in this connec¬ 
tion has taken two directions, viz., (1) holding the dust back in 
the furnace and (2) separating the finer dust from the gas after 
it leaves the furnace. 

Holding the Dust in the Furnace.—The enlargement of the 
throat of a blast furnace beginning slightly below the stock line 
and following what have been called venturi linesy such as those 
shown in Fig. IV-15, results in lessening the velocity of the top 
gases and, therefore, the size of the dust particles they will carry. 
Using four offtakes from the furnace and allowing these offtakes 
to rise 20 or 30 ft. in the air, as shown in Fig. IV-12, still further 
reduces the dust content. Other devices include a set of chains 
hung in the throat of the furnace and a water spray blown in from 
several nozzles in a semitangential direction in the throat. The 
water is blown in by a compressed blast-furnace gas, since air 
should not be blown into this hot combustible gas for obviops 
teaaona. By means of these various devices, the amount cff dust 
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cHrried nut of the furnace by the top is reduced t.o one- 

fourth or one-fifth of the former wei^^ht per cubic foot of gas. 

vdSeparating the Dust After It Has Left the Furnace.- Cas is 

now led into a large dust catcher (see Fig. IV-12) in which the 

velocity is reduced, and it is gi\^en a whirling motion whereby 

the larger particles of dust settle out of it and are collected in a 

hopper from which they are drawn away. This should leave the 

gas with only the finest particles of dust, totaling less than 

2 grains per cubic foot of gas. The gas is now passed through 

scrubbers, which it enters at the bottom and passes up through 

a fine spray of water. This reduces the dust content to a maxi¬ 

mum of 0.153 grain of dust per cubic foot. . It is now suitable for 

burning in the stoves and furnaces but not in gas engines. The 

gas for this last purpose must be further clarified by w^ashing in 

centrifugal washers or disintegraters which beat the gas up by 

vanes into a spray of water jind reduce the dust to a maximum of 

0.03 grain per cubic foot. These methods of dust separation are 

costly and have the disadvantage of taking away the sensible heat 

of the gases and also saturating them with moisture. Already 

some F]urot)ean plants have been succevssfully separating the dust 

out of the gas in one operation using the electrostatic method first 

devised by F. G, Cottrell for nonferrous metallurgical plants in 

America. This method is said to leave the gas in l>etter physical 

condition and to be slightly cheaper than the wet methods 

formerly employe<l. 
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MODERN OPEN-HEARTH PRACTICE 

SECTION A. BASIC 

The cost of making basic open-hearth sU^el may be roughly 
estimated as follows: 

Ttoni Cost 
Mc'tallic nivv inalenalH $14 60 
Fuel 0 70 

0 92 
Maintenance 0 66 
Mat on ala 0 66 

'J’otal $17 44 

These figures do not cover any particular furnace and are 
probably not representative of any special district. Each item 
would vary greatly depending upon location, conditions, effi¬ 
ciency, etc. The figures taken in relation to one another will, 
however, give a fairly accurate picture of the relative items of 
cost of steel making by this process. The item marked mainte¬ 
nance will include materials in repairs and a fund usually set 
up as a cost per ton required for rebuilding the furnace at the 
end of its campaign. The materials for operating would include 
cost for making steam, for molds, tools, supplies, flux, etc. 
No labor costs are included in the last two items. These costs 
illustrate clearly the great predominance of the cost of raw 
materials in the price of the finished steel. The expense of the 
process may be divided into what is often called (1) cost of net 
metalf and (2) conversion costs^ or ct>sts above net metal The 

cost above net metal would include operation costs and metallic 
losses in the process. For example, the weight of the finished 
steel might be from 92 to 97 per cent of the total weight of pig 

iron, steel scrap, and recarbiiriaing alloys. This corresponds 
to a metallic loss of 8 to 3 per cent, which would be included in 
the cost above net metal. The Joss or shrinkage in weight will 
vnry i^reatly and will be disoufised in detail later. The metal- 
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luigist, by his expertness in conducting the chemical procedure 
during the conversion operation, has an important function in 
limiting the metallic loss during the process. It should be 
emphasized, however, that the highest function of the metal¬ 
lurgist is to improve the quality of the product. In this respect 
the record of the metallurgist in basic open-hearth plants during 
the past few years is one of which the profession may well be 
proud. The quality of basic open-hearth steel made today is 
greatly superior to that of a very few years ago. However, 
the metallurgist or steel operator can have a beneficial effect 
on the cost of the process in two ways: (1) by efficiency in 
conversion and (2) by utilizing cheap raw materials. Efficiency 
in conversion may be promoted by (1) layout of the plant to 
avoid interferences of one oj^eration with another and to avoid 
delays; (2) saving of labor, fuel, and time; (3) lessening losses and 
scrap production; (4) lessening wear and tear on apparatus; 
(5) increasing the speed of operation, which saves in cost for 
labor, fuel, wear and tear, and overhead expenses per unit of 
steel produced. 

Plant Arrangement.—The different open-hearth ojx^rations 
are as follows: 

1. Getting the stock to, and in, the furnace. 
2. Supplying the furnace with fuel and air and preheating 

these. 
3. Working the charge, repairing the furnace, etc. 
4. Recarburizing. 
5. Disposing of the steel and slag. 
6. Repairing and preparing ladles, ingot molds, etc. 
Plant arrangement now conforms usually to a standard form 

which will be discussed in detail at the end of this section. It 
has been evolved by cooperation between the designing engineer, 
mechanical engineer, and metallurgical engineer. The principles 
of ample space in which to perform the operations listed above, 
minimum handling of materials and ^*back tracking in transpor¬ 
tation, and avoidance of interference of one operation with 
another govern the plant layout. 

Saving of Labor, Fuel) and Tme.—Obviously the greater the 
Speed of the operation, the greater will be the amount of steel 
produced per men employed and per fuel burned* In iBurope 
the tendency is to use relatively small charges in the furnace with 
consequently shallow baths and much quicker heats. In America 
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it is oominon to use n furuaee charge even greater than the rated 
capacity of tlie furnace. For example, a furnace of 100 tons 
rated capacity will habitually produce 110 tons of steel per 
heat. The result is that the time of the heat will be longer but 

Fig. V-2.—^Longitudinal section of rolling open-hearth furnace. 

its weight greater per furnace and possibly per furnace per 
hour. It is customary, therefore, to speak of the production 
of the furnace per 100 sq. ft. of hearth area per hour. On this 
basis a furnace will produce from 2 to 3.5 tons of steel per hour 
per 100 sq. ft. of hearth. We may illustrate this by a concrete 
example of a hearth 47 ft. long by 16 ft. wide with a rated 

Fto. —Croat ooction of rolling open-hoarth fomaoe. 

capacity of 250 tons' charge. This is equivalent to a hearth 
area of about 760 sq. ft. If this furnace produces dOO tons of 

day or 16 tons per hour, it will have an ontpht ttf 
16 X JOO 4- 760 « 2.0 tons per hour per 100 sq. fti df h#aMh 
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area. This hearth area will be approximately 3 sq. ft. per ton 
of furnace capacity. The speed of the operation will depend 
upon the rapidity of melting, purifying, bringing to the desired 
tapping temperature, then tapping. In addition, time may be 
saved by efficient operation of repairing a furnace between heats 
and then getting the material in for the next charge. This is 
exemplified in Table V-I, in which the short time of heats in 
furnace C is accompanied by a lower number of British thermal 
units required per ton of steel produced. In addition to the 
element of time, labor may be saved by efficient management 
and fuel may be saved in two ways: (1) by using cheaper fuel 
and (2) by efficiency of fuel combustion. 

Fuels.—When natural gas is available, it is the best and 
cheapest open-hearth fuel to use, but it is now somewhat rare. 
Blast-fumace gas is the cheapest fuel available, but its calorific 
power is too low for oi>en-hearth melting. Great improvements 
have been made, both in America and in Europe, in recent years 
by mixing blast-furnace gas with other fuels such as coke- 
oven gas and sometimes producer gas or oil. Fuel oil is a com¬ 
mon fuel, as IS also tar from by-product ovens. Puherized coal 
is a cheap fuel and has been successfully used at one American 
plant for many years but has not been adopted generally. 
Producer gas is the standard fuel and is commonly manufactured 
in producers immediately adjacent to the furnace building. In 
recent years it has been replaced by mixed gas for reasons of 
economy. Natural gas, by-product gas, oil, and tar are of 
sufficiently high calorific power to be used in the furnace without 
preheating. Moreover, they would decompose if heated for 
combustion. Producer gas has the disadvantage of being some¬ 
what high in sulphur absorbed from the bituminous coal, and 
this sometimes introduces the sulphur into the steel bath. 
If oil contains more than about 0.06 per cent sulphur, it will 
also contribute sulphur to the steel. 

It is now customary to report the fuel charge against a ton 
of steel in terms of the number of British thermal units repre¬ 
sented by the fuel used. In this way comparative figures are 
obtained irrespective of whether producer gas, tar* natural gas, 
mixed gas, or oil is used. For example, we may say roughly 
that 4,600,000 B.t.u. will approximately represent either 550 lb. 
of coal or 4,600 cu, ft. of natural gas or 28 to 29 gal. of oil or ter, 
ete« some characteristics and analyses of 
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the principal open-hearth gaseous fuels. The use of mixed gases 
is still undergoing evolution, the object being to use as much 
of the cheap blast-furnace gas as possible and to mix with it 
varying proportions of other fuels to maintain a mixture having 
a uniform and predetermined calorific value. Sometimes two 
or three gases are mixed and automatic mixers, similar to that 
illustrated in Fig. V-5, have proved to be essential for best 
results in uniformity and furnace regularity. A claim for fuel 
economy when burning oil is that of using superheated steam for 
atomizing purposes: one operator superheats to 1000°F. and 

Flo. V-4.—Burner for liquid-fuel firing. (From Hermann, ** Modirn Open-hearth 
Steel Works ” 1924.) 

another to 1250°F. The first claims that he can cut down the 
use of oil per ton of steel made from 29 gal. to 28, and the second 
operator claims a saving of 2 gal. per ton of steel. Others insist 
that, if perfectly dry steam is used, no advantage can be had by 
superheating. 

Fuel Burners.—Where tar or oil is used for fuel, it is necessary 
to have some type of atomizer whereby the liquid is broken up 
into as small drops as possible in order to be more intimat^ely 
mixed with air for combustion. In the case of tar or heavy oil, 
the liquid must be warmed in order that it will flow and in order 
that it will atomize more readily. The application of a tar 
burner is shown in Figs. V-1 and V-4. • It is customary to have 
the burners motinted on mechanism which permits them to be 
withdrawn from the furnace on the side used for exit for products 
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f)f combuBtion. The liquid is customarily atomized with dry 
steam. 

Table OrEKATiN<j Data of Vahiouh Open-hearth Furnaces 

P'ur- 

nace 
Fuel used 

i 
NurnlHT 

of heats 

reported 

Average time 

of heats tap 

to tap 

Average 

ingots 
I)er heat, 

tons 

B.t.u. 

fired per 

gross ton 

Hr. Min. 
A Producer gas. Over 50 12 0 150.0 5,393,300 
B Fuel oil. 318 12 35 119.8 4,947,000 
C Fuel oil. 9 0 110 0 4,000,000 
D Coke oven gas. 600 12 58 113.8 5,250,000 
E Fuel oil. 210 13 59 154.0 5,112,000 
G Mixed gas (cold).... I 704 n 25 132 0 4,500,000 
H Fuel oil.. 547 12 18 1 123-0 5.147,000 
I Fuel oil. 600 11 0 1 180 0 4,500,000 

J Producer gas. Over 100 12 10 155.0 4,839,800 

K Producer gas . Over 100 12 0 158.0 4,537,300 
L Mixed gas (pre¬ 

heated). 11 30 150.0 4,700,000 
M Coke oven gas. 550 16 53 215 6 4,881,000 
N Producer gas. Over 50 15 30 250.0 5,049,000 
0 Producer gas. Over 50 16 30 300.0 4,876,900 
P Coke oven gas. 115 j 17 12 220.0 5,014,000 

, .. 1 J- 

* W C. Bukll, Jr., Improving Open Hearth Furnace Design, Steel, Apr. 8, 1933. 

Table V-IL*—Outstanding Physical and Thermal Characteristics 

THE Principal Metallurgical Gaseous Fuels 

Gas at «2®F. i 

B.t.u. 
per 

cubic 
foot 1 

Athermic 
flame 

tempera¬ 
ture, ®F. 

i 

Specific 
gravity 

1 

C'ombuHtible Inerts 

1 
1 
1 

CO 

i 

Hydro- ! 
carbons ^ 

i 

Nj 

i ! 
CO? HtO 

1 

Blast furnacss.. 90 
i 
1 2550 1.01 2.73 24.8o{ 0.11 67.48j 13.16 1.72 

Coke oven. 540 3580 0.335 52.5 6.8 1 36.1 3.9 1.4 ; 0.3 

Producer. 145 2920 0.884 12.2 22.7 1 3.2 55.9 5.8 0.2 

Nattiral. 1138 

1 
3560 

1 

0.640 0 

1 

0 j 98.5 1.45 0,051 0.0 

* Q, B. Thornk, Blaat Furnace Qas in the Steel Plant, Biagt Furnoea and Sted Plant* 

June, 1931, 

BettM Fuel Ffficieacy.—^Besides use of cheaper fuels, the fuel 
cost per ton of ingots may be decreased by inereasii^ the fuel 
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officioncy of the furnace. TIuh lias Ihkui Hcconiplishod to mieh 
a (le^roe Unit, whereas a basic open-h€%‘irt Ji furnace had a fuel 
efficiency of 18 {)er cent a -few years a^o, claims are now made 
for furnaces having 24 per cent efficiency. Fuel efficiency 
can be obtained by (1) lessening the radiation from the furnace 
while at the same time not letting it get so hot inside that the 
refractory linings will melt; (2) a more intimate mixing of fuel 
and air. This is best accomplished by automatic mixing inde¬ 
pendent of manual control and by arrangement of the furnace 

Fig. V-5.—Operating installation of ratio control for mixing gases for com¬ 
bustion. The layout of an installation in a West Virginia steel plant to permit 
proper mixing of coke-oven gas with blast-furnace gas is shown in the line 
drawing abov^e. (The Iron Age, Jan. 22, 1931.) 

ports, which are the openings through which the fuel and air 
enter the furnace chamber; (3) prevention of infiltration of 
air into the chamber to interfere with the combustion control; 
(4) constantly watching the analysis of the gas, especially the 
percentage of free oxygen, if present, and the percentage of 
carbon dioxide and carbon monoxide; this is now sometimes done 
by automatic carbon dioxide recorders; (5) uniformity of pressure 
of atmosphere within the furnace coupled with automatic 
regulation of the velocity of the fuel and gas entering and the 
products of combustion leaving and passing up the stack; (6) 
automatic regulation of temperature in the furnace to the desired 
point* Most gS these arrangmnents will be diseuissed In more 
detail later* 
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Increasing Speed of Operation. High teiuperature during 
the melting period, Kkillful calculation of charge to promote 
rapid and early chemical action in the furnace, expertness in 
fluxing, etc., and speed in repairing the furnace lining between 
heats and in charging the materials in the furnace, all promote 
rapidity of operation and economy in cost. Very modern 
American open-hearth furnaces now use a machine for projecting 
dolomite to patch the lining between every two heats (see Fig. 
V-8). It is obvious that, where liquid pig iron direct from the 
blast furnace is used in the open hearth in place of solid pig, 
it will make the operation shorter. The same is true when 
liquid steel is used after blowing in the Bessemer furnace, instead 
of solid steel scrap. This is the so-called duplex process. 

Lessening Losses and Scrap Production.—The loss of metal 
during conversion comes largely from oxidation of scrap during 
the melting period and its absorption by the slag in the form 
of iron oxide. In some cases, the very fine condition of the scrap 
with consequent large sections exposed to flame makes a large 
loss inevitable. The lx‘st safeguard is to melt as rapidly as 
possible. It is also possible and common to reduce iron oxide 
out of the slag. This phase of the subject will be better under¬ 
stood in connection with the physical chemistry of steel making. 
In addition to the metal lost in the slag, the amount of steel 
prcxiuction in the form of scrap as ladle skulls, ingot butts too 
short to roll, spilling, etc., will obviously decrease the production 
of steel salable and will consequently increase the unit cost of 
the operation. Of course, the loss in w^eight between the total 
mass of metallic raw materials and that of the good steel ingots 
produced and shipped to the rolling mill will dej^end also on 
the weight of impurities oxidiised out of the bath during the heat. 
We may illustrate this as follows: If a charge consists of 50 per 
cent pig iron and 50 per cent steel scrap, it may contain an 
average of 2 per cent carbon, 1 per cent manganese, 1 per cent 
silicon, and 0.25 per cent phosphorus, or a total of more than 
4 per cent of impurities which will be removed from it during 
the conversion process. These items will appear in the open- 
hearth cost figures as loss during the conversion process. 

Standard Plant Layout—Now that the different parts of the 
furnace have, been described, we can discuss in more detail the 
standard plant layout which conforms roughly to Fip. V-6 and 
V-7. The position of the gas produce is not shown, but, when 
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present, they would be located at a point at the extreme right of 
Fig. V-6. Next will come the stock yard containing the steel 
scrap and pig iron. This yard is spanned by electric cranes and 
contains tracks on the right for the receipt of the raw materials 
in railroad cars, and on the left there may or may not be tracks 
for the buggies upon which are placed the charging boxes which 
carry ihe raw materials from the stock yard to the furnace. 
Sometimes these buggies are taken by a switching locomotive 

E D c B A 

Flo V-7 Honzmtal and \ertical sections through open-hearth plant (In 
horizontal or \erti al set ^lon the letters have the same significance) AA, stock 
yards, BB, rev ersmg valv es, CC charging mechanism on its tracks, DD, 10 open- 
hearth furnaces EE, teeming mechanism The regenerators are located under 
the charging platform 

from the tracks in the stock yard to tracks on the charging plat¬ 
form of the furnace, where their position is indicated more 
clearly in Fig V-7 at the point marked CC, Sometimes the 
stock-yard crane loads raw materials directly from the stock 
yards into charging boxes on an extension of the open-hearth 
furnace charging platform at the point indicated in Fig. V-6. 
Details of charging machines will be given in a later section. 
The furnace platform, sometimes also called charging platform 
or melting pktform, is on the same level as the hearth. The 
mat^ials for repairing furnace bottomi for fluxes, and for recaiv 
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burizing are usually weighed out and spread on this platform. 
The space above is spanned by one or more electric cranes. The 
front of the furnace, which contains five doors, faces the plat¬ 
form, but there is usually an extension of the platform around the 
back of the furnace to afford access to the back wall and the 
ladle into which the steel is poured, and for putting the recarbu- 
rizer into the casting ladle when the steel is tapped. On the 
melting platform are also located the levers for reversing valves 
and the automatic-control apparatus and recording apparatus 
which regulate and/or control the procedure of the furnace 
operations. The regenerative chambers are located under the 
melting platform. At the back of the furnace is the casting pit 
with permanent stands for the casting, or teeming, ladles where 
they are supported on trunnions when the metal is tapped into 
them. After tapping, the ladles are carried by the teeming 
cranes over to the pouring platform (Fig. V-6) where the liquid 
metal is poured into ingots. The casting pit contains tracks 
for the ingot cars on which are the ingot molds and for standard 
gondola cars into which refuse and scrap can be placed. 

The Basic Open-heauth Fiuinace 

The furnace is a fire-brick structure entirely enclosed in steel 
plates and bound together with structural beams and tie-rods 
(see Fig. V-1). Even the regenerators are now enclosed in steel 
plates on the sides and heavily insulated all over. Furnaces are 
built either with the hearth stationary, as shown in Fig. V-1, 
or else with a tilting or rolling hearth, as shown in Figs. V-2 and 
V-3. 

Stationary Furnace.—The stationary furnace is now standard 
here in America for all sizes up to at least 160 tons’ capacity, 
because they are less expensive to install (see Table V-III, 
page 137) and require no repairs to machinery and no power to 
operate them. They also avoid the very great difficulty which 
the tilting furnace has in making connection between the uptakes 
or ports and the furnace chamber proper so that the fuel and air 
for combustion may enter without leakage of outside air in the 
crevices. The back wall of the stationary furnace is difficult to 
repair between heats, because there is severe soorification along 
Umt line on the hearth wall where the slag and metal surfaces 
meet. This makes a long crevice to be filled up with repair 
material after the heat is ended and this is difilcult on a steep 
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wall. The situation has l)een me I by the so-called doping bark 

wallf which is now standard practice in American plants (see 
Fig. V-1). The hearth is supported solidly on I beams but 
usually arranged to allow for circulation underneath in order 
that the lining may be somewhat cooled by radiation (see Figs. 
V-1 and V-2). 

Flu. V-8.—Present-day practice in repairing hearths. The dolomite, which 
is a calcium-magnesium carbonate from which the CO has been driven by 
roasting, falls from the hopper shown on to a belt which travels rapidly, impelled 
by a electric motor. The inclination and horizontal direction of the belt are 
under the control of the operator, who thereby “shoots” the dolomite to any 
location desired on the wall of the furnace. (From L. R. Reinartz, Modern 
Trendz in Opm-hearth Operations, Blast Furnace and Sled Plant, January, 1932.) 

Tilting Funiace.—All furnaces taking a charge of mudh over 
IW tons of liquid steel are built with a tilting or rolling hearth, 
because that enables a part of the steel to be poured out at 
intervale and relieves the casting cranes from carrjing a ladle 
with more than 150 tons of steel (see Fig. V-9). Attempts to 
pt this by dividing a stoeam from a stationary furnace 
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into two spouts and thence info two ladles have not liecn fi^enorally 
acceptable. Tilting furnaces also have the advantage of being 
able to pour off a foul slag and then use a clean s^ag for the 
finishing stage of the purification process. This practice is 
more common in Europe, where pig iron is often very high in 
phosphorus and first slags can be made so rich in phosphate as 
to be salable for an agricultural fertilizer. In America we do 
not encounter high phosphorus in pig iron except in Alabama and 
Nova Scotia, so that the American furnaces are usually of the 
stationary type unless built in very large sizes. The tilting 

Fig, V-Q.—Tapping steel into ladle from tilting oi>en-hearth furnace. 

furnace also makes more rapid working possible because the 
hearth can be tilted toward the front to make boiling very rapid, 
which gets rid of carbon and carbon monoxide gas more quickly, 
without causing the bath or slag to beil out of the doors of the 
furnace. Tilting furnaces are a little easier to repair by hand, 
but they are also harder on the refractories because the lining 
may suffer strain. They are also more difficult to control in 
respect to the infiltration of air into the furnace chamber, on 
account of the joint required for tilting (see Fig, V-2). Tilting 
furnaces also get rid of tapping-hole difficulties sometime 
mic(Htfitered in stationary furnaces, although this is not m much 
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of a factor since the use of a blast of oxygen for burning out any 
iron obstructing tapping of the furnace has become general 
practice. In that special type of practice known as the Talbot 

procenSj which will be discussed shortly, a rolling furnace is 
essential because a part of the charge must be poured out of the 
furnace without removing all. Except for foundry work, it is 
now unusual to install tilting or rolling furnaces. Foundry 
furnaces are generally small in size; 15 to 30 tons^ capacity is a 
common limit, and individual furnaces run as low as 5 or even 
3 tons. These furnaces are most often charged by hand, and 
the rolling type facilitates this operation somewhat. The ease 
of tapping is an especial advantage where castings are being made, 
because delays may cool the metal to the point where castings 
will not run readily, or the carbon may be burned out excessively 
and the metal lack fluidity on this account. 

There are two types of tilting furnaces, known respectively 
as the Campbell and the Wellman. In the Campbell type the 
hearth of the furnace is arranged so that the center of tilting is 
coincident with the center of the ports, and therefore the furnace 
can be oscillated without shutting off the supply of gas and air. 
In order to facilitate this, there is a little clearance .between the 
uptake and tlie furnace proper, and these parts are surrounded 
by water-cooled castings. In the Wellman type the gas and air 
supply must be cut off when the furnace is tilted. In tipping 
the Wellman furnace the ports move with the hearth, and they 
are therefore seated in a water tank, which makes an air-tight 
connection with the downtakes when the furnace is in a hori¬ 
zontal position but breaks it when it is tipped forward. 

The Wellman type is not so expensive to build as the Campbell 
and probably requires less repairs. The Campbell type has the 
advantage that the bottom can be repaired along the slag line 
without interrupting the operation and that the lining can be 
sintered into place by the heat of the flame when the hearth is in 
any position, This is more important in the acid furnace than in 
the basic, where a mixture of dolomite and tar can be set by 
the heat contained in the furnace walls themselves. In the 
Wellman type, when the furnace is tipped for pouring, cold air 
can enter it through the ports. Finally, a great advantage of the 
Campbell type is the fact that a great deal of ore can be used 
during the ofieration, and, although the boiling of the charge^ is 
violent on this account, metal does not flo^ out of the furnace 
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doors, because the hearth can be tipped in the opposite direction. 
The slag which runs off during this period is allowed to pass 
through a hole in the bottom of the port opening, at the joint 
between the fixed and the rotating portion, where it is con¬ 
tinually exposed to the flame and therefore not liable to chill up. 

Parts of Furnace.—The furnace hearth^ or bottom^ is the shallow 
dish which contains the liquid metal. It is indicated in Fig. V-1 
and clearly shown in Figs. V-2 and \'-3. Abo\'e the hearth are 
the side walls extending to the skcwback of the roof and pierced 

^ Cho -y f 

Fit. V-IO -Basic open-hoarth furnace roof {From W C BueU, Jr,, Imjrroving 
Olten Hearth Fvrftact Design, Steel, Jan. 23j 1933 ) 

on the front side by five water-cooled doors. The tap hole in the 
stationary furnace is so placed that it will drain all the metal and 
slag out of the furnace when open (see Fig. V-21). During the 
heat it is, of course, plugged with clay or hearth material which 
is pierced with an iron bar when the metal is ready to tap. If 
any steel has solidified in this hole during the heat, it may be 
pierced with a jet of oxygen, since it is red hot and bums readily. 
The roof is a shallow arch springing from skewbacks on both 
sides and supported by I beams and tie rods. It is made of 
bricks set in lengthwise; they are 12 to 18 in. long with ribs 3 to 
4 in. longer every fourth row (see Fig. V-10). Tlie roof is badly 

burned out by the Amm and the spattering of slag, it is mack 
nf bricky because this is most durable at hi|^ temperaturesi 
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but thifl has the disadvantage of being eaten away more readily 
by basic slag. The furnace porin are the openings through which 
the gas and air enter and by which the products of combustion 
pass out of the furnace into the downtakes. It is obvious that 
each set of ports is used alternately for entrance and exit, when 
the furnace reverses regenerators. This part of the furnace is 
so important that it will be discussed subsequently under a 
special side heading. The slag pockets, shown at AAA in Figs. 
V-2 and V-3, are intended to catch dirt which may be carried 
over from the furnace through the ports and into the downtakes. 
The object is to keep as much of the dirt out of the regenerators 
as possible. It is obvious that the downtakes will serve as such 
when the products of combustion are going to the regenerators 
on one side, whereas the corresponding passage on the other side 
of the furnace will then be serving as vptakes from the slag 
pockets to the ports. 

Sizes and Dimensions of Furnace.—The standard modem 
American basic open-hearth furnace will have a capacity of 100 
to 150 tons of liquid steel per heat. It will have a length of bath 
of 35 to 47 ft. and a bath width of 14 to 18 ft. The longer the 
furnace hearth, the more nearly will combustion be completed 
before the products of combustion enter the outgoing ports. 
This promotes fuel economy and port life. On the other hand, 
the bath must not be too long or it will be colder at one end than 
at the other. The width of the hearth will be dependent upon the 
possibility of repairing it between heats, because this repairing 
has to be done through the doors which are all on the front side 
of the furnace. Hearths can be wider now, when a dolomite gun 
is used for repairs, than when all repair materials had to be 
thrown through the doors with a shovel. The area of the upper 
surface of the steel bath will vary between 460 and 675 sq. ft. 
This represents roughly from 3 to 4.20 sq. ft. of surface per ton of 
steel. This surface is the actual area of contact between the slag 
and the metal; therefore, it is the working surface of^ the 
principal chemical reactions of the furnace. The depth of the 
Ameiiean furnace bath will be between 26 and 45 in. Greater 
depth increases the weight of metal in the furnace but decreases 
the speed of chemical action between metal and slag. Heats 
having hath depths of over 30 in. will usually require 10 to 15 hr. 
per heat> time from tap to tap, which includes repairing the 
fmmm for the next heat, chai^ng, melting, purifying, and 



126 THE METALLUnar OF IRON AND STEEL 

tapping. It is a common claim in America that deeper baths 
produce greater tonnages of steel per hour with lower oxidation 
of iron and less damage to the hearth lining. The effective 
productivity of a furnace is represented by the tons of steel which 
will be produced per 100 sq. ft. of upper surface of the bath per 
hour, and this figure will average in America between 2 and 3 
tons. In Europe it will be no larger than this, except at Terni, 
Italy. However, in Europe and England the time of the heats 
will be shorter, and the weight less, owing to the fact that the 
baths are usually much shallower. Some metallurgists maintain 
that baths deeper than 40 in. produce steel of lower qualit}/. 
The reasons given are twofold: First, so-called inclusions do not 
rise fast enough entirely to clarify a deep bath. Inclusions are 
solid, oxidized particles which are entangled, or occluded, in 
liquid steel during the operation, and especially during the 
recarburizing period. The second reason offered is that there 
is insufficient circulation in a deep bath to insure uniformity in 
chemical composition and temperature. An extensi\'e investiga¬ 
tion carried on by the Verein deutsche Eisenhlittenleute^ into 
the composition of an open-hearth bath at different depths in a 
furnace of 65 to 70 tons^ capacity with a bath depth of 24 to 28 in. 
indicates that the carbon in the bath is in general higher near 
the surface. In one case it was as much as 22 per cent above the 
average, and 4 per cent below the average at the bottom. The 
manganese seems to be 13 to 15 per cent above the average at 
the bottom of the bath and 3 per cent below the average at the 
top. The phosphorus is very irregular with uncertain trends as 
to top and bottom, while the sulphur is generally higher at the 
top, where it is about 17 per cent above the average and 12 per 
cent below the average near the bottom. A discussion of possible 
reasons for these differences in composition will be found on 
page 152. 

Construction of Hearth, or Bottom.—A steel pan supported on 
I beams gives the structural strength to the bottom. To build 
the bottom a tapered plug the size of the finished tap hole 
and extending to the center is first inserted in the tap-hole arch. 
Around the plug is rammed ganister. The plug is withdrawn 
and the hole filled with anthracite coal and clay. The hearth 
lining can then be constructed around this tap hole. Next to the 

are laid one or two layers of second-quality brick, then a 

> S. BcanstcsBa, St4M md Fism, vol. 50, pp. 1040-1060, July 24,1090. 
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course of chrome brick, and after that three or more courses 
of magnesia brick. At the ends and sides, the layers are laid 
up to form a rough basin. This brick basin is the foundation 
for the real basic hearth, which should be of high-quality calcined 
magnesia. The magnesia lining is intimately mixed with about 
10 per cent of tar, or 5 to 20 per cent of basic slag, or part of 
each, to serve as a binder. It is then shoveled on to the hearth 
and spread CA^enly to form a layer ^2 thick, which is set in 
place at the full heat of the furnace for about 10 min. The 
lining material becomes pasty in the heat of the furnace and is 
shaped with a rabble around the bottom, sides, and ends. Fur¬ 
ther layers are then set in on top of the first layer until a thickness 
of hearth of 19 to 35 in. has been built up. It is obvious that 
the building up of a hearth will require some days' time at the 
full heat of the furnace. After the hearth is constructed, it 
is customary to melt a bath of slag in the furnace and spread 
it to all parts inside the refractory basin to give it a strong 
surface. 

Repairing Bottoms.—Between the heats, bottoms are repaired 
by filling up holes with dolomite.^ After each heat there is a 
cre\'ice all along the slag line which requires to be filled up. 
While magnesia is used for the bottom (except sometimes the 
top layer or two which may be made of dolomite because it 
sets more easily), dolomite is, nevertheless, used for repairing. 
If all the holes and crevices are filled in the bottom between 
each heat, the metal having been carefully drained or puddled 
out of every hole before the repair material is put in, bottoms 
will last almost indefinitely. If a hole is left, however, the 
charge may work its way down and force up whole sections of 
the bottom lining. Sometimes the metal even works it way out 
through the bottom of the furnace. A sticky or viscous slag 
is also liable to bring up parts of the bottom by sticking to it. 
Bottoms last better when the furnaces are kept heated at all 
times, even over the week-ends, because the refractory material 
shrinks on cooling and is liable to form cracks. 

Construction of Side Walls.—^The side walls of the furnace 
are customarily constructed of silica brick, and it is usual practice 
to put a layer of neutral chrome brick between the basic hearth 

* l!)olomite is a magnesia limestone, and after calpining consists of a 
mixture of lime and magnesite, CaO, MgO, with a little silica and other 
impurities. 
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and acid walls. In the case of sloping back walls, the hearth 
material is spread over the brickwork to near the level of the 
roof. 

Roof.—The roof is made thin and of the most refractory bricks 
that can be obtained, almost pure silica, with only enough 
lime to hold it together in a compact mass. The side walls are 
also thin, and the radiation from the furnace chamber is great. 
This is intentional, because thicker walls and roof produce 
endless roof trouble by melting of the brick. Formerly roofs 
were built even thinner than at present, but improved port design 
and maintenance, with a definite boost of the combustibles 
into the furnace chamber, resulting in effective flame control 
and direction so that the flame does not impinge so disastrously 
on the roof refractories, enables roofs to be built thicker, with 
consequently less heat loss through them. Roofs are suspended 
from beams independent of the side walls. The most durable 
roof is that having ribs every fourth course of brick, as indicated 
in Fig. V-10. A strong roof is one in which special bricks are 
made to hang from o\ erhead supports, called a suspended roof, 

Basic slag spattering against the silica roof during a violent 
furnace boil eats it away rapidly. After the first hundred heats 
or so, the roof gets noticeably thinner every heat, and they 
usually are so thin before three hundred heats have been made 
that it is considered desirable to renew them, although roof 
campaigns of well over three himdred heats are not uncommon. 
If a small part of the roof falls into the furnace, it may be possible 
to absorb and neutralize the acid bricks in the slag, then repair 
the hole, and finish the heat. The roof knuckle, indicated in 
Fig. V-11, is especially exposed to intense heat. Some furnaces 
have been built without this knuckle, but the roof^s sloping at 
this point drives the heat down toward the bath. Low roofs 
tend to bum out more rapidly, whereas high roofs tend toward 
slow heats and greater fuel consumption. 

Furnace Ports.—The function of ports is to cause an intimate 
mixture of fuel and air, which is a large factor in fuel economy. 
They must also direct the travel of the flame so that it shall not 
impinge on the bath, roof, or side walls. Perfection in this 
respect cannot be attained, but it is obvious that the flame will 
have a disastrous effect in decreasing the life of the fuitmce 
lining in any part which it strikes and that it may oxidise the 
hath excessively if it comes too much in contact with it. New 
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ports are much better than those which have suffered loss of 
effective shape through eating away or distortion. Another 
important factor in flame direction is the velocity with which 
the flame enters the furnace. Tall regenerators, which give 
a chimney effect and a ''boost’' to the incoming air, are effi¬ 
cacious. But the best results are obtained when a fan gives an 
automatically controlled, uniform velocity to the air coming 
through the ports. The gas should be spread out all over the 

znovahle porta. {Prom George E Hoi^e and F M Waahburn, M%xed G<i»ee %n 
Open-hearth Furnacee^ Blast Furnaces ami Steel Plants September^ 1930.) 

width of the hearth beneath the air, and the two should mix 
intimately just before they enter the laboratory, or work cham¬ 
ber. The air especially must be kept from direct contact with 
the bath, and for this reason the gas is introduced below the air. 
This arrangement has the further advantage of promoting tibe 
better mixture of the two, since the gas is lighter in specific 
gravity. It is obvious that the ports are also exit openings 
one-half of the time. They are, therefore, subject to intense 
heat from the products of combustion and Uable to burning out. 
There are many different types of ports, all of which are good, 
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but only three types will be mentioned here, as illustrating 
different principles: 

Rose Pori.—The Rose type of port has a movable chamber lined 
with brick which fits over the opening from the gas uptake, as 
shown at the left in Fig. V-11. But when the ?|as uptake is 
used as downtake, the movable box is withdrawn from the 
furnace, as shown on the right in Fig. V-11. This protects the 
box from heat of the products of combustion and allows extra 

Fia. V-12 - .St»(*on<i largest stationary furnaro in this country. It uses 
the Venturi port {From H' r HtuU, Improving ()pin--hiarF Furnace Dt^tign, 
Hted, Apr. 3, 1933.) 

space for the exit of the gases, which is advantageous in furnace 
operation. 

Venturi Pori,—According to the Venturi principle, the uptakes 
enter a sort of mixing chamber, and the area of the entrance 
from the mixing chamber into the furnace is less than the com¬ 
bined area of the three uptakes. This is illustrated in Fig, 
V-12. The principle insures an excellent mixing of fuel and air 
and is said to promote fuel economy efficiently. A similar 
principle is used in the Term port illustrated in Fig, V-13, 
which, however, has parallel sides to the mixing chamber. ThfC 
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Terni furnaces in Italy, which first used this principle, have a 
very high record for rapidity of working and fuel economy. 
It would seem that a definite 
mixing chamber, or combustion 
chamber, as an adjunct at both ^ 
ends of the furnace chamber, i 
for the intimate mixing of com- ; 

bustibles before they enter the l\ i 1 
work chamber, or ‘Mabora- ] j\ ; ; 
tory,'" of the furnace effectively Ji LL L:_[1 
promotes good combustion and 

fuel economy. . 

Removable Ports.—A type of 1 J 
port which has many advocates, 
especially in England and 
Europe, is one in which (hat j 

part of the brickwork most ' -^ 
subject to destructive acth)n by 
the products of combustion can 
Ix' bodily removed from the | 
furnace and replaced with a . 

^ . T- Frti. The Term port. {From 
fresh block, as shown in rig. Wood, iron ami Steel Institute {Londifu), 

V-14, In this way new ports nmo.) 

can be substituted for old almost without delay to the furnace 
operation. 

Port Floors.—The port construction, even of basic open-hearth 
furnaces, is commonly of silica bricks, since these are both 
cheaper and more durable. The floors of the ports are liable, 
however, to severe corrosion by spattering of basic slag from the 
bath. In some cases, the floors of the ports are protected by 
a layer of some neutral material, such as chromite, Cr203.Fe0, 
which is attacked by neither acids nor bases, and which melts 
at a temperature of about 2175°C. 

Insulation of Furnace.—Many furnaces are now insulated all 
over. This practice began by insulating the regenerators and 
then the slag pockets and uptakes. This has the obvious 
advantage of preventing infiltration of air at those points where 
there might be an internal vacuum instead of pressure. When 
the furnace chamber is insulated above the floor line, it is obvious 
that pyrometric control must be constantly employed^ because 
there % a narrow margin between the temperature necessary 

1 
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iiiside the furnace and the point of initial fusion of the brick. 
Entwisle* says that the total amount of heat radiated from the 
surface of a 100-ton open-hearth furnace above the floor lining 

\-14—Tht Friedrich port {From U Iron and Slal Instituti {London), 
July 1910) 

IS 9,000,000 B.t u per hour and that by insulation this loss can 
be reduced to 4,000,000 B t u per hour, which is 8 to 10 per cent 
of the fuel input Of this saving nearly 50 per cent is from the 
furnace above the floor line. The radiation from a roof which is 

worn thin may be reduced by 76 per cent through insulation, 
I am advised by C. F. W. Rys^ that regenerator chamber walls 
are inflated to a thickness of to 1 in. and the roofs with a 

j Book of the Aiiiertcan Iron and Steel Institute/* N, Y,, 1^13. 
* Firivatc cominamcation, July 21,1983. 
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thickness of 4 to 5 in. The furnace above the floor level is 
insulated on the side walls, bulkheads, etc., with a thickness 
of 1 to 2 in. of insulation. Furnace roofs are insulated with slag 
wool for a thickness of 2 to 5 in. 

Water Cooling.—Open-hearth doors are now always water 
cooled, because this prevents warping and makes the melting 
platform more comfortable. It is also very common to have 
parts of the brickwork of the port water cooled and occasionally 
even other parts, such as the skewbacks of the roof and places 
in the walls of the downtakes and furnace proper. A 110-ton 
furnace may use as much as 1,000,000 gal. of water every 24 hr. 
for cooling the furnace proper ahd the reversing valves. It is 
claimed that the heat carried away by the water is no greater 
than would be radiated from the furnace in any event, so that 
fuel economy is not lowered. 

Regenerators.—With the furnace are connected two pair of 
regenerators which preheat the gas and air for combustion as 
described in Fig. 111-4. The internal volume f)f each of these 
chambers is equal to three-fifth to nine-tenth of that of the work¬ 
ing chamber itself. The larger the regenerators, the greater 
will be the amount of heat intercepted in them, and therefore 
the lower the temperature of the gases that go to the stack. 
The amount of space actually occupied by the bricks, or checker- 
work, is the important consideration, however, and this should 
be from 120 to 350 cu. ft., total, for all four regenerators per ton 
of furnace capacity, the volume of the two gas regenerators 
usually being about 30 to 40 per cent less than that of the air 
regenerators, because the volume of gas used is less than that 
of the air, and also because the gas does not require to be pre¬ 
heated so much, since it is already somewhat warm from th6 
gas producer. Gas of high calorific value, or which will break 
down if heated, such as natural gas and coke-oven gas, is not 
passed through regenerators. But producer gas, mixed gas, etc., 
will give improved fuel economy and higher temperatures if 
preheated. Tar, oil, etc., may be warmed by steam in their 
storage tanks and the pipes leading to the furnace. During 
the operation of the furnace more or less slag, dirt, and dust are 
cani^ over with the outgoing gases. To intercept this the 
slag pockets or dirt pockets A A are provided; but in spite of 
them the j^pac<^ between the bricks of the checkerwork become 
partially choked^ and for this reason, as well m because the 
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deposit of dust makes the surface of the bricks rough, the total 
area between the bricks must be much larger than the area of 
the ports, so that the velocity of the gas will not be lessened. 
The furnace must be laid off for repairs when the passages 
between the bricks are choked by dirt, but, on the other hand, 
the interstitial space is limited, because the bricks must be laid 
in such a way that the maximum amount of surface shall be 
exposed and the gases forced to the greatest i)ossibIe contact 
with them. Recently special types of regenerator bricks have 
been devised to afford large surface for heat absorption and small 
horizontal surfaces for deposition of solids. 

The modern construction makes the regenerators as tall as 
possible in order that incoming gas and air may be forced into 
the furnace by the draught, and also because this chimney 
effect causes the incoming gas and air naturally to seek the hottest 
places and the outgoing gas the coolest places, in this way 
equalizing the temperature in the different parts of the regtmer- 
ators. They should be not less than 15 to 20 ft, high. In 
order to get the height, it is now customary at some plants to 
use two-pass and three-pass regenerators, as indicated in Fig. 

This involves a number of changes of direction in the 
products of combustion but each change in direction insures a 
better separation of solid materials carried o\'er from the bath. 
A further advantage of these multiple-pass regenerators is that 
the bricks at the top of the first pass from the furnace are the 
ones which suffer most from burning out. If these bricks are 
changed at intervals, the chambers may last a long time and 
thus save considerable expense in tearing down and rebuilding. 
There must be suitable open space both below and above the 
regenerator bricks themselves to distribute the gas flow evenly, 
but it will be obvious from Fig. A'-3 that there will be portions 
of the checkerwork in every chamber which will be practically 
valueless. This will be more in evidence the longer the chamber 
in relation to its height. 

Reversing Valves.—The function of reversing valves will be 
clear from Fig. III-4. The old type of mushroom valve is 
obsolete in America, Water-cooled valves are standard, as 
is also mechanical operation as distinguished from hand opera¬ 
tion, because the additional cost of interest on higher first cost 
and power to move is more than saved by le>ssened leakage and 
furnace delays. There are several types of valves in use, but 
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the Forter and the Blaw-Knox valves are now very commonly 

employed. These arc illustrated and described in Figs. V-16, 
V-17, and V-18. 

Fifi. A'-Ki.--Simple Forter valve. Both oiit(*r and inner hooda of this valve 
are seated in water to form a seal. When the inner ho<id is in the position 
marked h, it is obvious that passages A and li are connected, whereas, when 
the inner hood is in iiosition a, piussages A and f' are connected. The inner hood 
is raised by suit able mechanism and transferred from one prisition to the other. 
{From Hervuinn, 'Wfodern Open Hiarth Steel Works.'') 

Isley Furnace.—An ingenious method of solving the problem 
of reversing vahes is the Isley furnace shown schematically in 

Flo. V-IT.—Phftntom view showing general design and construction of W*^M 
gas reversing valve. (Courtesy/ of The Wellman Wngineering Co.) 

Fig. V-IO. This furnace is fitted with two stacks with an 
aspirator in each stack, so that an exact draft can be obtained 
in either direction. Results with this furnace seem to indicate 
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that veiy good control of combuslion and furnace work-chamber 

conditions is obtained thereby. 
Life of the Furnace.—The of an open-hearth furnace 

means the number of heats that it can make continuously without 
stopping for any more extensive 
repairs than can be made with¬ 
out allowing it to cool down. 
No figure can be given for this 
except in the most general way. 
The life of the furnace will be 
ended usually in one of three ways: 
(1) the falling in or abandonment 
of the roof, (2) the eat mg away 
of the ports, so that th(‘ flame 
can no longer be maintained 
properly, or (3) the failure of 
the regenerators, which may 
occur either through the choking 
of the checkerwork or through 
a crevice formed by the con¬ 
traction and expansion of the 

Fig. v.18.—Biaw-Kilox laivo bricks, SO that there is a serious 
{From Jour. Iron Steel Inst., No. II, between the gas chamber 

and the air chamber, and pre¬ 
mature combustion takes place. If the roof of a basic furnace 
lasts 350 heats, it is considered good work. The other parts 

Fig. V-19.—^Coaventional view of Isley furnaco^ntrol apparatus applied 
to an open-hearth furnace. (From Merktr The Yale SdetUific Jfapastn«, Nopem-^ 
her, 1031.) 

of water-cooled furnaces and furnaces having greater 'length 
—40 ft. and over—will last nearly twice as loi»g. 'Tturee huwired 
and fifty heats would mean about 18 to 24 weeha' wik in 



MODERN OPEN-HEARTH PRACTICE 137 

America. Foundry furnaces will last only about one-half as 
many heats as given above in many instances. The reasons for 
this are (1) the higher temperatures usually attained when 
making steel for castings and (2) the longer heats. Another 
import^ant factor in the life of the furnace is its continuous firing, 
as contrasted with shutting down each week-end. Continuous 
firing is now the standard practice, because it saves repairs, 
heat, and labor charges. Many ingot-steel foundries take only 
two heats per day from their open-hearth furnaces, and most of 
them shut down for Sunday, although the firing continues. 

Cost of Open-heaxth Furnaces.—Stewart J. Cort^ gave the 
following figures of costs for a single open-hearth furnace which 
are given herewith as Table V-III. These costs do not include 
cranes or other auxiliary equipment mentioned in the next section 
of this book, with the exception of waste-heat boilers. These 
figures are based on stationary furnaces built six or more in a 
line, and tilting furnaces three or more in a line. 

Table V-III - Compakative Costs fob One Fi’rnace 

Type of furnace , Furaac(‘ Waste- i I 

- -1 with foun- heat Building Total 

Stationary ! Tilting ^ dation boilers | 

60-T 
1 

$116,000 ' * $25,000 1 $120,000 $261,000 

75-1' i i 146,000 30.000 I 130.000 305,000 

100-T 1 1 193,500 1 35.000 ' 155,000 1 383,500 

; lOO-T i 270,000 i 36,000 1 170,000 1 475,000 

i 200-T 360,000 40,000 ! 200,000 600,000 

J 250-T 400,000 40.000 220,000 ' 660.000 

Auxiliauy Equipment 

The auxiliary open-hearth furnace equipment will include 
cranes over the melting platform and over the casting pit, tracks, 
cars, charging boxes, charging machines, ladles, etc., for charging 
both solid and liquid raw materials, as well as fluxes and slag¬ 
making materials, recarburizers, etc. It will also include ladles 
for receiving liquid steel and slag from the fpmace, tracks and 
gondola cars for taking care of refuse, teeming platforms where 
the operator stands to teem liquid st/eel from ladle into ingots, 

^ Year Book of the American Iron and Steel p. lei, Kew 
York, im. 
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tracks, cars, stools and ingot molds for forming and taking care 
of the ingots, stripping machines for removing the mold from the 
ingot when the latter is solid, and, finally, waste-heat boilers to 

Fig V-20—Melting platform and low-type’ charging machine (From 'The 
Open Hearth Furnace C aialogue of I hf W til man-Sealer- Morgan C o ) 

take advantage of sensible heat in tlie gases aftei they lea\e the 
regenerators 

Charging Solid Materials. The steel scrap and pig iron, which 
go to make up the bulk of the metallic charge, as well as iron ore 

Fig V-21 —“High-type” charging machine and position of charging box when 
ready to dump This shows also arrangement of tap hole and spout in station¬ 
ary furnace 

and limestone flux, and other solid matenals, if aiyr, which are 
used in bulk, are brought to the furnace in charging boxea having 
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the general ap^)eararK*e shown m Fig. V-21. Each box holds the 
equivalent of 2 to 2*2 tons of pig iron and three or four boxes 
are carried together on small, flat cars. In American practice 
these cars run on tracks immediately in front of the furnace, as 
shown in Fig. V-20 This has the disadvantage of their interfer¬ 
ing with access to this and neighboring furnaces but enables 
them to be more rapidly put into the furnace and emptied (see 
Fig V-21). In h^nglish and Continental practice it is common to 
have the tracks for charging box cars situated outside the melting 
platform, as indicated in Fig. V-6, but this increases the time 

Fig. V-22.—Low-tj^o charging machines on melting platform of open>hearth 
furnaces. {Courtesy of The Wellman Engineering Co ) 

of charging. Charging machines are rarely of the crane type 
in America (see Fig. V-6). But more often of the so-called 
low type shown in Fig. V~22. An older form of high-type machine 
is shown in Figs. V-7 and V-21. The charging machine moves 
the charging boxes on their cars back and forth, as desired, after 
the locomotive has delivered them in front of the furnace. The 
head of the bar on the charging machine locks into a socket 
on the box and enables it to be introduced into the furnace and 
turned over to empty any part or all of its contents. Each of the 
five front doors of the furnace is used on occasion. A machine 
can charge at the rate of rfbout one box per minute, if there are 
no deteja. 
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Size of Steel Scrap.- Steel scrap in small sizes, such as 
trimmin^iis from plates and loosely bundled wire, is low in pricta 
and disadvantageous in two respects: (1) It occupies too much 
space in the furnace; and (2) it oxidizes \^ery readily before 
melting. Herty says that small steel scrap will produce approxi¬ 
mately 8 3 lb. of iron oxide during melting for e\ ery 100 Ib. of 

Fig. V-23.—Bundling; scrap for open-hearth furnaces. 

scrap, whereas ^^heavy melting scrap,” such as ends of ingots, 
will produce only about 1.7 lb. of iron oxide per 100 lb* Many 
types of small scrap are now bundled in hydraulic machines as 
diagrammatically indicated in Fig. V-23. The Ford Motor 
Company has recently installed bundling presses enough 
to compress a full-sized discarded automobile. The oompiressed 
cars are put in open-hearth melting furnaces of 400 tons^ eapadty 
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and melted down, after which the metal is refined in other open- 
hearth furnaces. 

Handling Liquid Metal.—Mixers of varying capacities from 
500 to 1,500 tons each are used as reserv'oirs for the storage of 
liquid pig iron when and as wanted (see Fig. VI-2). In more 
recent practice mixer ladles, already mentioned, are used for 

FtG. V*»24.—Chargii^ Uquid metal into baeic open heartb. {C&urtesy of B^h- 
lehem Steel Corp.) 

receiving the pig iron at the blast furnaces and bringing it to the 
open-hearth plant, where the ladle serves as a reservoir. In 
cither case, the liquid pig is poured from the reservoir into a 
ladle eontaining 25 ions or so. This ladle is brought to the open- 
hearth house, picked up by a crane, and poured into the open- 
hearth famaoi^ through a movable runner, When liquid steel 
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is also used in the open-hearth furnace, i.e., when pig iron is 
blown in a Bessemer converter and the blown metal transferred 
still liquid to the open-hearth furnace for dephosphonzation, a 
similar method of charging the hcjuid metal is employed, as 
indicated in Fig ’\’^-24 We need hardly add that both solid and 
liquid metal passes o\er scales in transit, so that its weight is 
recorded and charged against the furnace. 

lia. V-25 —Line of cooling ingot molds outside steel mill. 

Ingot Cars, ^tools, and Molds.—Cast-iron stools restjon ingot 
cars and cast-iron ingot molds rest on the stools in as 
indicated in Fig. V-25. The ingot molds are brought alongside 
of the teeming platform in the steel mill by a small locomotive 
(see Fig. V-26). After the finish of the steel operation, the liquid 
metal is tapped or poured into the teeming ladle, which usually 
has a capacity of about 125 tons. The ladle may rest on perma¬ 
nent trunnions in back of the furnace or may be held in position 
by one of the cranes which span the casting pit. In either event 
it is so held that its overflow spout, shown in Fig. V-9, w ill lead 
the slag, which floats on top of the metal, into an adjacent slag 
ladle, leaving only a thin layer of slag to protect the steel from 



MODERN OPEN-HEARTH PRACTICE 143 

oxidation and freezing during the teeming operation (Fig. V-2fm). 
The teeming ladle is fitted with a nozzle, which in turn is closed 
by a stopper on the end of a long rod (Fig. V-27). This stopper 
can be raised out of the nozzle by means of a lever, as shown in 
Fig. V'-28. The stopper is raised entirely clear from the nozzle 
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Fi<}. V-26,—Teeming a 100-ton open-hearth heat into ingot molds. (Courtesy 
of United States Sted Corp.) 

to avoid any spattering. The inner diameter of the nozzle, 
therefore, determines the size of the stream of metal, which in 
turn determines the rate at which the ingot molds are filled, the 
total time required to empty a ladle of steel, etc. This nozzle 
size is of prime importance in affecting the surface and character 
of the steel ingots. Ingot molds are carefully painted inside witH"^ 
clay wash or tar. Sometimes they are even dipped bodily in 
hot tar in order to insure a good coating. Good molds should 
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last long enough to make one hundred ingots. Claims are made 
for as many as three hundred ingots per mold, but this is practice 
of doubtful economy, because the molds form cracks inside into 
which the liquid steel runs. When the molds are stripped from 
the ingots, these projections tend to tear the skin of the ingot, 
leaving a mark which is not eradicated by any amount of rolling. 

Fio. V-26a.—Disposal of open-hearth slag when tapping. (From Blaat Furnace 
and Steel Plants January, 1932.) 

Stri^piQg.—After the ingots are teemed, or cast, they are 
aUowed to stand for at least half an hour in order to solidify, 
and they are then transferred to the stripping house, shown in 
Rg. V-29. Here the ingot molds are removed from the ingots 
and placed on a new stool ready to go back to the steel mill for 
another teemii^. This leaves the ingots on their ears, on which 
tibey are transfmed to the rolling miU for furtl^ Opmntipns. 
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Automatic Control of Open-hearth Furnaces 

There are four respects in which the operation of the open- 
,hearth furnace should particularly be controlled, viz,, (1) condi¬ 
tions of combustion, (2) analyses of gas within the furnace 
chamber, (3) gas velocities and pressures within the furnace 
chamber, and (4) temperatures. In some cases all of these 
conditions are continuously indicated to the operator and 
recorded. The operator adjusts the controls in order to maintain 

the conditions as he desires them. In other cases some or all 
of these conditions are not only indicated and recorded but 
automatically regulated so as to be independent of manual 
contrqji except Us the automatic apparatus is changed to maintain 
somewhat different conditions. 

Automatic Control of Combustion,—We have already indicated 
bow blast<*fumaoe gas is intimately mixed with coke-oven gas in 
order to maintain a unffm^m calorific power of mixed gas supirfied 
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to the open-hearth furnace. In addition to this, it is necessary, 
whether gas or oil is used for fuel, so to regulate the relative 
volumes of air and combustible that the most desirable combus¬ 
tion conditions shall be maintained. This does not always mean 
perfect combustion, because, during the melting-down period 
when the temperature must be as high as possible, it may be 
desirable to use air in excess of that necessary for perfect combus- 

Fig. V-28.—Teeming steel into molds. 

tion in order that we may get the maximum production of carbon 
dioxide. In some cases, it is, therefore, habitual to have the 
combustion regulated so that the furnace gases will contain 
about 1 per cent of free oxygen during the melting-down period. 
At a later period the ratio may be changed to obtain as near 
perfect combustion as possible. Other operators prefer to use 
the same ratio throughout and get the highest possible tem¬ 
perature available with the amount of fuel used. A firm of 
combustion regulator is shown in Fig. V-30. It will be noted 
that a Venturi principle volume indicator is used in both the air 
and the gas lines. Each side of the Venturi orifice in these lines 
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and pipe loads to a diaphraj^m and this, in turn, by means of a 
lover, opens or closes a valve m the air line. The levers can be 

Ik. i:it*ctrif strippers in operation. of U. S, Steel Coip) 

adjusted to maintain automatically a wide range of air and gas 
ratios. If the oix'rator retjuires more heat in this furnace and 
turns on a larger amount of gas, a corresponding increase is 
automatically made m the air volume. 
Corresponding control can he had when 
oil or tar is used for fuel in place of gas. 

Analyses of Furnace Gases.—Appara¬ 
tus is on the market which will contin¬ 
uously indicate the amount of carbon 
dioxide present in any gases. This 
is installed at some open-hearth fur¬ 
naces as a check on the combustion 
conditions. It may be used there with Fia. V-30.~~Regulator for 

, ,, , ,. 0 relative volumes of air and 
or without automatic regulation of g^s. (From BiaH Furnace 
combustion. In some cases continuous Piani, February, 

1932 ) 
recording of carbon dioxide is not prac¬ 
ticed, but complete gas analyses are made every 24 hr. More 
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recently apparatus has been devised for the continuous recording 
of oxygen in gases, but this is not as yet extensively employed. 

Gas Velocities and Furnace Pressures.^—In order that com¬ 
bustion conditions may be adequately controlled, it is necessary 
that the Working chamber of the furnace should be at all times 
under, a slight pressure so that there is no opportunity for infiltra¬ 
tion of air through open doors, cracks, etc. An indicator placed 
in the middle of the roof, or in the front wall just over the middle 
door, should show about H-in. water pressure at all times. 
Sometimes this indicator is automatically connected with a fan 
forcing air into the regenerator on the one side and another fan 
drawing the gases from the waste-heat boiler into the stack on 
the other side. In this way the furnace is much more accurately 
controlled than if dependent on chimney draft. In connection 
with combustion conditions, it should be mentioned that the 
insulation of regenerators, uptakes, etc., has l>een incidentally 
very beneficial because of preventing infiltration of air in parts of 
the apparatus where inner pressure is impossible. 

Temperatures.—Furnace temperature is controlled by increas¬ 
ing or decreasing the amount of fuel used and also by the fre¬ 
quency with which reversals in direction of gas and air are made. 
It is obvious that if incoming gas and air are using one pair of 
regenerators too long, their preheat will decrease by a serious 
amount. On the other hand, if they are reversed too frequently, 
there will be a constant building up of temperatures which may 
endanger the life of the brickwork. To maintain the desired 
temperature with the least necessary amount of fuel, and to 
maintain uniformity of temperature at all times, is the optimum 
practice. Where this was judged by eye and reversals made at 
the judgment of the operator, very ununiform results were 
obtained. Where reversals are made by time, such as every 15 
or 20 min. or longer, results have also been far from uniform. 
The best results have been achieved by reversing the valves when 
the difference in temperature between the air entering its regener¬ 
ator on one side is about 200°F. less than the temperature of the 
products of combustion leaving the regenerator on the other 
side. This is diagrammatically indicated in Fig. V-3L If the 
flame is parsing through this fumaee from right to left of the 
dii^ram and the thermocouple at C on the right indicates a 
temperature 200® lower than the thermocouple at C on the teft^ 
then an electric device automatimlly sets in motion the apparatua 
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which reverses the valves and clianges the direction of the current 
of gas and air. In some cases the apparatus is rigged to ring a 
bell and/or give other signals, so that the valves are reversed by 
the operator when this much difference in temperature is shown. 

The Operation in Brief 

Formerly the so-called pig-and-ore proeeas wii& practiced; viz.^ 

100 per cent of the charge consisted of pig iron and enough iron 
ore was used to oxidize all the impurities therein. This naturally 
was practiced where pig iron was cheap, as, for example, in Pitts¬ 
burgh and in Germany. But this is necessarily very slow, and 

stack Stack 

Flo V-31.—DiaKramrrmUr drawiriK showing the location of the thermocouples 
on lK)th sides of the furnace. .4 indicants stack dam]>ers and B indicates air 
lids; C indicates the recommended location of the control (and recorder) couples 
in the air flues; D indicates the alternator* location of the thermocouples in a well 
in the checker chandlers. {From Leeda d* Northrop Co., BuU. 841, 1031.) 

almost all American furnaces now use at least 40 to 60 per cent 
of steel scrap, because this makes a smaller amount of impurities 
to be oxidized off. In some cases as much as 100 per cent of 
steel scrap is used, but this is also special practice requiring 
special methods. We shall first consider a charge using only 
steel scrap and pig iron. 

Mixers.—Mixers have the great advjintage of providing pig 
in quantities of 25 tons or so at frequent intervals. Mixer ladles 
are more economical, and, since experience has taught operators 
a method of partially reducing sulphur in them, they have become 
active competitors of large mixers. In some cases the mixer is 
used as a preliminary refiner, about 4 to 5 per cent of ore and 6 
to 6 per cent of lime being added to it. In the mixer, manganese, 
silicon, phosphorus, and sulphur are thus removed in amounts 
worthy of consideration. Purifying in the mixer increases the 
output of the open-hearth furnace; moreover, the costs for 
lepahisi, )abor, and fluxes in the mixer are comparatively mall. 
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Order of Charging.—-P'or simpliciiy we shall consider a charge 
of 50 per cent of steel scrap and 50 per cent of pig iron. About 
10 per cent of the steel scrap is spread evenly over the bottom, 
preference being given to plate scrap and small-size scrap 
because of its greater covering power. It is placed here for the 
purpose of protecting the bottom. On top of this is placed about 
6 to 10 tons of limestone for slag-making purposes and about 
4 tons of iron ore or roll scale. Then follows about as much 
scrap as can be crowded into the furnace with a few tons of pig 
iron on top of it. The object is to have the easily melting pig 
iron placed on top, so that it will trickle over the partly melted 
steel and tend to reduce oxidized scrap that' has been formed 
in the flame. As soon as the charge has softened and sunk down 
in the furnace, there is room for the rest of the scrap and 30 or 
40 tons of liquid pig iron. As the metal melts down, it forms a 
pool in the bottom of the furnace. The impurities in this react 
with iron ore and other iron oxide, so that all of the phosphorus, 
most of the silicon, and all but about 0.25 per cent of the manga¬ 
nese will be oxidized and pass into the slag. Some of the carbon 
will also be eliminated. 

Lime Boil.—During the melting of the scrap it is oxidized, 
and chemical reactions take place between its oxide and the 
impurities it contains. The iron ore in the bottom of the furnace 
may also enter into the action. At the same time the limestone 
in the bottom of the furnace is being calcined: 

CaCO, T=± CaO + CO2. 

As this gas bubbles up through the liquid metal, it forms what 
is known as a lime boil. The gas also oxidizes some iron: 

CX)2 + Fe ^ FeO + CO. 

Melting.—When the charge is fully melted, the ^Time comes 
up,^^ as it is said. This lime is not yet fully melted and a period 
ensues in which a fully liquid slag is formed. If necessary, 
some fluorspar, CaF2, is added to assist in making this liquid. 
The basic slag should contain at all times more than 50 per cent 
and preferably at least 55 per cent of CaO + MgO. It is 
desired that the bath should hold at least 0.20 per cent of manga¬ 
nese until the end of the heat, because this lessens the tendency 
of iron oxide to dissolve in the steel. The more manganese put 
in with the diarge, the more sulphur is removed during the. 
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operation. And for this reason basic pig iron should contain 
at least 1.75 per cent of manganese. Basic pig iron should 
also contain not more than 1 per cent of silicon, because this 
forms silicon dioxide, which requires calcium oxide to neutralize 
it, because the silicon dioxide should never be in excess of 10 
to 15 per cent in the slag. The slag on the newly melted bath 
will also contain a certain amount of FeO and Fe203. The 
latter is used for the further oxidation of impurities. After 
melting it will be necessary to put in an additional charging box 
or so of iron ore if the carbon still requires considerable reduction. 
It is imperative, however, that no iron ore should be added to 
the furnace within an hour of the time the charge is tapped, 
because the oxidizing character of the slag and therefore the 
oxygen in the bath should be as low as possible during the final 
stages, as will be explained later under the head of the physical 
chemistry of steel making. It will require 4 to 8 hr. between 
charging and the time when the lime comes up. 

Functions of the Slag.—The slag is the agent through which the 
chemical reactions of the operation are effected. Its oxidizing 
action is obtained chiefly from iron ore, but also by oxidation 
through oxygen and carbon dioxide in the furnace gases. It 
must always be basic enough to hold all the phosphorus which 
has been oxidized and, if possible, all the sulphur which can be 
converted to calcium sulphide. This is somewhat uncertain, 
especially if sulphur is brought in from the fuel through the 
furnace gases, but there is usually some reduction of sulphur 
from the average analysis of the raw materials to that of the 
finished steel. The slag also serves as a blanket between bath 
and furnace gases to lessen oxidation of and sulphurization of 
the steel. Nevertheless, some exposure occurs, because there 
is always a boil during the later period of the heat in which 
escape of carbon monoxide gas from the steel causes liquid metal 
to be thrown up into the furnace atmosphere. 

The variations in bath analysis at different depths, shown on 
page 126, afford an opportunity to illustrate the removal of 
some of the metalloids: Carbon bubbles out of the steel in the 
form of carbon monoxide gas. This gas will rise at all times and 
also will be more likely to form near the top where the oxidizing 
slag reacts with the carbon in the metal. The manganese 
will obviously be lower at the top, since its conversion to manga¬ 
nese oxide takes place where the slag reacts with the metal. 
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The behavior of phosphorus is irregular and greatly dependent 
on temperature, because phosphorus will oxidize in preference 
to cartK)n at relatively low temperatures and vice versa at tem¬ 
peratures of a higher level. Sulphur is eliminated from the 
steel mainly through the formation of manganese sulphide, 
which slowly separates from solution in the liquid bath and 
slowly rises to the surface, so that we should expect to find a 
greater concentration in the upper levels. 

Finishing the Heat.—After the charge is fully melted, it only 
remains to bring the steel to the desired purity, to raise the 
temperature to the point where it is sufficiently fluid for tapping, 
and to recarburize in part. ITsually only carbon remains to 
be oxidized after the lime comes up. A sample of the bath 
taken at this time will give the first representative chemical 
analysis of the heat and, if the carbon is right, it only remains 
to get the temperature to the desired point, to recarburize in 
part, and tap. If by any chance the phosphorus has not been 
entirely eliminated, then it will be necessary to lower the tem¬ 
perature of the furnace and add some pig iron. At low tem¬ 
peratures, phosphorus will oxidize instead of carbon and vice 

versa. Carbon must be the last element to leave the steel, 
because it has a strong influence in keeping iron oxide out of 
the bath. The addition of cold pig iron increases the carbon 
in the metal, lowers the temperature of the bath, and usually 
enables the phosphorus to be reduced to the desired point. 
This ^‘pigging up,'' as it is called, is, however, to be avoided 
when possible. Sometimes pig iron is added for the purpose of 
creating a ^^pig boil” in order to stir the bath and/or to raise 
its temperature. 

If, after the lime comes up, the carbon in the bath is high, it 
may be necessary to add one or two boxes of ore. The finish 
of the heat usually requires 4 hr. or more. During most of 
this time, the bath should boil actively, the temperature should 
rise, and the carbon drop. Since carbon will inevitably be 
oxidized as long as the steel remains in the furnace, it is obvious 
that there must be more carbon in the bath just after melting 
than we expect to have in the finished steel, but the excess 
should not be too great. Test samples are taken at intervals 
with a spoon and are analyzed to show the progress of the 
reactions. In most cases it is customary to reduce the final 
carbon slightly below that desired in the finished steel, because, 
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when the rocarbnrizer is added, a little carbon comes in with 
the silicon and manganese, and this makes the final st(3el slightly 
higher in carbon than the final bath. In some cases it is custom¬ 
ary to reduce the carbon very much below the point desired 
in the finished steel and then add considerable carbon with the 
recarburizer. This causes a violent stirring of the metal and is 
believed by many to assist in removing dissolved oxygen from 
the steel. 

Slag.—Final basic slags will contain: 

10 to 15 per eont 8i()> 

45 to 55 por ct*nt CaO +- 

10 to IH por (*ont FoO 

5 to 15 per cont P.Ob. 

The slag is the crux of the open-hearth operation, and it must 
be kept slightly oxidizing at all times except just at the end. 

Recarburizing.-—The original purpose of recarburizing was 
to bring up the steel to the desired content of carbon; hence the 
name. At present, the most important purpose is to rid the 
bath of oxygen as fully as possible. Both silicon and manganese 
contribute to this end. Manganese is a more powerful deoxidizer 
than silicon, but silicon has also the function of lessening the gas 
bubbles or blowholes in the solid steel. Aluminum and vanadium 
are both more powerful deoxidizers than manganCvSe. Aluminum 
is pot always used because of a danger mentioned hereafter, and 
vanadium is not always used on account of its cost. One of the 
most important recent improvements in the manufacture of 
basic open-hearth steel is the possibility of performing a part 
of the recarburizing in the furnace. The recarburizer contains 
manganese, silicon, and carbon. It often consists of ferro¬ 
manganese containing about 80 per cent of manganese, and 
feiTOsilicon containing 50 per cent of silicon. Where a good deal 
of carbon is also to be added to the steel, alloys containing less 
silicon and manganese than these may be used, together wiih 
pig iron or bags of anthracite coal in small sizes. Even when 
making medium or high-carbon steel, some operators prefer to 
reduce the carbon in the bath to a low point and then add liquid 
pig iron in the fiumace, because this gives a boil to the bath, 
which stirs it and rids it of oxygen. The chemistry of the recar- 
buriidng operation is important. The recarburizer is added both 
to certain eianents to the steel and to take certain impuriti^ 
mit of it, The importance of this second function will be appreci- 
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ated on recalling that the makers of Bessemer steel were not able 
to produce a marketable product until they learned to take 
oxygen out of the liquid bath by means of manganese added with 
the recarburizer. Finally, the chemistry of the recarburizing 
operation is complicated by the circumstance that some reactions 
occur between the recarburizer and the slag of the process. It 
is on this account that recarburizing is difficult, and was formerly 
hazardous, in the basic open-hearth furnace. Especially if 
silicon is added in the basic open-hearth furnace and reacts with 
the metal and slag, it may form enough silicon dioxide to decrease 
the effective basicity of the slag, so that phosphorus will be 
reduced. If reduced, it will, of course, return to the bath. This 
occurrence is known as rephosphonzatio?i. We have already 
noted that silicon dioxide is a stronger acid than phosphoric 
anhydride and will drive the phosphorus out of combination 
unless a large excess of calcium oxide is present to hold both. 
Recent experience has taught operators so to manipulate the heat 
as to be able to add a part of the ferromanganese directly in the 
furnace. This has the advantage of performing the reaction 
when the metal is hotter, which means that it will be more nearly 
complete. It also forms the solid manganese oxide in a relatively 
thin basin, so that the oxide does not havq so far to rise in order 
to clarify the steel. In the ladle it might have a depth of 10 ft. 
through which to rise to reach the surface. Finally, the putting 
of ferromanganese in the furnace causes it to be again stirred into 
the metal by the action during tapping. One of the most impor¬ 
tant of all the improvements in open-hearth practice has been 
the development by Doctor Herty and his associates of a recar¬ 
burizing alloy rich in both silicon and manganese, known as 
silicovr-manganese. This is now beginning to be extensively used 
in America. It is especially efficacious in producing oxides of 
silicon and manganese which will coalesce and separate more 
easily from the steel, thus ridding it of the so-called oxidized 

inchmom before it freezes. In some cases an alloy containing 
silicon, manganese, and aluminum has also been used. If a 
basic heat is tapped within 10 or 15 min. after adding the recar¬ 
burizer, the amount of inclusions is less than if the steel waits in 
the furnace long enough for a secondary reaction to occur which 
produces more oxides in the metal. In the ladle it is customary 
to add the silicon and also aluminum, if the addition of aluminum 
is permitted. This practice is somewhat hazardous because 
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aluminum oxide forms extremely fine particles which separate 
with difficulty from liquid metal. If carbon is added, it is often 
added in the ladle. After a pool of liquid metal has accumulated 
in the ladle from the furnace, the carbon is thrown in, in the form 
of anthracite coal in bags. This creates a violent boiling of the 
metal in the ladle, due to the escape of carbon monoxide gas, 
and it is believed that this action helps to decrease the oxygen 
left in the steel. 

Deoxidizing the Bath.—The carbon, manganese and silicon 
contained in the recarbiirizer will all deoxidize iron according 
to the following tyi:)e reactions: 

Mn + FeO = MnO + Fe. (1) 
+ FesO, = 3CX) + 2Fe. (2) 

Si + 5FeO = Fe02.Si0, + 4Fe. (3) 

Of these, manganese is the most powerful deoxidizer and will 
come nearest to ridding I he bath of oxide. The carbon monoxide 
has the disadvantage of being somewhat soluble in the molten 
metal; consequently, althoug^i large volumes of carbon monoxide 
gas escape from the steel during recarburizing, there is, under 
normal conditions, a constant evolution up to the time when the 
metal becomes solid, and there is probably even a small amount 
of carbon monoxide retained in solution, as well as gas bubbles 
(called blowholes) inclosed in the solid metal. Silicon not only 
reduces iron oxide but also is a prime factor in preventing these 
blowholes, as will also be described in Chap. VUI. The oxides 
of manganese and silicon tend to separate themselves from the 
liquid bath, and it is thus that they remove the oxygen, whereas 
the oxides of iron are much more readily retained by the steel. 
Nevertheless, the removal of oxygen by manganese and silicon 
is not complete; because, first, the deoxidation of the FeO 
and FegOa is not complete and, second, the oxides of manga¬ 
nese and silicon do not completely separate from the steel but, 
on account of lack of fluidity, remain in tiny particles entangled 
in the solidified mass. Unless there be an excess of manganese 
and silicon above that necessary to fulfill reactions (1) and (3), 
their deoxidizing effect is far from complete, and it is partly on 
this account that the recarburizer is so calculated as to leave 
about 0.60 per cent of manganese and 0.l6 per cent of silicon in 
open-hearth steel. 
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Reactions between Recarburizer and Slag.—The slag being an 
oxidized product and the recarburizer being essentially a reducing 
agent, there is always a certain interchange of elements between 
the two, the slag giving up some of its oxygen to the carbon and 
manganese of the recarburizer, and the latter contributing manga¬ 
nese to the slag, both by virtue of reaction (1) and of the 
following: 

Fe()(Si02)2 + Mn - MnO(Si()2)2 + Fe. (4) 

The slag is decreased in iron oxides and increased in manganese 
oxide as a consequence of the recarburizing operation. There 
is more iron oxide reduced from the slag than manganese oxide 
contributed, and this effect is produced by direct reduction of 
iron, by means of carbon monoxide, in accordance with the 
following reaction: 

2Fe().Si02 + VO = Fe()(Si()2)2 + CXlo + Fe. (5) 

It is always difficult to recarburize steel in the presence of a 
basic slag, lest the carbon, silicon, and manganese of the recar¬ 
burizer reduce phosphorus from the slag and cause it to pass 
back into the metal: i 

2(3Ca0.P205) + 5C = 6C:aO.P2()5 + 5CO + 2P; 
4(3Ca0.P205) + 5Si = 2(6CaO.P2()5) + 58i(32 + 4P. 

Therefore in basic practice most of the recarburizer is added to 
the stream of metal while it is pouring from the furnace into the 
ladle, and special arrangements are made for allowing the slag 
which floats on top of the metal to overflow at the top of the 
ladle and thus be largely separated. In careful practice ‘^rephos- 
phorization^^ need not exceed 0.01 to 0.02 per cent of the steel, 
although a much larger increase may take place through accident. 
But, as the steel and slag remain in the acid-lined ladle which is 
always used for teeming purposes, some silicon in the steel oxidizes 
knd passes into the slag and some ladle-lining material is fluxed 
off by the slag, especially if the temperature is high. Thus, 
phosphorus and a little sulphur may be reduced out of the slag 
and absorbed by the metal during teeming, especially if the 
teeming operation is a long one. The high temperatures and 
long teeming periods of foundry work tend to produce this 
rephosphorization. 

The recarburizer usually consists of ferromang^ineBe and ferro- 
silicon together with anthracite coal, charcoal, or coke which i$ 



MODERN OPEN-HEARTH PRACTICE 157 

broken into small pieces and loaded into paper bags. Anthracite 
is the commonest. When phosphorus is desired, which it is for 
tin-plate steel, ferrophosphorus is added in the ladle. In some 
cases, stick sulphur is added in the ladle. In making high- 
carbon steel for rails, etc., we may use liquid spiegeleisen, as in 
the Bessemer process. This requires cupolas to melt the spiegel 
and a mixer in which it is stored in molten condition until wanted. 
When part of the ferromanganese is added in the furnace, it 
results in some 50 per cent of its manganese being oxidized and 
lost in the slag. Of the other elements, there is absorbed by 
the steel in the ladle: 45 per cent of the carbon in anthracite, 
85 per cent of the manganese in ferromanganese, 80 per cent of 
the manganese in spiegel, 65 per cent of the silicon in ferrosilicon, 
75 per cent of the phosphorus in ferrophosphorus, and 67 per cent 
of the sulphur in stick sulphur. From 67 to 75 per cent of the 
carbon in the ferromanganese, spiegel, and ferrosilicon is absorbed 
by the steel. 

Temperatures.—The temperature in the furnace chamber will 
depend largely on the steel made, because obviously a high- 
carbon steel will be fluid at a temperature where low-carbon 
steel will be scarcely molten. With wide variations we may 
say that the temperature of the furnace chamber will average 
somewhere between 2800 and 3100°F. Producer gas will enter 
the gas regenerators at approximately 1000®F., having absorbed 
some heat from the flues through which the flame has just been 
passing toward the waste-heat boilers. The air will also absorb 
heat from the flues and come to the air regenerator at 1500 to 
1700®F. After passing through the regenerators, the air will 
come to the uptake at a temperature between 2100 and 2300®F. 
Of course, it will be lower the longer the furnace has been on this 
phase since reversing. The products of combustion, after passing 
through the regenerators, will leave them at about 1900®F. 
They will be at a temperature of about 1100 to 1400®F. at the 
waste-heat boilers and about 450 to 600®F. at the stack. As 
previously mentioned, the difference in temperature between the 
air entering its regenerator and the products of combustion 
leaving their pair of regenerators will not exceed 200®F. when 
the furnace is automatically controlled as to temperature and 

reversal. 
Weight of Slaf.—^The weight of slag will depend upon silicon, 

phosphorus, and dirt in the metal and will average in America 
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between 10 and 20 per cent of the weight of the steel. Its weight 
can be calculated with sufficient accuracy by dividing the total 
lime put into the furnace (plus 30 per cent of itself to allow for 
wear of the lining) by the percentage of lime in the slag. Thus, if 
15,000 lb. of lime are charged into a 100-ton furnace, the weight 
of the slag will be: 15,000 X 1.3 ^ 0.55 - (foughly) 35,000 lb. 

Metallic Loss in Process.—The shrinkage in weight between 
total metallic charge and finished steel will be very variable, 
as mentioned at the beginning of this chapter. An analysis of 
what it may be in some cases, to illustrate the principles involved, 
is given in Table V-IV. 

Table V-IV.—Loss in Basic Open-hearth Process 

(50 per cent pig; 50 per cent scrap) 

Charge Pig iron Scrap Average j I.rf>SS 
Carbon, per cent. 3.76 0.25 2.00 2.00 

Silicon, per cent. 0.70 0.06 0.38 0.38 

Manganese, per cent . 1 75 0.50 1.15 0.95 
Phosphorus, per cent. 1.30 0.04 0.67 0 67 
Sulphur, per cent. 0.037 0 03 0.03 
20 per cent slag at 15 per 

cent iron. 3 00 

i 7.00 
Iron reduced from ore . 1.50 gain 

Net loss. ' 5.50 
1 

When large proportions of ore which is reduced by the carbon in the bath are used, the 
production may exceed 100 per cent. 

Pig-and-ore Process.—Where pig iron is cheaper than scrap, 
the charge may consist entirely of pig and ore, and it is then 
customary to hasten the operations by some of the special proc¬ 
esses, such as the Talbot and the Monel. The original pig- 
and-ore process is abandoned very largely in America, because of 
the length of time required to burn off the impurities unless they 
are diluted by steel, and because steel scrap is more abundant 
than it is in Europe. The use of scrap also gives a thinner 
blanket of slag and therefore quicker heat penetration and a 
quicker operation. It is difficult for a beginner to understand 
why the reactions are not more rapid in the open-hearth furnace, 
when the entire purification of pig iron In the puddling furnace 
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is accomplished in an hour and a half, including melting; but the 
difference is due to the very shallow bath in the puddling oper¬ 
ation and its extensive contact with the fettling. If we should 
attempt to purify under such strong oxidizing conditions in the 
open-hearth furnace, the molten metal would boil violently, 
because of the high temperature, and for the same reason would 
also become so charged with oxygen as to be worthless. Even 
at the low temperature of the puddling furnace, the boiling is so 
violent as to increase the height of the bath, and this action would 
be proportionately increased at the temperature of the open- 
hearth furnace, which, at the end of an operation producing 
dead-soft steel, will be about 1650 to 1700°C. (3002 to 3092°F.). 

Talbot Process.—The Talbot process has a basic-lined furnace 
and a charge above 200 tons in some cases. The tilting furnace 
is used in order that any desired quantity of metal or slag may 
be poured out at will. The operation is continuous, and the 
furnace is drained of metal only once a week. After the first 
charge has been worked dpwn to the desired percentage of carbon, 
the great part of the slag is poured off, and then about one-third 
of the steel is poured into the ladle, recarburized, and teemed 
into the ingot molds in the usual way. To the charge of metal 
left in the bath are now added iron ore and limestone to produce a 
basic and highly oxidized slag, and through this slag is then 
poured an amount of pig iron equal to the steel removed. The 
reaction between the impurities in the pig iron and the iron oxide 
in the slag is very vigorous but does not cause a frothing or foam¬ 
ing, because all the materials are in the liquid form and the gas 
bubbles through them without great difficulty; however, much 
of the slag runs out of the furnace. 

The oxidation is so rapid that the silicon and manganese are 
said to be oxidized almost immediately, together with most of the 
phosphorus; then the carbon is worked off in the usual way, with 
more ore and limestone used if necessary. The temperature is 
low at first, in order that the phosphorus may be more readily 
burned. At the end of 3 to 6 hr., the bath has again become 
purified, and another cast removed, the whole operation being 
then repeated. The yield of steel is 106 to 108 per cent of the 
weight of the pig iron charged, because of the large amount of 
iron reduced from the ore by the impurities in the pig iron. 

3C + Fe208 « 2Fe + SCO (absorbs 104,120 calorics). 
6P + SFe^O® « lOFe + SPsOs (evolves 141,700 calories). 
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The advanta^eB of the process are: Three or four heats of 
75 tons each are obtained in 24 hr. without the use of steel scrap. 
The yield is large (though this advantage is somewhat neutralized 
by the cost of the iron ore used). The temperature of the final 
metal can be more easily controlled. The disadvantages of the 
process are: The very large cost of furnaces and the slightly 
higher cost for repairs. 

Monel Process.—Upon a basic hearth limestone and ore, or 
other form of iron oxide, are heated until they become pasty, 
and then molten pig iron, equivalent to the capacity of the fur¬ 
nace, is poured upon it. When steel scrap is plentiful, a part of 
the metal charge may be composed of this material, charged with 
the limestone and ore. Oxide up to 25 per cent of the weight 
of the pig iron charge is used. The temperature of the bath is 
necessarily low, since pig iron direct from a blast furnace or from a 
mixer will not be more than 200 or 300°C. abov^e its melting point, 
and therefore the phosphorus will be oxidized very rapidly. The 
slag foams up and pours out of a special slag notch; in 1 hr. the 
bath is free from 90 per cent of the phosphorus, most of the silicon 
and manganese, and all but about 2 per cent of carbon. The 
operation is then continued in the usual way to eliminate the 
carbon, and the metal is tapped when this has been reduced to 
the desired point. The total time is the same as in an ordinary 
pig-and-scrap process. The apparent disadvantages of the 
process are excessive cutting of the hearth and a heavy loss of 
iron in the rich slag which flows off at the beginning of the 
operation. 

Duplex Process.—In several large American plants the com¬ 
bined Bessemer and basic open-hearth process is in operation, an 
acid converter being used to oxidize the silicon, manganese, and 
most of the carbon, while the phosphorus and the remainder of 
the carbon are eliminated in a basic open-hearth furnace. In the 
different localities there are different ways of carrying out this 
combination, but these divide themselves into two general 
methods: In one method, the metal is blown in the converter 
until it is purified to the point where it is practically equivalent 
to so much high-phosphorus, molten steel scrap, which is then 
mixed with either liquid or solid pig iron in the open-hearth 
furnace and worked as any ordinary pig-and-scrap heat after 
melting. In another, and more common, method, the pig iron is 
Mown in the converter until it contains about 1 per cent or so of 
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carbon, and this product, with little or no additional pig iron, is 
then dephosphorized and decarbonized in the open-hearth 
furnace. The advantages of the combined process are: It 
shortens the open-hearth purification by sometimes much more 
than half the usual pericxl. It relieves the basic hearth of the 
presence of silica which tends to scorify it. Both of these 
improvements have a secondary advantage in increasing the life 
of the hearth. An advantage from the Bessemer standpcnnt is 
that a poorer grade of iron can be converted and yet a higher 
grade of steel produced. Open-hearth railroad rails, which are 
frequently made by the duplex process in America, bring a higher 
price than Bessemer rails. Finally, the duplex process makes the 
steel maker independent of the variable price of so-called Tnelting 

steel scrap. 

In carrying out the process, large mixers are used as a reservoir 
for the liquid pig iron. Sometimes a little purification is carried 
on in these furnaces. They supply pig iron to the convert/Crs 
and to basic furnaces as well, if desired. The blown metal is also 
frequently poured into a mixer of its own, which serves as a source 
of supply to the open-hearth furnaces, and again a little purifica¬ 
tion may be effected in this mixer. The use of these mixers not 
only makes each part of the process somewhat independent of 
delays in the other part but also corrects slight irregularities in 
analysis of pig iron or blown metal, thus providing more uniform 
conditions in each furnace, which greatly facilitates the operation 
therein. Under proper conditions, an open-hearth furnace with 
auxiliary converter and mixers, may make as many as 40 to 50 
heats per week, as compared with 18 heats by the ordinary 

method. 
Duplex Talbot,—Instead of working down the carbon, silicon, 

and manganese in the Talbot furnace, it is now common practice 
to pour into the bath purified metal from the Bessemer converter. 
As this passes through the oxidized basic slag, the phosphorus is 
washed out of it; finally, pig iron is f>oured into the bath, resulting 
in a violent boil and evolution of heat, with deoxidization of the 
metal and slag, after which the steel should be ready to tap, 
following perhaps a half hour's adjustment and raising of 

temperature. 
Processes in Two Open-hearth Furnaces,—At a low tempera¬ 

ture phosphorus is very easily oxidized and absorbed by a bnsftc 
slag, even in the prince of carbon, but when the heat is high the 
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oxidation of phosphorus is hindered by the carbon, for the reason 
already explained—that the affinity of carbon for oxygen 
increases more rapidly with the temperature than the affinity 
of the other elements in the bath. We could obtain the desired 
conditions in the open-hearth process, but the operation would be 
extremely slow at this low heat, and the carbon would pass away 
slowly. These difficulties have been met by the Campbell No. 2 
and Bertrand-Thiel processes, the former of which was developed 
at Steelton, Pa., and the latter at Kladno, Czechoslovakia. 

Campbell No. 2 Process.—A charge, consisting of all pig iron 
or of pig iron and scrap, is placed in a basic open-hearth furnace 
and the purification carried on at a low temperature until almost 
all the silicon and phosphorus and part of the sulphur and carbon 
are eliminated. The bath is then tapped from the basic furnace 
and poured into an acid-lined furnace, care being taken that 
none of the basic slag goes with it. The process is now continued 
at a higher temperature, in the usual way to make acid open- 
hearth steel. The disadvantage of this process is that the trans¬ 
ferring of molten metal from one furnace to another is not an 
easy matter, nor, in fact, is it possible with the arrangements 
in many plants. 

Bertrand-Thiel Process. Hoesch Modification.—^The Hoesch 
process is now in use in some of the German plants, where it is 
said to give very satisfactory results. Instead of using two fur¬ 
naces, as in the original Bertrand-Thiel process, and pouring from 
one to the other, it uses one furnace but pours the bath into a 
ladle after the first period of purification; the purpose of this is to 
separate it from the highly phosphorized slag. When this is 
effected, the metal is poured back into the same furnace and the 
purification completed. In the first period, all the silicon and 
manganese, most of the phosphorus, and about one-half of the 
carbon are removed; in the second period, the remaining phos¬ 
phorus, carbon, and some additional sulphur are eliminated. 
The slag separated after the first period contains 20 to 25 per cent 
of phosphoric anhydride; therefore it finds a ready sale as agri¬ 
cultural fertilizer. 

All-scrap Process.—In certain localities in America, steel scrap 
is cheaper than pig iron, but its use is open to the objection that 
it is severely oxidized and wasted during the melting period unless 
there be some pig iron with it to ^ve a reducing influence. 
Instead of using pig iron, however, some plants now replace it 
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with coke or with a carbonaceous material. The proportions are 
usually not less than 20 per cent of coke and the-balance steel 
scrap. 

Physical C^hemistry of Steel Making 

It has long been known that speed in purifying in the open- 
hearth furnace required a rapid diffusion of iron oxide from the 
slag into the bath. This is especially employed in the oxidation 
of carbon during the later period of the heat. It has also been 
known that the liquid steel should be as free as possible of oxygen 
at the end of the heat in order that its quality may be high, 
because the deoxidizers added only imperfectly perform their 
work. It has also been known in a general way that four factors 
especially increase the tendency of the bath to absorb and retain 
dissolved oxygen, viz.^ (1) only small amounts of carbon in the 
steel, (2) large amounts of oxygen in the slag, (3) high tempera¬ 
ture of the bath, and (4) fluid slag. 

It has also been known that the presence of manganese in the 
liquid steel lessened the tendency of oxygen to dissolve therein. 
For several years it has been the universal practice to maintain 
at least 0.20 per cent of manganese in the bath at all times. But 
now these basic facts have been investigated in a thorough man¬ 
ner under the direction of Dr. Charles H. Herty, Jr., with the 
result that the operation has been placed on a very much more 
scientific basis and enormous improvements have been made in 
the conduct of the heat and especially in the quality of the 

finished metal. 
Equilibrium between Metal and Slag.—Herty has established 

the fact that certain principles prevail when there is chemical 
equilibrium between the metal and the slag, but this equilibrium 
may be disturbed if the operation proceeds too rapidly, with the 
result that the bath may contain more than the equilibrium 
amount of dissolved oxygen at the end. Or the bath may be so 
deep that equilibrium may not be established between all parts 
of the liquid steel and the slag lying upon it. 

Temperature and Iron Oxide Solubility.—If liquid steel is 
covered by a slag which can freely give up oxygen to the metal, 
then the amount of iron oxide dissolved in the metal will be a func¬ 
tion of the temperature. This is indicated in Fig. V-32. It is 

also indicated in Pig. V-33, in which it is seen that there is 
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greater proportion of iron oxide in the metal as compared with 
that in the slag the higher the temperature of the bath. 

Available Oxygen in Slag.—But Herty has also shown that the 
amount of iron oxide in the slag does not represent the amount 
available for diffusion to the bath, because that united in the slag 
in the form of a singulosilicate, 2Fe0.Si02, known as fayaUtCy 

will not leave the slag. Another very important observation, 

Fia. V-32.—Effect of temperature on solubility of FeO in iron. {From Herty, 
Mining and Metallurgical Investigations, Bull. 34, 1927.) 

however, is that fayalite decomposes at higher "temperatures 
and its iron oxide, therefore, becomes available for oxidizing the 
bath. This is another reason why high temperature increases 
the tendency for the bath to retain oxygen in its final stage. So 
powerful is the effect of oxygen in the slag producing oxygen in 
the metal that it is now universal practice to forbid the addifig of 
iron ore to the slag within one or two hours of the time of tapping. 
This permits the available oxygen in the slag to be exhausted by 
diffusion to the metal until equilibrium conditions be established^ 
Ffxt this re«ison/it is better not to carry on the operation too fast, 

and it is also better to reduce the 0arbon in the metal below 
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the desired finishing point and then bring it back during recarbur¬ 
izing, because this action greatly helps to establish equilibrium 
conditions. 

Carbon and Oxygen Solubility.—As the bath gets lower and 
lower in carbon, it gets higher in dissolved iron oxide. This is 
clearly shown in Fig. V-34, which confirms the observation that 
the higher the temperature, the more the dissolved oxygen, 
everything else being equal. However, low carbon is doubtless 
the most potent factor in effecting high-dissolved oxygen. Since 

Temperoi+ure, Deg C 

Fig. V-.33.—Effect of temperature on the distribution of iron oxide between 
slag and metal (From Mining and MetaJlurgical Investigations, BtdL 34, 

1927.) 

I860, or before, it ha* been known that low-carbon steel was the 
most subject to oxygenation and its accompanying phenomena 
of numerous blowholes and entangled particles, or inclusions. 

Viscous Slag.—A viscous slag will not give up its oxygen to 
the metal as readily as will a fluid slag. This is one of the reasons 
why it is desirable to thicken up the slag with lime at the end of 
the heat. A double influence exists in this respect since the 
higher the temperature, the more liquid the slag, everything else 
being equal, and also the more readily will oxygen dissolve in 

the steel. 
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Summary.—We may summarize the conditions tending to 
lessen the amount of oxygen in the final bath somewhat as follows: 

1. Maintain at least 0.20 per cent of manganese in the liquid 
steel at all times. 

2. Do not have the tempera¬ 
ture any higher than necessary 
to produce steel of the desired 
fluidity, especially at the end 
of the process and especially 
when making low-carbon steel. 

3. Have the available oxygen 
in the slag as low as p>ossible 
at the end. 

4. Thicken up the slag at the 
end of the operation. 

5. Recarburize; do not 
catch carbon on the way 

down.^^ 

6. Add ferromanganese in 
the furnace and tap within 10 

Fig. V-34.—Equilibrium conoentra- Or 15 min. thereafter, 
tions of carbon and oxygen in the metal 
at various temperatures. {From Mining 
and Metallurgical Investigations^ Bull, References 
34, 1927.) 
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SECTION B. ACID OPEN HEARTH 

The acid open-hearth furnace and process differ from the 
corresponding basic furnace and process in several respects. 
The outstanding economic differences ai’e two: (1) The acid 
process requires more costly raw materials; therefore the product 

Oxygen in Per Cent 
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is more expensive, for we have seen that the chief cost of the 
open-hearth process is the cost for raw materials. (2) The 
quality of the acid steel is, in some respects, superior. Let us 
discuss these a little more fully: 

Acid Raw Materials Are More Costly.—The basic process can 
remove from the raw materials all elements above iron in the 
electropotential series, notably silicon, manganese, phosphorus, 
and carbon. It can also remove some sulphur. The acid 
process can remove silicon, manganese, and carbon, but the acid 
slag will not retain phosphorus and keep it away from the metal. 
Therefore we are limited in our choice of raw materials—steel 
scrap and pig iron—for the acid process and must pay more for 
it in consequence. 

Acid Steel Is, in Some Respects, Superior to Basic Steel.— 
The normal product of fho basic furnace is below 0.03 per cent of 
phosphorus and below 0.03 per cent of sulphur, while the normal 
product of the acid furnace is above these maxima. Therefore, 
the improved, modern basic steel is liable to be tougher and 
slightly more ductile than acid steel. But basic steel is liable 
to be higher in other objectionable impurities, notably dissolved 
oxygen (probably as iron oxide in solid solution in the steel) 
and associated defects of oxygenated steel, viz,, blowholes and 
entangled solid oxidized particles, often called inclusions and 
consisting of silicon dioxide, manganese oxide, silicates of iron 
oxide and manganese oxide, etc. Dissolved oxygen tends, like 
phosphorus, to make steel brittle. Therefore there is a balance 
between the effect of lesser phosphorus and greater dissolved 
oxygen in basic steel, depending on the relative proportions of 
each. Unfortunately, basic steel is somewhat uncertain as to 
the proportion of dissolved oxygen it may contain, but the 
industry is gradually reaching the position where chemical 
determinations of dissolved oxygen will become a part of all 
standard procedure and be included in purchase specifications. 
Basic steel will then rise one step upward in the confidence of 
engineers, if, and when, its dissolved oxygen is proved to be low. 
This practice has not yet come, because of the difficulty of oxygen 
determinations and the length of time required to make them. 
As to blowholes, they are more prevalent in basic steel, especially 
when the carbon is below 0.30 per cent, because basic steel 
contains more oxygen than acid steel when the heat is finished, 
and therefore there are more gases in liquid solution which come 
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out as gas bubbles when the metal solidifies, especially carbon 
monoxide gas. Blowholes are most objectionable in steel 
castings, because the metal is not subjected to mechanical work 
which may weld them up. Therefore, acid steel finds an impor¬ 
tant field of usefulness in steel-casting manufacture. Basic 
steel is predominant in tonnage in the steel-casting field in 
America, but acid open-hearth steel is very important in tonnage 
in this industry, whereas it has, with one exception, very little 
influence on the economics of the markets in rolled and forged 
products, such as structural steel, machinery steel, and even 
automobile steel. This exception occurs when steel is to be 
subject to vibrations; or stresses of a varying character, like 
alternations of tension and compression, or frequent and Or 
rapid changes in the amount of the stress. This type of stress 
is called dynamic siress^ as distinguished from static stress, and 
metal subjected to this dynamic stress is liable to failure or 
breakage through what is called fatigue. Steel may be broken 
in time by a fatigue stress which is only 40 per cent of its ultimate 
static tensile strength, and it may be broken by a combination of 
corrosive influences and a fatigue stress when the latter is only 
25 per cent of its ultimate strength. Therefore, steel subject 
to dynamic stresses and/or corrosive atmospheres must be low 
in inclusions, because inclusions sometimes act as what are 
called stress raisers in fatigue service and cause premature failure. 
Manufacturers of automobiles and other machinery now often 
limit the amount of inclusions permitted in acceptable steel, by 
prescribing a microscopic test to disclose them. Some engineers 
insist on acid steel for service where dynamic stresses are to be 
suffered. 

These differences in the economic position of the acid process 
are dependent on the metallurgical features, which will be 
discussed in turn: 

Acid Open-hearth Slag.—The slag in the acid open-hearth 
process is predominantly acid, containing usually in the 
neighbourhood of 50 per cent of silicon dioxide, while the sum of 
the two bases, FeO + MnO, is always a few per cent less than 
this except shortly after iron ore has been added as an oxidising 
flux and before it has been reduced by impurities in the bath. 
Most of the silica comes from oxidation of silicon in the raw 
charge, with a little seorification of the acid furnace lining. 
Therefore, the silicon in the acid pig should be below I per cent. 
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because it determines the weight of slag formed. If the pig 
contains also about 1.75 per cent of manganese, this helps to 
keep oxygen out of the bath and to reduce the loss of iron in the 
slag as iron oxide. If the slag is a black color when the metal 
charge is thoroughly melted, it indicates too much iron oxide in 
it. A few hundred p)ounds of lime are then added to it. The 
exact amount cannot be stated for all cases but is judged by the 
experience of the melter. Lime will make the slag more fluid, 
reduce iron oxide from it, and bring it to a light brown or light 
greenish-yellow color. The slag must be brought to this condi¬ 
tion and the metal heated to a fluid state before ore is added to 
the slag for oxidizing purposes. Ore is then added in such 
amounts and at such rates as will cause a constant reduction of 
carbon in the steel, approaching the predetermined tapping 
analysis. It is obAuous that the charge must melt with con¬ 
siderably more carbon in it than is expected at tapping time. 
In no case may any iron oxide be added to the slag within 1 hr., 
and preferably within 2 hr., of tapping time, because these final 
hours should see the carbon in the steel continually reducing the 
oxide in the slag to the point where both are low in oxide. Of 
course, the furnace gases inevitably oxide the slag continuously, 
but a good boil ^n the metal should keep metal and slag in 
equilibrium. 

“Conditioning’’ the Bath.—As the heat approaches the end, 
the bath must be brought from a state of violent boiling to a 
condition of being flat and quiet, with only a few bubbles of 
carbon monoxide gas breaking through at intervals. The success 
of the acid process—and the quality of the steel—depends on the 
uniformity with which the condition^’ is achieved. Its appear¬ 
ance will differ slightly with baths of varying analysis but should 
be uniform with baths of the same carbon content. The proper 
condition is also indicated when silicon begins to be reduced 
from the slag into the metal. This increase of silicon in the 
steel is, in itself, an indication that the metal is very low in 
iron oxide. 

Low Oxygen in Final Slag-—The impqrities in the bath are 
oxidized by the “available“ oxygen in the slag. The mechanism 
by which this is accomplished is doubtless a migration of iron 
oxide from slag to bath. But all the iron oxide in the slag is not 
free to leave it. Herty has shown that the mineral fayalite, 
2Fe0.Si02, exists in solution in the slag, and that the iron oxide 
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in this fayalite is not free to go to the metal. This is one of the 
important reasons why a slag in the acid furnace is not so oxidiz¬ 
ing as one in the basic furnace, because much more of the iron 
oxide is held in fayalite. An increase in temperature tends to 
decompose fayalite and set free its iron oxide, and therefore an 
increase of temperature must be avoided at the end of both acid 
and basic heats. An oxidizing slag is dark in color, while a 
whitish slag contains little available iron oxide. To finish with 
a light-colored slag and to finish with slag and metal in chemical 
equilibrium means to finish with a steel bath relatively low in 
dissolved oxygen, which is, of course, the principal claim for 
superiority of acid over basic open-hearth steel. 

Recarburizing an Acid Bath.—Test samples taken from the 
bath are broken and examined by the melter to estimate the 
carbon in the steel. At intervals, especially when the desired 
analysis is approached, samples are sent to the chemical labora¬ 
tory for analysis. When this is right, ferrosilicon is charged into 
the furnace. The silicon in this alloy reduces some of the iron 
oxide dissolved in the steel and also stops any further oxidation 
of carbon. It is at this point that the acid furnace shows another 
point of advantage over the basic, in respect to quality of the 
product, because recarburizing with silicon before manganese 
has these advantages: Silicon does not reduce iron oxide as fully 
as does manganese, but the silicon dioxide formed tends to flux 
the iron oxide in the bath, and the two together form larger 
particles than either one alone, and the larger the particle, the 
easier it will rise from the steel. Furthermore, iron silicate 
remains melted longer than does silicon dioxide, and this is 
another reason why particles agglomerate and rise better. After 
the ferrosilicon has been added, the bath is allowed to remain 
quiet for a time, and then ferromanganese is added. Manganese 
oxide does not flux iron oxide, but silicon has already partially 
freed the bath from iron oxide, so there are not so many manga¬ 
nese oxide particles formed. All recarburizing is done in the 
furnace in acid practice, because the temperature is higher there, 
and because this give^ less distance through which the oxides 
have to rise in order to clarify the steel before it becomes solid. 
It is customary to tap an acid heat within 10 to 20 min. after 
adding the ferromanganese, in order to avoid the ^'secondary 
reactionalready mentioned in connection with basic practice, 
which adds **inclusions'' to the liquid steel 
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Bolding Metal in Ladle.—There is not so much danger in 
superheating acid steel before tapping as there is in the case o^ 
basic steel, because “rephosphorization^^ cannot occur. So 
sometimes acid steel is tapped very hot and allowed to stand for 
20 tf 45 min. in the ladle before teeming, for the purpose of allow¬ 
ing inclusions to rise. 

Loss.—The loss in the acid process will not be so large as in 
the basic, because the pig iron and scrap charged are not so 
impure, and because the amount of slag made and the amount of 
iron oxidized and retained by the slag are not so large. The loss 
will vary on an average from 3 to 5 per cent, so that the final 
metal will weigh 95 to 97 per cent of the weight of the charge. 
The analysis of this difference is shown in Table V-V. 

Table Y-V.—Analysis of Acid-furnace Charge 

(30 p6r cent pig; 70 per cent scrap) 

t Charge 
Pig iron, 

per cent 

Scrap, 

per cent 

Average, 

per cent 

Loss, 

per cent 

Carbon. 3.76 0.25 1.30 1.30 
Silicon. 0.90 0.10 0.34 0.34 

Manganese. 0.60 0.40 0 46 0.46 

Phosphorus.\ 0.036 0.045 0.04 0 00 

Sulphur.:. 0.03 0.03 0.03 0.00 

8 per cent slag at 16'.per 

cent iron.. I 1.20 

Net loss. . 1 
I i 

3.30 

Furnace Lining.—The acid furnace has, of course, a silica 
lining, or it would be fluxed md destroyed by the slag. Silica 
is stronger at high temperatures, less costly, easier to maintain, 
and more durable than magnesite. The lining is made according 
to the same procedure as already described for the basic furnace, 
with corresponding changes in materials used. Clay bricks 
come next the steel hearth pan, then silica bricks, and then almost 
pure silica sand with which is mixed a very small amount of lime 
to make it frit together into a strong mass at the heat of the 
furnace. The sand is ‘*set” in thin layers, as already described, 
and the finished hearth is washedwith an^cid slag to give it a 
surface glaze, A piece of hearth material, cut out, or dynamited 
out, of a hearth, ring like a bell when suspended and struck 

with a hammer. 
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CHAPTER VI 

THE BESSEMER PROCESS 

Pig Iron Used.—Pig iron for the aoid Bessemer process has, 
preferably, about 1.5 per cent of silicon.' Silicon is the chief slag 
producer and also the chief heat producer. 

Si + O2 = Si()2 (generates 201,000 gram cal.). 

To keep it at a low figure limits the amount of slag made, which 
limits one of the sources of iron loss. Furthermore, the lower the 
silicon, the shorter will be the time of blow; but it is usually risky 
to allow it to fall below 1 per cent, or the blow will be cold, and it 
is only by ^Try rapid working and permitting the least possible 
delay between operations, so that the converter and ladles are 
kept very hot, that we arc able to get along with as little as this. 
The manganese is about 0.7 per cent. This also furnishes heat.^ 

Mn + O = MnO (generates 87,000 gram cal.). 

But it is now an expensive ingredient of pig iron and also has the 
effect of making very liquid slags, which cause a good deal of 
slopping or spittingfrom the converter (f.e., ejection of the 
material by the blast) and also makes the steel ingots dirty and 
spotted with oxide spots, owing to slag carried over with the steel. 
Pig iron containing manganese 1.50 per cent and silicon 1.00 to 
0.90 per cent gives a very ^*wet” slag, which follows the metal 
into the ladle and boils up through it, oxidizing the manganese in 
the steel. 

FeO + Mn - MnO + Fe (generates 22,900 gram caL). 

The phosphorus and sulphur is usually below 0.09 and 0.03 per 
cent, respectively, in order that the steel may be salable, as 
neither of these elements is reduced i^ the acid Bessemer process, 
but increase by 10 per cent of themselves. 

» “SUica remaiiiA m the slag with the heat which it has abaorbed during the reaction, 
00 and COj, on the contrary, leave the bath and cariy their sensible heat with th^. 
C -f O ■■ CO (generates 26,320 gram cal.). C + Oa - <!!Oa (generates 04,300 gram cal.). 
The carbon in the pig iron is about 3.60 per cent. In “Textbook of Metallurgical Prob¬ 
lems,*^ by Allison Butts, will be found estimates of heats formed, radiated, apd otherwise 
earned away from the Bessemer converter. .... , . 

I Indeed, lOrmeriy, in the Swedish Bessemer practm, the pig iron oont^ed 2 per cent of 
manganese, and this element was relied upon as the chief source of heat, ^^ecaus<• siUcon was 
neosssarily low in the Swedish charcoal pig iron. 

173 
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Mixer.—It takes about two blast furnaces to supply one 
converter with metal, so that a modern plant of two to four con¬ 
verters will be operated in conjunction with a large blast-furnace 
plant. The product of each of these furnaces, if not too different 
from the desired analysis, will be poured into a huge reservoir, or 
‘‘ mixer,capable of holding 150 to 1,500 tons, which is then used 
as a source of supply for the converters. 

The mixer serves several very useful purposes: 
1. It equalizes the irregularities of pig-iron composition by 

mixing the product of sev^eral furnaces and also brings the com- 

Fk». VI-2 —Mixer. 

position somewhat under the control of the metallurgist of the 
Bessemer plant, because he not only can pick and choose from 
the different furnaces but has a few large cupolas under his 
dominion in which he can melt iron of any desired analysis to 
pour into the mixer and help regulate its contents. 

2. Because of its large size, and the fact that it is continually in 
receipt of new fresh metal, the mixer can keep its contents molten 
for an indefinite length of time, whereas a ladle containing 25 tons 
of pig iron would chill in a few hours. Mixers are supplied with 
oil blowpipes which can contribute a small amount of heat to 
the charge, but it is not often necessary to use them. Some¬ 
times they are heated by gas and the regenerative process. 
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3. The capacity of the mixer is so large that a delay either a( 
the blast furnace or at the steel works will not discommode it 
greatly, and thus each operation is independent of the other. 

4. Pig iron in the mixer suffers a slight loss in sulphur, because 
manganese sulphide forms and, not being very soluble in iron, 
slowly rises into the slag. 

Industrial Situation.—Only the acid Bessemer process is in use 
in America, because a sufficient supply of pig iron suitable for the 

Fig. VI-3.—Pouring pig iron out of l.SOO-ton mixer. {Courtesy of Untied States 
Steel Corp.) 

basic Bessemer is not available to establish a competitive basis 
which alone can guarantee success, and because basic Bessemer 
steel is the poorest in quality and lowest in price. At one time 
the process was started but failed through lack of suitable pig 
iron at a low enough price to make commercial success; a second 
reason for failure was inability to sell the high-phosphorus slag 
produced, because American farmers were not familiar with its 
advantages as a fertilizer, and the necessary educational cam¬ 
paign was not completed in time to save the industry. Unless 
this slag can be sold as a by-product, the returns are not sufficient 

for commercial snccess. 
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In order io make acid BeHsoiner si eel of salisfactory ijuality, we 
must start with a pig iron below 0.09 per cent in phosphorus, and 
this entails charging into the blast furnace ore mixtures averaging 
one thousand times as much iron as phosphorus. Such ores have 
been growing scarcer every year, and consequently the tonnage of 
Bessemer steel has been decreasing not only in actual amount but 
even more so in relation to the tonnage of basic open-hearth steel. 
But this has brought about the use of the duplex process, by 

which the silicon, manganese, and most of the carbon ai*e blown 
out the steel in an acid-lined converter, after which the liquid 
metal is transferred to a basic open-hearth furnace in which its 
phosphorus is removed. This is, in effect, the commercial 
equivalent of using liquid steel scrap in a basic open-hearth fur¬ 
nace. The silicon is removed in a furnace in which it will do no 
harm to the lining; the carbon is removed with greater rapidity; 
and the product sells as basic open-hearth steel. 

Contstoctioii of the Converter.—The converter consists of a 
steel shell, riveted together and supported by two trunnions 
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upon which it can be made to rotate. One of these trunnions is 
hollow and serves as a windpipe to connect the blast from the 
blowing engine with the wind box at the bottom of the vessel. 
On the other trunnion is fastened a pinion, by which the con¬ 
verter can be rotated through an angle of at least 270 deg. The 
lining of the bottom is pierced with about 250 half-inch holes, 
which connect the wind box with the inside of the converter and 
serve for the passage of the blast. The shape of the converter 
is such that, when it is lying on its side, the metal will not cover 
any of these tuyere holes (see Fig. VI-6). This is necessary, or 
the blast could never be turned off without having molten metal 
run down into the wind box. The advantage of the eccentric 
shape is that less heat can escape from the nose. 

Lining.—The lining is made of highly refractory acid material 
composed principally of silica. In England a ganister rock is 
used, or sometimes the lining is rammed up around a pattern and 
is composed of siliceous material held together by a small amount 
of fire clay. In America it consists usually of blocks of ganister 
or of mica schist (a siliceous rock consisting of pseudostrata, or 
laminae, formed by tiny plates of mica) laid with a thin layer of 
refractory fire clay between, and in such a manner that the edges 
of the laminae will be exposed to the wear to which it is subjected. ^ 
After a new lining is put in, it is carefully dried, and every 
Sunday afternoon, before the converter begins its operation for 
the week, a fire is kept in it for several hours in order to heat 
the lining to a red heat. Between the heats the lining is repaired, 
if necessary, with balls of siliceous material and clay. On Sun¬ 
days, and with an occasional lay-off for which one extra shell is 
provided, more extensive repairs are made, and in this way the 
lining is made to last several months—say 10,000 to 20,000 
heats. The converter slags are always high in silica and corrode 
the lining only slightly. If, however, any uncombined oxide of 
iron comes in contact with it, it is attacked very rapidly. For 
this reason the mouths of the tuyeres are rapidly eaten away, and 
this part of the converter lasts only about 25 to 30 blows (see 
Fig. VI--6). The bottom is therefore fastened to the body with 
links and keys, so that it may be readily detached and replaced 
by a new one. Indeed, in some works bottoms are changed with 

* If we represent the blocks of mica schist by big books and lay these 
l>ook8 in a horiasontal position with the edges of the leaves exposed, they wiff 
illustrate the method employed. 
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an average delay to the operation of only about 20 min. for each 

replacement. 
Bottoms.—The lining of the bottom is made by placing the 

tuydre bricks (see Fig. VI-5) in position and then filling in around 
them with refractory material consisting of damp siliceous 

tiG. VI-6.—Corrosion of the lx)ttom lining of Bessemer converter. 

material held together with clay and containing usually some coke 
breeze, which seems to lessen the chemical activity of the corro¬ 
sion. The details of lining vary so greatly that no general rules 
can be given. The number of tuyeres is from 18 to 30, the num¬ 

ber of holes in each from 12 to 
18, and the size of the holes ^^in. 
(England) or to m- (Amer- 

Breart ica). The correct lining is of the 
greatest importance and is the 
most influential factor in deter¬ 
mining the life of the bottom, 
which furthermore depends upon 
the care in drying, the tempera¬ 
ture of blowing, the pressure of 

blast, and the composition of pig iron. A bottom should dry 

Shoulder 

B^ly 

Fig. VI-6.—Converter parts. 

36 far. or more. Its life is sfaortened by (1) faotter blows, (2) 
longer blows, (3) lower blast pressure, because the blast holds the 
metal away from the moutfas^f the tuyeres, and (4) more 
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nian^^anoso in the pif*; iron, l>oc^iuse a wel slag is more corrosive. 
Between heats, when the vessel is on its side receiving the rccar- 
burizer, pouring into a ladle, or receiving a new charge, the lining 
of the bottom can be repaired. For instance, if one tuyere eats 
away faster than its fellows, the excessive corrosion can be pre¬ 
vented by stopping it up with mud, because, if no air passes 
through the holes, no oxide of iron is formed at their mouths. 
Or a worn tuydre brick may be replaced by a new one, etc. These 
repairs are chiefly made through the wind box, the back plate of 
which is removable. 

When a bottom is worn out, it is taken away and a new one 
brought on a car and placed under the converter, which is in 
the vertical position. Around the top is piled a ring of thick 
wet mud, and, as the bottom is forced up against the body by 
hydraulic pressure, the mud is squeezed into a firm joint. Lack 
of space prevents an account of some of the interesting expedients 
that are resorted to to stop an occasional leak in this joint with¬ 
out delaying the first heat, which must be avoided if possible, as 
the first heat, on a new bottom is already too liable to be a cold 
one. 

Bessemer Plant and Its Arrangement (see Figs. VI*7 and 
VI-8),—The plant consists of a mixer A, already mentioned, 
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some cuj:)olii8 in whicli |)l^^ iron is melted for the purjKisc of adding 
it to the mixer to counteract any irregularities in chemical com¬ 
position which may exist there because the blast furnaces are 
temporarily ^^off gradein their product, and means for making 
this transfer of metal. There are from two to four Bessemer 
converters, or vessels, as they are sometimes called. Facing 
these is the “pulpit^' on which the “blower'' stands to direct 
and control operations, especially the “blow" itself. There are 
also two or more cupolas F in which alloys can be melted for 

Fit;. VI-8 —-Section through cupoJa and mixer house. 

recarburizing, together with tracks, ladles //, etc., for bringing 
these melted alloys to the vessels and charging it in them E. 

In the converter house itself are tracks and arrangements for 
ingot-mold cars, teeming platform, and teeming facilities for 
putting the liquid steel into molds. Adjacent to the converter 
is the blower house from which air blast is obtained. 

TTniformity in Operation.—Uniformity in operation is now the 
keynote of the improved acid Bessemer process. This has been 
described in detail by Richard S. McCaffery.^ Uniformity 
includes uniformity in analysis and temperature of pig iron, in 
temperature of blow, in volume and/or pressure of blast, and in 

^The Beasemer Process and Its Product, Yearbook of the American 
Iron and Bteel Institute," New York, 1081. 
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times of opcmiiou, of wmiIiiik for recarbiirizer, and other condi¬ 
tions affecting the temperature and/or quality of the product. 
Since slight variations are inevitable, the blower now has 
improved means at his command for controlling each of the five 
first-mentioned factors. Among the most important of these 
are means for exactly controlling the blast to each individual 
converter and knowing by means of instruments situated on the 
pulpit what are the pressure and volume of blast and the speed 
of the blowing engines. Recent installations include the use of 
a turboblower, because of the possibility of exactly controlling 
this. 

Fio. VI-.9.—PouriuR metal into the converter, (a) Converter, (6) cupola, 

ladle, runner 

Conduct of Operation.—With the converter lying on its side, 
somewhat as in Fig. VI-6, the liquid metal is poured into it. 
The blast is then turned on and the converter turned to an 
upright position, and then the blower orders a cold-metal addi¬ 
tion to be made to the vessel. If this is cold steel scrap, it is 
merely for reducing the temperature of the bath to exactly the 
desired point. If it is pig iron, it will lower the temperature and 
also increase the metalloids to be oxidized. If it is ferrosilicon, 
it will increase especially the silicon, the chief source of heat in 
the process. The amount of this cold-metal addition is deter¬ 
mined by the temperature and silicon content of the mixer metal. 
By this addition the factors which chiefly aflfect the temperature 
of the blow are brou^t always to the same point, irrespective of 
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irref»:i? lari ties in the raw material. For the next 4 to 10 min. of 
blowing, the silicon and nuinganese are oxidized, forming a slag 
of silica with oxides of iron and manganese. The iron and its 
impurities rapidly absorb most of the oxygen in the air blast, but 
iron is deoxidized in large part by the other elements. 

FeO + Mn - Fe + MnO. 
FeO + C = Fe + ( O. 

2Fe() + Si = 2Fe + SiOs. 

In the first part of the blow, when the temperature is relatively 
low, silicon and manganese will also take oxygen away from any 
carbon which has been oxidized. 

200 T" Si = Si()2 T 20. 
(X), + Si = SiO, + C. 

00 + Mn = MnO -f O. 

At a later period, this condition is reversed. The weight of 
UKviten material in the convertor increases during the slag-making 
period. Therefore, if the blast pressure remains constant, its 
volume will drop, as indicated in Fig. VI-11. On the other hand, 
if the volume is maintained constant by the blower, the pressure 
will rise as indicated in Fig. VI-12. The pressure must always 
be above 15 to 20 lb. per square inch, because then the blast will 
break into a fine spray of bubbles when it strikes the metal. 

Critical Temperature.—As the temperature rises, chiefly ow ing 
to the oxidation of silicon, the chemical affinity of carbon for 
oxygen increases relatively more than that of the other impurities, 
and the reaction 2CO + Si = Si02 + 2C ceases and then 
reverses: 

SiOs + 20 = 200 + Si. 

What is the exact temperature at which this reversal occurs has 
never been determined, but we may estimate it as being some¬ 
where between 1450 and 1550®C. (2642 to 2822^F.); and unless 
the silicon is all oxidized before this temperature is reached, we 
shall have ^'residual silicon^* in the steel. In English Bessemer 
practice, where silicon is often above 2 per cent of the pig iron, 
this is not rare, because the high silicon takes longer to go and 
also increases the temperature: 

8i + O2 =* SiOa (generates 201,000 cal). 
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There is also a critical temperature for manganese oxidation, 
above which its oxidation by iron oxide is reversed and residual 
manganese is left in the steel; but this happens only when the 
manganese in the pig iron is very high. No warning is given 
that the temperature is approaching these critical points, because 
no flame—nothing but sparks—comes from the mouth of the 
converter until carbon begins to burn, and therefore no indication 
is given to the operator of the degree of heat. 

Second Period.—The second period begins when the carbon 
commences to burn, which happens in America only after the 
silicon and manganese have been almost eliminated. During 
this period the reactions consist principally of the oxidation of 
carbon, although a little silicon passes off at the same time. It 
is interesting to note that the phosphorus and sulphur in the metal 
are not eliminated, because the acid slag will not dissolve them 
even if they become oxidized. For this reason the percentage of 
these impurities increavses slightly during the blow, because their 
actual weight remains the same, while the weight of the bath 
decreases. When the carbon begins to burn, the same volume 
of blast will need leas pressure passing through the vessel, and 
conversely, as indicated in Figs. VI-ll and VI-12. There is a 
tendency for a large number of pellets of slag, and even metal, 
to be thrown out of the mouth of the converter during this period. 
This is known as spitting. If, however, the operator maintains 
a constant volume, with consequently decreasing pressure in 
this later period, spitting may be wholly or chiefly eliminated. 

The second period lasts another 4 to 6 min. During this 
period there is a considerable flame issuing from the mouth of the 
converter resulting from the combustion of carbon monoxide gas 
as it meets the outer air. Flames at different stages in this 
period are shown in Fig. VI-10. 

Uses of Bessemer Steel.—McCaffery^ says that the largest 
uses of Bessemer steel in America are for skelp for welded tubes, 
sheet steel and tin plate, screw stock, wire, hoop, and automotive 
forging stock. Most of these uses call for low-carbon steel with 
not very high requirements for strength, toughness, and ductility. 
This is the type of steel which the Bessemer process can produce 
most effectively in competition with the basic open hearth. 
Some typical analyses of these types are given in Table VI-I. 

* Op. cit. 
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Finishing the Heat—When the carbon has been reduced to 
about 0.03 per cent, the flame drops and the operator knows 
that the blow is ended. He instantly turns the converter down 
and then cuts off the blast. The metal is next recarburized 
right in the vessel by the addition of alloys containing silicon, 
manganese, and carbon. A few minutes may be allowed for the 
recarburizer to act, and the charge is then poured into a ladle and 
afterwards teemed into molds to form ingots. All of these 

Table \T-I.—Analyses or V\riouk Bessemer Steel Products 

Soft Bessemer Steel Grades 

Product c Mil P 8 

Skelp. 0.06 to 0 08 0.35 to 0.45 0 090 0.045 
Soft wire. 0.06 0.30 max. 0 10 max. 0.05 max. 

Medium wire. 0.07 to 0 10 0.30 to 0.45 0 no max. 0.08 max. 

Hard wire. 0.12 to 0 16 0.80 to 0.90 0 no max. 0.08 max. 

Sheet and tin bar... 0.08 0.40 0 100 0.040 
Screw stock 

Ordinary' . 0.08 to 0 12 0.70 to 0.90 0 08 to 0. 12 0.10 min. 

Sert'w stock: 

Special grades: 

High carbon... . 0.25 to 0, 35 0.70 to 1.00 0, 115 0.075 min. 

Special.^ j0.08 to 0 16 0.75 to 1.10 0. 08 toO. 12 0.20 to 0. 30 
A. S. T. M.1 ̂0.08 to 0. 16 0.60 to 0.90| |o. 09 toO. 13 0.10 to 0. 18 
G. M. 0. 0.08 to 0. 16| 0.70 to 0.90 0. 09 to 0. 13 0.10 to 0. 15 
S. A. E. 1112.. 0.08 to 0. 16 0.60 to 0.80 0. 09 to 0. 13 b,076 to 0. 16 
S. A. E. 1120.. .j 0.16 to 0. 25 0.60 to 0.90 Max. 0. 06 10.075 toO. 15 

operations are similar in principle to those already described in 
connection with the basic open-hearth process. In making 
dead-soft steel for wire, material to be welded, etc., we add 
ferromanganese as high in manganese as possible. This material 
will contain about 7 per cent of carbon, 80 per cent of manganese, 
and 13 per cent of iron. It is only necessary to add about 500 lb. 
to a 15-ton bath, and therefore it will dissolve without being 
melted, although it is customary to heat it to a red heat in order 
to lessen the chilling of the metal. This dead-soft material will 
then Imve the requisite amount of manganese but will be low in 
carbon and frequently less than 0.01 per cent in silicon. But, 
if we are making steel of 0.50 to 0.80 per cent carbon, such as 
rails, we add an alloy with less manganese in proportion to its 
carbon, fflich as jspi^ieisen, for example. This requires a 
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relatively large weight, of spiegeleisen in order to bring the 
manganese to the desired point, and this necessitates melting 
the spiegeleisen so that it will not chill the bath and so that it 
will react readily. It is for this purpose that spiegel cupolas are 
provided. 

It might be thought that a more economical method could be 
found than that of burning up all of the carbon in the pig iron 
and then adding the desired amount, and in fact such a method 
was employed in Sweden, where the carbon was burned down 
to the desired point, as estimated by the appearance of the sparks 
issuing from the converter, the vessel being then turned down 
and the charge held until a hammer test confirms this estimate! 
Such a complicated procedure, however, requires a hotter bath 
and very slow working, and it is much cheaper to burn the 
carbon until the drop of the flame and then add the requisite 
amount. 

Slag.—In Table AT-II the lime and magnesia in the slag come 
from a small amount of blast-furnace slag which finds its way to 
the converter through the mixer, in spite of efforts made to hold it 
back at all points when pouring. Because the blast-furnace slag 
is basic, it has the effect in the converter of making the slags wet 
and sloppy, and therefore increasing the loss. Although the iron 
as shot is shown in only one case, this is not because it is absent 
in the other cases but merely because it was not determined. At 
all times the slag carries a great many pellets of iron, which 
should be added to the combined iron, since they represent a loss 
in the process. It is interesting to note how closely the amount 
of iron in the slag, after the spiegel addition, approximates 15 
per cent,^ and there seems to be a chemical balance which iGbces 
this amount as a condition of equilibrium. When the silicon 
in the pig iron is higher, and therefore the amount of slag made 
is larger, there is a slightly lower percentage of iron oxide in it. 
The practice of ^^side blowing for heat,'^ described below, has 
the effect of increasing the amount of iron oxide in the slag 
by increasing the oxidizing influences in the interior of the con¬ 
verter. The rise in manganous oxide in the slag during recarbur¬ 
izing is, of course, due to the formation of manganese oxide by, 
the action of the manganese on the oxygen of the bath, while the 
iron oxide in the slag is reduced at the same time by the action of 
manganese and carbon. 

^ Not including pdileta, which average 6 to 8 per cent more. 
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The weight of slag at different periods of the Bessemer process 
has been calculated by H. H. Campbell from its analyses, with 
the following average results: 

Table VI-III.—Slao Weiwiits is Bessemer Process 

Percent ago of blou 
finished 

1 

Period Pounds of slag 
Percentage 
of charge 

20 Silicon flame 1,035 4 6 
36 Brightening 1,146 5 1 
66 Carbon flame 1,255 5 5 
89 Full carbon flame 1,385 

i ' 

1 « 1 

The final amount of slag made will probably average about 7.5 
to 8 per cent of the weight of the metal produced or, roughly, 
7 per cent of the weight of the pig iron charged. 

History of Removal of Elements.—The progress in purification 
during some Bessemer operations is shown in Table VI-II. It 
will be noted that the manganese goes most rapidly; this is 
partly because it has a slag into which it can readily dissolve. 
Usually the carbon has not been reduced much until all the silicon 
is oxidized. Phosphorus and sulphur are not removed; indeed, 
they both increase slightly in percentage, because their weight 
remains the same whereas the weight of the steel in which they 
are contained decreases by oxidation during the blow and by loss 
of carbon, etc. 

Control during the Blow,—For many years it has been 
customary for the steel blower to have means of reducing or 
increasing the temperature of the Bessemer blow at will. At 
first the means of reduction was the addition of cold steel scrap 
to the charge. Later, means were provided for introducing a 
jet of steam into the blast, which cooled the bath very rapidly 
by the heat absorbed in decomposing water. On the other hand, 
if the temperature required raising, a limited means of doing this 
was by turning the converter partly over on its trunnions, 
whereby some of the tuyeres blew air into the bath near its 
surface and soihe actually above it. This is called ^'side Wow- 
ini^ for heat/Z In this way a certain amount of carbon dioxide 
was fonned instead of carbon monoxide. We have seen that 
recent Bessemer practice provides for control over both the 
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analysis and the teini>eraiurc of the initial pig iron, so that 
correspondingly little adjustment of temperature is required 
during the blow. The very important control by the blower 
of the volume and pressure of blast and the speed of the 
blowing engine has also been mentioned. The blower turns the 
blast on and off, rotates the converter when desired, and judges 
by eye, from the appearance of the flame, the temperature of the 
bath and the exact point when the carbon has been burned out 
and the operation should be stopped. He gives orders for 
bringing in the pig iron, the recarburizer, etc., and is responsible 
for such a conduct of the different operations that they do not 
interfere with one another and cause delay of the mill. 

Timc-Minu+cs Tlmc-Minutcs 

Fio. VMl. Fig. VI-12. 

Fig. VI-11.—Blast records of a Bessemer blow durioR which the pressure was 
maintained constant and the volume allowed to fluctuate as it would. 

Fig. VI-12.—Blast records of a Bessemer blow during which the volume was 

maintained almost constant and the pressure allowed to fluctuate as it would. 
(From Mctaffery, Yearbook, American Iron and Steel Institute, 1931.) 

Gases.—Some gases collected during the course of a Bessemer 
blow are shown in Table VHV. The lesson learned from these 
analyses is that nitrogen is the chief constituent of the converter- 
flame gases at all times, but especially before the carbon begins 
to bum. After this action begins, however, the carbon burns 
chiefly to carbon monoxide, until the gases leave the vessel, when 
the carbon monoxide burns with brilliant flame to carbon dioxide. 
The oxidation of carbon to carbon monoxide generates 29,160 
gram cal. per gram atomic weight of carbon, whereas the oxida¬ 
tion to carbon dioxide generates 97,200 gram cal. for the same 

weight of carbon. 
];^0gg^—^Xhe difference in weight between the pig iron charged 

into converter and the steel ingots made will be 8 per cent in 
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Table VJ-IV.— Analyses of Bottom-blown Converter Gases 

Time after 
starting blow, 

minutes 

j CX), 
j per cent 

CO., 
per cent 

1 
, per cent 

1 

n, 
per cent 

N, 
per cent 

Reference 

2 10.71 0.92 88.37 
4 3.95 8.59 0.88 86.58 1 
6 4.52 8.20 2.00 86 28 f Sir Ix)1h- 

10 19.59 3.58 2.00 74.83 / ian Bell 
12 29.30 2.30 2.16 66.24 I 
14 i 31.11 1.34 2.00 65.56 / 
18 j End of blow 1 

3 to 5 
1 

9.127 4.762 86.111 
9 to 10 17.555 5.998 1.699 0.908 73.840 

21 to 23 19.322 4.856 0.967 1.120 73.736 
26 to 27 14.311 1.853 0.550 1.699 81.587 

2 to 3 6.608 1 7 256 86.137 
8 to 10 15.579 5.613 1.29() 1 112 76.400 

12 to 15 25.580 4.144 0.980 1.040 68 256 
17 to 19 25.()06 ' 2 995 1 1.318 1.120 68.961 

good practice, although running above that (say to 10 per cent) 
in some mills. This is distributed approximately as follows: 

Percentage 
Carbon burned.3.5 
Silicon bimied.   1.0 
Manganese burned .0.5 
7 per cent slag at 15 per cent iron. .1.0 
7 per cent slag at 7 per cent iron p(dlets.0.6 
Volatilized and ejected. 1.6 

8.0 

The Basic Bessemer Process 

While the basic Bessemer process is not in use in America, it 
is of importance in Germany and France and is used in England. 
The reason it failed twice in an American installation was because, 
first, pig iron with 2 to 2.6 per cent of phosphorus was not avail¬ 
able at a competitive price in America and, second, the farmers 
had not been educated to use the basic slag as a fertilizer* A 
market for this slag is essential for the steel to compete in prio6* 
The ores of the minette region in Central Europe and some of 
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those in England make a pig iron especially suitable for the basic 
Bessemer process, where phosphorus is essential as the principal 
heat-producing element. 

2P + 50 = P2OB (366,900 gram cal.) 

^he basic Bessemer process has the advantage over the basic 
open hearth in lower costs for labor, installation of equipment, 
and fuel. Its disadvantages are greater loss of weight of metallic 
jiharge and lower quality of product. The basic Bessemer 
converters in Germany have capacities up to 45 tons each. The 
lower quality has been due to more oxygen retained in the metal 
after blowing large volumes of air through it for 15 min. and 
lack of control in respect to temperature and composition. The 
basic converter is lined with calcined dolomite, and about 14 
to 20 per cent of lime is added with the charge to form a basic 
slag. 

Basic Bessemer Pig Iron.—Basic Bessemer pig iron contains 
a maximum of 1 per cent of silicon, and preferably about 0.50 
per cent, because this oxidizes to silicon dioxide, which wears 
the lining of the converter and uses up lime flux. Manganese 
will be over 2 per cent, and sulphur maximum 0.20 per cent. 
Sulphur is reduced slightly during the same period of the blow 
as phosphorus and, therefore, can be higher than in the acid 
process. The phosphorus must be in the neighborhood of 2 to 
2.50 per cent in order to give the necessary temperature. 

Chemistry of the Blow.—The first two periods of the blow are 
very similar to those of the acid Bessemer process except that 
the silicon goes very rapidly, on account of the basic slag, and 
the manganese more slowly for the same reason. There is, in 
fact, residual manganese usually left in the steel until the end 
of this blow, and this is an advantage because it deters oxygen 
from dissolving in the metal and also reduces the amount of 
manganese necessary to add with the recarburizer. We have 
already pointed out that phosphorus will be oxidized in preference 
to carbon at relatively low temperatures, and trice versa. Indeed, 
phosphorus will rob carbon of its oxygen when the temperature 
is low and carbon will rob the phosphate when the temperature is 
high. However, it has been impracticable to blow cold air 
through pig iron at a low enough temperature to oxidize phos¬ 
phorus in preference to carbon and the other elements, and there¬ 
fore the oxidation of this element must wait until all the silicon, 
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manganese, and carbon have been removed. Phosphorus will 
oxidize before iron, but it is not far enough above iron in the 
electropotential series to serve as a great protection. For this 
reason, there is a good deal of iron oxidized at the same time as 
the phosphorus. 

Slag.—The proportion of basic slag made will naturally be 
greater than that of acid slag and will usually total about 25 per 
cent of the weight of the metal. It is important so to control 
the blow that a slag shall be produced containing 15 per cent or 
so of phosphoric acid, as this makes it salable as an agricultural 
fertilizer. The amount of iron in the slag in oxidized form 
should not be above 10 per cent, although there will be also a 
small percentage of pellets. 

Loss.—The loss of metal will be much higher than in the acid 
process, averaging perhaps 13 to 17 per cent, a part of which is 
due to the fact that the pig iron used contains a larger amount of 
impurities to be oxidized: 

Percentage 
Carbon. 3.7 
Silicon. 0.5 
Manganese. 1.5 
Phosphorus. 2.5 
25 per cent of slag at 9 ijer cent iron . 2.3 
Pellets. 1.0 
Fume and ejected. 1.5 

13.0 

Comparison of Acid and Basic Bessemer.—The basic Bessemer 
process finds its chief field in localities where the ores produce a 
pig iron very high in phosphorus, as, for instance, the minette 
ores smelted in Germany and elsewhere. The great skill of the 
Germaps enables them to produce by this means a high grade of 
structural steel by a process which is not intrinsically so well 
adapted to produce as high quality of steel as any of the others, 
because of the greater oxidation of the bath, the danger of 
rephosphorization, and the liabilities to error in the afterblow. 
England too is a user of this process, but it is no longer in use in 
America because this country does not produce the desired grade 
of pig iron in sufficiently large quantities. The operating costs 

are higher than those of the acid Bessemer process for several 
reasons: (1) The blows are long. (2) The basic lining is more 
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costly than silica and wears out faster. (3) Fluxes must l>e added 
to form the slag. (4) The mechanical handling is more com¬ 
plicated, owing to the extra pouring off of slag, etc. 

Afterblow.—The final, dephosphorization, period of the basic 
blow is known as the afterhlow, because it follows what corre¬ 
sponds roughly to the ordinary blow of the acid process. During 
this afterblow phosphorus is rapidly eliminated and absorbed 
by the slag. We have no means of knowing by the appear¬ 
ance of the flame how this chemical reaction proceeds, and 
therefore the afterblow is continued on the basis of experience, 
by blowing for a certain number of minutes or else a certain 
number of revolutions of the blowing engine. Phosphorus 
goes into the slag in the form of a lean phosphate of lime per¬ 
haps having the formula (CaO)4P205, which corresponds to 
about 60 per cent of lime and 17 per cent of phosphorus. A 
variable amount of sulphur is also eliminated during the after¬ 
blow and goes into the slag in the form of calcium sulphide. 
Some also may be volatilized as oxides of sulphur. A fluid slag 
and the presence of manganese both assist in the removal of 
sulphur, sometimes to the extent of 75 per cent of that present. 
The addition of a certain amount of oxide of iron as a flux with 
the lime aids in producing a fluid slag and also gives a slightly 
higher yield of steel. In recent years improvement in the control 
of the operation during afterblow has greatly improved the qual¬ 
ity of basic Bessemer steel and it now sells in European markets 
in competition with other steels for a great many uses, chiefly 
because it brings a lower price. 

Recarburization.—The bath must not be recarburized in the 
presence of a basic slag because the latter gives up phosphorus 
by reduction and the metal is ^'rephosphorized.” What the 
chemical action is that produces this rephosphorization is not 
clearly known, but it is probable that manganese is an important 
factor; hence an additional reason for adding as little manganese 
after the blow as possible, although this cannot be well controlled, 
as the metal is more oxidized in the basic than in the acid blow 
and therefore requires a larger addition of manganese to render 
it free from ^^red-shortness'' and '^rottenness." The difficulty 
is avoided in great part by pouring off all the basic slag possible 
and then holding more back in the vessel when the metal is 
potu^ into a ladle* The recarburiaation then takes place in 

the ladle instead of in the vessel The other chemical reactiona 
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of ibe rocarburizing operation are similar to those given under 

the acid process. 

Reference 

Hermann Wedding: “The Basic Bessemer or Thomas Process/’ translated 

by Wilhani B Phillips and Ernet IVochaska, New York, 1891 



C^HAPTER Vll 

ELECTRIC PROCESSES FOR PRODUCING HIGH 
TEMPERATURE 

The twentieth century saw the advent into the steel industry 
of furnaces heated by electric current instead of by the com¬ 
bustion of fuel. This type of furnace is now of great importance, 
especially in the production of steel castings, alloy steels, tool 
steels, and grades of high-quality carbon steels. It deserves 
a treatment many times longer than we have space for it in 
this book, where it is imperative to devote much space to other 
processes in which a larger number of those who use the book in 
colleges will probably be interested because of their extensive 
tonnage productions. The use of electric furnaces has permitted 
three very important metallurgical adxances to be made, viz.y 

1. Production of high temperatures. 
2. Production of red-heat temperatures which can be very 

accurately and automatically controlled, for tempering steel, 
etc. This phase of the subject is not discussed here. It will 
\ye found in Chap. XIII. 

3. Electrolysis, which is, in brief, the separation of a com¬ 
pound into its ions, as, for example, FeCls into Fe and 
CI3, whereby the Fe appears at the cathode and the CI3 at the 
anode. 

We do not, at present, have much practical use for electrolysis 
in iron and steel metallurgy, unless we include under this cate¬ 
gory, nickel plating, chromium plating, electrogalvanizing, etc. 
A process of producing pure iron by the electrolysis of ferric 
chloride was used and is still in vogue but is not now of industrial 
importance. We shall confine this chapter to a discussion of 
the production of high temperature from electric energy. This 
high temperature is used in ferrous metallurgy for the two 

following processes: 
1. Melting. 
2. Smelting, which is defined as melting with some accom- 

panjring chemical change, such as reducing, or else refining. 
195 
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There are 4;wo important reasons why heat from eleetricity is 
used in preference to heat from the combustion of fuel for melting 

and smelting. They are: 
1. We can get higher temperatures. 
2. We can get furnace atmospheres which will not contaminate 

the metal—or they may even be vacuums. Fuel cannot be 
burned to a high temperature without a considerable amount 
of carbon dioxide, and even free oxygen, being present in the 
products of combustion. Furthermore, these products of 
combustion must be in the same chamber with the charge being 
heated if high temperature in the charge is to be secured. The 
oxidizing character thus given to the atmosphere in the furnace 
unavoidably results in oxygen’s being transferred to the slag 
and thence to the metal, or even directly to the metal when it 
is exposed to the furnace atmosphere. 

There is a third reason for the use of electric heat, but it 
applies in only very exceptional localities on the earth: That 
is the rare country or district where electricity can be made 
with exceptional cheapness and where fuels are extraordinarily 
costly. These places are so few that we shall not confuse the 
main issues by including this as a general reason for using 
electricity for heat, although we shall discuss the practice in 
its appropriate place. Finally, we note that the high tempera¬ 
ture is obtained only when electricity is converted into heat 
by the resistance which some medium offers to the passage of 
the electric current, and this is exemplified in three different 
ways: 

1. Resistance of a solid. 
2. Resistance of a liquid. 
3. Resistance of the air, i,e., the so-called electric arc* 
The resistance of a solid is exemplified when we have some 

type of ore mixed with coke or charcoal, and an electric current 
of very high amperage is caused to pass through it. The resist¬ 
ance of the carbonaceous fuel, together with usually some tiny 
arcs where pieces of the fuel do not make good contact, produces 
a high temperature which brings about a reaction between the 
carbon and the ore, which reduces metal. This is illustrated 
in furnaces where chrome and iron ore is mixed with finely ground 
anthracite coal and a current paired through* The mass is 
melted and ferrochrome is produced, which is an alloy of iron, 
chromium, and carbon and is used for making alloy ateels* 
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Ferrosilicon is made by a similar process in which silicon dioxide 
and iron ore are mixed with charcoal. Pure silica is reduced 
by carbon only when a temperature of 1485®C. (2700'^F.) is 
reached, and therefore this reaction only partially prevails in 
the blast furnace, but much higher temperatures than this 
can easily be maintained in the electric furnace, and ferrosilicons 
of 50 per cent or more of silicon are produced. Another illustra¬ 
tion of electric heating by the 
resistance of solid matter is f 
shown in Fig. VII-1, which is 
a furnace for heating steel for 
hardening or tempering. » 
Inside the furnace are ^‘heating 
elements,^' or resistors,con¬ 
nected in series and heated red 
hot by an electric current, but 
of a material which will not be 
melted or oxidized at high 
temperatures. Their tempera¬ 
ture can be automatically con¬ 
trolled with accuracy, and they 
radiate their heat to the steel 
tools. 

The resistance of a liquid is 
used in many melting and refin¬ 
ing furnaces for steel, brass, 
and other alloys, in which the 
liquid bath itself is heated by 
the passage of an electric cur¬ 
rent. The difficulty first met ^ i * • 
in this type of furnace was the heating furnace using “resistors.’* 
problem of making electrical (NoTE.-pte type of » not 

. , T. . 1 . 1 discussed here, but m Chap. XIII.) 
connections to the liquid bath 
without cither chilling off the bath or melting the connectors. 
This difficulty has been met by emplbying the principle of 
induction and inducing a secondary electrical current in a circular 

bath without connectors. 
The resistance of the air will be considered in the discussion 

of arc furnaces. A summarized view of the uses of electricity 
in iron and steel metallurgy, is shown in Fig. VII-2. This, of 
eourse, does not include the uses of electricity in machinery, 
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such as dynamos, motors, and electromagnets. The subject 
of production of accurately controlled red-heat temperatures 
for hardening, tempering, etc., is discussed under the heat 
treatment of steel; that of chromium plating, etc., is briefly 
mentioned under corrosion or rusting. Therefore, Chap. VII 
will treat only of the production from electricity, and processes 
for utilization, of high temperatures for melting and smelting. 

High _ 

femperafures 

-Used for 

-^Melting 

-^SmeHing 

I—^So//ds 

^Obfcfjned by 
restsfance 

of- 
Liquids 

Air (The Arc) 

Eiecfricify is 

used for the 
production of- 

•Red-heat temperatures^ 
which can be 
automatically controlled. 
(See chapter](M) 

^Electrolysis in aqueous baths 
(Used industrially only for 

chromium plating, niM plating, etc.) 

Flo. VII-2.—Summary of the metallurjpcal uses of eleetrieity in iron and uteel 
processes. 

Melting and/or Smelting.—Smelting includes melting. It 
happens that most electric high-temperature furnaces in' the 
iron and steel industry are used sometimes for melting and 
sometimes for smelting. In some cases the same furnace may 
be used for both purposes. For example, electric furnaces in 
gray cast-iron and malleable cast-iron foundries have melting 
as their chief purpose. Likewise, furnaces used for melting 
alloy-steel scrap, where the object frequently is to produce an 
alloy steel as near as possible the same analysis as the scrap 
used. But even these furnaces may be (and sometimes are) 
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on occasion used for a slight purification of their contents. 
Therefore, we shall not try to differentiate between furnaces as 
to the purpose for which they are used but discuss them accord¬ 
ing to their method of producing heat, i.e., solid resistors, liquid 
resistors, and arc furnaces. 

High-temperature Electric Furnaces Using Solid 

Resistors 

The commonest furnaces of the solid-resistor type are those 
used for the production of ferroalloys, and especially ferrosilicon, 
ferrochrome, ferrovanadium, ferrotungsten, ferrophosphorus, 
ferrotitanium, and, sometimes, ferromanganese and many other 
alloys. All of these ferroalloys are used to add to a steel bath, 
usually at the end of the purification process, either for recar¬ 
burizing or else to make an alloy steel. The reason for using 
an electric furnace for reduction to ferroalloys is because a 
very high temperature must be obtained before carbon will 
effectively reduce the oxides of most of the metals in question. 
This is not necessarily so in the case of manganese, chromium, 
phosphorus, tungsten, and molybdenum. Indeed, ferromanga¬ 
nese and ferrochrome are very often made in blast furnaces, but 
grades containing more than 80 per cent of manganese or more 
than 45 per cent of chromium are produced in the electric fur¬ 
nace. The same is true with ferrosilicon containing more 
than 20 per cent of silicon. Probably the two ferroalloys 
made most abundantly in the electric furnace are ferrosilicon 
and ferrochromium. 

Ferroalloy Manufacture.—The manufacture of ferroalloys 
in the electric furnace is kept a close trade secret, and, while 
there are published accounts of the methods used both in patent 
applications and in technical literature, it is certain that details 
of practice at the present time differ from these published 
accounts. The general principle involves mixing iron ore with 
an oxidized ore of the metal which is to be produced, and with 
slightly more than the theoretical amount of carbon to reduce all 
the metals which are to be present in the alloy. For example, 

Fe,0, + 3:C - 2:Fe + SCO. 
160 36 112 

Thirty-six weights of carbon will be required with 160 weights 
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of pure iron ore to produce 112 weights of iron. Likewise 

SiOa + 2C = Si + 2CO. 
59 24 27 

Twenty-four parts of carbon will reduce 59 parts of silica 
to produce 27 parts of silicon. If the alloy to be produced 
is to contain 50 per cent of iron and 50 per cent of silica, it 
will be comparatively simple to calculate the weights of ores 
and carbon to use, allowing a small percentage of carbon in 
excess for losses and also to be present as carbon in solution 
in the liquid alloy. All the constituents of the charge are 
thoroughly mixed together and shoveled into a furnace which 

Fig. VII-3.—Type of furnace used for ferroalloy manufacture. 

is encased in steel plates on the outside, bound firmly together 
with steel tie-rods, and lined with some type of refractory. A 
common form of furnace is a rectangular box with open top (see 
Fig. VII-3). Electrical contact is sometimes made to the charge 
in the furnace by an inner lining of graphite blocks, or of pow¬ 
dered carbon put in in the form of a paste and dried. Suspended 
over the open-furnace top are one or more carbon or graphite 
rods. These serve as the second pole for electrical connection, 
or electrodes, so-called. After part of the charge has been 
shoveled into the furnace, the suspended electrode or electrodes 
are lowered until they touch the charge, and then more charge 
is shoveled in until the box is nearly full. In ferroalloy furnaces 
the reducing agent may be an impure form of carbon such as 
ground-up anthracite coal or coke or charcoal. Also the charge 
may differ in that steel scrap or turnings may he used instead 
of iron ore. These are matters of price. For example, jcrap* 
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steel borings and turnings usually cost less per unit than iron 
in hematite and likewise save the cost of carbon for reduction 
purposes. 

After the charge is in the furnace and the suspended electrodes 
immersed to the proper depth, a current of high amperage is 
turned on. The coal, coke, or charcoal, as the case may be, 
conducts the electric current, with the production through 
resistance of a great deal of heat energy. Electric arcs are also 
sometimes formed where there is imperfect contact between the 
solid conducting particles. When a high temperature is reached, 
carbon begins to attack the oxide; e,g,y Si02 + 2C = Si + 2CO. 
In many of the ferroalloy furnaces the carbon monoxide gas 
which is produced in this way also serves as a reducing agent, 
thereby being oxidized to carbon dioxide. Carbon dioxide gas, 
however, will attack carbon of the reducing agent, or the carbon 
electrodes, and be reduced again to carbon monoxide. The heat 
of the furnace not only produces the reactions cited above but 
also melts the reduced elements, which dissolve in each other 
to form a liquid alloy, which in turn dissolves carbon to its 
saturation point. The higher the temperature, the larger the 
proportion of carbon dissolved. The amount of carbon also 
depends upon the alloy. For example, ferrosilicon will be 
saturated at 1 per cent or less of carbon, whereas ferromanganese 
will dissolve 6 per cent or more. The temperature is so high 
that metals may be volatilized in the lower portion, but, by 
piling up solid charge and keeping the top relatively cool, the 
losses by volatilization may be greatly reduced. 

Electric Pig-iron Manufacturing.—The electric production 
of pig iron is similar in principle to the production of ferroalloys, 
but we have much more complete data in print on the methods 
employed. The iron ore is mixed with charcoal or coke and the 
current is passed through as previously described. Sometimes 
an open-topped rectangular furnace is used, like that illustrated 
in Fig. VII-3. But the best known of the pig-iron electric 
furnaces is the so-called electrometall furnace at Domnarfvet, 
Sweden, shown in Fig. VII-4. This has a lower box in which 
the smelting takes place, but this is surmounted by a shaft 
through which the mixture of ore and reducing agent is fed and 
through which the waste gases from the furnace percolate for 
the purpose of preheating the charge before it reaches the smelting 
iSOne, Electricity is used for the production of heat in the smelts 
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ing of pig iron in Sweden and Norway, because the cost of current 
production is extremely small and because coke and charcoal are 
there more costly to use for heat-producing purposes. There 
are only a few places in the world where these unusual conditions 
of cheap electricity and very costly solid fuel exist in association 
with iron-ore deposits, and where, therefore, an electric pig-iron 
smelting industry is carried on. The three localities are northern 
Scandinavia, northern Italy, and Japan. In the pig-iron furnace 
the electricity does not go to the lining of the furnace but is 
carried by three electrodes. One of these is shown in Fig. VII-4, 
and the two other electrodes are equally spaced around the 
hearth. 

Fig. VII-4.—The Domnarfvet ore-smelting electric furnace. 

General Description of the Domnarfvet Process.—The charge, 
consisting of ore, flux, and enough coke or charcoal for reduction 
purposes, is introduced at the top of the shaft in the usual way. 
The angle of rest of the charge permits it to lie in the crucible and 
shaft in such a way as to leave an annular free space just under 
the electrodes and tuyeres (see Fig. VII-6). Into this space 
is blown a portion of the top gases, amounting to about 60 to 
80 cu. meters per minute. A very important function of these 
gases is to distribute the heat, which is too much concentrated 
in the neighborhood of the electrodes, and to preheat the chaise 
in the shaft. The circulation also has the effect of cooling the 
roof of the lower portion. It is extremely important to get a 
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correct burden, t.e., a correct adjustment esp)ecially of the ore 
and carbon for reduction. This carbon, in the form of charcoal 
or coke, has the double function of serving as conductor for the 

Three tuyeres like this 
blow cool tunnel-head 
srases into the free space 
above the ore, for the 
purpose of coolinsr the 
roof. They also ffive a 
better distribution of 
heat throughout the 
charare in the furnace 
shaft. 

Fig. VII-6.—An earlier form of Domnarfvet furnace, showing more clearly some 
of the details. 

electric current, and so bringing heat to the ore, as well as 
effecting the chemical reduction and also furnishing carbon for 
solution in the metal. The oxyi^n in the charge is riie only 
means of burning the carbon, and the adjustment must be correct. 
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but this is now accomplished regularly and they no longer have 
cold iron, which results from either too much or too little carbon 
in the charge. The calculation depends on (1) the kind of ore 

used, which is magnetite at Domnarfvet, (2) the analysis of the 
top gases, which at the same place is as follows: carbon monoxide, 
60 to 65 per cent; carbon dioxide, 20 to 25 per cent; hydrogen, 
20 to 10 per cent, and (3) the amount of electrode consumed by 
oxygen of the ore, which is roughly 10 kg. per metric ton of pig 
produced, equivalent to 10 kg. per 1,650 kg. of 60 per cent 
magnetite ore. Charcoal has a higher electrical resistance than 
coke, thus increasing the temperature of the furnace but decreas¬ 
ing the power consumption per ton and the speed of production. 
Coke has a higher ash content than charcoal and tends to 
graphitize at arc temperatures and thus to react less readily 
for reduction purposes. At Domnarfvet they use one-third 
coke and two-thirds charcoal in the burden. 

Charge.—Per metric ton of pig iron produced the charge is as 
follows: About 1,650 kg. of ore (magnetite containing 60 per 
cent of iron), 350 kg. of mixed charcoal and coke, 200 kg. of 
limestone. 

Production.—The furnaces produce each about 60 metric tons 
of iron per day, equivalent to about 22,000 tons per year. When 
using 75 per cent of sintered ore in the burden, the production 
was increased to about 70 tons per day, and the current con¬ 
sumption dropped from 2,300 kw.-hr. per ton to 2,150 kw.-hr. 
The top gases are very small in comparison with the coke blast 
furnace, on account of containing no nitrogen from air. They 
amount to about 500 cu. meters per ton of pig, or 200 cu. meters 
per minute, plus the gas which is used for circulation, although 
this is almost a plus-and-minus item. 

Electrical Data.—Each Domnarfvet furnace has a load of 
10,000 kva., made up of two double transformers of 5,000 kva. 
each, and giving the same number of phases as there are elec¬ 
trodes, which, at present, is eight per furnace. The secondary 
circuit carries 60 to 100 volts, and the temperature may be 
controlled within limits by varying the voltage. Each elec¬ 
trode catries 22,000 to 25,000 amp.; the power input is 2,300 to 
2,400 kw.-hr. per metric ton produced; the load on the furnace 
is 6,300 kw., which gives an output of 3.5 metric tons of pig per 
kilowatt-year. 
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Furnaces Using Liquid Resistances 

In every furnace of this type the liquid resistance is the bath 
of metal itself, and it is heated by the resistance it offers to the 
passage of electric current. Pure iron has a resistance to the 
electric current six to seven times that of pure copper; cold steel 
has a resistance about eight times copper, and mglten steel about 
one hundred ten times that of copper. There are two serious 
difficulties in operating such a furnace. The first is making 
electric connection to a liquid bath, and the second is the cir¬ 
cumstance that the cross-sectional area of the bath must be 
small in order that the current of electricity through a unit area 
shall be very large. An outstanding advantage of the resistance 
furnace is that the electric current through the metal produces 
a stirring and circulation of the bath which are exceedingly 
important in producing uniformity and rapidity of reaction. 
The so-called pinch effect, discovered by Dr. Carl Bering, keeps 
the steel in motion, so that the metal heated to a high temperature 
in the part of the bath where the cross section is small circulates 
into the other parts and distributes its heat. A second important 
advantage is that the heat is generated within the metal itself 
where its effect is wanted. The difficulty of a small cross section 
of bath is met by generating the heat in channels of small cross 
section, connected with a larger pool of metal which serves as 
the principal furnace bath. This is illustrated in Fig. VII-7. 
The difficulty of making electrical connection with liquid bath 
is met by the so-called induction principle. It should be clearly 
borne in mind that the induction principle is a method of causing 
an electric current to travel within a circuit. It is in no sense 
a method of heating. 

Induction Principle*—The simple induction furnace is based 
upon the principle of the ordinary static transformer, whereby 
alternating electric current is transformed to lower voltage and 
higher amperage. It was independently developed by E. A. 
Colby, of the United States, and F. A. Kjellin, of Sweden, whose 
American rights have been Joined under one management. 
A sectional elevation of the furnace is shown in Fig. VII-6, 
in which CCCC is the core of» an electromagnet, around one leg 
of which a coil of wire A A passes. When an alternating current 
goes through the coil A A, it sets up an alternating magnetic 

field in the cere CCCC and tWe in turn sets up a secondary 
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current in the circle BB parallel to the coil AA. In other words, 
an alternating current passing through the coil A A induces an 
alternating current in the coil BB without there being any 
metallic connection between the two. This is a well-recognized 
phenomenon in electrical engineering and requires no further 
comment here. In the furnace operation the circle BB is a 
hollow ring in the brickwork into which melted metal is poured. 

Flo, VII-6.—Vertical section of Kjellin induction furnace. 

The resistance offered by this melted metal to the passage of 
the induced current generates heat which will maintain the 
temperature or raise it to any desired point. The slot BB 
is really an annular crucible into which pig iron, steel scrap, 
iron ore, and flux may be charged as if it were an open-hearth 
furnace, and the operation of steel making is practically the 
same in principle except that electric heat is employed instead 
of regenerated gas and air. We may charge solid metal if desired, 
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but, in such a case, it is well to leave a shallow circle of metal in 
the bottom of the slot BB after each operation is ended, to serve 
to carry the induced current during the beginning of the next 
operation, until the solid charge is melted. 

Roechling-Rodenhauser Furnace.—The combination induc¬ 
tion furnace is shown in Fig. VII-7. This is in effect a com¬ 
bination of three simple induction furnaces, the coils of the 

R 

Fio. VII-7. - Horizontal section of RoochlinK-Rodenhauser furnace 

metallic baths joining in a central pool. By means of this pool, a 
more effective refining may be employed, for the pool serves the 
purpose of a bath upon which slags may be charged, etc. It has 
also several steel terminal plates imbedded in the lining, which 
are connected to a few heavy turns of copper placed outside the 
primary coils, which collect and feed to the terminal plates the 
induced current in these turns, thus suppressing magnetic 
leakage. 

The High-frequency Furnace.—If an alternating current of 
high voltage ahd very high frequency be caused to travel in a 
coil, such as the water-cooled copper inductor coil shown in Figs. 
VII-S and 9, it will induce a current of high amperage in a near-by 
circuit, such as, for example, the graphite crucible indicated 
Within the copper coil. If the crucible is not made of graphite 
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but of some material which will not conduct the elcclricily and 
if it contains melal, then the current will be induced in a zone at 

Fio. VII-S.—Inside view giving coil construction of the working model furnace. 
(From E. F. Nartkrup, Iron Age, Jtm. IS, 1931.) 

and adjacent to the periphery of the metal. By vaiyini; the 
idiaracteristiGs of the primary current, one not oxdy may c|tonge 
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the intensity of the secondary (induced) current but may cause 
the secondary current to travel in a circuit extending from the 
periphery to a greater or less depth toward the central core of 
the metallic contents of the crucible. The heating effect of the 
secondary current is very rapid. A cold charge of steel within 

Fig. VII-10.—Graded coil of Ajax-Northrup furnace. {Courtesy of Ajax 
Electrothermic Corp,) 

the crucible may be melted in only a few minutes. The coil 
which conducts the primary current is made of a hollow copper 
tube through which water is caused to circulate to protect it 
from being overheated by the heat radiated from within the 
furnace. In modem furnaces the coil is “graded,” as indicated 
in Fig. VII-9, by having the number of turns at the central 
portion less than the number on each end. The copper coil is 
of an elliptical shape and is wound with its greatest length 
Vertical in the central portion and its greatest length horizontal 
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at each end, with a few turns between of round tubing. This 
is illustrated in Fig. VII-10. The object is to give a magnetic 
field within the coil which is more nearly uniform and parallel 
to the axis of the inductor throughout its length. This makes 
the field of force straighter and reduces the end losses at the top 
and bottom. The circuit in the inductor coil is anticlockwise 
from the center upward and clockwise from the center downward, 
as shown in Fig. VlI-11. 

Ficj. VII-11.—Diagrammatic connections of a parallel coil inductor. (From 
Northrup, op. cit.) 

Fig, VII-12.—Hypothetical circulation in liquid bath in contrary-wound 

high-frequency furnace. 

Stirring of the Bath.—One of the important characteristics of 
liquid baths heated by a current of electricity within them is the 
so-called motor effect through which the current causes a circula¬ 
tion or stirring of the bath. This causes the bath to rise in the 
center and to descend along the outer surface. When the coil 
is wound in opposite directions from the center toward each end, 
the theoretical stirring of the bath is roughly in accordance with 
Fig. VII-12. Circulation within the bath has the double 
advantage of producing greater uniformity in temperature and 
composition of the liquid metal and also in a very rapid reaction 
between the metal and the slag, which, because of its lower 
specific gravity, remains near the top of the crucible. 

Efficiency of Induction Furnaces,—^There will obviously be a 
loss of electrical energy in transforming a primary into a secondary 
current in any induction t^ of furnace. This has resulted In 
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the arc furnace’s beinj» more efficient elecincally than the 
induction furnace. On the other hand, the heat lost by radiation 
is much less in the induction type of furnace, especially of the 
high-frequency type now under consideration. The result is 
that the power input of the high-frequency furnace is very little, 
if any, greater per unit of work done. 

Fig VII-13.—Four-ton 1,200-kw., Ajax-Northrup high-frequency furnace pour¬ 
ing stainless steel. {Courtesy of Ajax Electrothermic Corp.) 

History of High-frequency Furnace.—The electrical principles 
upon which the development of the high-frequency furnace 
depends were first studied in connection with this application by 
Dr. E. F. Northrup in the beginning of this century. The first 
types were only of laboratory size but, through a long course of 
laboratory experimentation, they have been developed until 
there are many industrial steel furnaces melting a ton of metal in 
one chaise. The largest furnace to date is the 4-ton furnace 
£|bown in Pig. VII-13, which is in operation in the Chicago district. 
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Practice in High-frequency Furnaces. Higli-frequcncy 

furnaces are used \'ery largely for melting alloy-steel scrap, 
because there is less oxidation of the costly alloy elements than 
in any other process. It is also used for the production of high- 
quality steel with very low carbon, because the arc electric 
furnace, with its carbon or graphite electrodes, does not lend 
itself to a complete removal of carbon from steel. The high- 
frequency furnace also has a greater control over the exact 
composition of the metal and an excellent control over the 
temperature. The power input into the high-frequency furnace 
is an exact regulation of the temperature of the metal. It is 
therefore possible not only to control but to learn the tempera¬ 
ture of the metal from the electrical instruments which record 
the furnace operation. High-frequency furnaces are used in 
America for melting with only slight adjustments in composition. 
They are used in Europe, however, also for refining operations, 
which can be carried on very quickly because of the circulation 
of the bath. 

Times of Operation.—In Europe it is common to operate high- 
frequency furnaces so as to produce a heat every hour. There 
are several 1-ton furnaces in France which produce 24 tons of 
steel per day. In America the speed of operation is usually 
somewhat slower than this. The difference is that in America 
the furnaces are not supplied with so large an energy input per 
unit weight of charge. This is the important factor in determin¬ 
ing the speed of operation of the furnace. 

Special Types of Practice.—The high-frequency furnace has 
been operated so that the steel is both made and poured out of 
the furnace in a vacuum, with the result that it is entirely 
protected from oxidation of the air. This is not practiced on an 
industrial scale, although a good deal of metal has been made in 
this way in Germany by Dr. Rohn and a great deal of electrolytic 
irony- 99.97 per cent pure, has been melted in a vacuum for special 
purposes, notably by Dr. Yensen of the Westinghouse Electric 
and Manufacturing Company. Another special type of practice 
using a high-frequency furnace is the centrifugal casting of steel. 
This has been employed during the past few years for making 
cannon tubes at the Watertown Arsenal, and a similar process 
has been described in the issue of Sieel for Mar. 13, 1933, for 
rotary casting of rings to avoid the formation of dendrites and 
banding. The reason the high^requency furnace serves m well 
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with the centrifugal type of casting for steel is because it has good 
control and adjustment of the temperature of the liquid bath. 

Furnaces Heated by Arcs 

Furnaces heated by arcs have the obvious disadvantage that 
the temperature is excessive in the immediate neighborhood of 
the arc and decreases rapidly with distance so that the furnace 
temperature is nonuniform. Nevertheless, they have the 
advantage of high electrical efficiency and of lending themselves 
to a type of bath of wide adaptability as to length, width, and 
depth. The only serious difficulty in the mechanical handling 
of such a bath as far as charging, tapping, and working with the 
usual tools is concerned is the interference of the electrodes which 

Flo. \ 11-14 Types of electrio-are furnac#* heating A, indirect arc; Stassano 
tyjK). Heal radiates to Imth. B, direct arc; electricity does not intentionally 
traverse hearth. C, direct arc; hearth serves as conductor of electricity. 

project from the roof or sides, as indicated in Fig. VII-14. The 
arc type of furnace has received more development in steel works 
than the resistance type, so that it represents the greatest 
number of furnaces in industrial operation as well as a much 
greater tonnage of metal produced. 

Direct and Indirect Arcs.—The direct-arc furnace is that in 
which the arc travels between the electrodes and the liquid bath. 
This is made in two variations, viz,, that one in which there are 
electrodes both above and in the hearth, and the one in which all 
electrical connections are made with suspended electrodes (see 
Fig. VII-14). The direct-arc system of heating applies the heat 
right at the surface of the bath but does not distribute it uni¬ 
formly over the area. The electrodes usually dip into the slag, 
but the slag does not ^‘wet^^ the carbon siuface, and a myriad 
of tiny arcs pass back and forth to and from the electrodes. A 
very common design for this type of furnace is three overhead 
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IS HP 600 ff PM ' 
MOTOff *" 

Fia. VII-15.—Forty-ton H^roult electric steel furnace. The electric leads to 
the three electrodes are hollow copper pipes through which water circulates. 
This cooling greatly decreases the losses due to “reactance." (CourUay of 
James H, Gray A 
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electrodes with a three-phase alternating current. The indirect 
arc heats by radiation. It is not so economical of heat as the 
direct arc and is hard on furnace refractories. Moreover, an 
important advantage of the direct arc is that calcium carbide 
may be formed in the arc between calcium oxide and carbon in 
the slag. The use for this calcium carbide will be discussed 
later. 

Electrodes,—Electrodes are made either of graphite or of 
agglomerated amorphous carbon. The former are more durable 
and have a longer life, whereas the latter are cheaper to buy and 
are sometimes even made at the plant operating the furnace. 
Electrodes are threaded at both ends, so that, when burned 
down to a stump, a new electrode may be added to the old. 
Standard sizes of one type of electric-arc furnace, together with 
sizes of electrodes, are shown in Table VII-I. 

Table VII-L—Standard Sizes of II^uioult Furnaces^ 

Standard sizes 

Sizes of 
furnaces, 

tons 

Size of 
carbon 

electrode, 
inches 

Average 
charge, 
pounds 

Trans¬ 
former 

capacity, 
kilovolt¬ 
amperes 

Inside 
diameter 

shell 
• 

Inside 
diameter 
of lining 

yi 4 (graph) 1,500 350 
feet inches 

4 9 
feet inches 

3 5 
1 8 3,000 600 j 6 9 4 3 
2 ! 12 5,000 1,200 7 914 5 6H 
3 14 8,000 1,600 8 9M 6 6H 
7 17 16.000 2,200 11 0 8 9 

10 20 22,000 2,500 12 0 9 0 
]5 24 32,000 3,000 13 6 11 3 
20* 24 43,000 2,250 14 6 11 6 

30/40* 24 80,000 3,000 17 6 15 3 

Foregoing average charges are conservative and are usually exceeded by furnace operators, 
1 From a catalogue of the builder, the American Bridge Company. 
* 20-, 30-, and 40-ton furnaces are for refining molten metal only. 

Carbon vs. Graphite Electrodes.—Graphite electrodes cost 
about twice as much as carbon per pound but have 3 to 33-^ 
tilnes the conductivity, so weigh less than one-half per unit of 
current carried. They are used in more than half the electric 
furnaces of the country. Their disadvantages are: lower strength 
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per unit of cross section, lessened area of bath surface in which 
the arcs are active, higher heat conductivity, which means greater 
radiation loss through electrodes but also better cooling of the 
electrode in the holder. The advantages of their smaller size 
are: The holes through the roof are smaller, which is of much 
importance on account of its strength; the control mechanism is 
lighter; broken stumps are easier to remove from bath; the smaller 
electrodes are handled more easily, in general; and the smaller 
surface area radiates less heat from that part outside the furnace. 
The graphite electrode oxidizes less easily in the furnace. 

Automatic Regulation of the Arc.—By means of electrical 
control devices the operator may set the furnace so that any 
determined length of arc may be automatically maintained. 
The higher the voltage, the longer the arc and the greater the 
heat input into the furnace. Special devices are used for very 
rapid adjustment of the arc during great fluctuations which 
occur during the melting of scrap, or other solid metal, which may 
suddenly melt away from close proximity to the electrode. 

Tilting Furnaces.—All the furnaces used for steel refining and 
superheating for foundries are arranged to tilt, especially for the 
removal of slag. Most of them also have tap holes, so that the 
furnace may be tipped and the steel tapped from under the slag, 
thus getting it into the ladle without slag. 

Power Charges.—The only economical manner in which to 
operate an electric furnace is to regularly use ‘^off peak-load” 
power or else to maintain an almost uniform load. Standby” 
charges from the power producer, when the furnaces are idle, 
quickly run into heavy expense, and it is often customary to base 
charges per unit of electricity on the maximum amperage used, so 
that short circuits during the melting period are very costly. 

Thermal Efficiency.—The thermal efl&ciency of the direct-arc 
furnace is very high as compared with other metallurgical 
furnaces. This balances in part the high cost of heat obtained 
from electrical energy. Thus, Lyon, Keeney, and Cullen^ give 
the thermal efiSciency of the H^roult furnace as 70 per cent as 
compared with: 

Percentage 
Iron blast furnace. 60 
Acid open hearth.   18 
Basic open hearth. 20 
Crucible furnace.   4 

^ BiM, 77, U. S. Bureau of Mines, 1916. 
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The 30 per cent lost thermal efficiency of the H^roult furnace 
consisted chiefly of losses through electrodes, by conduction 
through roof and to the cooling water, by bad joints, and by 
electrode oxidation, as well as radiation losses through doors and 
a little through the lining and roof. 

History of Electric-arc Furnaces in America.^—In the year 
1910, there were 10 electric steel furnaces operating in the United 
States, producing 52,141 gross tons of steel during the year. 
Twenty years later there were more than 600 electric furnaces 
in operation, and the production was over 1,000,000 tons, of 
which about one-third was steel ingots and two-thirds were iron 
and steel castings. At that time (1930) about one-third of all 
steel castings in America was made in electric furnaces. Dr. 
Paul H4roult began in Europe his experiments on electric furnaces 
for iron and steel production in the latter part of the nineteenth 
century. He had previously had a very large part in the develop¬ 
ment of electric furnaces for aluminum production. Heroult 
patented his iron and steel furnaces, but he generously donated 
without patent the results of his very thorough knowledge and 
understanding of the metallurgical principles involved. His 
furnace was of the suspended-electrode type without conducting 
electrodes in the hearth. In 1910, F. T. Snyder brought out a 
furnace using a single suspended electrode and a water-cooled 
electrode built into the furnace bottom. It had the advantage 
of simplicity and lower consumption of electrodes by oxidation. 
He also had an ingenious roof design which permitted him to 
pull back the roof and allow the furnace to be charged through 
the top, whereas the Heroult furnace was charged through doors 
and the electrodes had to be raised out of the way during charg¬ 
ing. The Girod furnace, developed in France, was introduced 
in the United States in 1908. It had several conductors in 
the bottom as shown in C (Fig. VII-14). Three types of indirect- 
arc furnaces have also been developed, but most of these have 
gone out of use, because radiation from the arc caused a short 
life of furnace linings and roof. An exception is the Detroit 
furnace shown in Fig. VII-16, which is very much used for melting 
cast iron. One great advantage of this type of furnace is that 
it is cylindrical and rocks, which agitates the bath and seems to 
have the effect of improving the structure and strength possessed 

1 Chiefly from Moore, TmnsacHom Eleclrockemical Society^ September, 
1931. 
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by the liquid metal after it solidifies in molds in the form of 
castings. As far as we know, this is the only indirect-arc electric 
furnace now of industrial importance. A direct-arc furnace 
known as the ^Lectromelt furnace was developed in 1916. Its 
principal novelty was that it tilted in two directions, so that 
the slag could be discharged from the back door and the metal 
poured out of the front door! 

Fig. VII-16.—Detroit rocking electric furnace in pouring position. {Courtesy 
of Detroit Electric Furnace Vo.) 

Arc-fumace Sizes.—Electric furnaces for foundries are usually 
from 3 to 10 tons capacity each, whereas those for making steel 
for ingots have a capacity up to 30 to 75 tons each. One capable 
of holding 100 tons at a time has actually been in operation 
and is illustrated in Fig. VII-18. This furnace is supplied with 
a double set of three electrodes, however, in order to distribute 
the heat more uniformly. 

Examples of Arc Electriofurnace Practice 

Arc furnaces are used in America for superfining basic open- 
hearth steel, for the manufacture of steel castings, and for the 
manufacture of castings of gray, chilled, and malleable cast iron. 
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They are used for these purposes to a far greater extent than are 
resistance furnaces. Arc furnaces are also used for melting 
alloy-steel scrap to produce new alloy-steel ingots, but in this 
type of practice they share the field much more equally with the 
resistance furnace, especially the high-frequency type. 

Fig. VII-17.—Charging an ’Lectromfelt furnace. {Courtesy of Pittsburgh Electric 
Furnace Corp.) 

Superrefining Liquid Steel in Basic Electric Furnaces.— 
Sulphur, occluded oxides (inclusions), and dissolved gases are not 
completely eliminated by the Bessemer or open-hearth processes. 
The crucible process has long produced a steel excelling these in 
quality, but its operation is costly and the product is made in 
small units, so that large ingots are made by pouring several 
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crucibles into one mold, and the analysis is subject to nonuni¬ 
formity. The electric furnace, when expertly operated, will 
produce a steel equal in properties to crucible steel and freed to 
any desired extent from impurities and occluded particles or 
gases. That it has not always accomplished this result is due to 
lack of care or expertness and has delayed its more general 
adoption. It is also more costly than the older ^Honnage^’ 
processes, because of the greater cost of electric heat than of that 

Fig. VIl-18.—100-ton electrir-arc furnace. Note the elliptical shape and the 
six electrodes. {Courtesy of Timken Sted and Tube Co.) 

obtained from fuel. Therefore, the cheiipest way to make steel 
of this high quality is to perform all the purification possible in 
the open-hearth furnace and thefi pour the liquid steel into the 
electric furnace, where the sulphur is reduced to a harmless 
point and the inclusions and gases eliminated. The first essential 
is that only moderately impure metal shall reach the electric 
furnace, because sulphur above about 0.08 per cent is reduced 
with much expense and waste of time, and highly oxidissed steel 
is never restored to high quality. Bessemer steel is no longer 
supetrefined in America. Phosphoi’Us may be eliminated in the 
basic electric furnace, but this is xmeconomical, because the bai^c 
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Fig. VII-10 —Superrefining liquid steel. Pouring basic open-hearth steel into a 
40-ton basic electric-arc furnace. {Courtesy of James H. Gray,) 

piG. yil<40.—^Three^ton H&ifoult electric furnace at Johnstown plant of the 
Lorain Steel Co. {Courtesy of James ff. Gray,) 
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open-hearth elimination is cheaper; hence has arisen the so-called 
triplex process, in which the liquid metal goes from the Bessemer 
to the open hearth and thence to the electric furnace. 

Furnaces Used.—More than 300,000 tons of steel are super- 
refined annually in electric furnaces in the United States, of 
which the greater part is treated in arc furnaces of the Heroult 
type. 

Operation of Superrefining.—Liquid steel from the open- 
hearth furnace is poured into the electric furnace, great care 
being taken that no open-hearth slag gets into the electric fur¬ 
nace. The steel should have been carefully analyzed and should 
contain less than 0.08 per cent of sulphur; manganese of 0.15 to 
0.40 per cent; phosphorus 0.02 per cent or less; and carbon 
0.10 to 0.25 per cent (10 to 25 points) lower than that desired in 
the finished steel, in order to allow leeway for carbon to be 
increased by coke added for deoxidizing purposes, plus a little 
which goes in with the final additions of manganese, silicon, etc. 
The amount of steel poured into the furnace must be carefully 
estimated, in order that the additions can be adjusted correctly. 
While the steel is pouring in through one door, sufficient lime to 
make a slag covering for it is shoveled through another, mixed 
with about 20 per cent of tte weight of fluorspar and 15 to 20 per 
cent of sand, to make a fluid slag. The slag will not exceed 2 per 
cent of the weight of the bath. If the carbon in the open-hearth 
metal is too low, some anthracite may be dissolved in it during the 
transfer or may be shoveled into the electric furnace while the 
steel is pouring in. Sometimes part or all of the slag is not 
introduced until the steel has been for some time in the furnace, 
and sometimes two slags are used. 

The open-hearti^ steel usually chills over the top when it gets 
into the furnace, and the furnace is first set for high temperature, 
which should result in the chargers being melted in 30 min. to 1 hr. 
Cold metal at this point is, however, one of the difficulties and 
costly features of the process. When the metal and slag are 
melted, a saitiple is taken for analysis. The sample of slag will 
show a brown color, indicating that the steel is still oxidized. To 
a 20- dr 25-ton heat about 100 lb. of coke dust are now added and 
the temperature kept up. In 15 to 30 min. the slag should begin 
to lighten in color, and within 1 hr. after adding the coke it should 
be light gray or white and should smell of acetylene when dipped 
in water. If necessary, more coke dust and, possibly, more slag 
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mixture will have been added in the meantime. From now until 
the end of the heat a slag should be maintained that contains 
some calcium carbide, the purpose being to desulphurize and 
deoxidize the steel. 

3MnS) 
3FeS / 
3Mn()) 
3FeO j 

+ 2CaO + CaC2 = 3Mn) 
3Fe / 

CaC2 = 3Mn^ 
3Fe j 

+ 3CaS + 2CO. 

+ CaO + 2CO. 

The carbide is formed by the action of lime and carbon at the 
electric arc: 

CaO -j- 3C = CaC2 “f* CO. 

In the case of large baths, the metal must be stirred frequently, 
because carbide may not be found near the doors. 

The carbide slag is the best means of degasifying the steel, 
and steel that is degasified is assuredly desulphurized. It 
requires to 3 hr. to degasify under a carbide slag, and it must 
be maintained strongly basic and reducing, and fluid at all times. 
Coke must be added when necessary, and the doors must be kept 
closed and luted tight with clay as much of the time as possible. 
Dripping of the acid roof or scorifying the lining may spoil the 
slag and the operation. 

After the steel is deoxidized, the ferrosilicon, ferromanganese, 
ferrochrome, ferrovanadium, etc., may be added. They should 
be added in small doses so as not to chill the metal, and all addi¬ 
tions should be complete 45 min. before the heat is tapped, dur¬ 
ing which the bath should lie as quietly as possible in the furnace 
to allow all inclusions to escape. This corresponds to the 

killing period of the crucible process. Ferrosilicon should 
be added first, then ferromanganese and ferrochrome, and 
lastly ferrovanadium, to avoid inclusions. The bath must be 
kept liquid and as quiet as possible at all times and lies dead 
for the last 45 min. for the same reason. If the color of the slag 
shows that any of the elements, as manganese and chromium, 
are being oxidized, coke should be added and the conditions 
investigated. Elements, like nickel, which do not oxidize 
should have been added as soon as the bath was melted, in order 
to avoid chilling it during the later part. It must never be 
allowed to become viscous, lest it entangle solid particles, while 

excessively high temperature must also be avoided. 
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The heat should be tapped at a temperature 200 to 250®C, 
above its melting point, held in the ladle while the temperature 
drops about 100°, and poured 100 to 125° above its melting point, 
which will, of course, depend on its analysis. The reasons for 
hot working and cool pouring are the same as those given under 
the acid open-hearth process. It is of paramount importance 
that the steel be tapped from underneath the slag. All the care, 
skill, and expense expended to eliminate ‘^inclusions” may be 
thrown away if any slag or dirt is poured or tapped with the steel 

Fig. VII-21.—Seven-ton H^rouit electric furnace pouring out the slag after 
tapping the steel. (For the prevention of inclusions it is imperative that all the 
slag be retained in the furnace when the steel is tapped into the ladle.) {Courtesy 
of James H. Gray.) 

and mixed with it to again produce sonims. The total time of a 
heat, from charging liquid metal to tapping, will be roughly 4 to 
5 hr. and the power used equals 100 to 200 kw.-hr. per ton of 
product. 

After the steel is tapped, the bottom is repaired with dolomite, 
about 500 lb. of dolomite being used for a 25-ton furnace. The 
roof and walls are carefully examined and precautions taken to 
avoid trouble in the next operation. As in the open-hearth 
process, the worst cutting is at the slag line. The bottom lasts 



PROCESSES FOR PRODUCING JUGII TEMPERATURE 225 

2,000 to 3,000 heats and the roof from 50 to 200 heats, depending 
on care and the make of furnace. 

The final slags will contain about 20 per cent of silica, 70 per 
cent of lime plus magnesia, 0.30 to 1 per cent of calcium carbide, 
about 1 per cent of sulphur, and less than 1 per cent of iron. 

Superrefining Bessemer Steel.—At one time it was proposed to 
superrefine Bessemer steel by removing its phosphorus, sulphur, 
oxygen, and inclusions in a basic electric furnace, but this proved 
to be impractical, because the removal 4)f phosphorus required an 
oxidizing slag. It is an established fact, often denied and 
doubted but nevertheless generally recognized now, that electric 
steel which has been treated under an oxidizing slag is not of such 
good quality as steel of the same composition which has been 
treated under a reducing slag only, even though a reducing slag 
is used after the oxidizing slag has been used and removed. 
Therefore the best result is obtained by pouring Bessemer steel 
into an open-hearth furnace, to remove its phosphorus, and then 
superrefining. The use of an oxidizing slag in the open-hearth 
furnace does not lower the quality of the steel so much as when 
it is used in the electric furnace. This is perhaps due to the 
fact that the temperature is not so high in the open-hearth 
furnace. In one plant in Europe, Bessemer steel is superrefined, 
but this is special practice because it happens that the ores from 
which the pig iron used for Bessemer converting is obtained are 
very low in phosphorus; therefore the Bessemer steel is low in 
phosphorus and it is superrefined in the same way in which 
basic open-hearth steel is superrefined in this country, i.e., with¬ 
out using an oxidizing slag. 

Acid Open-hearth Steel Is Not Superrefined.—Acid open- 
hearth steel is not sufiiciently improved by superrefining to 
command an increase in price commensurate with the expense 
of superrefining. 

Steel Castings.—Both acid and basic electric furnaces are 
used for melting steel for making castings. The steel-casting 
field is practically the only one in America in which the acid 
electric furnace is used, and the reason it is used for Castings is 
because its product can compete^ in phosphorus and sulphur 
content and it has advantages in cost and in freedom from 
inclusions and gas bubbles which are more objectionable in 
castings than they are in ingots. Electric-furnace ingots are 
produced with a very small amount of both sulphur apd phos- 

1 See page 232. 
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phorus, and, in this field, the acid furnace is practically unable 
to compete on account of the extremely hi^^h cost that would 
be necessary for raw materials. The process of melting for 
castings is virtually one of melting down steel scrap in the 
electric furnace, bringing it to the desired temperature and 
exact composition, and then tapping it. This operation requires 
only 1 to 13^^ hr. in an acid furnace. It requires V/^ to 3 hr. 
in a basic furnace, depending on how much, if any, refining is 
done. Pure stock is sometimes melted in a basic furnace, but 
often advantage is taken of the basic slag to purchase cheaper 
material and refine it from phosphorus and sulphur. The 
melting of scrap in an arc furnace is greatly complicated by 
the jumping” of the arc and irregularity of the power input, 
due to breaking of contact between the electrode and the scrap 
packed in the furnace. Pure stock is melted under reducing, 
instead of oxidizing, conditions. The common practice is to 
use a relatively high voltage during melting, with lower voltage 
during the later stage. In the basic furnace, lime is charged 
on the hearth to protect it when the scrap is introduced and to 
form the basis of a basic slag. 

Acid vs. Basic.—Every acid furnace is cheaper to operate than 
the corresponding basic furnace. This applies to Bessemer, 
open-hearth, and electric processes. The raw material, however, 
is cheaper for the basic process. Except for phosphorus and sul¬ 
phur, the product of the acid process excels in quality because of 
more oxidizing slag in the basic process, more difficult recarburiz¬ 
ing (with consequent trouble from inclusions), and a great amount 
of impurities to be removed in the slag, with resulting hazard of 
reversions of impurities to the steel. The relative economy of 
the acM operation is due to its being shorter, requiring less repairs 
to lining, less fluxes, and less metalloids added in recarburizing. 

When we come to melting pure stock in the electric furnace, it 
is evident that the basic process loses its chief advantage, viz., 
the lower price of raw material. True, we may remove sulphur, 
but the cost of otherwise pure stock containing up to 0.08 per 
cent of sulphur is not much less than the cost of raw material 
which will make low-suI|)hur steel even in the acid electric 
furnace. It is claimed that a little sulphur is removed in the 
acid furnace, provided manganese is used freely. A slag con¬ 
taining calcium carbide is the most efficient desulphurizer 
known, and this cannot be used in an acid furnace, but niany 
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believe that manganese and low-sulphur stock is cheaper than 
the combined additional costs of the basic operation. Coke 
is used in an acid slag to give it a reducing character. 

The relative brevity of the acid operation is due to: 
1. The comparative ease with which acid slags may be main¬ 

tained in a deoxidizing condition. 
2. The briefer deoxidizing and degasifying period, because the 

steel itself is less oxidized, and is normally free from gases. 
3. The freedom from melting of such large proportions of 

fluxes. 
4! Less recarburizcr additions to be melted. 
These circumstances require for the acid process, less current, 

less labor, and less cost for overhead per ton of product. 
Acid steel requires less manganese, and usually no ferrosilicon 

need be added, because it is reduced from the acid slag and acid 
lining: 

SiOs + 2C = Si + 2CO. 

This decreases the cost of additions. The lining is less corroded, 
and acid refractories cost less than magnesite, besides being 
more durable. Acid side walls and roof are normally used 
even in basic furnaces, on account of their strength and high 
melting point; if the acid roof drips, it does not damage an acid 
slag. Acid fluxes are also less costly than basic fluxes, and the 
slag does not accumulate impurities, so that the acid slags may be 
used several times. 

Finally, well-made acid steel is uniformly of high quality and 
not subject to the dangers from which basic steel suffers. For 
example: 

1. After the melting stage is complete, acid steel is less oxidized 
than is basic steel at the same period. 

2. It normally contains less dissolved or occluded gases, 
because silicon is maintained in it almost automatically. 

3. The danger from siliceous inclusions is absent, because 
silicon is being reduced into the steel and it cannot be both 
reduced and oxidized at the same time. 

4. Other inclusions are avoided during the heat, because even 
manganese is not oxidized when added to the bath. 

5. The slag is pure, which avoids danger of reversions to the 
metal in either the furnace or the ladle. 

The basic furnace has the great advantage that we may, when 
market conditions make it desirable, melt and refine impure 
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Stock. And a very serious special hazard in the acid electric 
process is the tendency of the slag to become infusible and 
viscous, with consequent danger of formation of inclusions. 

Melting Impure Scrap to Produce Electric Steel (Basic 
Furnace Only).—Scrap containing more than 0.08 per cent of 
sulphur and/or 0.02 per cent of phosphorus must pass through 
an oxidizing period before it can be deoxidized. This lengthens 
the process and lowers the quality, because oxidized steel is 
not always perfectly deoxidized—some say it never is. The raw 
material is cheaper and is easier to secure. In practice the 
operation differs in that, besides putting limestone (instead of 
lime) on the hearth, we use enough iron ore with the scrap to 
oxidize all the silicon and phosphorus but not any of the other 
elements. This requires low temperature until the oxidizing 
(black) slag is removed. If the temperature is too high, some 
manganese, chromium (if present), and carbon will be removed. 
Sometimes scrap pig or new pig iron is charged with the stock 
to melt down hard and allow more ore to be used. It is most 
desirable that the charge, when melted, shall be reduced to less 
than 0.02 per cent of phosphorus, except in the case of steel for 
castings, which may be higher. On account of the basic slag, 
the silicon goes before the phosphorus. 

Charging.—Pig iron, if used, is put next the limestone on the 
hearth, in order to protect the latter from iron oxide. On top of 
this is put the large scrap, and then the interstices filled with 
small scrap as well as possible, to lessen jumping'^ of the arc. 
Unoxidized scrap is used, as rusty steel adds an uncertain oxidiz¬ 
ing influence. Scrap containing nickel must be avoided, as the 
nickel will not be removed. 

Black Slag.—When the charge is melted and the ^Time comes 
up,^^ a sample of the bath is taken and analyzed. If phosphorus 
is removed, the black slag is poured off with the aid of rabbling. 
It must be completely removed, including any that adheres to 
the sides. If tpo thin to follow the rabble, it must be thickened 
with lime. If the phosphorus in the initial charge was above 
0.07 to 0.09 per cent, we may require a second black slag for 
removing it. This is costly and usually uneconomical, because 
purer stock is normally less expense than a longer operation and 
additional fluxes. 

White Slag.—When melted and purified, with the black slag 
removed, the bath is ready for .the white slag. This is made up 
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of lime, thinned with calcium fluoride or sand, or both. It is 
mixed before charging, and about one shovel of coke also is used 
for each three shovels of lime. 

Use of Fluorspar or Sand for Thinning.—Sand is cheaper than 
fluorspar and it avoids corrosion of the side walls and roof caused 
by the volatility of the fluorspar. It thins the slag effectively 
but decreases its basicity and interferes with the permanency of 
the carbide in the slag. It also increases the danger of adding 
ferrosilicon early in the process, by decreasing the excess of bases. 
The commonest practice is to use part fluorspar and part sand, 
keeping the slag fluid but never allowing the silica content to 
exceed 18 to 20 per cent. 

Recarburizing and Refining.—The temperature is raised as 
rapidly as possible and the analysis adjusted to give the steel 
about 10 to 25 points less carbon than is desired in the final 
analysis; manganese 0.15 to 0.40 per cent, and silicon 0.10 to 
0.20 per cent. There will be no waste of metalloids later in the 
operation, because no subsequent oxidation of the bath. Carbon 
is added in the form of coke, charcoal, or ground electrode stumps. 
Sometimes pure pig iron is used, depending on market conditions, 
and sometimes washed metal, as in the crucible process. Carbon 
in coke enters the metal to the extent of about 60 per cent of its 
weight and usually causes a boiling of the bath, due to escape of 
carbon monoxide gas. If the bath is very wild, ferrosilicon may 
be added with carbon, but usually the order of charging is like 
that in the acid open-hearth recarburizing, so that carbon (the 
cheapest deoxidizer) will remove all the oxygen it can, then 
silicon, and then manganese. Some operators omit the ferro¬ 
manganese, but others use it to deoxidize more thoroughly and 
remove any silica inclusions present. The need of manganese is 
greater the more extensive has been the oxidizing action previ¬ 
ously. If impure stock was used, it is doubtful whether the 
white slag and calcium carbide will deoxidize the bath 
sufficiently. 

When the white slag and recarburizers are charged, the doors 
are closed tightly and the heat increased and atmospheric 
oxidizing conditions decreased as much as possible. The amount 
of white slag is 3 to 7 per cent of the weight of the bath. It 
should be melted and have lost its brown color in about an hour 
after charging. If the color does not begin to go in 30 to 40 min., 
more coke should be added to it; its fluidity should be kept right 
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by additions of lime, calcium fluoride, or sand as needed. Upon 
reaching this point we come to a condition similar to the super¬ 
refining operations already described. If ferromanganese was 
not added with the other recarburizers, it is added when the slag 
is white. This saves a little manganese. Some operators add 
ferrosilicon in small doses toward the end of the heat, but this 
is dangerous practice. 

Superrefining.—We are now ready for the superrefining 
’{i.e.j carbide) slag: Coke dust is mixed with about twice its 
volume of lime and thrown in near the arcs, where the carbide 
reaction will take place. More coke dust is also scattered over 
the slag. The practice is essentially the same as that described- 
previously. The operation lasts about 2 to 3 hr. after the black 
slag is removed, and the total time will be 5 ^ ^ to 7 hr. or longer, 
depending on the degree of purification and skill of the operator. 
On the other hand, too much hurry during the deoxidation and 
degasification period results in inferior steel. 

The making of low-carbon steel in electric furnaces is more 
difficult, because overoxidized baths are almost impossible to 
deoxidize. 

Melting Alloy-steel Scrap.—Ferroalloys which are used for the 
manufacture of alloy steels, such as nickel steel, chromium steel, 
stainless steel, high-speed steel, and tungston steel, are high in 
price. But there is now a regular market supply of alloy-steel 
scrap containing the costly alloying elements in a much less 
expensive form than if they were contained in the ferroalloys. 
Furthermore, it is possible to get some type of scrap, such as 
high-speed steel scrap or stainless-steel scrap, which is very close 
in analysis to the new steel desired and which can be melted in an 
electric furnace with so little oxidation of its components that 
the liquid bath requires very little adjustment in alloying ele¬ 
ments before it is ready to pour into a new product. This 
requires melting under as reducing conditions as possible, because 
some of the elements, such as vanadium and tungsten, oxidize 
so easily that care must be taken to prevent losses. The high- 
frequency furnace has an advantage in this respect, because it 
can melt with less loss by oxidation than any of the other 
processes in vogue, and it is often used for this work, but the arc 
furnace is also employed in some plants. 

Arc Furnace Making Cast*iron Castings.—The cupola is the 
cheapest furnace for melting cast iron, but it must be run with 
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great skill and attention in order to give reasonable uniformity 
in composition and temperature; it involves a loss of silicon in 
the metal during melting, an increase in sulphur, and some 
uncertainty as to the final proportions of these elements in the 
metal. It also has a limit in temperature above which it cannot 
heat the iron. Finally, the cheapest form of scrap, viz,j fine turn¬ 
ings and borings, can be used in the cupola only to a limited 
extent, because they tend to clog the charge and make it impervi¬ 
ous to the blast. The air furnace costs more for fuel and labor 
than the cupola and it too has an upper limit in temperature. 
Therefore the arc furnace has found a place in foundries produc¬ 
ing gray cast iron, chilled cast iron, and malleable cast iron. Its 
high cost for heat is partly neutralized by its capacity to use 
cheap raw materials. For example, we may charge an electric 
furnace with the cheapest borings or turnings and these may be 
desulphurized if necessary and may be adjusted to exact composi¬ 
tion by additions of suitable alloys. We may use steel scrap 
and carburize it at a high temperature with petroleum coke, thus 
making a synthetic^’ cast iron if, and when, steel scrap can be 
purchased at a very low price as compared with cast iron. In 
the electric furnace the composition may be adjust r?d with as 
great exactness as in the air furnace, and it has the advantage 
over the latter that the furnace atmosphere may be deoxidizing 
instead of oxidizing and that the temperature may be higher if 
desired. The higher temperature is especially employed when 
alloy cast irons are made. It is also noted that cast iron, when 
heated to a temperature well above its melting point, has a grain 
structure after freezing of smaller flakes of graphite in more iso¬ 
lated particles, which gives greater strength to the metal. This 
is true of alloy cast irons, such as those containing nickel and 
chromium or those having molybdenum. It is also true—to 
some extent at least—of unalloyed carbon cast iron. In the 
electric furnace we may adjust the composition of the cast iron 
in any of its components, including the normal carbon content of 
about 3.50 per cent or carbon as low as 2 per cent. This can be 
accomplished in the air furnace also, but not in the cupola. 
The advantage of agitating the metal while liquid has already 

been mentioned. 
Duplexing.—In some foundries the larger amount of heat 

necessary for melting is obtained in some cheap form of com¬ 
bustion, as a cupola, whereas the superheat required for special 
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chemical adjustment, etc., is obtained by treating the cast iron 

in some electric furnace after it has been melted. 
Additional Note on Acid Electric Steel for Castings.— 

Scrap sufficiently low in phosphorus and sulphur can be melted 
in an acid electric furnace at an actual cost for raw materials plus 
^^cost above net metal/^ which is no greater than the total of the 
two corresponding costs for the basic electric furnace. 
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CHAPTER VIII 

THE INGOT-MAKING STAGE OF MANUFACTURE 

By whatever process steel is manufactured it leaves the steel 
mill in the form of an ingot or casting. 

It might be thought that this ingot-forming stage of manu¬ 
facture was of minor importance and that, if we could so control 
the steel-making process as to avoid excessive amounts- of 
impurities, then the quality of the resulting ingots or castings 
would almost necessarily take care of itself. It is now well 
recognized that this is by no means true and that many injurious 
defects may appear during the ingot-making stage, although 
some of these may be caused by improper methods of manu¬ 
facture, such as too high or too low temperature on leaving the 
furnace or insufficient deoxidizing of the bath. Other defects 
may originate during the ingot-making stage itself, such as 
teeming too soon after adding the recarburizer, teeming too 
fast or too slowly, too hot or too cold, improper shape or pro¬ 
portions of ingots, or the addition of too much aluminum or 
other deoxidizer to the metal in the ingot mold. 

The defects which may appear during the ingot-making stage 
are: 

1. The inclusion or entanglement in the solid steel of minute 
particles of slag or other oxidized substances. These occur 
often in so fine a form as to be like an emulsion, and it has been 
suggested that we might almost consider them colloids. They 
separate from the steel very slowly and their presence in the solid 
metal is a source of weakness or brittleness or both. Their 
source is largely the oxidation of silicon, manganese, aluminum, 
and other metals added to deoxidize the steel; also minute parti¬ 
cles of slag, dirt from the ladle lining, manganese sulphide, etc. 
The general name inclusions has been given to these solid non- 
metallic impurities. 

2. Blowholes or gas bubbles entangled in the metal (see Fig. 

VIII-1). 
3. A weak crystalline structure formed during the solidi¬ 

fication of the steel and having such forms as very large crys- 
233 
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tals, or ^^ngotism/^ iSr-tree crystals, or dendrites; columnar 
crystallization (see Figs. VIIT-5 and VIII-8). 

4. A pipe or shrinkage cavity extending so far down into the 
ingot that it is not removed when the ingot top is cut olf during 
the rolling operation (see Figs. VIII-10 and VIII-11). 

A B c 
Fly. VIII-1.—Locations of blowholes in steel ingots. A, deep-seated and 

skin blowholes. B, deep-seated blowholes only. C, skin blowholes only (see 
also Fig. III-3, p. 43). 

5. Segregation or the concentration of impurities in localities, 
thus forming points of weakness. This is almost invariably the 
result of oxidized or dirty steel, excessive impurities left from the 
furnace stage, or excessively slow cooling of the ingot allowing 
the liquation of more fusible compounds to the late-freezing 
portions of the ingot or casting. 

A B C D E F 

Fig. VIII-2.—Stages in the formation of a pipe. 

6. External cracks due to straining the surface of the steel 
during solidification or when the ingot mold is removed in the 
stripping process. ,, ^ 

7. Scabs on the outside surface of the ingot, eai^s^d by particles 
of slag or oxide of manganese. 

8. Internal checks, or ‘‘flakes,’’ i.e., mipute cracks in the 
interior of the steel which weaken the structure. 
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“Inclusions.^’—When large in size, these inclosures are com¬ 
monly the result of accident, negligence, or ignorance and 
therefore could usually have been avoided by the exercise of 
due care, but, in microscopic particles aggregating as much as 
0.25 to 0.30 per cent of the weight of the metal, they are often 
found in Bessemer and open-hearth steels not as a result of 
chance but as a regular occurrence. Oxides, silicates, and 
sulphides of iron and manganese, oxide of silicon or aluminum, 
and tiny particles of slag are the commoner examples of these 
enclosures; Entangled particles of slag seem to be due to their 
having become caught in the solidifying metal before they had 
an opportunity to rise to the surface. The bulk of the oxides of 
manganese and silicon and the silicates of iron oxide and manga¬ 
nese oxide originate through the recarburizing reactions in 
the bath, and the tiny particles thereof are’ retained because 
they cannot separate immediately. Like the cream in milk, 
time must be allowed for them to rise to the surface. The 
same necessity is felt to an even greater degree in the case of 
sulphide of manganese, which separates from a molten bath of 
iron or steel only upon long standing. The sulphide of iron 
appears to be actually soluble in the molten metal and^not to 
separate until after solidification. Any of these occluded parti¬ 
cles may be harmful to metal. It is now commonly believed 
that many previously unexplained failures of steel are due, in 
part at least, to such defects, and the shelling^' off of the sur¬ 
face of railroad rails and locomotive tires is often directly trace¬ 
able to this cause. Sometimes the inclusions appear like a 
cloud or mist in the form of a plane within the body of the steel, 
forming a definite plane of weakness. This is especially the 
case with aluminum oxide. The proportion of entangled parti¬ 
cles in the ingot will depend largely on the precautions taken 
during the final stages of the steebmaking process, the oppor¬ 
tunity allowed for inclusions to separate before and during 
teeming, and the care with which deoxidizers, such as aluminum, 
are added in the ingots to quiet the steel. 

Finishing the Kwt and Precautions in Recarburizing.—We 
have already discussed the importance of finishing the liquid- 
steel bath with as little dissolved oxygen as possible and adding 
deoxidizers in a shallow bath when possible to allow incllisions 
to rise to the surface better. Even holding in the ladle helps 
to clarify the steel, but there is a limit to the time permitted for 
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this. The principle is clearly illustrated in Fig. VlII-3, in which 
is shown how the silicates present in the steel which is teemed 
from the nozzle of the ladle at its bottom are less in proportion 
after each period of holding the metal, whereas they increase as 
pouring proceeds. This is especially true when the ladle has 
been partly emptied and the liquid metal contains the inclusions 
which have been rising from the bottom all the time. This 
principle has led to the rule of acid open-hearth practice: ^^Tap 
hot and pour cold.^^ Titanium has long been used for clarifying 
steel not only becaiise it has a strong affinity for oxygen and 
assists in the deoxidation of the steel but because its oxide also 
helps to flux and tends to coalesce and cause to rise to the surface 
oxides of some of the other metals. The titanium must be 
added after all the other oxidizers and must be kept out of 
contact with the slag. Vanadium is a powerful deoxidizer and 
it has the effect, when added after all the other deoxidizers, of 
robbing some of the oxides of manganese, iron, etc., of their 
oxygen and so causing them to dissolve in the steel. In this 
way vanadium is one of the best scavengers that can be used 

*and is a powerful deoxidizer but must not be left in the steel 
to the extent of over 0.30 per cent because its presence increases 
steel’s brittleness. 
vSeparation of Inclusions.—Three conditions help solid oxidized 
particles to separate by gravity from liquid steel: 

1. Larger size: manganese oxide and silicon dioxide formed by 
reaction with dissolved iron oxide are extremely small in size 
when first formed. If they will react to form silicates and if 
they remain liquid, they will grow by coalescence. Reaction 
and coalescence are more likely if silicon is added first and then 
manganese, as already pointed out. A great advantage of adding 
silicon first is because it finds much iron oxide with which to 
unite and form silicates. Herty has shown that an inclusion 
with 78 per cent iron oxide and 22 per cent silicon dioxide has a 
freezing temperature of 1240°C.; it will coalesce easily and rise 
rapidly. While an inclusion with 45 per cent iron oxide and 65 
per cent silicon dioxide has a freezing point of 1430*^0. He says 
that a steel recarburized with ferrosilicon and ferromanganese 
both added in the ladle contained from 0.03 to 0.09 per cent of 
siiicat#inclusions; a similar steel with ferrosilicon added in the 
furnace and ferromanganese in the ladle contained 0.02 to 0.05 
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per cent of silicate inclusions; but when silicon-manganese alloy 
was added to a similar steel in the ladle, it contained only 0.015 
to 0.04 per cent of silicates. 

2. The more fluid the metal, the more rapidly the inclusions 
will rise. 

3. A period of rest will allow the steel to clarify, as already 
said (see Fig. VIII-3). 

^“Blowholes.—The chief cause of blowholes in steel is the 
presence of oxide of iron in the metal. This oxide of iron reacts 
with the carbon added in the recarburizer and forms carbon 
monoxide gas, which may be produced during the entire solidi- 

Time 
Fitx VIII-8. —Elimination of silicates during pouring {Fiom Htrty and Jacobs, 

Clean Sleds frojn Acxd Open Hearth, Metal Progress, February, 1931 ) 

fication period and thus cause many blowholes. That oxide of 
iron is one of the chief causes of blowholes is shown by many 
things; e.g.^ (1) steel known to be highly oxidized is very liable 
to blowholes; (2) cast iron, which from its chemical composition 
can never be much oxidized, is not so subject to blowholes; and 
(3) the addition to steel of deoxidizers prevents the formation 
of blowholes. Blowholes are especially liable to occur in low- 
carbon steel. When the metal is in a molten state, it readily 
dissolves certain gases, such as hydrogen, nitrogen, oxygen. 
Upon solidification these gases come out of their state of solution 
but may become entangled in the steel and cause a gas bubble or 
cavity varying all the way in size from microscopic proportions 
up to 1 in* or more in length. The formation of these blow^holes 
is precisely similar to the formation of air bubbles in ice; water 
dissolves a good deal of air while in the liquid state and, as we 
all know, it is well-nigh impossible to freeze the water without 



238 THE METALLURGY OF IRON AND STEEL 

obtaining a great many air bubbles in the ice, due to the separa¬ 
tion of this air during freezing. The occurrence in the case of 
st/eel is not so prevalent as in the case of ice, and it is by no means 
impossible to obtain steel absolutely free from this defect. 
Apparently the reason for this is that the gas separates from steel 
a short time before solidification is complete, and thus the 
bubbles have some opportunity to escape before they are enclosed 
in the solid. 
V, Prevention of Blowholes.—Chief among the deoxidizing ele¬ 
ments which are added for this purpose are manganese, silicon, 
and aluminum. These elements seem to act partly by deoxidiz¬ 
ing the iron and carbon, in both ways reducing the formation of 
carbon monoxide, and partly by increasing the solvent power of 
the solid metal for gases, so that a less amount separates. The 
amount of these deoxidizing substances necessary to be added 
will depend largely upon the extent to which we desire to prevent 
the formation of blowholes. In the case of steel castings it is 
often necessary that blowholes be entirely prevented, but in 
the case of ingots which are to be subsequently forged or rolled 
it is not necessary that blowholes should be absent altogether, 
because they will be closed up under the pressure of the mechan¬ 
ical work and their sides welded together. Indeed, their presence 
is sometimes desired, because when they separate from the 
steel they occupy space, thereby counteracting to a certain 
extent the shrinkage of the metal during solidification and tend¬ 
ing to reduce the volume of the shrinkage cavity, or pipe. For 
this reason a small number in some harmless locality is often 
intentionally allowed to form in steel ingots. Mr. Brinell found 
in his steel works that, if the percentage of manganese plus 
5.2 times the percentage of silicon is equal to 2.05 or more, the 
steel will be entirely free from blowholes. In this case, however, 
the pipe will be large. If this sum is equal to 1.66, the steel 
will contain a harmless number of minute blowholes, but the pipe 
will be small. This figure is therefore about the correct amount 
for ingots under conditions similar to those of Mr, BrinelFs 
experiments and not far different in any event. Mr. Brinell 
also found that the addition to the steel of 0.0184 per cent of 
aluminum will give approximately the same result as that given 
by the amount of manganese and silicon last mentioned, 1.66. 

Desired and Undesired Blowholes.—But blowholes too near 
the skin of the ingot may break out into a crack, and once such 
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a crack is formeil n(3 ainouni of mechanical work will eliminate 
or hide it. Such a crack recjuireB cold chipping of the metal “ - 
the metal must be ^chiseled out of the piece down to the very 
root of the defect. After this rolling will produce a smooth 
surface. 
/Location of Blowholes.—The number and size of blowholes are 

no more important than the position they occupy in ingots in 
relation to the external surface. Even in castings, blowholes, 
if present, should be deep-seated, as they are then less liable to be 
exposed by machine work performed on the surface. In the 
case of ingots the deep seating is of still greater importance, 
because then the blowholes may be closed up before they have an 
opportunity to break through to the surface and thus become 
oxidized on their interior. The normal gases in blowholes are 
reducing in effect, and thus the interior surfaces of the holes 
are bright and silvery in appearance and readily weld together; 
but if they become oxidized they will never adhere firmly. 
For instance, a blowhole near the surface, as in Fig. VIII-1, is 
liable to break through to the exterior when the ingot is put 
under pressure. This not only causes a crack in the steel but 
allows the air to oxidize the interior of the hole and thus prevent 
the crack^t being welded up by the rolling. It is not at all uncom¬ 
mon to see a number of these openings form during rolling. 

As the percentage of manganese plus 5.2 times the percentage 
of silicon decreases from 1.66, the blowholes become correspond¬ 
ingly deeper seated. Finally, when this sum becomes as low as 
0.28, the blowholes are harmlessly located in the interior. It is 
usually impracticable, however, to get the manganese and silicon 
as low as this in steel, because manganese is needed to counteract 
the bad effect of sulphur and oxygen. 

The location of the blowholes is also very largely dependent 
upon the fluidity of the metal when first oast into the molds. The 
more fluid it is, other things being equal, the nearer will the blow¬ 
holes be to the surface of the solid ingot. On the other hand, if 
the casting temperature is too low, there will be a dangerously 
large number of blowholes in the steel, because it solidifies so 
quickly that very little opportunity is afforded for any part of 
the dissolved gases to escape. The fluidity of the steel depends 
partly upon its temperature and partly upon the amount of 
impurities in it. Therefore every different kind of steel has a 
different correct casting temperature. It is to be observed 
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that low-carbon steel suffers greatly from blo\Aholes, because 

the less the carbon, the greater the liability to oxidation qf the 

steel. 
i/Effervescing and Killed Steel.—Effervescing steel is one in 
which the escape of gases goes on even in the ingot mold, pro¬ 
ducing a constant boil, with many resulting blowholes and a 
relatively small volume of pipe. But dead-killedsteel 
is that which has been thoroughly deoxidized, so that it lies 
quiet in the molds and solidifies with few, if any, blowholes. 
A steel which effervesces in a very definite way and gives an 
almost uniform number of blowholes, none of which are in the 
ingot skin, is knowm as rimming steel. This steel boils over 
from the sides to the center, making a low-carbon skin wdth 
the center somewhat more segregated. Uniform conditions of 
deoxidizing and teeming temperature must be maintained 
in order to secure this regularity of rimming behavior. In this 
steel there Is no pipe, but the volume of blowholes equals about 
2 to 4 per cent of the volume of the ingot. It is impossible 
to have dead-killed steel unless the steel contains medium or high 
carbon, so this rimmed steel is much in demand for low-carbon 

analyses. 
Crystallization of Steel in Ingot Molds.—When irontand steel 

freeze they crystallize, and these crystals grow with great 
rapidity, so that, if their passage through the solidification 
period is slow, they will attain a very large size. This formation 
of large crystals is known as ingotisnu It is especially liable to 
occur if the metal is cast at too high a temperature or is allowed 
to cool through the solidification period at too slow a rate. 
In the case of steel, ingotism may be detected by breaking the 
casting; the large size of the crystal faces or facets will then be 
observed. As the cooling of ingots proceeds from the surface 
inward, the crystals join one another and grow somewhat like 
a fir-tree structure; with their long axes perpendicular to the 
wall of the ingot mold, as shown in horizontal section in Fig. 
VIII-4 and in vertical section in Fig, VIII-5. These long 
crystals are known as dendrites. The lines between the dendrites 
are lines of weakness in the body of the steel. One of the most 
important functions of rolling or forging of steel is to break up 
these lines of weakness in the steel and to convert the dendritic 
structure into a fine-grained, uniform mass, as indicated by 
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sections (2) and (4) in Fig. VIII-6. In medium- and low-carbon 
steel, however, the crystal lines and junctions are always evident 
after mechanical work, as illustrated in Fig. VIII-7. In the 

Fig. VIII-4.—Horizontal fracture of steel ingot showing dendritic structure. 
{From Gathmann Engineering Co., '"Ingot Contour and Its Relation to Sound 
Steel.'") 

crystallization (freezing) of steel in a cast-iron ingot mold there 

are three zones formed: 
1. Immediately next the wall the metal is chilled by rapid 

radiation through the mold. The crystals here are small and 
equiaxed, lines of weakness between them thus being avoided (see 
Fig. VIII-8). This gives a relatively tough “skin” to the ingot 
which resists tearing when the mold is lifted off the ingot and 
nlar> rcsists breaking when the steel is first worked in the rolls 
or foige. Every effort is made to get this skin as thick as possi¬ 
ble, but the contact between ingot and mold wall is not very 
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lakes place through these surfacc^s, and therefore a casting will 
usually complete its solidification by the formation of thicker and 
thicker layers of solid metal around all the sides. The top sur¬ 
face, however, will usually remain molten longer than the rest 

Fu». —Effect of reduction of area on the dendritic structure of high* 
carbon tool steel. (1) Bar hammered to 2.5 in. square. (2) Same hammered 
to 1.5 in, 8<iuare. (3) Longitudinal section of 2. (4) No, 1 hammered to 1.5 m, 
diameter. Carbon 1.09 per cent, manganese 0.36 per Cent. {From Keshian^ 
Tram, A. S. S, T., November, 1927.) 

because the hottest metal is usually at this point, having been 
the last to leave the ladle, and also because the heat is not 
conducted away by the air so fast as by the walls of the mold. 
This is especially true where the casting is poured into an iron 
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Fio. VIII-7.—Flow lines in a medium-carbon steel after the original ingot has 
l>een forged and punched hot. {From Publication 72 of The National yfachinern 
Co., Tiffin, Ohio.) 

Fia. VIII-8.—Cross-section of 6- by O-ia. straight carbon steel ingot cooled 
slowly in the mold which was buried in lime. It shows the efect of the rate of 
cooling on the development of dendritic structure. Carbon, 1,05 per cent; 
manganese, 0.24 per cent; silicon, 0.20 per cent; phosphorus, 0,027 per cent; and 
sulphur, 0.009 per cent. {From Ketkian^ Tram, A, B, S, ST., 1930.) 
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Fm, print of ingot wliich was pot under hydraulic pressure 
alter eoM|ioatioii« eo the walls of the ingot remain constantly in contact 
with the walls of the ingot mold. {Ft&m Kfi$, /ear. /re» Sted Ind, A^e. 2. iUHO.) 
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mold, e.g,, in the case of ingots. But it is evident that at some 

period a stage will be reached when all the outside of (he ingot, 

or casting, will be covered by a skin of solid metal while the 
interior will still be liquid. The liquid interior will continue 
to freeze and will, at the same time, contract. The result will 
be the shrinking of the molten mass away from the solid walls 
and consequently the formation of a cavity, known as a pipe, 

Fig. VIII-IO.—Pipes in steel ingots. (From James M. Camv, Tht Makino. 
Shaping and Treating of StteJ,"' 2d ed.) 

in the interior (see Fig. Vni-2). This pipe will be filled with the 
gases evolved by the steel during solidification. Professor 
Howe has shown that the volume of the pipe is too large to be 
accounted for altogether by the shrinkage of the steel during 
solidification and that the rate of contraction of the inner walls 
of the ingot being greater than the rate of contraction of the 
outer wails a virtual expansion of the outer walls is caused and a 
consequent enlargement of the pipe. 

The portion of the steel containing the pipe is, of course, defec¬ 
tive and should be discarded at some time subsequent to casting. 
In the casting of ingots the upper part, which contains the pipe, 
is cut off during the rolling or forging and goes back to the furnace 
to be remelted as scrap. In the casting of steel castings there is 
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a large adjunct to the castings situated above it, so regulated 

in size and otherwise that it freezes after the casting itself and 

thus always contains a supply of molten metal which runs down 
and fills any cavity that forms in the casting. This adjunct is 
cut off when the casting has cooled. In other words, the riser, 
or feeder, as this extra part is called, serves the same purpose 
for a steel casting as the upper part of an ingot does for the 
ingot. 

Fi(i. VIII-ll —Pipee in steel ingots. (From James M, Camp, Thr Staking, 
Shapifig and Trealing of SUel,** 2d td.) 

Lessening the Volume of the Pipe.—If the steel were poured 
into the mold so extremely slowly that it would solidify in layers 
from the bottom upward, there would be no pipe. Therefore one 
method of lessening the volume of the pipe is by slow timing. 
Another is to have the metal near its point of solidification when 
teemed. We have already noted another method, viz,, per¬ 
mitting a small number of blowholes to form, which causes a 
certain amount of expansion to the steel during solidification 
and thus diminishes its shrinkage. Another way is to use wide 
ingots because this reduces the difference in contraction between 
the inner and outer layers of the ingot. Casting in sand mol4s 
has the same effect because radiation is not so rapid through 
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sand as through metal. Still another method is to prevent the 

steel from forming a solid skin over the top by constantly stirring 
and breaking it up with an iron rod. This method is often 

resorted to with the risers of steel castings, with very beneficial 

results. Still another method is to have the metal walls of ingot 
molds much thicker at the bottom than at the top. This causes a 
more rapid radiation of heat from the bottom and concentrates 
the pipe at the upper end. In some cases a sand lining is placed 
in the mold at the top to insulate heat radiation and keep the top 

Fig. VIIM2.—“Hot tops” on ingot molds. (J^rom BidL SM^l, Electro 
lurgical Co., New York.) 

warm. Most steel works now use refractory toj® on their ingot 
molds, as shown in Fig. VIII-12. The ingot is first filled up to 
the top of the mold itself, then the ladle passes on to the next 

eifj*’ ^ refractory top on the first ingot is 
filled. This forms a reservoir of hot metal to feed the top of 
the ingot, and it results in the shrinkage cavity’s being in the top 
part and not in the ingot, as shown in Fig. VIII-IS. The dower 
toe top of the ingot cools in relation to the bottom, the more 
toe pipe will be drawn upward. Another method of 
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ing thiB result ih to cool the bottom part of the ingot faster by 
having thicker cast-iron mold walls there to radiate the heat 
This is the original idea of Gathmann, one of whose ingot mokl 

designs is shown in Fig. VIII-14. 

Castings Ingots with the Large End Up.—Gathmann also devel¬ 
oped a method of casting ingots with the large end up, instead of 

down, and still was able to get them 
out of the molds. This has a still 
further effect in drawing the shrink¬ 
age cavity to the top. The Gathmann 
mold has a refractory-lined top. After 
the ingot is solid on the outside, the 
top is removed, leaving the risers of 
the ingots protruding, as shown in 

Tapertcf 
body 

Fio. VI11-13.—Polished and Fig, VIII-14.—Gathmann 
etched section of ingot. {From 

Contour and ItM Relation 
to Sound Steel,'* Gathmann 
Enoineerino Co,, Baltimore, Md,) 

t3rpe of big-end-up ingot mold. 
(From Ingot Contour and Its 
Relation to Soufid Sted,*' Oath- 
mann Engineering Co„ Balti¬ 
more, Md,) 

Fig. VIIl-15. The riser is grasped by the stripping machine, 
as shovm in Fig. VIII-16. 

Uottid 09mpi«8sk>n of Ingots.—If the pipe is caused by the 
diileresiee in eiiqmnsion between the inside and the outside of an 
ingot> it is evident that pottmg^ sufficient pressure upon the 



Fio. VIII-15.—Risers on big-end~up ingots. {Fumi ''Ingot Contour and Its 
Relation to Sound Steel,” Gathmann Engineering Co., Baltxmort, Md.) 

will prevent the formation of a pipe. Numerous processes 
have been devised for effecting this liquid compression/^ some 

of which are in operation at 
steel works and produce ingots 
that are entirely free from 
pipes. In Whitworth^s system 
the ingot is raised and com¬ 
pressed lengthwise against a 
solid ram situated above it, 
during and shortly after solidi¬ 
fication. In Harrnet’s method 
the ingot is forced upward 
during solidification into a 
tapered mold. This causes a 
large radial pressure on its 
sides. The ingot, a part of 
which is shown in Fig. VIII-5, 
was cast at the Skoda works in 
Czechoslovakia by the Harmet 
liquid-compression process, and 
this is the way by wUch contact 

was maintained between the ingot and its mold walls. 

Fia. VIII-16.—Stripping a big-end-up 
ingot. {From ** Bia^end-up versus Big- 
end-dgum Jnged Froduction” Gathmann 
Bngimering Col) 
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Segregation.-~”When either iron or steel is molten, the various 

impurities are dissolved in it, and some of them, especially 
carbon, phosphorus, and sulphur, make the metal more fusible; 

t.e., they lower its melting jSoint. But the impurities are 
not so soluble in the solid metal and therefore tend to separate 

Fia. Vni-17.—^Lines of equal carbon percentage in a steel ingot. 
Fia. Vni-18. —-Carlx)n percentage at different parts of a steel ingot. 

on solidification; so it can readily be conceived how each layer 
that freezes, beginning at the outside, rejects some of its impuri¬ 
ties to be dissolved by the still liquid mass in the interior. When 
the next layer freezes, that too will tend to reject a part of its 
impurities into the contiguous molten layer, and thus the con^ 
centration will proceed so that as a general thing the portion of 
the metal richest in impurities, especially in carbon, phosphorus, 
and sulphur, will be that which freezes last. With ingots, this 
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will evidently be at a point just below the bottom of the pipe 
(see Fig. VIII-17), and it is found to be so in the great majority of 
cases; but the location of the richest segregate is very liable to 
vary, and rules can be used only for general guidance. In the 
case of iron and steel castings, the most impure point will gener¬ 
ally be near the top of the thickest section of metal. In iron 
castings which contained on an average less than 1 per cent 
phosphorus and 0.1 per cent sulphur, the author found on one 
occasion a segregated portion containing 1.856 per cent phos¬ 
phorus and 0.144 per cent sulphur; and on another occasion he 
found one containing 2.43 per cent phosphorus and 0.236 per cent 
sulphur. An extreme case of segregation in steel is shown in the 
following analyses: 

Percentage 

Anal\ sib rcpreseritn 

! C’ j Ti Mn P S 

Average 0 24 0 33C 0 97 0 080 0 07 
Richest segregate j 1 27 1 0 41 

1 
1 08 

1 
0 753 0 418 

The riser is calculated to be the last portion to freeze and the 
richest segregate should be located in it. Thus the position 
of the shrinkage cavity is seen to be of great importance because 
it also indicates the probable location of most impure metal. 
Ingots vary in analysis in all portions owing to the fact that 
freezing occurs by the growth of crystals out into the liquid mass. 
The metal that grows on these crystals tends to be relatively pure, 
but sometimes several crystals interlock and isolate liquid pools of 
metal between them. The proportion of impurities in these 
pools may be different from that in another liquid portion of the 
ingot. In some cases, in order to guard against segregation, 
purchase specifications require that the analysis of drillings taken 
from any portion of a steel member shall not vary more than 10 
per cent from the analysis upon which the steel was bought. 

Treatment of Segregated Steel.—Segregation cannot be pre¬ 
vented, although, of course, it seldom takes place to the degree 
shown in the extreme cases cited above. Nevertheless, there are 
always certain portioiwi of the ingot or casting which are richer 
in impurities than other. An attempt is made to^get this richer 
portion into the upper part of an ingot or into the riser of a 



TUB INOOT-MAKING FiTAGE OP MANUFACTURE 253 

casting, and then it is cut off when the ingot is rolled or when the 
riser of the casting is removed. It is therefore advantageous to 
cause the segregate to go as high up in the ingot or casting as 
possible. Whatever tends to raise the pipe higher up in the cast¬ 
ing would, in general, tend to raise the segregate also. Wide 
ingots or ingots cast in walls with low conducting power, though 
they tend to decrease the volume of the pipe, would not neces¬ 
sarily raise the segregate to a higher point. Furthermore, wide 
ingots will probably have a much greater degree of segregation 
than narrow ingots, other things being equal, because the wider 
the ingot, the greater will be the number of layers of solidification 
and consequently the greater concentration of impurities in the 
center. 

Lessening Segregation.—Benjamin Talbot has shown that 
quieting the steel by adding aluminum to it will lessen the 
segregation. J. E. Stead argues that this result is due to the 
branches of crystals (commonly called fir-tree crystals) which 
grow perpendicularly to the cooling surfaces when steel solidifies 
mechanically entangling some of the impure metal, thus prevent¬ 
ing it from traveling inward. Professor Howe calls this type of 
freezing the^ landlocking type. When the steel is violently 
agitated by the escape of gas, its rapid movement washes off 
the fir-tree crystals and prevents them from growing out into the 
liquid mass and entangling the impure metal. The quietness 
produced by aluminum, however, makes this growth possible. 

Another important means of lessening the segregation is by 
making ingots narrow, z.c., by reducing the area of the hori¬ 
zontal cross section; but this is often difficult of accomplishment. 
For example, if we cast 50 tons of open-hearth steel out of one 
ladle, it will take a very long time to cast all of this into small 
ingots, and therefore the first ingots cast will be too hot or else 
the last ingots will be too cold. There is a difference of opinion 
as to whether or not rapid cooling decreases or increases the 
degree of segregation, and it seems probable that it acts in both 
directions, sometimes prevailing one way and sometimes in the 
opposite. On first thought it would seem that slow cooling must 
necessarily increase segregation, because it would allow more time 
for the impurities to separate from one layer of metal and dissolve 
in the next. On the other hand, slow cooling also favors the 
growth of the fir-tree crystals and therefore opposes segregati<m. 
It does not seem possible, at the presmt time, to tell nnder isrhat 
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conditions we should have the one influence prevailing or the 
other. 

It seems to be pretty well established that the greater the per¬ 
centage of impurities present, the greater will be the extent of the 
segregation. Therefore high-carbon steel should be cast with 
due care and narrow ingots used wherever possible. Generally 
when the phosphorus and sulphur are low (say not more than 
0.05 per cent each), much segregation is not liable to occur, 
especially in low-carbon steels. One of the most active causes of 
segregation is oxidization of the steel as it comes from the furnace. 

Fig. VIII-19,—Sulphur print of a part of an ingot near the top. This ingot 
was not held against the ingot mold walls during solidification and its sulphur 
segregation should be compared with that in Fig. VIII-9. (From Jour. Iron 
Steel Inst., No. II, 1930 ) 

This appears to be the most potent influence next to excessive 
phosphorus and sulphur. 

Sulphur Prints.—If a piece of steel be polished and then 
brought into close contact with silver bromide photographic 
paper which has been wet with sulphuric acid, there will be a 
slight evolution of hydrogen sulphide wherever the sulphur in the 
steel is suflBciently high. This shows as a black spot on the photo¬ 
graphic paper. Sulphur prints indicate spots to which sulphur 
has segregated. They may or may not indicate segregation of 
other impurities also. They are made by some manufacturers 
to coyer the whole section of an ingot 8 ft, long. Such a one is 
idiowti in Fig. VHI*d. 
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Rate of Pouring.—The speed with which the ingot molds are 
filled with steel has an important influence on the smoothness 
and the toughness of the skin of the ingot. This speed is regu¬ 
lated by the size of the ladle nozzle, because, if one tries to control 
the speed by varying the opening between stopper and nozzle, a 
scattering stream results, which spatters the sides of the mold, 
either causing them to be burnt and made rough or else freezing 
shots on the sides, which gives a very bad surface to the ingot. 
If the mold sides are made very rough, they must be scrapped, 
because otherwise the tender sides of the red-hot ingots will be 
torn when they are stripped. The speed with which steel will 
flow out of a given size of nozzle will depend very greatly upon 
the amount of metal in the ladle, because the fuller the ladle, 
the greater the pressure behind the stream. The figures given 
in Table VIII-I represent actual weights of steel teemed out of a 
ladle nozzle of the sizes indicated, but they must be used with 
caution, because different conditions make great differences. 

Table VIII-I.— Number of Seconds Required to Teem 1 Ton of Steel 

Out of Nozzles of the Sizes Given 

Size of nozzlo, j Niiniher of 
1 

Size of nozzle, Nuniher of 

inches j seconds inches j seconds 

1 80 to 140 25 to 45 

1 ‘ 50 to 100 2 1 13 to 25 

1*8 40 to 82 1 3 7 to 12 

I’i i 35 to 65 j 

Steel in a 100-ton ladle will cool at the rate of 10°F., more or 
less, per minute until the ladle has been heated, and then more 
slowly. The heat should be teemed complete in a total of 60 
min. maximum. If 20 ingots, each weighing 5 tons, are to be 
poured, then 3 min. will cover each ingot, including the time of 
moving the ladle from ingot to ingot. Let us say 16 sec. per 5 
tons, or 3.2 sec. per ton. Obviously a 1 J^-in. nozzle will be used. 
If the mold is 84 in. high, then the liquid steel must rise at the 
rate of 31 in. per minute in order to fill the molds in the time 
available. This is much too fast. Herty says that 9 in. rise 
per minute is about the best speed for good surface on the ingots. 
If it is only 6 in. per minute, the ingots will have surface defects, 
and the bloom made by the first rolling will require chipping to 
avoid marks on the finished steel. On the other han^ if the 
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speed is as high as 15 in. per minute, there will also be surface 
defects. This confirms approximately an investigation made in 
England in 1917^ regarding the time of pouring ingots weighing 
5,600 lb. each, with 14 ingots per heat. The steel analyzed about 
0.45 per cent of carbon. The results follow: 

Time of pouring each 

ingot, minutes 

Ingots cracked at 

forge, per cent 

Bars chipped, 

per cent 

2 100 Nearly all 

3 50 40 

3*2 40 30 

10 8 

6 5 (slightly) 4 

6 2 (very slightly) 2 

7 2 

These ingot molds were filled at the rate of about 35 in. rise in 
liquid steel per minute for those poured in 2 min., and 10 in. 
(Herty's rate) for those filled in 7 min. The first 6 in. teemed 
into a mold must be put in cautiously to avoid splash. The 
top 12 in. must also be put in slowly to allow gases to escape and, 
in the case of rimming steel, to allow it to rim. 

Basic open-hearth steel is tapped out of a basic furnace into a 
ladle lined with silica brick. While the steel stands in this ladle 
during the teeming of the heat, there is a slow reaction which 
takes place taking silicon out of the steel and increasing slightly 
the phosphorus and sulphur in the steel at the expense of that 
in the slag. This is another reason for not keeping steel in a 
ladle more than 50 min. 

Temperature of Teeming,—The two factors which have the 
most influence in ingot practice on the quality of the steel are the 
temperature of teeming and the rate of rise of steel in the ingot 
mold. Unfortunately, temperature cannot be well controlled in 
top-casting practice, because, if it takes 60 min. to pour a 100-ton 
heat, the steel teemed into the first ingot will be 300 to 600®F. 
hotter than that teemed into the last one. It is important to 
complete teeming in 30 min., if possible. The optimum teeming 
temperature is related to the freeing temperature of the steel, 
and this in turn depends on its composition. A practical method 
of determining this is to teem at a temperature which will leave 

* KmsT, Joumd ^ the Iron and 8M InMUtUe^ No. 1, 1917. 
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a suitable amount of skull in the ladle. Some superintendents 
work for about 700 lb. of skull after teeming a 100-ton heat, and 
others prefer to have about 1,000 lb. 

Splash.—Next to rate of pouring and temperature, splash 
is probably the most important feature of teeming to watch. 
Many attempts to lessen this by pouring down a pipe, etc., but 
few such have survived. The Gathmann mold shown in Fig. 
VIII~14 has a configuration 
the bottom part which is espe¬ 
cially designed to lessen splashing. 

Bottom Casting.—If many 
ingots must be teemed from a 
100-ton heat, then it may be 
necessary to teem two or more 
ingots at once. This can be 
done by using a ^‘pouring box,^^ 
which extends over two or more 
molds and has a nozzle over the 
center of each mold. It receives 
metal from a large nozzle in 
the ladle and pours it through 
While this practice seems to be 

Fig. VIII-20.—A typical bottom¬ 
casting arrangement which illustrates 
the use of male and female runner 
brick. 

a small nozzle into each mold, 
admirable in design, it has not 

been universally approved in the works. A similar result can be 
accomplished by Itettom pouring, which is illustrated diagram- 
matically in Fig. ¥111-20.^ The steel is poured into a centi^ 

»Bmas, Blast Ftemace and Steel Plant, Deoember, 1981. 
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runner and enters each ingot mold from the bottom. This 
practice is almost universal for teeming ingots to be rolled into 
plates, because of the great importance of the surface of plates. 
From 2 to 24 ingots can be bottom cast from each runner, cast- 
iron stools of various forms similar to Fig. VIII-2P being used 
to hold the refractory runner bricks which lead the liquid stream 
from the central runner to the exact center of the ingot mold. 
Bottom pouring avoids all splashing against mold walls and gives 
great flexibility and control over the temperature at which the 
ingots are teemed and the rate of rise in the mold. It also better 
protects the ingots from dirt or slag carried in from the ladle. 
It produces more scrap, on account of the metal left in the 
runners and, after teeming, leaves the hotter steel at the bottom 
of the ingot instead of at the top. Bottom casting also costs 
more because it cannot be handled on cars. 

Internal Checks, or ‘^Flakes.’’—These may have their origin 
in stresses in the ingot during the solidification period, and 
immediately thereafter. This is especially hazardous when 
making large and wide ingots or castings, which sometimes 
must be cooled with extreme slowness, even by resorting to the 
expedient of remo^'ing them from the mold and burying them in 
ashes at the earliest possible moment. Inclusions, by forming 
points of weakness, form loci of possible internal cracks. 

Stresses produced during heating the ingot for rolling may 
also be a source of internal cracks, and this heating should be 
very slow, especially with large ingots. The less the number of 
ingots in the furnace, the shorter the time in which they may be 
heated from the cold stai/e. Thus, with wide spaces between the 
ingots in the furnace and ingots of 2-ton size, they may be heated 
from the cold in 4 to 6 hr,; on the other hand, very large ingots 
require heating for 36 hr. or more. Even when hot ingots are 
charged into the heating furnaces as rapidly as they can be 
stripped and transferred, there must not be too high a tempera¬ 
ture of the furnace as related to that of the ingot. 

Still another cause of internal cracks is breaking apart of the 
crystals by mechanical work in rolling or forging. This is most 
likely to occur in the case of ingotism, dendritic or columnar 
crystallization, 

Extamal Cracks.—Bad pouring which splashes steel on the 
sides of the molds, where it solidifies, produces scabs on the 
surface of the ingot, which persist and appear in the final product 

^Bitzek, Blast Furasice and Steel Plant, December, 1931. 
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as marks, slivers, or seams. These splashes may also hinder the 
free movement of the metal along the sides of the mold and thus 
give rise to strains which tear the outer surface either during 
the weak and brittle period when the steel is not quite solid or 
during the second weak period known as the blue heat (300 to 
375°C., 572 to 707®F). Rough molds, and those which have 
cavities burned in the sides, produce the same effect. Finally, 

stickers which have to be removed from the molds by main 
strength in the stripping machine will naturally be liable to 
emerge with cracked surfaces. The remedy for this is not to 
use molds that are too old or rough and to have a good taper on 

Peep plane weoVnese and 
S^egotion of chill crystals 

No plane ot weakness or 
segreyation of chill crystols 

Plane of weakness 
in diill crystals 

Fig. VIII-22.—Horizontal sections of ingots to show different forms. Steel 
crystals grow from the cooling surface inward. The relation between the size of 
crystals and the radius of curvature of cooling surface will determine the extent 
of weakness due to crystal junctions. 

the mold, so that the ingot will free itself easily during the con¬ 
traction period of solidification. Cracks are also liable to occur 
on the corners of ingots, owing to the junctions of crystals, 
as indicated for fluted ingots in Fig. VHI-22. In the case of 
square ingots the weak line of junction is even more marked than 
is here indicated, since the crystals normally grow perpendicu¬ 
larly from the surface inward. Pouring at a low temperature and 
slowly tends to restrain external cracks by giving the walls time 
to grow in thickness before the ingot gets long and assumes much 
longitudinal contraction, as well as by decreasing the tendency 
to form large crystals. The tendency to crack is increased by 
the expansion of the hotter internal layers of steel at the tempera¬ 
ture of about 700°C.^ {1292®F.) when the colder exterior is 
shrinking. This effect is intensified in the case of very large 

‘ At the critical temperature 700°C., cooling steel passes through a period 
of inward reheating, or recalescence, during which it grows warmer for a 
few minutes and expands slightly (see Chap. XI). This action is followed 
by cooling and contracting. 
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ingots, which are therefore cast in a fluted form, so that the outer 
surface can stretch without cracking. Steel of 0.17 to 0.24 per 

cent carbon is specially liable to external cracks. 
Scabs.—During teeming, particles of pasty slag or oxide of 

manganese, floating on top of the liquid steel in the mold as it 
fills, may adhere to the side of the mold and appear later as a 
scab. The plates of oxide of manganese so common on rail-steel 
ingots do not cause any damage usually, but slag or dirt may 
produce a permanent defect in the rolled material. 

Taper of Ingots.—The taper of molds must be such that the 
ingot will free itself easily and will strip without tearing even 
when the mold is somewhat rough from service. The longer the 
ingot, the greater must be the taper, because the greater the total 
contraction between top and bottom, and the greater the amount 

of surface for sticking. Most molds have a taper of about }i in. 
per foot of length, but the importance of each decimal of a frac¬ 
tion requires special investigation for every type of practice. 
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CHAPTER IX 

THE MECHANICAL TREATMENT OF STEEL^ 

Metals may be shaped either by pouring them while molten 
into a mold, as dcvscribed in the following chapter, or by mechan¬ 
ical pressure. The choice of the casting or the mechanical 
method of shaping will depend on the cost of production, the size 
and form of the finished product, and the purpose for which it is 
intended. Some shapes must be produced by casting, because 
they are either too intricate or too large to be shaped by pres¬ 
sure; others must be produced by pressure, because the service 
in which they are to be used demands the higher strength and 
ductility which mechanical work produces. Between these two 
classes, however, is a large number of forms, each of which is a 
study by itself. Financial considerations will govern in some 
cases, and the importance of quality in others. The advantage 
of quality is usually with the pressed material. Cost is usually 
in favor of castings except where many pieces are to be produced 
alike in shape and size. In other words, where we have only a 
few pieces and/or where they are very large in size, we must 
employ castings. 

Effect of Work,—Mechanical work will multiply the strength 
of steel from two to five times. In order to accomplish as much 
as five times, however, it is necessary (1) to reduce the material 
to very small sizes, in order that the beneficial effect of the knead¬ 
ing action may extend throughout the mass, and (2) to roll at 
atmospheric temperature, after hot rolling. The ductility will 
be increased by hot working but again decreases if the metal 
is worked cold. The increase in strength and ductility is due 
(1) to decreasing the size of the crystals and closing the grain 

^ When the first edition of this book was written, there was no recent 
book in English on the mechanical treatment of steel. But now a number of 
excellent reference books are available and the cJl^scriptive matter in this 
chapter has been reduced in order to give more space in this and other 
chapters to the more strictly metallurgical features of iron and steel manu¬ 
facture* Some of the reference books referred to are listed at the end of this 
chapter. 
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Fig. IX-1.—Crystals of cast stool, magnified 100 diameters, showing largo size 
{Courtesy of James M, Camp.) 

Fio. IX"2*—Crystals of steel like that in Fig. IX-1, but showing small size due 
to mechanical work in tjie cold. Magnified 100 diameters. {Courtesy of 
Juines M. Camp,) 

high temperatures, unless they are near enough to the surface 
to become oxidized inside, and (3) to increasing the cohesion 



TBE MECHANICAL TREATMENT OF STEEL 263 

and adhesion of the ciystals. All these effects increase the 
compactness and hardness of the metal and are more effective 
in these respects, as well as in increasing strength, if hot work is 
followed by cold work. 

Crystallization of Steel.—Metals are crystalline substances, 
the individual components arranging themselves in regular 
forms unless opposed by the rigidity of the mass in which they 
form. Indeed, the metallic crystals, or grains, grow with 
astonishing rapidity after the metal crystallizes from the molten 

Fig. IX-3.—Straight slip bands in Fkj. IX-4.-- Neumann’s lines, 
wrought iron magnified 60 diameters. Cleavages produced by forging at too 

{.Courtesy of William Campbell.) low a temperature. {Courtesy of 
' William Campbell.) 

state (f.e., freezes, or solidifies), or even when it is in a mobile 
condition (f.6., at temperatures above a red heat). Once large 
grains have formed, they cannot be reduced in size except by 
annealing (see Chap. XIII) or by breaking them up by mechanical 
crushing. See Figs. IX-1 and IX-2. These facts are important, 
because large grains do not adhere to each other firmly, and 
thus they cause a weak and brittle mass. Iron and steel follow 
the same laws as other metals in these respects. 

Effect of Strain.—When a metal is strained, the crystals first 
stretch, and the amount of this stretching is directly proportional 
to the strain; when the strain is relieved, the crystals and the mass 
as a whole return to the original dimensions. If the strain is 
greater than the elastic limit, however, the crystals yield, and 
the space lattices composing them slip along the cleavage planes, 
so that a permanent deformation or extension occurs in the 
direction of the strain^ This elongation is accompanied by a 
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reduction in cross-sectional area and gives warning that the 
material is suffering from exces¬ 
sive strain. The extent to 
which these two forms of dis¬ 
tortion precede rupture is 
usually taken as the measure \ 
of the ^'ductility of the nietal. 

Rationale of the Effect of 
Work.—Mechanical pressure 
upon a metal crushes the grains, 
mixes them intimately to¬ 
gether, and breaks up the 
cleavage planes along which 
they would yield. If the work 
is finished above a red heat 
where the mass is still mobile, 
the grains reform to a certain 
extent. The elastic limit of a 
structural steel hot-rolled in 

n 
JL-i.LI., l ,jj t t1 1.tl. 
Fio, IX-5.—Effect of a hammer blow 

on a piece of steel 

this way will be a little more than one-half its ultimate strength. 
If the work is repeated when the metal is cold, there is no 

bauiner. {.Courtesy of Bethlehem 8buA Carp.) 
• i 

for reformation of the crystede, unl theetremlSh, 
WFidimi% and tHittleneea are aweh {nereaaed. 
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of a cold-rolled steel will be 70 to 90 per cent of its ultimate 
strength. 

Methods of Applying Pressure.—Aside from the differences of 
hot and cold working, the mechanical pressure may be exerted in 
one of three ways: (1) instantaneously, by a blow, in lidiich 
method the pressure is relieved before the metal has fully yielded 
to it, (2) more slowly, by rolling or wire drawing, in which the 
pressure is relieved almost as soon as the metal has yielded to it. 

Fig. IX-6a.—Forging a steel wheel. (Courtesy oj atimtdard Sted 

and (3) slowest, by presses, in which the pressure remains 
a second or so after the metal has yielded (see Hg. IX-7a to 
compare). 

The Forging of Metals 

The instantaneous application of pressure is man’s first method 
of shaping metals and is accom^shed by a blow from a fallii^ 
TPei^t, frequently aided by soilm tltber foicc. Examples of th® 
first practice are found at the present time in the helve hammer 
or drop hammer still used at many small forges and steel worha« 
After the introduction of steam, however, this wlS^ped to raise 
^ wet^t, and very soon steam power was employediieit to 
i^kse the wMght but also to force it downw^ for the bW| whoee 

was thus greatly iameased. fitmuncrs of ^ys 
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stage in the formation of a steel wheel under a hydrauiio preee. 
(Cmrteay of Standard Bted Works ) 
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which'is now the most prevalent, have been built capable of 
delivering a blow estimated as equivalent to 150 tons^ weight. 
Such large sizes are not now approved of, however, because of the 
inordinate expense for foundations, which must be deep and 
powerful in order to take up the force* of the blow, while the 
constant jarring disturbs the foundations and alinement of 
machinery, even at distant parts of the plant. For very heavy 
forging work, such as armor plate, the hydraulic press is there¬ 
fore preferred, and hammers are not often built in sizes above 
30 or 50 tons. Forging is the name applied to mechanical 
work performed either by a hammer or by a press. 

Effect of Hammering.—A blow creates in a metal practically 
nothing but compressive strains, which act chiefly in the vertical 
direction and, by transmission, in all horizontal directions. 
Because the pressure is relieved almost as soon as felt, the elas¬ 
ticity of the metal causes it to recover somewhat from the effect. 
This makes the effect of hammering superficial (see Fig. IX-5). 
Also the amount of yield to it is not great in proportion to 
its force, and therefore it takes more pressure to accomplish a 
result than would be the case if the application were slower. 
This makes hammering a slow process of reduction but results in a 
better and more uniform working of the crystals on the surface, 
which is a reason for the superiority of hammered over rolled 
material, provided the section is thin. Another and, perhaps, 
even more potent reason is the exact control of the operation 
which can be exercised by the expert forger, and more especially 
his control over the temperature at which the work is finished, 
and over the varying force of pressure applied at different 
stages and temperatures. On the other hand, the effect of forging 
does not extend deeply from the upper and lower surfaces. 

Finishing Temperatures for Hot Forging.—Forging must not 
continue below 700°C. The exact temperature for finishing 
will depend upon the chemical composition and size of article. 
The colder it is finished, the closer to the exact size required it 
can be made, because it has less shrinkage to undergo; but it will 
also be harder, less ductile, and stronger. The relation between 
the finishing temperature of hot mechanical work and the critical 
points of steel will be discussed in Chap. XIII (see also Figs* 
IX.8a and IX-85). 

Drop Foq;ing.—There is a large variety of articles, such as 
parts of automobiles, other machinery, hammer heads, and simi- 
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Fig. IX-8a.—Effect of finishing temperature. Crystals of steel, magnified 100 
diameters. Finishing temperature high. The grain is smaller than that of 
Fig. IX-1 but coarser than that of the steel in Fig. IX-2. (Courtesy of James M 
Camp.) 

Fx0* IX*«6h»‘-^B0eot of finishing tempemtiire. Crystals of steel magnified 100 
diaineters. The eteel, Hke that in Fig. lX-8a» was subjected to mechanical work¬ 
ing whfie hot| but finishing temperature was low. (Courted of Jmm 
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lar tools, which are formed by the process known as drop forging. 
In this operation a piece of metal of the desired size is forged by 
repeated blows between a lower die, upon which it rests, and an 
upper die attached to the head of the hammer. These two dies 

Fio. IX-9.—StAges in making a diop^orged crankshaft from a flat bar. 

are made in the desired form of the finished article, and the metal 
is squeezed into them until it has assumed the proper shape. 
Sometimes several pairs of dies are necessary to complete the 
finished shape. Drop forginp are directly oconparable with 

listings, to which they are superior in quality on account 
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of the beneficial effect of the working. To be economicaUy 
made, they must be ordered in large quantities, so that it will 
pay to make the costly dies of hardened steel-—often an alloy. 
Even then, castings are sometimes cheaper, though forgings are 
still preferred on account of their quality. There are cases, 
however, in which drop forgings may be made more cheaply, 
either because the shape is one that lends itself to rapid produc¬ 

tion in this way or because it is one liable to 
checking or requiring a large riser, if cast. 

Die Pressing.—Recently there have been 
developed machines for forming red-hot steel 
pieces between dies which are pressed together, 
instead'^f hammering. These are especially 
adapted for forming pieces of large size and 
have come largely into use. 

Forging Bars.—Tool-steel ingots are often 
forged instead of rolled, because the material 
will bring a price high enough to pay for the 
superior method of working it. The ingot, 
after the top third has been broken off to 
remove the pipe and segregate, is heated to a 
bright-red heat, out of contact with the flame 
and fuel, and then tilted down under a hammer 
of about 10 to 15 tons' size until it is about 
one-half as large on the sides and four times as 
long. One end is then reheated and drawn 
down to a bar of the desired size, under the 

same hammer, or under one of less weight, and the long bar 
is then used as a handle while the other end undergoes heating 
and reduction. The finished size is produced by light taps of 
the hammer just before the blue heat appears, and often a 
piece of cold steel is laid beside it on the anvil to more correctly 
arrest the downward blow. The finished bar will be so straight 
and true as to lead one to believe that it was produced by 
drawing through a die or rolling in grooved rolls. 

Pressing 

Steel may be pressed either hot or cold, the latter method 
beiU0 used chiefly for thin and soft steel, and the former for 
very large work, such as heavy machinery, locomotives, armor 

Fig, IX-10.— 
Fluted ingot for 
making cannon 
tube. This form 
allows what Howe 
calls the virtual 
expansion of the out¬ 
er walls” (see page 
246), without crack¬ 
ing those walls. It 
also allows the in¬ 
terior to expand 
without cracking 
the exterior. Fi¬ 
nally, it avoids 
weakness due to 
crystal junctions 
(see Fig. VIII-22). 
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plate, and cannon, for which hydraulic prcsscb have now largely 
replaced the heaviest steaih hammers. 

Effect of Pressing.—The effect of pressing upon the metal 
differs from hammering in that its action extends deeper into 
the material, thus giving a somewhat superior texture to the 
interior. Tests cut from the center of large pieces forged under 
the press are very much superior to those cut from the same place 
in pieces forged under the hammer. 

Fig. IX-11.—Fourteen-thousand-ton press. {Courtesy of Bethlehem Steel 
Corp) 

Hot Pressing.— Presses vary in size usually from 600 to 14,000 
tons. They may be either of the continuous or of the inter¬ 
mittent type. In the latter, the amount of pressure exerted 
increases step by step as the work progresses. The amount of 
work that can be done by the press in large-sized pieces is greater 
than that done by hammers for the same amount of power used. 
This results in a double saving of fuel, since more work can be 
accomplished with one heating. By means of the 10,000-ton 
press at the Homestead Steel Works, a 50-ton armor plate has 
been reduced 2 in. in thickness and moved forward 6 in. for each 
jsqu^ise, while a 3,000-ton press at the Firths Works in England 
bas reduced a 30-ton ingot from 49 to 28 in. diameter in 
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30 min., and from 61 to 26 in. diameler in 65 min. Small pieces 
can, however, be turned out a little faster under the hammer. 

Cold Pressing.—Thin plate for steel railroad-car construction 
and many other purposes is often formed by pressing it cold 
between dies under hydraulic presses of from 30 to 800 tons' 
capacity. In this way bolsters, braces, and many other parts 
are formed with great economy. Sometimes two or three presses 
are required with different dies to complete the shaping, and 
occasionally it is necessary to press some of the work hot, because 
the distortion is so great that the steel would otherwise be torn. 

G) 

Fio. IX-12,—The reduction of metals in rolls. 

Cold pressing is also known as flanging. It has one great differ¬ 
ence from hot pressing in that there is no reduction in the sizes 
of pieces treated. . 

The Reduction of Metals in Rolls 

If two rolls rotating as shown in section in Fig, IX-12 be made 
to grip a piece of metal A, they will drag it between them and 
force it out on the other side reduced in thickness. The metal 
between the points 00 and NN is being compressed vertically, 
while its outer layers are suffering tension. In the case of a 
deep section, the unequal strain produced by unequal speed cff 
travel is liable to tear the steel (see Fig. IX-31). The mechanical 
pressure is therefore not so uniform as in hammering but acts 
for a ^ghtly longer period of time. Reduction can oni^ take 
{dace vertical^, as in loiging, there being always a cmtain 
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amount of expansion sidewise and a large amount of extension in 
length. In Fig. IX-12, the metal at the points NN being forced 
backward, and that at the points 00 being forced forward, the 
ends of the rolled section assume a shape somewhat like that 
shown in Figs. IX-13 and IX-14. The reduction in area at each 
‘^pass^' will vary between 5 and 50 per cent of the original, and 
the work is very rapid. For example, a railroad rail may be pro¬ 
duced, from an ingot having a section 18 in. square, in 22 passes, 
varying in amount of vertical squeeze from 8 to 50 per cent, only 
about 5 min. being required for the whole operation, the piece 
traveling through some of the passes at a rate of 10 m. p. h., and 
in some mills not being reheated after the ingot comes to the first 

Fig, IX-13.—Shape of ends of Fig. IX-14.—Shape of ends of rolled 
rolled metal when the inside is the metal when the outside is the hotter, 
hotter. 

pair of rolls. Some American rolling mills produce over a mile of 
single rail per hour for 24 hr. a day and 26 days per month. 
The temperature at which the rolled material is finished is gaged 
with much less accuracy than in forging operations and is usually 
too high for the best quality of the steel, because economy of 
power urges the manufacturer to work the metal hot. 

Pull-over Mill.—In a single pair of rolls, such as snown in 
Fig. IX-15, the metal, after passing between them once, must be 
handed or pulled over the top of the mill, to be fed in for a second 
pass. This type of ^rain is known as a pvlUover or pass-^ver mill. 
It can be used only for shapes that are small in size and that 
can be handled readily, and the action is slower than in a con¬ 
tinuous operation, such as in a three'-high milL The pull-over 
mill is simple and cheap to construct and operate and is used only 
for the rolling of small sizes. It is used very largely for the 
rolling of steel to be used for tin plate. The upper roll is adjust¬ 
able, so that any thickness may be produced. 

Three-high Mills.—When a piece is passed over a two-high 
mill, it is often rested upon the top of the upper roll, whose travel 
assists somewhat in the transfer. While watching this operation 
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at the Cambria Iron Company's mill in 1857, John Fritz con¬ 
ceived the idea of the three-high mill, which is shown in section 
in Fig. IX-16. It will be seen that the piece receives work in both 
directions. At the present time the great bulk of the tonnage 
of steel and wrought iron produced, consisting of structural 
shapes, railroad rails, plates, wire rods, billets, and bars, is 
finished in this type of mill. The output is large, because the 
rolls can be run very fast indeed (rod mills running 600 to 1,200 

Fig. IX-15.—Rolling “black plate’* which is coated with tin to make “tin 
plate “ This is an example of a pull-over mill. 

r.p.m. and sometimes passing the rod through at the rate of } 2 

mile a minute in American practice^), and two or more pieces 
may be passing through at the same time. A disadvantage of 
the three-high mill is the power necessary to raise large weights 
to pass over the middle roll. Most Bessemer ingots are cast 
2 tons or more in weight, and most open-hearth ingots from 3 tons 

^ The reason for this rapid rolling is not only that the product is large but 
that the thin rods may not lose their heat during the operation and thus be 
finished too cold. This rapid work actually raises the heat of the metal 
faster than it can be radiated, and rods are hotter at the end than at the 
beginnings of the rolling. 
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to 10 tons or more. Another objection is the inability to adjust 
the amount of reduction at each pass. 

Reversing Mills.—Therefore ingots are often cogged^’ in two- 
high reversing mills. The two-high mills, which have an adjust¬ 
able upper roll, have the advantage of being able to work an ingot 
gently at first, in case it shows a tendency to be tender,^' i.e., to 
crack in spots when the pressure is applied. The disadvantages 

© 

Fio. IX-18.—Two-high reversing blooming mill. 5, screw-down mechanism. 
H-H, roll housings. (Courtesy of United States Steel Corp.) 

of tbe two-high reversing mill are its slowness and the severe 
strain on the engines, which are often reversed while running 
full speed. 

Cop^wcison of Three-high with Reversing Blooming Mills.— 
The loss of power necessary to raise pieces to pass above the 
middle roll of a three-high mill is more than counteracted by the 
{oes of power due to overcoming inertia and revering the two- 
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high blooming, or cogging, mill. In the reversing null 30 per 
cent of the power transmitted to the rolls is used in deforming the 
metal, and 60 per cent in the three-high mill. The work of the 
continuous three-high mill is also faster, turning out about twice 
as much rolled steel per day. On the other hand, the reversing 
mill is more flexible as to both the reduction given per pass and 
the size of products rolled. When we desire to make a different 
size or shape in a three-high mill, the rolls must be changed. 
Pieces which become very long during the rolling process can be 
handled more easily in reversing mills. 

Fig. IX-19.—Reversing plate mill showing the dial which indicates the adjust^Me 
distance between the rolls. ^ 

Universal Mill.—During the rolling of metal there is a cer¬ 
tain amount of expansion sidewise, which gives the piece a cross 
section somewhat bulging on the sides and makes the edges 
uneven, unless the rolls have collars which form a groove through 
which the metal passes. In 1865, R. M. Daelen, at Hoerde, 
Germany, devised a mill in which even edges could be produced 
at any width by having an auxiliary pair of vertical rolls, between 
which the piece passes immediately after it emerges from the 
horizontal rolls. These vertical rolls are adjustable to any width 
up to the capacity of the mill and give only enough pressure to 
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keep the edges even without producing any reduction. They 

are usually made to rotate with a surface velocity greater than 

that of the horizontal rolls, so as to prevent the serious buckling 

that would take place if the conditions were reversed. As this 

tension is not good for the edges of the metal and wears out the 

Fia. lX-20.—^Universal mill. {Courtesy of Bethlehem Sted Corp.) 

vertical rolls, some mills have independent control of drive for 
each pair of rolls, and others have friction clutches connected 
with the vertical rolls, which allow them to run faster if pushed 
by the metal but ordinarily run them at a slower speed. Uni¬ 
versal mills are made two high or three high, and with vertical 
tolls on one or on both sides of the horizontal rolls» 
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Parts op Rolling Mills 

Rolls.—Rolls may be plain cylinders, by which plates and 
rectagonal shapes are produced, or they may be cylinders with 

FiCr IX-21 —Plate null {Courtesy of BUhlehcm Steel Corp ) 

Fig. lX-22,—Rolls for shaping steel. 

“collars” at intervals, as shown in Fig. IX-22, in which lai^ 
rectagonals with even edges may be produced; and the collars 
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may be on both rolls, giving an open pass or may be on only 
one roll and extend into grooves on the other roll, as shown in 
Fig. IX-22, giving a closed pass. With open passes, the collars 
cannot be made quite to touch; hence the name. And the pres* 
sure may squeeze some metal between them, forming a “fin” 
along the side of the piece. This is called overfilling the pass. 
The closed pass makes the upper roll weaker, and there is also a 
liability of the metal becoming wedged tightly between the 
collars and thus drawn all the way around the roll, with the 
result that something will be broken. Wedge-shaped grooves 
may be cut in the rolls, producing the diamond pass, in which 
small squares are made (see Fig. IX-22); or oval grooves make 
nearly round bars which are finished round in the last pass with 
almost no draft. In case rolls are weakened by deep cutting, as 
shown in Fig. IX-22, they may be strengthened by stiffeners D, 
while long rolls for producing wide plates are sometimes stiffened 
by an idle roll running on top, lest the springing of the roll make 
the plate thicker in the middle than at the edges. 

Cast-iron vs. Steel Rolls.—Cast-iron rolls are chilled upon the 
outside so as to produce a surface layer of white iron (see Fig. 
XIV-7), which, after turning in a lathe, makes a very smooth sur¬ 
face for rolling and is especially advantageous for finishing mills. 
They are not so good for the mills which do preparatory work, 
however, because they are not so strong, and because in pre¬ 
paratory work a rough surface is wanted to assist in gripping the 
metal and drawing it through. Furthermore, they cost more to 
turn to the desired shape, and they cannot be turned down many 
times, lest we get below the “chill.” The greater cheapness 
of cast iron over steel, however, counteracts these factors of 
higher cost. For rolls that must be very strong and yet not 
too large in diameter, and for sharp corners, which would crumble 
if made of cast iron, steel rolls are often used. The steel employed 
should be high in carbon—say 0,50 to 0.76 per cent—but any 
case hardening of steel is useless here, because the heating of 
the rolls by the material passing through will soon draw their 
temper. This heating cannot be prevented altogether, though 
it is customary to have a stream of water flowing over the rolls. 
Sometimes nickel-steel rolls are used for strength. An analysis 
of roll metal of a very large American company is: 040 to 0.60 
per Cent carbon, 0.65 per cent manganese, 3.25 per cent nickel, 
and 0.15 to 0.20 cent silicon. 
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Diameter of Rolls.—With smaller rolls, the amount of power 
consumed is less because the area of metal under vertical pressure 
is less. There is a limit below which the diameter cannot go, 
however, either because the rolls will not be strong enough to 
give the desired pressure or they will not grip the bar. In 
order to be gripped, the upper and lower edges of a piece must 
touch the rolls at a point not 
more than 30 deg. from the 
center line of the two rolls (see 
Fig. IX-23). Every effort is 
made to use smaller rolls, 
because the size of all the mill 
is regulated by them. The 
surfaces of all but the finishing 
mill are usually ragged” (t.e., 
made rough) to make the rolls 
give a better grip. Those to 
receive the ingots are ragged 
the most, with deep indenta¬ 
tions somewhat like the cogs 
of cogwheels, whence the name 
of cogging rolls for this mill.^ 
The next trains, known as the 
roughing rollsj are also deeply 
marked, but even then the Fig. ix-23.—Limit of gripping powpr 

piece must come within the 
30-deg. line, or time is lost in trying to make them bite the 
piece. 

Speed of Rolls.—The more work the rolls do, the slower must 
they revolve, because the piece entering the train gives a shock 
to the mechanism that is dependent upon the power exerted and 
the momentum of the moving parts. Thus (1) the larger the 
pieces treated (2) the colder they are, and (3) the larger the 
roils, the slower must be the speed. Pieces of irregular shape 
must also be rolled at lower speeds because the faster the metal 
is deformed, the less time it has to yield to the pressure. Take, 

^ In America the train that produces blooms pieces of steel usually 
about 6 to in. square) from ingots is sometimes, but not always, known 
as bloom roUs^ or blooming roUs^ instead of cogging rolls; and the train that 
produces **elab8'’ (f.e., thick, wide, rectangular pieces that are to be rolled 
into plates) from ingots is known as the dabbing miU. 
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for example, a railroad rail: At the finishing: pass the part of 

the roll which forms the web and base of the flange (vseo Figs. 

IX-31 and IX-32) has a peripheral speed 24 per cent faster than 

Fkjt IX-24—Trains of rolls for rolling billots into wire rod, {Uourttsu of 
United StaUs Sfiet Uorp ) 

that part which forms the edge of the flange. This indicates the 

extent of the plastic flow which must occur in the metal. In 

America, speeds are at the high limit. Reversing slab mills may 

do the work at 20 or 30 r.p.m.; three-high blooming rolls may run 

over 50 r.p.m.; mills for finishing rails, 100 r.p.m.; and rod mills 

from 550 to 1,200 r.p.m. 

Fig. IX-25.—A pinion. W, wobbler. 

Making <rf Rolls.—Cast-iron or steel rolls are cast in approxi¬ 
mately the desired shape and then turned accurately in a lathe, 
being fitted exactly, to a templet when completed. After rolling 
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some thousand tons of material, they become worn and produce 
too large a size of finished shapes. They may then be used for a 
larger size of the same kind of article by putting them back 
in the lathe and turning to another templet. For example, a 
roll for a 2()-in. I-beam, with a certain thickness and width of 
flange, may be converted to one for a 20-in. I-beam with thicker 
web and longer flange. 

The Mill.—The different parts of a rolling mill may be seen in 
Fig. IX-26. The chocks are the bearings which support the end of 
the roll in the housing. The wobblers (Fig. IX-25) are made of the 
same cross section as the spindle. The coupling boxes (Fig. 
IX-2fi) fit over the spindle and wobblers, so that neither can turn 
without the other. In some mills the coupling boxes are made 
of cast iron in order that, if any shock comes upon the driving 
mechanism, the boxes shall give way and relieve the strain. 
In other mills the boxes are made of cast steel, as it is thought 
that the constant delays due to broken couplings are more costly 

than breakages in other parts of the mill. The spmdles (Fig. 
IX-26) are at least twice as long as the coupling boxes, in order 
that they may carry both of them at once when the train is 
uncoupled. Both boxes slip back upon the spindle. 

Pinions (Fig. IX-25) are now usually made of steel for the sake* 
of strength. Housings (Fig. IX-26) are made either of steel or of 
cast iron, depending on the strains to which they are subjected 
and the opinion of the manager. In America they are usually 
made so that the top can be removed and the whole train of rolls 
removed at once, together with the chocks, and several mills 
have spare sets of rolls all made up ready and carried in a sling, 
80 that a new set may be dropped into place with a crane with 
the least possible delay to the mill. Delays in rolling mills are 
very costly, because of the idle labor and capital, and because 
other parts of the plant may be delayed thereby. 

The screw-down mechanism (Figs. IX-18 and IX-19) which 
adjusts the distance between the rolls is operated by hydraulic 
pressure or by electric motors. It is connected with a telltale 
gage which advises the roller exactly as to the distance separating 

the rolls. 
Guards (Fig. IX-27) are of steel and serve to peel the piece off 

the roll and prevent it encircling the roll (called collaring) in 
case it becomes wedged between the collars. They may be upon 
the lower roll, as shown in Fig. IX-27, or upon the upper roll and 
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counterbalanced to hold them in position, when they are called 
hanging guards. Guides (Fig. IX-26) are on the opposite side of 
the train and assist in conducting the piece straight into the 
groove. 

Roll Tables.—Heavy pieces are handled at the rolls by sup¬ 
porting them upon a series of rollers, situated in front of and 
behind the roll train, and known as the tables (Fig. IX-28). At 
two-high mills the tables are 
stationary; at three-high mills 
the front and back tables are 
sometimes raised and lowered 
together by hydraulic or electric 
mechanism, and sometimes 
they are pivoted near the mid¬ 
dle, so that the end next the 
rolls can be tilted upward in 
order to bring the piece between 

the guides which direct it into 
the groove. The rollers to 
handle large pieces are ‘Mive;^^ 
i.e., they are made to revolve by 
electric motors and thus move 

t. IX-27.—Section of rolls showing; 
guard. 

the piece back and forth. ^^Dead'^ rollers are used where pieces 
are to be moved by hand. 

Transfer Tables.—Roller tables are sometimes made so that 
they may be moved from one roll train to another, carrying 
the piece of metal with them, and so connected electrically that 
the roller can be caused to revolve when the table is in any loca¬ 

tion (see Fig. IX-17), 
Manipulators*—If two or more posts, supported on a carriage 

which can be moved laterally, project between the rollers of 
a table, their sidewise motion will transfer the piece from one 
pass to another. If the table is of the lifting type, t^e posts, 

or “ horns,or fingers,’^ can be brought to such a position 
that the lowering of the table will bring the edge of the piece 
upon the horns and thus tip it on to the other side. This 
form of manipulator is much ua^ at three-high blooming rolls 

and is very efficient and rapid in its work. The same type is 
used at reversing blooming rolls, but the piece is more usually 

tipped over by the roller with a tool. 
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Fig. IX-28—Table between two trains of plat-e rolls {Conrtmi of Vnited 
States Sted ( orp ) 

Fwi* with Uv« !ro!l«ra. i R live roUefa* (Courtesy of United 
BUjiet Sted Corp,) 
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loll Engines.—The service on rolling-mill engines is very 
^severe, because the full load comes upon it when the piece enters 
the rolls and then leaves it as suddenly again. To equalize these 
sudden variations of power, all but the reversing engines are 
built with very large and heavy flywheels and run at a high rate 
of speed (from 30 to 250 r.p.m.), with governors of a quick-acting 
type. 

Piston valves are almost always used for reversing engines 
which are compounded, so they may never come to rest at a dead 
point. There is, of course, no flywheel, and the engine is directly 
coupled from the crankshaft to the roll train in the large American 
mills but is geared down so that the engine can develop a higher 
speed than is desired for the rolls, thus requiring less power. 
Reversing slabbing-mill engines have capacities up to 25,000 hp. 
o^ch. 

Electric-motor Drive.—In many mills in America and Europe 
electricity has replaced steam for all power purposes. The 
advantages of electricity over steam are a lower operative cost, 
greater security of operation, fewer breakdowns, and a more 
flexible relation between the prime mover and the load, the 
result of the electric motors receiving a sudden shock more elas¬ 
tically. On the other hand, the advantage of steam, is that, 
although it receives the load less elastically, it adjusts itself 
quicker and better to the extreme variations in load that always 
occur in rolling mills. This is especially true of reversing 
mills. The initial cost of steam engines is less. 

As already noted, the smaller the mill, the less will be the load 
and therefore the variation in load. Consequently, in England, 
Sweden, and Germany there are many motor-driven roll trains of 
the smaller size, and a few up to several hundred horsepower, 
including one reversing motor of 1,200 hp. Even large mills 
are now most commonly operated by electric power, if of recent 
installation, and this applies even to reversing mills. One reason 
for the extent of this change is, of course, the cheapening of the 
cost of electricity due to the better utilization of the waste 
power of blast furnaces at large plants by the installation of gas 
engines (see motor drive for rolls, Fig. IX-26). 

Size of Roning Mills.—As related to blooming mills the size 
indicates roughly the diameter of the rolls. But this dimension 
is only indirectly used; thus, the term V40-in. blooming mill^' 
refers to a mill which is 40 in. center to center of pinions. Obvi- 
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ously, this is approximately the distance from center to center 
of rolls when one roll rests upon the other, and also the diameter 
of the rolls when new and unworn. The larger the roll, the 
stronger it is and the more power required to drive the mill; 
also the larger piece it will grip (see Fig. IX-23). Blooming mills 
are used in sizes varying about 28 to 50 in. 

The size of plate mills, on the other hand, indicates the width 
of plate that can be rolled by them. Thus, the “ 140-in. sheared 
plate mill” describes a mill which can roll plates 140 in. wide. 
(The term sheared mill indicates a mill producing plates which 
must be sheared to give straight edges, as contrasted with a 
universal mill [see Fig. IX-20j which rolls them straight.) 

Rolling-mill Pkai tice 

Fig, IX-30.- 
Fin. 

Troubles in Rolling.—There are more difficulties met with m 
rolling-mill practice than we can discuss here, but it may be said 
that the seriousness of the difficulty is estimated almost altogether 

in proportion to the delay it causes in the opera¬ 
tion of the mill rather than in the loss of a small 
amount of material or of a part of the mill itself. 
For example, the breaking of a table engine, roller, 
or even a roll is regretted more because of the time 

necessary to put in a new one than because of the loss of the part. 
This is one reason why electric motors to operate the tables 
have replaced small steam engines. The same conditions 
have also resulted in different parts of the mill being made 
interchangeable. In many mills it is customary to have spare 
table engines, or motors, etc., always ready, and the least acci¬ 
dent to one of these machines would result in its being imme¬ 
diately replaced by a whole new one. 

The most important common troubles in rolling-mill opera¬ 
tions, probably, are: (1) bending and breaking of the rolls, due 
to their being placed under too severe a strain, either because 
the draft is too heavy or because the piece is cooled too much; 
(2) fins caused by metal being squeezed out between the collars 
of the rolls, as shown in Fig. IX-30; these fins, besides spoiling 
the material, are liable to break the rolls; (3) collaring. 

Rolling Hates.—In the rolling of plates an ingot, usnaUy of 
open-hearth steel and weighing 2 to 10 tons, is first cogged down 
in the slabbing mill, producing a long flat piece of metal. The 
slabbing mills are frequently of the two*high, reversiiig, uni^ 
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versal type. The front end of the piece is cut off in a huge 
hydraulic or electric shear to remove the pipe and then it is cut 
up into slabs of the desired size or into slabs of a size such that 
each one will make one plate. The slabs are then transferred to 
the heating furnace, heated to about 1300°C., and rolled in a 
three-high or, more rarely, a two-high reversing plate mill (in 
some cases there is a pair of vertical rolls to keep the edges 
straight). During the rolling a shovelful of salt is occasionally 
thrown upon the surface of the plate, which carries in between the 

Fkj. Trains of rolls sho^vdnK passes from bloom to rail. 

rolls some of the water which is always trickling over them to keep 
them cool. Sand may be used for the same purpose, and in 
England l^eather is sometimes used. As soon as this water is 
pressed against the hot plate it is converted into steam, causing a 
rapid series of explosions which blow the scale off the upper sur¬ 
face of the plate and give it a smoother finish. As the process 
continues, the operator tests the thickness of the plate with a gage 
and, when it is of the desired thickness, it is passed ^p to the 
straightening rolls and then to a cooling table, being marjced with 

distinguishing mark on the way to indicate the hnat of steel from 
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which it was manufactured. When cooled it is sheared to the 
desired size and shape. The weight of finished pJate will prob¬ 
ably be not more than 80 per cent of the weight of the steel sent 
to the rolling mill in the form of ingots. 

Rolling Rails.—An ingot of about 3 tons in weight is sent 
to the NTolling mill, where it is kept in the heating furnace for 
80 min. or more until the interior is entirely solid and it is of 
a uniform temperature throughout. It is then rolled into blooms, 
either in a three-high mill, such as shown in Fig. IX-29, or in a 
two-high reversing mill. In the three-high mill, an ingot 18^ •; i^^- 
square at the middle (tapering about Fs to ‘4 in. to 1 ft. in 

Fig. IX-32.—Sections of successive shapes and sizes of “pieces” from bloom to 
finished rail. 

order that the mold may be more easily removed) will be reduced 
to a bloom of about 8 in. square in nine passes, the amount of 
reduction in each pass being about 12 to 18 per cent of the original 
area. The top end is then cut off to remove the pipe, the bottom 
end to remove the irregularity due to the rolling, and the piece is 
cut in two to make two blooms. The blooms are then generally 
reheated in a heating furnace and passed through the series of 
changes shown in Fig. IX-32, until they have assumed the proi>er 
size and form, the greatest amount of draft being usually not 
more than 22 per cent, except upon the middle portion of the web. 
In some c^s the blooms are not reheated but go directly from 
the bloom rolls to the first roughing train. This makes the metal 
<^elc more in roll^, however, and these cracks will ultimately 
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show as a mark on the finished product, which causes the rails to 

be classified by the inspector in the second or third class. Rail¬ 
roads will accept only 5 or 10 per cent of their order in second- 
class rails, while third-class rails are not acceptable and must go 
into the tracks of the steel company 
itself or else be reheated and rolled 
into smaller sizes, where the marks 
will often be eliminated. If the 
blooms are reheated before going to 
the roughing train, many of the cracks 
formed during blooming will be seem¬ 
ingly closed up or in any event will 
not show. Furthermore, if this 
reheating is to take place, the ingots 
need not be heated so hot in the first 
instance and therefore will not be so 
tender and so liable to crack. 

Making Lap-welded Tubing.—The 
wrought iron or steel low in carbon is first rolled out into skelp 
about 20 to 25 ft. long and of a width a little more than three 
times the intended diameter of the tube. The skelp, if large, 
is then rolled up into a rough form of a pipe, as shown in 
Fig. IX-33, by passing it sidewise through rolls, which bend it 
roughly to the shape of a pipe, with edges overlapping. The 

Fio. IX-33.—Cross section of 
skelp when rolled up prepara.- 
tory to rolling into lap-welded 
pil>e. 

Fio. IX-34a.—Lap-welding steel pipe over a mandrel. {From The A.B.C. of 
Iron and Sted.'*) 

same is done in the case of small 2- to 8-in. tubes by draw¬ 
ing them through a die. It is then passed at a welding heat 
through a pair of rolls, with the seam that is to be welded 
upward. Between the rolls is a mandrel on the end of a 
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long rod and of the size of the inner diameter of the tube (Fig. 
IX-35). The rolls press the two parts of the weld together over 
the mandrel, and the pipe, after another rolling to give true size 
and after straightening and testing, is ready for service. 

Fig IX-346—Welding rolls showing position of pipe ball or mandrel (From 
*'Th€ A.B.C. of Iron and Steel f') 

Making Seamless Tubes.—Seamless or weldless tubes are 
made either by distorting a steel plate between dies, as shown 
in Fig. IX-36, or else by piercing a hole through the center of a hot 

steel billet and then rolling it succes¬ 
sively between rolls over a mandrel. The 
hole is sometimes first of small size 
and then expanded by pressing larger 
and larger expanders through it. The 
pierced billet is then rolled over mandrels 
constantly decreasing in size unfil the 
inner and outer diameters are brought 
to the desired size. 

Butt^welded Tubes.—Butt-welded 
tubes are made by heating the skelp to a 
welding temperature and then drawing 

it out of the furnace through a bell, as shown in Fig. IX-37, which 
curls it up and welds the edges together, without lapping. Butt^ 
welded tubes are not so strong as lap-welded tub^ and are not 

ika. IX.35.—Mandrel. 
This sits on the end of the 
rod and lies between the 
rolls shown in Fig. IX-346 to 
support the inner diameter 
of the pipe as it is being 
welded. 
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usually used for boilers or high pressures or where they will be 
I 

Fig. IX-36.—Steps in making a seamless tut)e by distorting a plate. 

expanded much by heat during service. They are mostly made 
in the small sizes. 

Making Pipe by Electric Pressure Welding*—A 
new process by which has been made a good deal 
of steel pipe is that of electric pressure welding 
the joint of the tube, as indicated in Fig. IX-39. 

Wire Drawing 

Wire is a product formed by being drawn cold Fig. ix-37.™ 

through a die. The commonest shapes are ^ wi^h 
^‘rounds,” and the next, hollow tubes, but a great smaii-sized akeip 
variety of forms may be produced at will. ^ drawn in order 

Effect of Drawing.—^The effect of the drawing butt-waid the 
is to produce a very exact size of material and to together, 
ineroase the strength, hardness, and brittlen^^ of the metal. Jn 
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the drawing of steel, the crystals of the metal arc actually 
pulled apart and flow by each other, the outer layers of the 

Fig. IX-38.—Pipe rolls showing the welded pipe coming toward the o}>sorver 
over the mandril and rod. 

metal being dragged back over the central core, there being 
at the same time a pressure 
exerted in all directions toward 
the center, which results in 
a certain amount of backward 
flowing even there. Because 
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<^-~‘2Z0V —► 
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^RoSe^ the crystals are so broken up 
during the operation, and 
because the metal is never 
heated above its critical tem¬ 
perature during annealing, the 
grain of the steel is very fine 
and the crystals are intimately 

mixed, which is probably the cause of the great strength of wire. 
Annealing.—With each draft the wire becomes harder and 

more difficult to draw. As it is pulled through the die by a force 
equal to 40 to 80 per cent of its tensile strength, it is necessary to 

f Mechantcaf 
Pressure 

Fig. IX-39.—Making pip© by electric 
welding. 
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soften it at intervals by annealing, lest it break. The annealing is 
accomplished by enclosing the wire in some receptacle that pro¬ 
tects it from oxidation and then heating to a low-red heat. In 
the case of steel, it is required after every eight to three passes, 
depending upon the amount of carbon in the metal and the 
amount of ‘^draft,’^ i.e., proportionate reduction in size. 

Dies.—Wire dies are usually made of high-carbon steel 
(1.25 to 2.00 per cent), through which a tapered hole is made, as 
shown in Fig. IX-40. The object of 
using this material is that, as it becomes 
worn in service, it can be reformed 
and used for larger sizes, which could 
not be done with white cast iron. 

Bench.—A bench on which wire is 
drawn consists of a reel that holds 
the coil of undrawn wire, a die sup¬ 
port, and a second reel which draws 
the wire through the die and coils it up 
and which is dri\'en by bevel gears. 
The die rests against the support, and 
the wire, having a tapered point, is Fig. ix-40.--Section of wire 

thrust through the hole and grasped by 
a pair of tongs, which pulls it out until it can be attached 
to the reel. This is then set in motion and draws the wire 
through. The die holder is heaped up with lubricant of 
some kind, in order that the metal may pass more easily 
through the hole. The speed at which wire is drawn will 
vary from 75 to 750 ft. per minute, depending upon the size and 
hardness of the material drawn and the amount of reduction 
during each draft. In many cases there is more than one die, 
and the wire passes successively through two, three, or more, 
being constantly reduced in each one. Between each pair of 
dies is a reel, around which the wire passes two or three times, 
since the strength of the wire emerging from the last die would 
not be sufficient to draw it through all of the holes. 

Draft.—The heavier the draft, the greater is the hardness 
pnxluced in the wire and the greater the wear of the dies. The 
average amount of draft will probably be from 20 to 25 per cent. 

Drawing Tubes.—Hollow wire or small tubes are drawn some¬ 
times over a mandrel. This mandrel may be a wire of about 
the size of the inner diameter of the finished tube. After several 
drafts, the tube is wedged so tightly on the mandrel that it cannot 
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be separated. It is then given an unbalanced squeeze between 
a pair of rolls, so that the tube is reduced in thickness, whereby its 
diameter is increased and the mandrel may easily be withdrawn. 

Comparison of Mechanical Methods 

Hot Working with Cold Working.—Cold working gives greater 
strength, a harder material, and more accurate finish as to size 
than any form of hot working. Furthermore, it produces a finer 
grain on the surface of the metal. If the cold working is followed 
by annealing at a temperature below the critical range of the 
steel (see Chaps. XI and XIII), the material retains its fine grain 
and is stronger and more ductile in proportion than metal that has 
been worked hot. Before cold working the metal is pickled in 
dilute sulphuric acid to remove the scale and is therefore pro¬ 
duced with a bright surface which is suitable, without machining, 
for use as shafting, for nickel plating, etc. The annealing is 
usually effected inside closed vessels, in a reducing atmosphere of 
illuminating gas or some similar medium, which prevents the 
formation of scale. Cold-rolled steel is used for shafting and for 
articles that are to be drawn or stamped to shape—watch and 
clock springs, hack-saw blades, corset steels, etc. Cold rolling, 
wire drawing, and flanging^' are the commonest forms of cold 
working. 

The plastic deformation of wrought iron or steel under pressure 
is different in nature above than it is below the so-called critical 

rangey i.e.y the range from 700 to 900°C. (1292 to 1652°F.). At 
the high heats the steel crystals break up and reform in smaller 
size; below the range, they are distorted and broken (see the slip 
bands in Fig. IX-3) but do not reform. The making of smaller 
crystals improves all the qualities of the metal, but we never 
can get very great strength by mechanical working above the 
critical range. Deformation below the critical range greatly 
increases the strength, elastic limit, and hardness, but at the 
expense of the ductility. Working near the temperature of 
700®C. (1292®F.), where the metal is somewhat mobile and 
plastic, has a less drastic effect than working at atmospheric 
temperatures, where repeated deformations destroy ductility 
and malleability altogether. We can summarize this by saying 
that hot-worked steel has greater strength and greater ductility 
thah the same metal in the cast condition. Cold working after 
hot working still further increases the strength and elastic 
limit but decreases th^ ductility and may, if prolonged, almdst 
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completely destroy it, unless the cold working is followed by 
annealing. 

Working Steel at the “Blue Heat.”—At the temperature at 
which steel assumes a blue color due to formation of oxide coating 
it is very sensitive to deformation, and mechanical work in this 
range has a damaging and embrittling effect. This temperature 
is from about 300 to 375°C. (572 to 707°F.). 

Hammering, Rolling and Pressing Compared.—Of all the 
mechanical methods, rolling gives by far the largest output per 
day, per unit of power, and usually per unit of fuel for heating. 
It is therefore the cheapest method, especially for labor. It 
does not work the metal so well as either hammering or pressing, 
both of which produce a much better crystalline structure, beside 
affording a better control of the temperature at which the opera¬ 
tion is ended. Pressing works the metal at greater depths than 
hammering and is therefore especially advantageous for pro¬ 
ducing large pieces. In such large pieces the size of the hammer 
which would be sufficiently heavy to forge the piece all the way 
into the center of the section becomes so large that it is unwieldy. 
The press turns out a much larger production of large pieces 
than would a hammer suitable *for the same work and is less 
destructive on the dies and other equipment. The press is 
also used on special forging work, such as drawing, special 
punching, and closed die forging, where it is almost impossible 
to use a hammer. Where a shape is intricate, rolling is more 
liable to tear the metal than hammering or pressing because, 
at the point where the roll is deeply cut, its surface velocity 
is much less than where the diameter is greater, and thus it 
tends to drag the metal through at different speeds. 

The Effect of Hot Work on Steel.—Figure IX-41 illustrates the 
crushing of grain size when steel is worked at temperatures 
between its critical range (for which see Chap. XI) and its melt¬ 
ing point. The width of the areas in each figure represents the 
relative size of grain. It will be noted in the left-hand figure 
that the steel first solidifies at A ; Le., it forms crystals. These 
crystals grow in size until the steel has cooled to the critical 
temperature; after this they remain the same size. Now, when 
cold steel of large grain size is heated, it forms a new grain of 
small size, as it heats through the critical range. But this grain 
now begins again to grow in size until we reach W. Then, at 

we begin to roll or forge the metal; its grain is crushed to 
ifieces of mall size. If we discontinue the work at the craved 
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grains begin to absorb one another and increase in size until 
the temperature cools to the critical range. But, if we forge from 
w' to/', the grains grow to a smaller size before their enlargement 
is halted at the critical temperature. And if we forge from 
w" to /", there can be no growth. This emphasizes the point 
already mentioned, viz., that steel should be worked down to its 
critical temperature if we wish to obtain the best and smallest 
grain size. If we work steel below its critical range—i.e., if 

Fig. IX-41.—Diagram depicting the influence of work upon the structure of 
steel. iFrom Sauveur, “ The Metallography and Heat Treatment of Iron and Steel," 
3d ed., 1926.) 

we forge from w'" to f—we are in danger of putting cracks 
in it. 

Cold Working.—Cold working is illustrated in the right-hand 
figure in Fig. IX-41. The steel is first hot-worked from a high 
temperature just to its critical range. Then it is allowed to cool 
undisturbed to atmospheric temperature, where it is cold-rolled 
to give the high strength, bright surfacej and surface hardness 
already mentioned. 

Hkating Steel fob Rolling ob Fobging 

The principles of heating are the same whether we are heating 
for rolling or forging. Therefore, when heating for forging is men- 
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tioned herein, it is understood that heating for rolling is included. 
On the technical side^ the desirable features of furnaces for 

heating for forging purposes are that they shall: (1) heat the 
steel to the correct temperature; (2) heat it slowly and gradually; 
(3) heat it approximately evenly from all surfaces; (4) heat it 
to a uniform temperature from surface to center; (5) not scale 
the surface excessively; and (6) supply heated steel at exactly 
the rate wanted by the forge. (This feature is technical in 

Fig l5C-42a — Ingots of steel in a batch-type heating furnace. {Courtesy of 
Standard Steel Works.) 

one sense but has an enormous economic influence in the opera¬ 
tion of the forge.) 

On the economical side^ the desirable features are that the 
furnaces shall be: (7) economical in the use of fuel; (8) economical 
in labor requirements; (9) economical in power requirements; 
(10) economical in cost of installation; and (11) economical 
in cost for repairs and maintenance. 

Batch or Continuous Furnaces.—A batch furnace is one in 
which a piece is inserted through a door and laid on the hearth, 
or other support, until suitably heated (see Fig. IX-42a). Then 
it is removed by the same door. A continuous furnace is one 
in which pieces enter continuously at one end, travel through the 
furnace to be heated, and are removed at the opposite end (Fig. 

IX-426). 
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1. Heat the Steel to the Correct Temperature.—Heating 
steel to the correct temperature is the crux of forge-furnace 
practice. Unfortunately, no method is known at present by 
which the temperature of the steel itself may be controlled or 
even determined in a thoroughly satisfactory manner. Optical 
pyrometers afford the best means known at present, but they are 
admittedly inaccurate, uncertain, variable, and misleading. 
This unsatisfactory character of optical-pyrometer observ^ations 
is due to the circumstance that they depend for their operation 
on the color of the light emitted by the hot steel, and this color 
is erratic and variable owing to unreliability of the emissivity 
factor of hot bodies. 

The next best provision for controlling the temperature of 
the steel is to regulate and control the temperature of the furnace. 
In forge-heating furnaces, the situation is similar to that in 
open-hearth furnaces in that the temperature of the product is 
controllable only through the temperature of the furnace. 

Also, in many of the best modern forge-heating furnaces, 
of both the continuous and batch type, the temperature is con¬ 
trolled through the use of a pyrometer, and sometimes through 
the medium of a multiplicity of pyrometers so distributed in the 
furnace as to indicate the uniformity of temperature therein. 
Excellent pyrometers are now available for this purpose and it is 
possible to arrange for automatic control of furnace temperature 
by means of pyrometers. While it is admitted that there is a 
somewhat irregular variation between the temperature of the 
steel and the temperature of the furnace, nevertheless, the best 
results in heating for forging are obtained in furnaces whose 
temperature is continuously indicated by pyrometers. How¬ 
ever great may be the variation between the temperature of 
the steel and the temperature of the furnace, it is obvious 
that the steel can never be the hotter of the two. Therefore, 
if the furnace temperature is held within limits, the safe heating 
of the steel is insured. Pyrometers situated in various localities 
in the furnace will also give a very good check on the uniformity 
of the distribution of heat and, therefore, serve as a valuable 
aid to the furnace operator. 

Not to heat the steel too hot is doubtless the most important 
single factor in the operation of forge-heating furnaces. In order 
to forge eebnomically, it is necessary to heat steel, of approxi* 
mately 0.45 to 0.65 per cent carbon, to a temperature between 
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1900 and 2100®F. If through any cause the temperature of the 
steel becomes accidentally much hotter than 2100°F,, it becomes 
burntand its high quality is permanently destroyed. Recent 

investigations show that steel is burnt at lower temperatures than 
had previously been considered the danger point. This newly 
investigated kind of damage shows itself in the formation of 
internal checks not visible on the surface of the steel nor evi¬ 
denced by surface scars between crystals, by scintillations, or 
by similar outward indications. In this connection, the furnace 
atmosphere is important, because steel is burnt more easily in an 
oxidizing atmosphere than in a reducing one, and more easily 
in a turbulent furnace atmosphere than in a quiet furnace 
atmosphere. The nature of burning is discussed in more detail 
in Chap. XIII. 

2. Heat the Steel Slowly and Gradually.—The colder the 
steel, and the larger the section, the slower must be the appli¬ 
cation of heat to it, lest uneven expansion or too rapid expansion, 
as the heat penetrates, injure its quality. With high-carbon 
steel, this precaution is even more important than with low- 
carbon steel. A heating furnace must not be either much hotter 
or much colder than the steel which is put into it. Furthermore, 
if the steel is cold, the heating must be applied to it very gradually 
at first. 

There is always greater danger of cracking steel when it 
is cold, e.g., when heating it from 0 to 1200®F., and especially 
from 0 to 800°F. This is often met by putting hot steel into a 
hot furnace whenever possible. Likewise cracking is threatened 
by too sudden cooling, especially within the temperature range 
of 500 to 800°F. It is best to have relatively slow penetration 
at temperatures below 800, whereas rapid penetration can safely 
take place from 1200 to 2000®F. The rate of safe heat pene¬ 
tration depends somewhat upon the type of steel. Some of the 
alloy steels will not safely absorb heat so rapidly as carbon steel. 
It is desirable that the temperature of the furnace atmosphere 
in the neighborhood of the steel shall rise a little bit ahead of 
the temperature of the surface of the steel itself. It is usually 
safe to heat a carbon steel at an average rate of penetration of 

in. per hour, so that the total time required to heat carbon steel 
from atmospheric temperature to a forging temperature of, say, 
2000®F. shall be twice as many hours as the maximum necessary 
distanee in inches for heat penetration from surface to center. 
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For example, a bar 8 by 12 in. will require 8 hr. of heating: 
A piece 8 by 8 in. in one part and 20 by 20 in. in another part 
must be heated for 20 hr. 

Medium-hot steel should not be brought in contact with 
either a cold or a very hot furnace hearth. Likewise, it is 
undesirable to have cold air filtering into the furnace through 
cracks of the doors, etc., and playing on the steel, especially 
if the steel is between 500 and 1200°F. 

3. Heat the Steel Evenly.—The heat must penetrate the 
steel evenly from all sides. The piece should not lie directly 
on the hearth, because the heat should play all around it. Also 
the side of the piece nearest the fire or flame will be the hottest; 
therefore, it is desirable to turn it over and around at intervals. 

Likewise the heat must be so uniformly distributed in the 
furnace that large objects will be heated evenly. A flame must 
not play on the surface of the steel, because this will not only 
heat it unevenly but also injure it by overheating. The furnace 
must have ample room for combustion, so that the fuel will be 
completely burned and there will be no smothering of the flames. 
Incomplete combustion not only is uneconomical in the use of 
fuel but puts hard spots on the steel due to unburned carbon or 
carbonaceous material settling upon it and carbonizing it. This 
is true with oil fuel, with pulverized coal, and with other fuels. 
As an illustration of the extent to which this may be made to 
occur, it will be observed that armor plate was intentionally 
carburized by the impinging of an oily flame on its surfaces. 

Heating Evenly in Batchy-type Furnaces,—Even distribution 
of temperature in a batch-type furnace is accomplished more 
easily when there are a multiplicity of burners rather than single 
burners. Recent types of heating, which carry this principle 
very far, are the so-called diffusion combustion^ surface com¬ 

bustion^ and electric-resistance furnaces. In these three types, 
we have practically whole areas of incandescent bodies which 
distribute heat very evenly and uniformly in the furnaces. 
Muffle type of furnaces also heat steel relatively uniformly but 
are expensive to build, to maintain, and to operate. 

Direct-fired batch-type combustion furnaces, where the 
flame is introduced directly into the heating chamber, are open 
to objections because of uneven heating and liability of the 
impingement of the flame on the steel being heated. Combustion 
furnaces of the batch type are more commonly heated by over- 
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firing, wndeTfiring, or sidefiring, each of which attempts to 

initiate combustion in a separate chamber and lead the products 
of combustion into the work chamber of the furnace, as shown 
in Figs. IX-43, IX-44, and IX-45. In every case, however, the 

Cross-Sect!on 

Fig. IX-43.—Underfired furnace. {From Mawhinney^ ''Practiced Industrial 
Furnace DesignNew York, 1928.) 

transfer of heat to the steel is made by radiation from the flame, 
and it is obvious that the side of the steel nearer the flame will 
be heated sooner and to a higher temperature than the opposite 
side. It is practically impossible for such a type of furnace to 
heat steel uniformly and the 
piece must be turned over or 
around, or both, at intervals. 
This is not so serious when hot 
steel is given a ^‘wash^^ heat. 

Flo. IX-44.—Overfired furnace. Fio. IX-45.—Side-fired furnace. 
{From Mawhinney, ** Practiced In- {From Mawhinney, Practical Industrial 
dustrial Furnace Design,*' New Furnace Design," New York, 1928.) 
York, 1928.) 

heating steel below 1200®F. (and especially below 800®F.). A 
wash heat is one by which a red-hot piece is taken from the rolling 
mill (Mr forge and is raimd a few hundred degrees, because it 
has cooled bdow the optimum temperature for working. 
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Batch-type furnaces suffer the hazard of uneven distribution 
of temperature in them with consequent uneven heating of the 
steel, and they may actually burn the .steel through overheajjing, 

even though the furnace in some parts may not be at a dangerous 
temperature. With these two considerations in mind, it is 
therefore important, whenever it is in any way possible, always 
to use continuous furnaces, especially when heating steel from 
the cold. These furnaces have the double advantage of pro¬ 
moting quality of product as well as economy in operation. 

Continuous Furnaces.—When circumstances permit, many 
of the desirable conditions enumerated above in sections 2 and 3 
are accomplished by heating the steel in a continuous-type 
furnace. Indeed, heating cold steel in a noncontinuous or batch- 
type furnace is uneconomical, is often a serious delay to the 
rolling mill, hammer or press, and affords a temptation to injure 
the steel by heating too rapidly. 

Length of a Continuous Furnace.—A continuous furnace 
must ha^e a minimum length determined by the following 
factors: 

1. The temperature at the flue end of the furnace must be 
low enough to receive the cold steel introduced into it without 
danger of cracking it. 

2. The steel pieces must travel through the furnace at a rate 
of speed which will bring them to the correct forging temperature 
in the correct length of time, me., in twice as many hours as the 
maximum heat penetration in inches. For example, ingots 
18 in. round must be in the heating furnace at least 18 hr. 

3. The furnace must deliver heated steel fast enough to keep 
the forge mill constantly supplied. 

Example.— li a hammer or press will forge 15 ingots per hour and each 
ingot must be in the furnace at least 18 hr., then there must be at least 270 
ingots in the furnace all the time, if the forge is to be kept in constant oper¬ 
ation. Then, if these ingots travel through the furnace in a triple row, and 
each ingot requires a longitudinal distance of 24 in. to accommodate it: 

270 -r 3 X 2 ft. = 180 ft. ~ length of furnace. 

4. Heat the Steel to a Uniform Temperature from Surface 
to Center.—The heating of the steel to a uniform temperature 
throughout is a question of heat penetration to the center of 
the piece at a safe rate of speed. This, therefore, involves heating 
the steel long enough and evenly enough, as already discussed 

under sections 2 and 3. 
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6. Do Wot Scale the Surface Excessively.—The more oxidizing 
the furnace atmosphere, and the higher the temperature, the 
greater will be the amount of oxidation or scaling in a unit time. 
Consequently, of course, the longer the time, the deeper will 
be the coating of scale formed on the surface, other things being 
equal. Furthermore, the longer the time that scale is in contact 
with the surface of the steel, the deeper will be the decarburization 
of the steel itself, first by oxidation of carbon in the outer layers, 
and then either by a migration of carbon atoms from lower layers 
to the outside or else by a penetration of the oxidizing influences 
deeper into the metal. 

Scaling is also objectionable because it represents a loss of 
weight of steel and consequent decrease in output. Another 
objection is that steel cannot be forged or rolled until the scale 
is removed. 

Steel will scale when heated even in a reducing furnace atmos¬ 
phere, although not so much as when the atmosphere is oxidizing. 
Ordinarily, however, it is necessary that furnace atmospheres 
be oxidizing, because the requisite temperatures cannot be 
economically obtained unless an excess of air is used for com¬ 
bustion. The lessening of scaling in furnaces has been brought 
about in modern furnaces by the following methods: 

1. Diffusion combustion, with gas flames being also admitted 
in the floor of the furnace to produce a strongly reducing atmos¬ 
phere around the pieces being heated. 

2. Surface combustion, in which high temperatures and com¬ 
plete combustion are obtained without exposing the steel to the 
products of combustion of the furnace. 

3. Reducing of the oxidizing gases by the presence in the 
furnace of glowing charcoal, coke, or similar reducing agent, 
which lessens oxidation of the steel as well as contributing a 
little heat. Sometimes free carbon is blown into the furnace 
and serves the double purpose of reducing the oxidizing atmos¬ 
phere and increasing the luminosity of the flame. 

4. Preheating the air by modem recuperative or regenerative 
methods, which enable the necessary temperature to be obtained 
without as intensive oxidizing furnace atmosphere. 

6. Avoiding infiltration of air into the furnace by keeping 
the furnace chamber under a slight pressure. 

6. Supply Heated Steel at Exactly the Rate Wanted by the 
Forge.—The forge-heating furnace capacity must be equal to 
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the nmxinmm capacity of the forcing operations if the work is to 
\ye performed economically, because, if the furnaces delay the 
forge operations, there is a great deal of waste of money by 
increased cost of operation; whereas the furnaces may slow up 
their operations, provided the forge is not up to maximum 
capacity, without serious increase in cost of their operation. The 
posvsible supply of steel pieces for forging purposes per hour 
from any furnace can be obtained by dividing the number of 
pieces which a furnace can hold at any one time by the number of 
hours during which it is necessary to heat the piece for forging. 

Example.— If a furnace will hold 150 pieces and each piece inubt be heated 

for 10 hr., then 15 pieces per hour is the maximum rate at which the furnace 

can continuously supply steel for forging. \ 

7. Economy in the Use of Fuel.—Economy in the use of fuel 
can be obtained in four ways: (1) using a fuel of low cost per 
unit of calorific power; (2) economically converting it into heat; 
(3) designing the furnace so as to use the heat efficiently; and 
(4) employing the waste heat usefully, and crediting the furnace- 
fuel account correspondingly. 

Considering these factors in detail: 
Using a Fuel of Low Cost per Unit of Calorific Power.—Common 

forge-heating fuels are: (a) soft coal, (6) pulverized coal, (c) 
oil or tar, {d) natural gas, (e) artificial gas, and (/) electricity. 

The relative cost of these varies with the locality and special 
conditions of supply, except that there are only a few places in 
the world where electricity is a relatively cheap fuel. 

Economically Converting Fuel into Heat.—Doubtless the largest 
factor in this category is automatic maintenance of good com¬ 
bustion conditions, such as (a) correct proportioning of fuel and 
air, (6) efficient and intimate mixing of fuel and air, (c) use of 
preheated air, (rf) sometimes the use of stokers has proved its 
economy. 

In connection with good combustion there can scarcely be 
any doubt that efficient automatic maintenance of correct com¬ 
bustion conditions, which have proved so valuable and money 
saving in open-hearth furnace operation, will be found equally 
economical if and when applied to forge furnaces. 

Designing Furnace so as to Use the Heat Efficiently.—It is said 
by some authorities that the use of chimney draft is uneconomical 
and that actual control and regulation at will of the velocity 
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of the air entering the furnace and the velocity of the gases leaving 
it, by means of fans or similar devices, more than pays for itself 
in improving the fuel economy and better furnace operation. 

The maintenance in the furnace of a slight pressure, so that 
flame will come out of the furnace at each door crack, or other 
opening, instead of air filtering in, is an important factor in 
maintaining correct combustion conditions and fuel economy. 
This is so important that the maintenance of pressure gages is 
now standard practice in open-hearth furnaces, and it is believed 
that they will pay for themselves in forge-heating furnaces. 

The correct arrangement of suitable combustion chambers 
and flue openings of correct size and location, so that the heat 
will be efiScieptly produced and uniformly distributed to different 
parts of the furnace, requires no special comment here. We 
have already mentioned the smothering of combustion when too 
small combustion chambers are provided. It is obvious that the 
flue openings must be of such a size in relation to the volume of 
gases and the draft pull that all parts of the furnace will be under 
a slight and nearly uniform pressure. 

Doubtless the most important achievement in promoting 
not only fuel economy but also safe and gradual heating of steel 
is the continuous furnace. 

Employing the Waste Heat Usefully and Crediting the Furnace- 

fuel Account Correspondingly.—The commonest method of 
employing waste heat from forge furnaces is by the use of waste- 
heat boilers. 

Another method of employing waste heat is to use it for 
preheating the air or gas, or both, entering the furnace for com¬ 
bustion purposes. This can be done by either recuperative or 
regenerative methods, and both systems are being employed 
in increasing amounts in forge-heating furnaces. Important 
improvements have recently been made in refractory materials 
so as to improve their heat conductivity for use in recuperators. 

The extent to which the heat in excess gases can be usefully 
employed is limited only by the amount of heat necessary to 
leave in the gases in order to maintain a draft in the chimney. 
In several cases it has been found more economical to absorb the 
latent beat of the waste gases to the fullest possible extent 
^d then to produce a draft by means of a fan or similar device. 
This results in improved operation of furnace combustion, 
because the extent of the draft may be regulated at wilt and may 
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be automatically controlled in connection with combustion 
conditions so as to obtain the maximum net efficiency. 

8. Economy in Labor.—Economy in labor should include not 
only the labor of operating the furnaces but also the labor of 
charging and discharging them. Continuous furnaces have 
been one of the chief means not only of economizing fuel, as 
previously mentioned, but also of economizing labor, especially 
where the pieces are passed through the furnace by mechanical 
means instead of manually. 

Fia. IX-46.—Electric manipulator for handling wheel blanks to be heated in 
batch-type furnace. {Courtesy of The Wellman Co ) 

Automatic control of furnaces includes: (a) control of rate of 
heating steel; (6) control of temperature of furnace; (c) control 
of combustion conditions; (rf) control of the furnace draft; 
(e) control of internal furnace pressures; and (/) control of 
delivery of heated steel. 

All of these automatic appliances obviously reduce the labor 
cost on the furnace and especially the use of high-priced labor. 
In addition they greatly improve the quality of the product and 
some of them improve economy in the use of fuel. 

Heating Slowly in Batch-type Furnaces.—Cold carbon-steel 
pieces up to 4 in. in section may be put without damage into 
furnaces which are at a forging temperature. Pieces from 
5 to 12 in. may be put cold into furnaces not exceeding 1600‘'F. 
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Larger sizes must be put into cold furnaces and heated very 
slowly or else must be brought hot from the steel mill (say not 

less than 700 or 800®) or preheated to preferably 1100 or 1200®F. 

before being put into hot furnaces. 

Some alloy steels are very sensitive to damage from heating 
and must be treated even more tenderly than indicated in the 

previous paragraph. Low-carbon steels can suffer more drastic 
changes in temperature than can high-carbon steels. 

Steel containing more than 0.35 per cent of carbon and of 

thicknesses exceeding 8 in. cannot even be put into a cold furnace 
and allowed to be heated by using the regular furnace fuel. They 

must be warmed up through the danger zone to a temperature 

of at least 500®F. on the outside, by building around them a 
wood fire on the hearth of the furnace or by some similar means 

of warming very slowly, before the pulverized coal flame or oil 

flame can be turned into the furnace. FiXceptions are made in 
furnaces especially designed for very low fires when desired. 

Consequently, batch-type furnaces for heating cold ingots 

are inefficient, slow, and uneconomical. Batch-type furnaces for 
heating for forging are also hazardous as to steel quality under 

any circumstances, because of the universal liability to human 
error even when strictest instructions are issued as to safe 

methods to be employed. 
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CHAPTER X 

IRON AND STEEL FOUNDING 

Founding is a mechanical art and consists in pouring melted 
metal into a mold of any desired size and form, which the metal 
assumes and retains when cold. The mold is made of some 
kind of sand, with rare exceptions to be mentioned hereafter. 
The art is a very complex one, added to which it is now passing 
through an important transition period in which science is very 
rapidly taking the place of rule of thumb. It is impossible to 
treat the subject adequately in a single chapter, but several 
books are now available, to which foundrymen, metallurgists 
and chemists are referred, and which are also recommended 
to all engineers, to whom a knowledge of the art is of prime 
importance. 

The Making of Molds 

There are various kinds of sand molds made for foundry work, 
but the three principal kinds are loam molds, dry-sand molds, 

and greenr-sand molds. 

Loam Molding.—In molding with loam, sand is usually built 
up into the required shape by hand, aided by machines. Figure 
X-1 shows the molding of a gear in which the parts are built up of 
brick and sand and then formed into the desired shape by means 
of a machine. Large wheels and gears are often swept up, the 
teeth being fonned subsequently by means of a small pattern that 
is moved around as the molder progresses, or by means of a 
machine, as shown in Fig. X-1. In the case of a gear, the arms 
are usually formed by placing within the swept-up mold forms of 
sand known as cores, as shown in Fig. X-2. Loam molding 
is common in iron foundries but less often used for steel castings. 

Pattern Molding.—To only a limited class of work is loam 
molding applicable, and the commonest manner of making a mold 
is to press or ram sand around a pattern, which is subsequently 
removed, leaving the desired cavity. Usually the pattern is 
enclosed by a flaskmuch larger than itself, between which and 

31X 
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the pattern the damp sand is rammed. The pattern (sometimes) 
is split into halves, one-half being in the lower part, or ^^drag/^ of 
the flask and the other half being in the upper part, or ^'cope'^^ 
(see Fig. X-3). The cope is now taken off and turned upside 
down; after this a lifting screw is inserted into each half of the 

pattern in turn, by means of which it is drawn from the sand; 
and when a ‘^gate^' is cut through the cope, the flask is again 
fastened together, and a receptacle is formed of the shape of the 
pattern into which the metal may be poured. 

The art does not consist of these simple operations alone, how¬ 
ever, for in drawing the pattern from the. sand, even though 
the lifting screw be lightly tapped with a hammer in four hori- 

^ The old English word cope meaning a covering for the head, from which 
the word cap is derived. 
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Fio. X-3.—Pattern in sand. 
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zontal directions to loosen the pattern, the slightest tremble of the 
molder’s hand, or of the crane used for lifting, may cause the sand 
to be broken in places, and the chief skill of the molder as well as 
a large share of his time is employed in repairing the damage thus 
produced. Furthermore, the mold may be '^washed''—z.e.. 
painted inside—the proper cores must be put in place; parts of the 
sand liable to drop off must be nailed in place with thin, large- 

Fig. X-4.—Section of flask and pattern. 

headed wire nails thrust in with the thumb; before the pattern is 
taken from the sand the cope must be ^‘vented'’—i.e/y made 
porous—by jamming a wire into it many times and pulling it out 
again, so that the air and gases will escape when the metal is 
poured in; and so on. 

Furthermore, it may readily be imagined that parts of the 
pattern as shown in Fig. X-4 might be of such a shape, with 
flanges on the bottom or something of that kind, that they could 
not be drawn without breaking the sand. In the case of such a 
design the pattern and flask must be split into three or more 
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parts/ or else a core must be put in to make an offset. It will 
be evident to every engineer that he will have to pay more for 
making a casting so designed. 

Ramming.—In pattern molding it is essential that the pres¬ 
sure of the sand around the pattern shall be nearly uniform in 
all places, because (1), when the metal is poured into the mold, it 
drives out the air already there by forcing it through the inter¬ 
stices between the particles of sand, and, if the sand is too hard in 
any place, the pressure of air collected there is liable to form a 
depression in the casting; and because (2), if the sand is too 
loose in any place, the pressure of the metal upon it is liable 
to '^swcir' it outward and thus cause an enlargement of the 
casting at that point. To obtain uniformity it is necessary 
that the sand be packed around the pattern, and not the pattern 
pushed into the sand. Thus packing is accomplished by the 
hands for the sand immediately adjacent to the pattern and by 
rammers for the layers farther distant. In the case of bench 
molding hand rammers arc used, and for making larger molds on 
the floor long iron rammers are employed. The molder’s skill is 
shown in applying the proper amount of power in ramming 
each different kind or part of pattern. 

Dry-sand Molds.—After ramming up the mold, drawing the 
pattern, and applying ihe wash^ the mold may be used green 
(when it is called a green-sajid mold), or it may be put in the 
ovens and dried (when it is called a dry-sand mold). The 
drying has the effect of driving off the moisture and leaving a 
firm, hard mass, semibaked into a sort of brick. Sand for these 
molds should have slightly more clay than for green-sand molds; 
otherwise, instead of baking into a hard mass, they would 
be liable to crumble with the heat. The temperature of drying 
ovens should be about 350 to 400°F. (170 to 200®C.), and they 
are heated by coke, coal, gas, or oil. If the temperature is too 
high, the mold will be burned; i.e,, it will crumble under the 
fingers after drying; if not hot enough, the mold will not be 
baked hard. The length of time in the oven will depend upon 
the size of the mold and will vary from an hour or so to a day or 
so. During the drying the molds are liable to shrink somewhat, 
owing to the action of the clay in binding together. 

^ The bottom and top parts being still known as the drug and cope, 
respectively, while the intermediate parts are known as cheeks. 
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Green-sand Molds.—Green sand requires less clay than dry 
sand, because it has a certain coherence due to its dampness. 
Many natural sands are found suitable for both the green-sand 
mold and the dry-sand mold, or they can be made up as desired 
by mixing a good clay with a sand rich in silica. Green-sand 
molds must not be rammed so hard as dry sand, so the moisture 
may more readily evaporate. 

Washes.—For iron castings the common wash is graphite 
dust, which is made up into a paint with water and applied with a 
brush or dauber to the inside of a dry-sand mold before it goes to 
the oven. In the case of a green-sand mold, pulverized coal is 
dusted on to the surface through a piece of cloth and then spread 
uniformly with the ^‘slicker.^^ In the case of a dry-sand steel 
casting, the wash is composed of pulverized silica rock, running 
from 98 to 99 per cent silica, which is made up into a thick paint 
with water, thickened with molasses, and applied to the inside of 
the mold with a brush or dauber before the mold is dried. Green¬ 
sand molds for steel castings cannot ordinarily be washed. 
Graphite washes cannot be used for steel molds, because the hot 
metal attacks the graphite and becomes rough upon its surface. 

The functions of washes are (1) to make a very smooth face 
on the sand, so that the surface of the casting shall be smooth 
(this they accomplish by the very fine size of their particles); (2) 
to give a surface that shall resist the melting and chemical action 
of hot metal, so the^castings may be easily cleaned of sand. 

Skin-dried Molds.—The inside surface of green-sand molds is 
occasionally dried by painting or spraying it with some inflam¬ 
mable liquid, such as gasoline, and then applying a match. This 
is more common in steel-foundry than in iron-foundry practice, 
and produces a little better surface to the casting. 

Dry- vs. Green-sand Molds. For Iron Castings,—Dry-sand 
molds are often cheaper to make and require less molding skill 
for the following reasons: (1) The sand does not havfe to be 
tempered so carefully, f.e., brought to the proper condition of 
dampness, since the moisture is eventually to be driven off by 
the drying. In green-sand molds, if the sand is too wet, it is 
liable to ^^cut'" (be eroded by the stream of metal) and get dirt 
into the casting, and also to be impervious to the gases. (2) 
The sand requires less care in ramming, because, whether too 
hard or too soft, the expansion and contraction in drying will 
adjust its firmness and porority. (3) Furthermore, the sand 
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is stronger, which is an advantage, when the sand is liable to 
be under pressure from the metal, or to have the metal fall 
upon it from a height. (4) Dry-sand castings are also more liable 
to be sound, because there is less gas in the pores of the sand. 

The disadvantages of dry-sand castings are: (1) The mold is 
liable to shrink during drying and therefore be less true to the 
pattern; (2) the castings are more liable to ^'check^^ crack 
in cooling), because the mold is firmer and so does not give 
way so easily to the crushing ^ 
action when the casting con¬ 
tracts; (3) molds exposed to the 
direct action of the flame dur¬ 
ing drying, or heated too hot, 
are liable to be burnt and 
therefore rendered useless, caus¬ 
ing a loss; (4) in handling, the 
molds are liable to be damaged; 
and, furthermore, it is more 
costly to repair a dry mold 
than a damp one, because the 

adjacent sand must first be 
damped, the damage repaired, 
and then a flame applied to dry the wound; (5) it takes longer to 
complete an order. The actual cost of heat is not very great and 
usually is less of an item than the extra labor of handling for 

drying. 
For Steel Castings.—Dry-sand steel castings have a surface 

superior to those made in green sand. They are also stronger 

and more liable to be sound. Soundness is much more difficult 
to obtain in steel castings than in iron castings. Green-sand 
molds, however, have the great advantage of allowing their 
sand to crush more easily when between two parts of the casting 
that are being drawn together by the shrinking of the metal. 
This is doubly advantageous in steel work, because steel shrinks 
twice as much as cast iron and is therefore more liable to check¬ 
ing. Special means may be employed for making the sand 
easily collapsible after the metal is poured, such as mixing with 
it an infl.ammable substance like flour, chopped hay, hay rope, 

sawdust, coke, etc., which burns away after the hot metal is 

poured in. 
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Cores.—The function of cores has already been referred to. 
They are set inside the mold proper to assist in forming the metal. 

The commonest use for them is to extend through a casting in 

some place to make a hole, as, for instance, the inside of a cylinder 

or the bore of a pulley. In this position they are subjected to 

great crushing strain when the metal shrinks, and therefore the 
bond which keeps the sand together, consisting of linseed-oil or 
flour paste, a patented core compound, etc., must be of such a 
nature that when subjected to the heat of the liquid metal it will 
burn away and allow the sand to disintegrate, which both pre¬ 
vents its bursting the shrinking casting and permits of its being 

Fig. X-8.—Core. 

more easily cleaned out. Cores are often built up around an 
iron pipe riddled with holes, so that the gases formed may readily 
escape through this ‘‘vent.” In the case of large cores the pipe 
is frequently wound with hay rope, or some similar material that 
will burn away and make the sand more collapsible. Some cores 
have coke breeze or spongy cinder in the center to make them 
light as well as porous. 

Cores are supported sometimes by being set in the drag, some¬ 
times by being hung in the cope (see Fig. X-9); but it is more 
common to have a hollow adjunct to the mold, known as a core 

prird, into which an extension of the core fits. Sometimes 
both ends of the core are so supported, and sometimes only one 
end, while the other end rests upon a metal chaplet that is 
absorbed in the casting when the metal is poured. Cores are 
often dried, lest their gases make the casting unsound or cause 
it to blow, boil with the rapid escape of gas through the 
metal. 
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Chill Molds. It is often desired to chill certain parts of a 
casting or cool them more rapidly than the remainder, in order 

Fig. X-9.—-Cores hung from the cope. 

Flo. X-10.—Chaplets. 

either to make a thick part of a casting solidify as soon as, or 
sooner than, the thinner portions, or else to produce white cast 
iron at that point. The former may be desirable in the case of 
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either an iron or steel casting, because the shrinkage cavity 
occurs in the last portion to freeze, and therefore hastening local 
freezing may be necessary to bring the pipe into the riser or 
feeder. The latter applies only in iron-casting work in which it 
is desired to make the outside of a casting very hard. The 
chilling is usually accomplished by embedding pieces of metal 
in the sand, against the face of which the casting is poured. This 
metal is oiled, blackened, or washed,^’ so that it does not stick 
to the casting. 

Permanent Molds.—A great deal of expense in foundry work 
is due to the fact that a sand mold must be made anew for every 
casting, and the subject of permanent molds has occupied the 
attention of foundrymen for a great many years without the 
problem's being completely solved. When a casting is knocked 
out of the mold, the sand is usually knocked out also and its 
form destroyed. In the rare case of a smooth cylinder, or 
something of that kind, the casting may be withdrawn without 
damage except to the face of the sand, and this can sometimes be 
repaired and swept up anew without reforming the entire mold. 
Again, molds for railroad-car wheels, which have a metal “chill" 
all the way round the tread and flange, in order that the cast iron 
may be white at the point to withstand the grinding action on 
the rails, have a certain amount of permanency. Finally, 
molds carved out of carbon which has been preheated to a very 
high temperature are said to withstand the action of the melted 
metal and to last for a large number of castings. 

Centrifugal Casting.—For some years cast iron has been 
successfully cast in rapidly rotating molds which throw the 
metal around the sides and so produce under the pressure of 
centrifugal force a hollow pipe. The pipes are cast with the 
flanges on them, as shown in Fig.“X-ll, and are taken out of 
the mold while still red hot and put into annealing ovens. The 
texture of the metal is finer and closer grained and the cast iron 
is stronger per square inch than that which is cast under static 
conditions. At the Watertown Arsenal in Massachusetts liquid 
steel is brought at a high temperature from a high-frequency 
electric furnace and poured into a rotating refractory-lined mold, 
for the making of hollow cannon tubes. 

Oating of Pattams.—The gate of a mold is the place into which 
the liquid metal is poured (see Fig. X-4), while the sprue extends 
from the gate to the casting pit»per. The placing of gate and 
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sprue IS governed by certain principles whose best application 
can be learned only by experience Referring especially to 

Fig X-11—Centrifugal casting of cast-iron pipe {From Cmcral Catalogue^ 
Vnited btatcH CaEt Iron Pipe ( o 1925 ) 

Fig X-12 •— Multiple mold and casting 

Fig. X-4, we see for example that, if the metal were poured 
into the riser of the casting, it would drop upon the core and 
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knock this to pieces. Even if this core were absent, the metal in 
dropping from such a height on to the sand bottom of the mold 
would wash sand from it and make a defective casting because of 
the cutting of the mold at this point as well as the probable 
inclusion of some of the sand in the solid metal, furthermore, 
the metal would spatter on the sides of the mold and frozen 
drops might accumulate which would afterward form a ^'cold 
shut^' on the side of the casting. It is rarely good practice to 
pour a casting through a riser, and, whenever the metal is poured 
from a height, it is well to insert a refractory fire brick upon which 
the stream shall strike. Steel castings are almost always poured 
from the bottom in a manner in general similar to Fig. X-4, and 
this method is often followed in case of gray iron as well. The 
general principles of gating may be very briefly summarized as 
follows: 
/I. The metal must be forced into the mold fast enough to 

prevent its chilling at any point, so that sprue and gates must be 
amply large; in the case of a thin casting, for example, this may 
necessitate having the metal enter at a number of different 
points at the side of the mold. 

2. On the other hand, unnecessary amplitude is to be avoided 
since the sprues have only the value of scrap. 

3. The stream of metal must not wash against the sand in 
such a way as to cut it. We may exemplify this by an example 
in steel castings where the stream of metal is usually brought in 
at the bottom and with a certain tangential direction so that it 
shall rise in the mold with a rotary motion. 

4. The metal must not have too far to run. In large or long 
castings this may necessitate gating at several different points. 

5. As far as possible we must arrange to pour into a reservoir 
and to have the rate of pouring such that this reservoir shall 
be kept as nearly full as possible in order that any slag or dirt 
accidentally getting in at this point may tend to float to the top 
of the metal and not be carried into the casting proper. 

6. The point at which the metal enters is the hottest part 
of the casting, and this must be borne in mind when considering 
the question of feeding, to avoid shrinkage cavities. Sometimes 
it is desirable to chill this location in order artificially to oppose 
these conditions. 

7. In placing a gate we must remember that, as the metal 
shrinks, it will draw the sprue toward the casting. Since the 
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sprue is the hottest part, there may be a tendency for this con¬ 
traction to tear the metal in two and especially to tear the sprue 
off at the point where it joins the casting proper, thus making an 
unsightly defect. 

Tests of Foundry Sands.—A mold must be strong and must 
be permeable to gases. Probably the most important recent 
advance in foundry practice is the investigation of properties of 
foundry sands and the development of tests to determine their 
qualities in advance of use, as well as after mixing, baking, etc. 
Comprehensive and very useful literature can be found on this 
subject in the Transactions of the American Foundrymens^ 

Associaiion, but it is a mechanical, not metallurgical, subject 
for study. 

Molding Machines.—At the present time various types of 
molding machines are being extensively introduced into foun¬ 
dries, in order to save some of the labor or skill required in mold¬ 
ing, or both. This is also a mechanical feature of foundry 
practice. 

Gated Patterns.—Where the castings are very small, a large 
number of them will be made into one pattern, fastened on to a 
common gate through which they are poured, which produces 
very great economy in molding (see Fig. X-12). 

Core Machines.—There are also on the market several 
machines for making cores. 

Contraction.—A bar of cast iron 12 in. long will contract about 
0.125 in. during solidification and cooling; i.e.j it will be about 
llj^ in. long when cold (see page 452 for further details), while 
a bar of steel will contract about twice as much. In both cases 
the contraction in sectional dimensions will not be so great 

as in length. 

Design op Patterns 

The foregoing description will show what a great financial 
advantage it is to a purchaser if he designs castings that can be 
easily molded, and if he can order a large number of castings of 
exactly the same design. It is certain that a hundred castings 
of one design can be made with very much greater cheapness than 
the same number all of different designs, and of this economy the 
purchaser obtains his full share, because the foundry is glad to 
encourage such a customer and to make concessions in order to do 
his work. The author cannot recommend too strongly to engi- 
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neers the practice of making the castings in all similar machines 
interchangeable, both for the sake of economy and of avoiding 
some delay and expense in replacement after a breakdown. The 
correct design of castings is, furthermore, one of the most impor¬ 
tant branches of engineering work, since the number of castings 
used is almost one-half of the total number of pieces used in 
engineering work, while their weight is equal to about one-sixth 
of the weight of all the iron and steel employed. The following 
general hints are therefore offered to assist in this design; but 
each casting is a study in itself, in order that the various desid¬ 
erata referred to may be obtained. 

To Avoid Checks.—The commonest error in engineering 
designs of castings is to make the corners too sharp, which makes 
them very liable to check, because of the crystalline character of 
iron and steel. This is the more important, because the greatest 
leverage comes at the corners, which therefore should be made as 
strong as possible. Metals are crystalline substances and the 
crystals grow during solidification. As solidification usually 
extends from the surface inward, the crystals grow in a direction 
perpendicular to the cooling surfaces. This results in a line 
extending inward from all corners, marking the junction of 
many crystals. As the junction lines of crystals are not so 
strong as the crystals themselves, this makes a line of weakness 
on corners, which is the more marked the sharper the corner is. 
In case a casting is to be machined, it is much better to put a 
large fillet in all the corners, even if the rounded metal must be 
cut away later, as greater strength is obtained in this way. 

The checking of castings comes from the strain produced by 
the contraction of the metal tending to crush the sand. This is 
the more intense the greater the distance between the two crush¬ 
ing parts, because they must approach each other by an amount 
exactly proportional to the length of metal between them. It is 
therefore wise, wherever possible, to avoid long lengths of metal 
connecting two parts which project into the sand. 

Unequal cooling strains will also cause a check. This may be 
illustrated by a pulley with thick arms and a thin face. The 
face will solidify first and therefore yield very little to the sub¬ 
sequent contraction of the arms. Moreover, the face, being 
cooler, will then be stronger and the tendency will be for the arms 
to tear themselves in two. To avoid this it is common practice 
to chill the arms either by setting metallic pieces in the mold or 
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by means of a water gate. A water gate is a loose column of 
coke molded into the sand of the cope, down which water may be 
poured. 

To Avoid Shrinkage Cavities.—The formation of a pipe, or 
shrinkage cavity, has already been explained. Such a defect in a 
casting would be intolerable and is commonly avoided by having 
a reservoir of metal situated above the casting proper and large 
enough to keep it supplied with molten metal until it has com¬ 
pletely solidified. This reservoir is known as the riser, or 
header (sometimes merely head), or feeder. The riser is included 
as a part of the mold when it is made but is cut off the finished 
casting and used over again as scrap. Sometimes castings are 
so designed by engineers that a heavy section of metal must 
be molded underneath a thinner section. As the thinner section 
will solidify first, it cannot 'Teed^^ this lower heavy section; 
and therefore a special form of riser is required, or else the heavier 
section must be artificially cooled. Iron castings usually do 
not form shrinkage cavities, but steel castings must be fed care¬ 
fully to all parts. 

CrpoLA Mklting of Ikon for Castings 

Iron for castings is melted in either the cupola or the air fur¬ 
nace,^ although direct castings, i,e., castings made from the metal 
just as it comes out of the blast furnace, are used in many 
cases, and especially for cast-iron ingot molds at steel works. 
For this practice it is necessary to employ men with sufficient 
expertnees to be able to judge by eye the character and the 
analysis of the liquid iron as it flows from the furnace, because the 
metal may vary greatly and without warning from one cast to 
another. Sometimes, also, metal mixers are used, similar to 
those at steel works. Ford makes automobile-engine castings by 
mixing in a ladle iron taken liquid from his blast furnaces with 
iron from cupolas. Most large modern cupolas have mechanical 
means of charging raw materials, instead of hand charging. 

This promotes speed and economy. 
In the cupola (see Fig. X-13) a layer of iron rests on top of a 

bed of white-hot solid fuel. Air is blown against this fuel; the 
oxygen unites with carbon, and the resulting hot gases, as they 
pass upward, melt the iron. The layer of iron is not deep; it 

' The air furnace is used in gray cast-iron, chilled-iron, and malleable cast- 
iron foundries and will be discussed in Chap. XV. 
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should therefore all be melted in less than 5 to 10 min. During 
this interval the fuel is being consumed also. Now a new 
layer of fuel rests on the bed to replace what has been burned, and 
a new layer of iron on top of that. By correct proportioning of 
the alternate layers of fuel and iron, the new layer of iron will 
occupy exactly the position of its predecessor, this location being 
the melting zone of the furnace. 

Cupola Zones.—The cupola should be so operated that certain 
well-defined zones of action will be maintained, in order that 
rapid, hot, and economical melting will result and that loss by 
oxidation be small. If proper conditions prevail, all of these 
desiderata may be obtained together, while, if otherwise, wasteful 
methods may be accompanied by slow, irregular melting and 
dull iron^ ix., iron not sufficiently hot. 

Crucible Zone.—The crucible extends from the bottom of the 
cupola to the level of the tuyeres. The object of this part is to 
form a place in which the iron and slag may collect after they 
ha^ e melted and trickled down. If the tap hole is kept open all 
the time and the metal allowed to flow out of the cupola and 
collect in an outside ladle as fast as it melts, the crucible zone 
will be very shallow, and the tuyeres will be situated not more 
than 2 to 5 in. above the bottom. If, on the other hand, the 
crucible is used as a reservoir for a large amount of metal, the 
tuyeres are placed correspondingly high. Hotter metal may be 
obtained by collecting the iron in an outside ladle, because it is not 
blown upon by the cold blast, and using the cupola as a reservoir 
is not considered good practice except for short intervals. 

Tuyere Zone.—The tuyere zone is the place in which the blast 
comes in contact with, and bums, the red-hot coke. It is the 
zone of combustion, and all the heat of the operation should be 
produced in this place. It is, of course, situated near the tuyeres 
and wherever the raw blast may come in contact with coke. As 
there is always a column of coke extending to the very bottom 
of the cupola, combustion will begin immediately above the 
reservoir of melted metal. Its upper limit will depend upon the 
pressure of blast, because the greater the blast pressure, every¬ 
thing else being the same, the higher will it extend its zone of 
combustion. The blast pressure should be such, however, that 
the top of the tuyere zone, or zone of combustion, should never 
be more than 15 or 24 in, above the uppermost tuyftres.^ 

^ There are eometimes two rows of tuy^es in oupolas (see Hg, X-15). 
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Melting Zone.—The melting zone is the space in which all 
the melting of iron takes place; it is situated immediately above 
the tuydre zone. During the melting the iron is supported on a 
column of coke, which is the only solid material below the melting 
zone. When each layer or charge of iron enters the melting zone, 
it should be about 15 to 24 in. above the uppermost tuyeres. As 
fast as it melts, it trickles down over the column of coke to the 
bottom. It takes about 5 to 10 min. for each layer of iron 
to melt, however, and during this time the column of coke is 
burning and sinking. Therefore, the last of the iron will melt at 
a point about 7 in. lower than the first. Consequently, the melt¬ 
ing zone overlaps the upper limit of the zone of combustion. If 
the layers of iron and coke are properly proportioned to the 
pressure of blast, each charge of iron will enter the top of the 
melting zone just before the next previous charge is completely 
melted at the bottom, and thus a continuous stream of iron will 
collect in the crucible or run from the tap hole. Also, the coke 
burned from the column will be exactly replenished each time 
by the layer of coke coming down, and the position of the melting 
zone, which is the important consideration, will be maintained 
within constant limits. 

The actual position of the melting zone may always be learned 
when the cupola is emptied, because the iron oxide formed there 
will corrode the acid lining, which will therefore be cut away 
somewhat at this point. Corrections may then be made, if 
necessary, in the next charge of the cupola. For example, the 
bed should be so proportioned that it will extend, after the coke 
is well heated up, to a point about 7 in. above the bottom of the 
combustion zone. The melting zone itself, as indicated by the 
cutting of the lining, should not be more than 8 to 12 in. deep. 

Stack.—The stack extends above the melting zone to the level 
of the charging door. The function of this part of the furnace is 
to contain material that will absorb heat and thus prepare itself 
for the actions at lower levels and that will also keep the heat 
down to the melting zone as well as possible. 

Tuyferes.—^The blast enters the cupola through the tuyeres, of 
which there are usually one or two rows. The lower tuyeres are 
made of iron castings. The opening they make into the inside 
of the cupola should form a practically continuous slot around 
the inner diameter of the furnace. The position of the upper 
row of tuyferes determines the position of the melting zone in the 
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cupola. Two rows of tuyfercs give faster melting in the cupola 
than one row but cause greater oxidation and the consumption 
of more fuel on the bed, because since the melting zone is higher 
in the cupola it requires a larger bed to start with. 

Fia. X-15.—Section of cupola show- Fig. Section of cupola of 60 in. 
ing almost continuous slot for lower inside diameter, 
tuy^jres. The best practice would 
have even less space between. 

Blast.—The blast pressure will depend somewhat upon the 
size of the cupola, but the present prevailing opinion is in favor 
of pressure not exceeding 1 lb., even for the very largest cupolas, 
and diminishing to o'" for the smaller sizes. Fan 
Mowers, although cheaper, are giving place to pressure blowers, 
because, if the former are opposed by pressure in the cupola 
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stack, they revolve without blowing any wind. The common 
type of blower used in America is of the two-impeller type, 
an example of which is shown in Fig. X-17. It takes about 
64 cu. ft. of air to burn 1 lb. of coke,^ from which may be 
calculated the size of blower necessary for each cupola, allowing 
about 50 to 100 per cent excess for leaks and incomplete com¬ 
bustion. The volume of the blast is the real factor in cupola 
melting, and recent cupola improvements comprise volume 
meters to indicate volume as well as pressure. 

Fig. X-17.—Section of positive pressure blower of the two-impeiler typo> 
capable of producing pressures up to 5 lb. or so. The arrows show the direction 
of rotation and intake of air at tK)ttom; exit at top. 

Makers of cupolas and blowers give all the necessary data in 
their catalogues but advocate too high blast pressures and vol¬ 
umes. If the blast volume is too large, or the pressure is too 
great, the position of the melting zone will be too high. This 
means that the bed of coke must be larger to reach to the upper 
level of the melting zone, which is wasteful. It also means that 
the melted iron will have a greater height to drop through. It 
therefore oxidizes more, corrodes the cupola lining more, and 

10 4- 0 » CO. Then 1 lb. carbon requires 1.33 lb. oxygen; « 1.33 X 
12 Id 

11.209 «= 15 cu. ft. oxygen; 1 lb. coke requires 15 X 90 per cent « 13.5 
cu. ft. oxygen; ~ 13.6 -r 21 per cent *= 64 cu. ft. air at 32^F. and 14.7 
lb. per square inch atmospheric pressure. 
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consequently causes more waste of iron and more slag. The 
volume of blast is the most important consideration, but this is 
difficult to measure, so the pressure is often the substitute. 

Loss.—The loss in melting will average about 2 to 4 per cent. 
It is made up of the silicon burned and the iron oxidized and 
carried away in the slag. There are other sources of loss in the 
foundry, such as a second loss of metal rernelted—the sprues, 

risers, etc., which go back to the cupola 
in the form of scrap; metal spilled during 
pouring (which may amount to as much 
as 5 or 6 per cent more), etc. In some 
foundries it is customary to pass the used 
floor sand through a magnetic concen¬ 
trator, in order to recover the pellets (;f 
iron spilled during pouring, and important 
economy is sometimes obtained in this 
way. The total loss, i.e., the difference in 
weight between pig iron bought and cast- 

I iG. X-18.-—Magnetic con- made, will probably be about 7 to 8 

, per cent of the weight of the iron bought. 
Scrap Used.—Scrap pig iron is often mixed with new pig iron 

for the manufacture of castings, both for the sake of economy 
and because the scrap iron has a somewhat closer grain or texture, 
which, increases the strength of the mixture. The amount of 
scrap used will depend upon the materials to be manufactured. 
Cast-iron pipe is usually made without scrap, this industry 
amounting to between 500,000 and 800,000 tons per year in the 
United States alone. Stove foundries, on the other hand, use a 
very large amount of scrap as a rule, and jobbing foundries, in 
general, w^ould probably use an average of 30 to 40 per cent of 
outside scrap, besides the gates, sprues, bad castings, etc., made 
in their own foundries. The total production of gray-iron 
castings in the United States will represent about 75 per cent of 
pig iron plus return scrap, and 25 per cent of bought scrap. 

Cupola Run.—The campaign of an ordinary foundry cupola 
is only 3 or 4 hr. long. As a general thing, the kindling is started 
about noon and allowed to burn with a natural draft until 
shortly after one o^clock, when the breast is closed and the 
blast put on. Metal is then received until four or five in the 
afternoon, when the last charge is melted. The supports are 

then pulled out from underneath the door closing the bottom of 
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the cupola, and the sand bottom, slag, coke, etc., left in the cupola 
is allowed to drop and is quenched with water. In order to allow 
plenty of room for the ^^drop^^ to fall, the cupola is usually 
elevated above the foundry floor. 

Fuel.—The cupola is the cheapest furnace for melting because 
it affords direct contact beUveen metal and fuel. The amount of 
fuel will be from one-fourth to one-twelfth of the weight of the 
iron melted, the former figure prevailing where very much 
steel scrap is mixed with the charge and where exceedingly hot 
metal is desired—e,g., for very small castings for malleable 
cast-iron work—and the latter figure where the melting is 
continued for several hours and the metal is not made very hot 
but is to be poured into large castings. Coke is the commonest 
fuel, with sometimes a mixture of coke and anthracite for the 
bed. 

Cupola Charge.—In the cupola are first placed shavings and 
wood, on top of which is placed the bed of coke, which should be 
large enough to reach 15 to 24 in. above the uppermost tuyeres 
after the kindling is burned off. On top of this is placed a layer 
of pig iron about 6 in. thick, then another layer of coke about 
7 in. thick, another layer of iron, and so on. The actual weight of 
the coke for the bed and of coke and iron for each charge will 
therefore depend directly upon the diameter of the cupola inside 
the brick lining, which varies from about 32 to 120 in., or even 
more in some cases. The weight gf the coke in each layer will be 
about one-sixth to one-twelfth of the weight of iron in each layer. 
The tuyeres and front of the cupola around the tap hole, known 
as the breastj are left open for an hour or so after the kindling 
is lighted, in order that the draft may draw air in at that point 
for combustion. When the kindling is thus burned off and the 
bottom coke well lighted, the breast is closed and the wind 
turned on. It is very necessary that the bed should be well 
lighted and level. More recently it has become common prac¬ 
tice to light the coke bed with a specially designed oil burner, 
instead of kindlings, which saves time and labor. 

Cupola Melting.—The heat now generated by the combustion 
of coke begins to melt the iron, and in less than 15 min. after the 
wind is put on the metal should begin to run from the open tap 
hole. If it takes longer, then the coke bed was too high which is 
wasteful. In 8 to 10 min. thereafter the first layer of iron should 
be all melted. Now the second layer of iron lies upon the column 
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of coke, whose top should again be 15 to 24 in. above the upper¬ 
most tuyeres. If the layers of coke are too thick, there will be a 
delay in the iron's entering the melting zone and the extra coke 
burned will not have been used to the best account. If the layers 

of iron are too thick, the last of the layer will melt too near the 

tuydres, which will oxidize it excessively and make it cold. 1 his 
can be observed during the run by noting if the iron runs first hot 
and then cold. It is very important to watch the flame that 
comes off the top of the stack in the cupola. When the blast 
volume is too large, this flame will be cuttingj i.e.y oxidizing 
in character. Too great oxidation may also be observed if 
sparks of burning iron are projected from the slag hole. If the 
layers of iron and coke are both too thick, there may be a cor¬ 
rect relation between the weights of the two, but both of the 
irregularities mentioned above will be observed. It is probably 
not possible to have the alternate layers of fuel and iron too thin 
if the correct relation between them is maintained. Of course, if 
very hot iron is required, it will be necessary to have thicker 
layers of coke, and slower melting must be expected. 

Chemical Changes.—As the iron drops down over the coke, it 
absorbs sulphur, the exact proportion depending chiefly upon the 
relative amount of coke and iron used and the percentage of 
sulphur in the coke. It will vary from 0.02 to 0.055 per cent 
of the iron; i.e.y if the pig iron charged contained 0.08 per cent of 
sulphur, there will be from 0.1 to 0.135 per cent in the castings. 
The sulphur in the first iron will be higher than in that of the 
middle of the run, because of the extra amount of coke burned 
before the iron begins to come from the tap hole. The last iron 
will also be somewhat higher in sulphur, because there is a larger 
loss of metal daring the last of the run, when the oxidizing con¬ 
ditions are more intense, and therefore a concentration of sulphur. 
The best practice is to cut the blast off progressively as there is 
less stock in the cupola. 

In many foundries it is customary to charge limestone, in the 
form of oyster shells, marble chippings, or crude limestone, and 
sometimes with it a little fluorspar, CaFa, into the cupola. The 
amount of limestone varies greatly but will average perhaps to 
1)4 cent of the weight of the metal. This limestone fluxes 
the dirt on the metal and the ash of the coke and carries off some 
sulphur in the slag. Fluorspar makes a somewhat more liquid 
idag than limestone alone and the more liquid slag is believed to 
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absorb a little more sulphur, and also to make the cupola drop 
more easily, i.e., dump its contents when the campaign is ended, 
and the bottom is allowed to fall. It also cuts the lining more.' 

As the metal melts and falls from the melting zone down in 
front of the tuyferes, it suffers oxidation, which carries iron oxide 

into the slag and also burns up silicon. The melted metal there¬ 
fore contains from 0.25 to 0.4 per cent less of silicon than the origi¬ 
nal pig. ^ In other words, if the mixture charged contains 2.25 per 
cent of silicon, the castings will contain 1.85 to 2 per cent of 
silicon. 

Cupola Gases.—The gases coming out of the top of the cupola 
charge consist principally of nitrogen from the air, while the 
remainder is carbon dioxide and carbon monoxide with some¬ 
times a little free oxygen. Free oxygen is evidence of a cutting 
flame and shows too great oxidation in the melting zone. Such 
a flame may be recognized without the aid of chemical analysis 
after, a little practice by means of the eye. It is sharper^’ 
looking than a richer flame and burns close to the top of the 
stock. One can identify it definitely by holding an iron rod 
in it for a while; after the iron becomes red hot, it will oxidize 
much more rapidly in a cutting flame than in a reducing flame. 
Again, a reducing flame will usually not burn until it becomes 
mixed with the air sucked in at the charging door. All the carbon 
monoxide that goes out of the charge represents incomplete com¬ 
bustion and a waste of heat. It seems to be impossible to prevent 
this here, however, just as in the blast furnace, the operations of 
which cupola melting resembles in some general respects. 

Burdening the Cupola.—It should be the duty of the foundry 
metallurgist or chemist to learn from his records, or other 
approximations, the amount and analysis of all the metal in the 
yard. The table on page 338 will, for example, show a con¬ 
venient form of this record. 

The price should always be in evidence. It should not be the 
price at which the material was purchased but the market pride 
at the time the iron is to be used. For instance, if a large amount 
of high-grade pig iron had been contracted for a year previously 
and if meanwhile the price of pig iron had been rising, the pur¬ 
chase price of that pig iron would not represent its present value. 
Prom the current numbers of such trade periodicals as the Iron 

^ With gcM>d practice it should be no more than 0.30 per cent less. 
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Age and the Steely one can always obtain the prevailing prices 

for the different grades of iron. 
Suppose now with these irons it is desired to burden a 72-in. 

cupola with a mixture for making heavy hydraulic pumps for 

which a satisfactory analysis might be 1.60 per cent silicon, 

0.70 per cent phosphorus, less than 0.10 f)er cent sulphur, and 

about 0.50 per cent manganese. The first step is to calculate 
the cupola charges, and the chemist knows by experience with 

Table X-I.—Sample Foundry Record of Iron in Stock 

Kind 
Weight, 

tons 

Si, 
per 

cent 

S, 
per 

cent 

p, 
per 

cent 

Mn, 

per 

cent 1 

Price 

High sulphur, southern. . . 500 0.70 0.100 1.50 0.30 $18,00 

High silicon, Bessemer.... 60 2.50 0.025 0.07 I 0.60 25 00 

X No. 1. 100 3.00 0.030 ; 0.80 1.25 24 00 

No. 3 foundry. 150 1.75 0.070 0.30 0.60 ! 22 50 

Ferrosilicon A. 30 10.00 0.040 0.50 0.10 35.00 

Ferrosilicon B. 30 50.00 0.003 0.04 105 00 

Machinery scrap. 100 1.70? 0.100? 1.00? 0.60? 19.00 

Miscellaneous scrap. 300 1.50? 0.20? 1.40? 0.60? 15.00 

Cast-iron borings. 100 1.50? 0.20? 1.40? 0.60? 11.00 

Steel scrap. 100 0.10 0.07 0.10 0.60 13.00 

this particular cupola that it will lose 0.25 per cent silicon and 
0.10 per cent manganese and it will gain 0.03 per cent sulphur. 
The average analysis of the mixture put into the cupola must then 
be 1.85 per cent silicon, 0.70 p>er cent phosphorus, less than 
0.07 per cent sulphur and about 0.60 per cent manganese. 
The chemist also knows by calculation that about 5,200 lb. of 
iron will give a layer of the proper thickness in a 72-in. cupola. 
His problem now is to make such a mixture of the available pig 
irons that their collective weight will be 5,200 lb. and their aver¬ 
age analysis as given above. Moreover if he is a good metallur¬ 
gist he must aim at using as large an amount as possible of the 
cheapest materials. 

He first considers the steel scrap. He knows he cannot use 
very much of this because too much coke would be required for 
getting iron of the requisite fluidity, but he estiihates that 6 per 
cent (say 200 lb.) will not increase harmfully the fuel necessary. 
This figure therefore comes at the top of his list (see Table 
x-a). 
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Next he considers the use of machinery scrap, because he knows 
that his miscellaneous scrap and borings are too uncertain in 
analysis to be used in a mixture which must give pretty strong 
and nonporous castings. One thousand pounds of machinery 
scrap would be about 20 per cent of his mixture, and he knows 
from experience that this is a fairly satisfactory proportion, 
so that figure goes down second in Table X-II. The low price 
of the high-sulphur southern pig tempts him, but he realizes 
that he must offset the use of this material by some high-silicon 
low-sulphur iron. And in casting about for such a one he 
naturally considers first the X No. 1. He cannot use much of 
this either because of its high manganese and it seems reason¬ 
able to mix an equal amount of these two. The only question is: 
How much of this mixture will the cupola stand? To get an idea 
of this, he first calculates their average analysis and finds it to 
be 1.85 per cent silicon, 0.065 per cent sulphur, 1.15 per cent 
phosphorus, and 0.78 per cent manganese. Evidently the phos¬ 
phorus is the only element in this mixture that gives him diffi¬ 
culty. Indeed, if that were not high he could make almost 
his whole charge up of these two irons and the scrap. The phos¬ 
phorus in this mixture is 0.45 per cent higher than that of his 
desired mixture. Therefore he knows that he must use a good 
deal of No. 3 foundry iron to bring this element down. The 
phosphorus in the No. 3 foundry iron is about as much below the 
desired phosphorus as that in the mixture of the high-sulphur 
southern and the X No. 1 is above it. He must not forget, 
however, that he has already used 1,000 lb. of machinery scrap 
containing probably 1 per cent of phosphorus. Therefore he 
must use a correspondingly larger amount of No. 3 iron to offset 
this also. As a first estimate he therefore considers using 800 lb. 
of high-sulphur southern, 800 lb. of X No. 1, and 2,400 lb. of 
No. 3 foundry—i.e., once and a half as much No. 3 as the mixture 
of the two others. But a little reflection tells him that this 
mixture is going to be too low in silicon, because the mixture 
of high-sulphur southern and X No. 1 gave us only 1.85 per 
cent of silicon, while the No. 3 foundry and the machinery scrap 
are both below that. There are then three ways open to him* 
He may use a little ferrosilicon A or he may pound up a little 
ferrosilicon B and dissolve it in the ladle of iron or he may use a 
little high-silicon Bessemer iron. Either of these methods would 
do, but the writer would prefer to use the high-silicon Bessemer 
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because this will have Ihe effect of cutting the sulphur and phos¬ 

phorus down and the expense is practically the same. (It 

requires such a small amount of ferrosilicon to give the desired 
silicon in the mixture that the expense of using it is very small, 
in spite of its price.) Consequently we put down the weights 
shown in the second column of Table X-II, and we now figure 
out the weight of silicon, sulphur, phosphorus, and manganese 
in the mixture by the methods indicated there, and the average 
percentage of each element. The latter figures show us that 
the silicon is too low, and a simple calculation shows us that 
we need 5 lb. more in the total weight of silicon. We can get 
this by increasing the amount of either high-silicon Bessemer 

Table X-TI.—Calculation of Cupola Burden 

Analysis, per cent [ Weight of* 

Kind 
pounds 

■■ 

Si Sr r Mn Si S P Mn 

St.eel scrap. 200 0.10 0.07 0.10 0.60 0 2 0.14 0 2 1.2 
Machinery scrap. 1,000 1.70? 0.100? 1.00? 0 60? 17.0 1 00 10 0 6.0 
High<sulphur southern.. 800 0.70 0.100 1.60 0.30 6.6 0.80 12.0 2.4 
X No. 1. 800 13,00 0.030 0.80 !i.25 24.0 , 0.24 6.4 10.0 
No. 3 foundry .... 2,000 T.76 0.070 0.30 0.60 35.0 1.40 6.0 12.0 
High-silicon Bessemer... 400 |2.50 0.025 0.07 0.60 [10.0 0.10 0.3 2.4 

Total weights. 6,200 1 91 8 [3.68 34.9 ' 34.0 • 
Average, per cent** 

1 I 
1.772, 0.071= 0.67* 0.66* 

* Multiply the weight of each kind of material by the percentage of the elements in it. 
• Divide each total weight of element by 5,200 lb. 

or X No. 1 and correspondingly decreasing the No. 3 foundry. 
The high-silicon Bessemer has 0.75 per cent more silicon than 
the No. 3, so it would take (5 lb. 0.75 per cent =) about 
650 lb. change to make up the difference in this way. The X No. 
1 has 1.25 per cent more silicon than the No. 3, so it would take 
(5 lb. -5- 1.25 «) 400 lb. change to make up the difference in 
this way. We naturally would prefer to use the latter, being 
cheaper, and if we think we can stand all that extra manganese 
in our castings we probably will do so; if not, we shall have to 
use altogether 1,000 lb. of high-silicon Bessemer and only 1,400 lb, 
of No, 3 foundry. We then make up a new table similar to 
Table X-II and figure out the average analysis as before, It 
should now come about right. 
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Melting Steel fou Castings 

Steel castings are made in (1) acid open-hearth furnaces, (2) 
basic open-hearth furnaces, (3) small Bessemer converters of spe¬ 
cial design, (4) crucibles, and (5) electric furnaces. The castings 
are made from the metal just as it comes from the steel furnace. 

Open-hearth Furnaces—The making of steel for castings is 
practically the same as making steel for ingots, except that 
foundry furnaces are of smaller size, varying on the average 
from If) to 50 tons. In some cases furnaces smaller than this 
are used, but it is generally believed that circumstances rarely 
warrant this, since the expense of running the small furnaces 
is large in proportion. The chief difference in practice is that 
the temj)erature for steel-casting work is hotter than when 
ingots are made. Therefore furnace repairs are higher and 
the life is ^hurter. In ordinary open-hearth foundry work the 
purification is continued to the point where the steel contains 
about 0.18 to 0.28 per cent carbon after recarburizing, w^hile the 
silicon will be usually 0.20 to 0.30 per cent. 

Acid vs. Basic Open-hearth Steel.—In steel castings it is 
necessary to ha\ e somewhat longer phosphorus and sulphur than 
in ingots, because the metal is not to receive the beneficial effect 
of mechanical work and therefore must be purer in order to 
have a good degree of strength and ductility. Consequently, if 
we use an acid steel-making process, w^e must start wath very low 
phosphorus and low-sulphur pig iron, w hich is costly and becomes 
tnore so each year in America. For this reason the Bessemer and 
the acid open-hearth steel-making processes are more expensive 
for casting work than the basic open-hearth. The result is a 
present rapid increase in the use of basic open-hearth steel in 
America as w^ell as in Germany, and it is now' the predominant 
process for this purpose. This is in spite of the fact that basic 
steel has very serious disadvantages, chief among which are the 
amount of oxygen contained in it at the end of the process and 
the difficulty of keeping the desired amount of silicon in it 
during teeming. Both of these conditions increase the liability 
to blowholes, which are especially objectionable in castings, as 
there is no opportunity of their being welded up and as castings 
may have to be discarded on this account after a good deal of 
expensive machine work has been done. On this account the 
acid open-hearth process long held the predominant position in 
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the steel-casting industry. It is still the only place where the 
acid open-hearth process now finds inip<^)rtant employment on a 

large scale in this country. 
Bessemer vs. Open Hearth.—The open-hearth furnace gives 

a large amount of steel at long intervals, which is very incon¬ 
venient for foundry work, because the molds necessary to take all 
the metal must be stored upon the foundry floor until the heat is 
ready to pour, and then those who are to do the teeming must 
interrupt their other work '2 ihis purpose. 
Even where the foundry is large enough to have many furnaces, 
there is no surety that they will come out at regular and short 
intervals, because the operation in one may delayed. Another 
disadvantage of the open-hearth process is that, in order to be 
economical, it must be operated continuously day and night, 
which also is inconvenient for foundry work. P'urther, it is 
not possible to get the metal as hot as desired without great 
damage to the furnace, which is subjected to a higher tempera¬ 
ture than the metal. Lastly, since hot metal is desirable for all 
castings except those of very large size, it is usually necessary to 
tap all the metal from the furnace at once and recarburize it at* 
once, which prevents castings of special analysis being made, 
unless ordered in very large quantities. Now adays, a great many 
nickel-steel castings are made in open-hearth furnaces, but this 
requires nice calculations, so that the castings molded shall be 
just equal to the capacity of the heat, and usually results in a 
certain amount of scrapping of high-class metal. 

All these objections are avoided in making castings in Bessemer 
converters, but they too have their great disadvantages, chief 
among which is greater cost. The latter is due principally to 
the amount of waste in the side-blown converters used for this 
purpose, and the greater cost of the pig iron used, which must be 
low in phosphorus and sulphur. 

Tropenas Converter,—The largest number of converters for 
steel-casting work are of the Tropenas type, in which the wind 
enters the vessel from seven tuyeres on the side, and the converter 
is tipped in such a manner that the streams of air are deflected 
on to the top of the bath. The impurities are oxidized as in the 
regular Bessemer process, except that the action is not quite 
80 rapid, and the carbon is burned to carbon dioxide instead of 
carbon monoxide (see Table X-IH), which generates a much 
laiger amount of heat: 
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C + 0 « CO (generates 29,160 cal.). 
C + O2 - CO2 (generates 97,200 cal). 

,The pig iron used for these converters runs frequently above 
2 per cent of silicon, and this, together with the formation of 
carbon dioxide, results in very hot and fluid steel, which can be 
poured into castings of almost any small size. The blows usually 

last about 15 to 20 min., and the loss is from 15 to 18 per cent of 
the weight of pig iron charged into the cupola in which it is 

melted. The v^essel can be started up and stopped with very 

little expense, and this advantage over the open hearth, together 
with the small amount of capital necessary to build the converter 

plant and the other conditions already mentioned, has caused 

many of these converters to be installed in America, and se\eral 
in France, England, and other countries. 

The great disadvantages of the Tropenas converter are the 
w'aste and the cost for making repairs. Slight patching can be 
done through the mouth, but there is a hole in the front of the 

converter shell, closed by a movable steel plate, through w^hich 
the operator can dig liis way into the interior to perform the 
necessary repairs. As the lining in the neighborhood of the 
tuyeres is usually w^orn out in less than 20 blows, this costly 
method of lining is a serious draw^back. 

Long-tuyere Converter.—Next to the Tropenas, the greater 
number of converters at work in America are of the long-tuyere, 
or Stoughton, type, devised by the writer. The bottom part 

of this vessel is attached to the trunnion ring by a method similar 
to that used for regular Bessemer bottoms and may be removed 
wdth great ease, thus cheapening and facilitating repairs. More¬ 

over, the chief repairs are in the bottom part at the mouths of the 
tuyeres, and therefore the lining of the upper part does not have 
to be relined completely for several months, although slight 
patching is necessary every 25 to 30 blows, w^hen the bottom is 
changed. This converter is arranged to have but one row of 

tuyeres, discharging the blast immediately at the surface of 

the metal, and the lining on the tuyere side is thicker in order 
that the tuyeres may be increased in length, which decreases 
the loss of metal during the process. The excessive lo^ in 
the side-blown converters is due chiefly to the spitting, which 

is very large, especially when the tuyferes have become worn 



344 THE METALLURGY OF IRON AND STEEL 

away to a short length and the streams of air are badly directed 
and set up interfering currents. 

Another cause of the excessive loss is the large amount of slag 
formed, because more iron is oxidized, and this corrodes the lining 

Fig. X-19.—Sections of long- 

very rapidly. Part of the iron is 
oxidized at the mouths of the tuyt^res, 
and another part is oxidized when the 
violent agitation of the bath, which 
occurs in all of these converters, espe¬ 
cially during the boil, throws the 
metal up into the stack, where it meets 
free oxygen. The loss in the long- 
tuyere modification is 14 to 16 per cent, 
including cupola loss. 

Sizes Used.—Most of the small con¬ 
verters have a capacity of about 2 tons, 
because this is economical and well 
proportioned to the capacity of an 
ordinary foundry. There are some 
4- and 5-ton converters, however, and 
some of less than 1-ton capacity. 
Sizes less than 2 tons are cost ly t o operate 
in proportion to their output. The 
blast pressure usually employed is 3 to 5 

tuyere converter, ^ ^ an average of about 3^4 lb. 

Table X-III.—Analyses of Hide-blown C'onverter Gases 

^ Analyses, * Calculations from analyses, 
^ per cent p<‘r cent 

d 
s; 
o 
"d 

i 

Time after beginning 
of blow 

c;o CO: 

1 ! 

1 ■ 
1 o 

N 1 O 
and! N‘ (enter- 
H 1 iiig 

1 

0 
burning 

Si and Fe 
and Mn 

1 4 min., flame starts. . 0.0 8.2 1.1 90.7 7.1 88.7 23 6 16.5 
2 10 min., boiling. i 0.3 24.3 0.4 75.0 18.3 73 0 19.4 l.l 
3 12 min., shortening*... 0.4 8.8 0 2 90.6 6.8 88.6 23.6 16.7 
4 17 min., aft^r first drop 10.7 13.o!0.2| 76.1 16.8 74T 19.7 3 9 

21 min., end of blow.. 

* ny 4iffereiice, H heintt estimated as 2 per cent, 
> I.e., just before the 6rst drop. There are two drops to the (lame in this opeaatton, the 

eecond marking the end. 
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Electric Furnaces.—Electric furnaces are used more than any 
other type for the manufacture of castings of the highest grade. 

Acid electric furnaces are used for casting work more than for 

making steel for forging, and the practice in general is similar to 
that already discussed in (hap. VII. 
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CHAPTER XI 

THE IRON-CARBON EQUILIBRIUM DIAGRAM^ 

Scientifically considered, all of the members of the iron and 
steel series are alloys of iron and carbon. Therefore a study of 
the general theory of alloys leads to important information upon 
iron and steel. The essential feature of an alloy is that, when 
melted, it shall form a homogeneous fluid. In plain language, 
this means that, when melted, the different components are 
dissolved in one another. Melted alloys, therefore, come under 
the general head of solutions. In fact, the great bulk of our 
alloys, and especially of iron and steel, are produced by first 
dissolving the melted components and then allowing them to 
freeze. The laws governing this freezing, or solidification, have 
been known only a few years; and if this new knowledge has 
made great revolutions in physical chemistry, it has led to no 
less important discoveries in regard to the nature of iron and 
steel. 

Solid Solution.—Suppose, first, we have two metals that are 
soluble in each other when liquid and also when solid. In other 
words, the metals of the alloy will be just as completely dissolved 
in each other after solidification as before. They will then form a 

solid solution,” and a solid solution bears practically the same 
relation to a liquid solution as a solid pure metal does to the same 
metal when liquid. For example, gold and silver dissolve in each 
other when liquid, and also when solid, in any proportion. Con- 

^ Note to Teachers.—Teachers must not expect students and beginners 
to grasp the contents of tliis chapter from the textbook alone. The experi¬ 
ence of the author is that at least two exercises, consisting of lectures, 
conferences, and questions, are required for beginners who have had a 
reasonable amount of general chemistry to understand the equilibrium 
diagram alone. The teacher will find in Albert Sauveur's ‘^Metallography 
and Heat Treatment of Iron and SteeP* a detailed discussion of the subject, 
including the equilibrium diagram of iron-carbon alloys. The essential 
facts of equilibrium changes are contained herewith, but the assimilation 
of these facts and their retention in memory by the ordinary beginner require 
more explanation than is possible in the space available in this chapter. 
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sequently, any solution of these metals will cool to the freezing 
point and then solidify without there being any important change 
(from the metallurgical or chemical standpoint) in the relations of 
the two metals after the freezing. The reason that these solid 
solutions form in any proportion is that the two metals crystallize 
alike. It is, perhaps, a new thought to the reader, but it is never¬ 
theless true, that a metal forms a crystal whenever it solidifies. 
Furthermore, each metal has a particular general shape which its 
crystals assume, and there is almost no force powerful enough to 
prevent them from taking that shape in preference to any other. 

Tiny as the crystals sometimes are—often requiring the highest 
powers of the microscope to reveal them—their cryslalline forces 
are very powerful. If, therefore, two metals do not form like 
crystals, they cannot solidify in solution, t.e., in the same crystal, 
but freezing must be accompanied by separation. When liquid 
steel freezes, it forms a solid solution of iron and carbon. For 
this reason, an understanding of the formation and nature of 
solid solutions is very important to the steel metallurgist. 
Furthermore, alloy steels often freeze as solid solutions of iron 
with the alloying element, such as nickel and chromium. 

By European metallurgists solid solutions are often called 
mixed crystals'^ or ^Msomorphous mixtures,but this termi¬ 

nology is objected to because the relation of two substances when 
dissolved is far more intimate than any mixture possibly could be. 
In a mixture the microscope will always be powerful enough to 
distinguish the different components, but a solution always 
appears like a simple uniform body. Furthermore, the properties 
of a mixture are intermediate between the properties of its com¬ 
ponents, but a solution—either liquid or solid—has some prop¬ 
erties which are different from any of the properties of either of 
its components. Again, the components of a solution are held 
together by chemical forces, while the components of a mixture 
are either not held together at all, or only because of close 
mechanical association. In brief, a solution has some of the 
characteristics of a chemical compound and differs from such a 
compound chiefly because the latter must be composed of definite 
amounts of each component and in some multiple of their 
atomic weights, w^hile a solution may contain widely varying 
amounts of each component. 

Alloys in General.—Alloys are metallic substances having 
properties different from those of their coioponents. For 
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instance, steel is stronger than either of its constituents, iron and 
carbon. Permalloy is more magnetic at low magnetizing forces 
than either the iron or the nickel of which it is composed, while 
^^Heussler's alloy is as magnetic as nickel, although none of its 
components—copper, manganese, and aluminum—is a magnetic 
metal. However, it is in the study of variations in electrical 
conductivity, in hardness, in toughness, in strength, and in 
ductility that a comprehension of the theory of alloys has been 
most helpful. The theory of alloys is difficult to understand; it 
requires more than ordinary intelligence and also the capacity 
of real thought concentration. An understanding of the theory 
of alloys is demanded now in industry, however, from all those 
who intelligently buy and use metals, as well as from those who 
supply them; because commercial metals are alloys on account 
of the impurities wffiich they contain. As little as one one- 
thousandth part of phosphorus in steel w ill ruin its ductility, and 
a few ten-thousandths of carbon will unfit it for the best 
electromagnetic purposes. 

To obtain a first grasp of the subject of alloys, one must 
thoroughly assimilate the knowiedge that alloys are composed of 
crystals, and it is the chemical composition, the size, shape, and 
interrelation of these crystals to one another which determines 
the characteristics and properties of the alloy, much more than 
does the character of the metals wffiich form the alloy. Crystals 
form from a liquid metallic mass when it freezes. What happens 
during the freezing of alloys, therefore, is the first step in deter¬ 
mining their properties. 

Definition of an Alloy.—In industry an alloy is a substance 
formed by the solidification of a metallic solution. If metals 
will not dissolve in each other when molten, they wdll not form an 
alloy when solid. To the eye, an alloy looks like a homogeneous 
union of metals, but under the microscope it is seen to be an 
^**ggregation of crystals and these crystals are sometimes chemi¬ 
cally alike and homogeneous; sometimes they differ from one 
another in chemical composition, and in size, hardness, shape, 
and other properties, such as their individual strength and their 
strength of adherence to one another. 

Iron^^arbon Alloys.—Cast iron and steel are primarily alloys 
of iron and carbon. Therefore the first essential for an under¬ 
standing of the properties of emt iron and/or steel is a com* 
prehension of the theory of alloys, and, since alloys are solutions 
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when liquid, this involves an intelligent understanding of the 
actions which take place when solutions freeze into crystals. 
We shall therefore discuss the general subject of alloys, always 
bearing in mind that it is the alloys of iron and carbon which we 
have especially in mind. The change from the liquid to the 
solid state is evidently a very critical period in determining the 
properties of an alloy. It is, indeed, this study of the freezing 
of alloys which has led to the greatest increase in the knowledge 
of their nature and characteristics. Taking the simplest possible 
examples, the freezing of alloys is classified in four ways, known 
as types I, II, and III. For example: 

1. The molten homogeneous solution changes to a solid 
homogeneous solution. The alloys of gold and silver belong in 
this class. They are soluble in each other in all proportions when 
liquid and likewise soluble in all proportions when solid. The 
microscope reveals crystals of the solid gold-silver alloys, but 
each crystal is identical in chemical composition with every other 
crystal. Some important industrial alloys belong to the class 
which forms solid solutions throughout, although numbering 
perhaps less than one-third of the important alloys. Among 
them may be mentioned the alloys of nickel and copper, iron and 
manganese, gold and platinum, nickel and cobalt, tungsten and 
molybdenum. The freezing of this type of alloys is represented 
by a type of curve show n in Fig. XI-2. 

Freezing of Pure Metals.—If a liquid metal be cooled and its 
temperature be registered by pyrometer, the latter will show 
lower and lower figures until the freezing temperature of the metal 
is reached. Then the temperature will remain constant practi¬ 
cally until freezing is completed, after which it will again fall 
steadily. A so-called cooling cun^^e of this operation is given in 
Fig. XI-1. A cooling curv^e of a solid-solution alloy w^ould be 
somewhat like this except that the line ab would not appear 
horizontal, as explained in Fig. XII-2. 

Equilibrium Diagrams.—Equilibrium diagrams of alloys are 
made up to show the percentages of two components as abscissas 
and temperatures as ordinates. Illustrations of this are shown 
in Figs. XI-3 and XI-4, These equilibrium diagrams are made 
up from a large number of cooling curves, such as those shown in 
Figs. XI-1 and XI-2. A different cooling curve is determined 
by experiment for several alloys of different percentages of 
components, and then the significant points are entered in an 
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equilibrium diagram, as indicated in the explanation underneath 

Fig. XI-3. 

Fio. XI-1.—Freezing-point curve of a pure metal 

Equilibrium Diagram of Solid-solution Alloys.—In order to 
understand the freezing-point 
curve shown in Fig. XI-3, it is 
necessary to read thoroughly the 
legend underneath that figure. 
A freezing-point curve is also an 
equilibrium diagram in so far 
as it relates to freezing. The 
alloys which freeze as solid solu¬ 
tions throughout their entire 
series are known as Type I alloys. 
Therefore the curve shown in 
Fig. XI-3 is the equilibrium dia¬ 
gram of the freezing of Type I 
alloys. The curve is made up 
as follows: The freezing of silver 
is recorded by a pyrometer and 
the temperature at which it 
freezes is indicatedj as exempli¬ 
fied in the line ab in Fig. Xt-1. 

tins temperature is plotted as point D in Fig. XI-3.^ Then 

Fio. XI-2.—Freesiug-pomt curve of a 
solid solution. 
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the freezing of gold is observed and the temperature at 
which it freezes is plotted the point A in Fig. XI-3. Next, 
a liquid solution is taken which contains both silver and 
gold, say, 60 per cent of each. Its freezing is recorded 
pyrometrically and it is seen that the temperature curve drops 
until it reaches same point as x (Fig. XI-2), It then proceeds 
more slowly to the point 7j and continues to drop in a straight 
line. This shows that the alloy containing 50 per cent of gold and 
50 per cent of silver began to freeze at the temperature indicated 

Fiq. XI-3.—Freezing-point curve of alloys of Type I, in which a homogeneous 
(liquid) solution changes to a solid homogeneous solution. The alloys of gold 
and silver. The point A is the freezing point of pure gold; the point Z> is the 
freezing point of pure silver, while the points X and V correspond to the points 
X and i/ in Fig. XI-2. 

by Xj and that the freezing was not all at one temperature but 
continued down to point y. The points X and Y are then 
plotted in the diagram in Fig. XI-3. Following this, other liquid 
solutions are studied and various other points plotted in Fig. 
XI-3. This results in two curves in Fig. XI-3. The upper line 
is the line at which all the alloys begin to freeze. This is called 
the liquidusy because every alloy is liquid above this line. The 
lower line is called the solidus and represents the temperature at 
which the alloys complete their freezing. These lines then 
divide the diagram into three areas: the area AB represents the 
temperatures and compositions where all the alloys are liquid; 
the area CD represents the temperatures and compositions where 
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all the alloys are partly liquid and partly solid; the area ST 
represents the solid alloys. 

It is now evident that each of the alloys belonging to Type I 
is composed of crystals which are chemically all alike. Every 
alloy is a liquid solution in the area ABj and the same alloy is a 
solid solution in the area STy every crystal in each solid alloy 
having exactly the same chemical composition as the liquid mass 
from which it was formed. A very important characteristic of 
these solid-solution alloys is, therefore, that they are composed 
of only one kind of crystal. Every alloy which freezes in accord¬ 
ance with Type I freezing has only one kind of crystal in it. 
(In order to simplify the discussion, the author here intentionally 
disregards the mechanism of freezing, important as this is from 
the theoretical standpoint.) 

T3rpe II Alloys.—The second type of alloys includes those which 
freeze and form two kinds of crystals. These alloys are made up 
of two metals which are entirely soluble in each other when 
liquid but insoluble in each other w^hen solid. When they freeze, 
therefore, crystals of individual metals form. There is no solid 
solution. In the solid state neither metal is soluble in the other. 
Only a few^ metals form alloys of Type II. Just as, in nature, 
there is very little chemically pure w^ater or chemically pure air, 
so in metallurgy it is very rare that any metal will separat/C 
from liquid solution in a pure state. We do not find in any 
alloy of iron, including cast iron, steel, or alloy steels, an example 
of this type of freezing, but we do find examples in the separation 
of iron alloys after freezing. 

A freezing-point curve representing this Tyi>e II alloy is shown 
in Fig. XI-4. This is known as the underlined V curve, for 
obvious reasons. In this cur\^e the area AB represents the 
alloys of different composition which are all molten solutions at 
the temperatures indicated. The areas CD and EF represent 
compositions and temperatures where alloys are partly solid and 
partly liquid. The area ST indicates the entirely solid alloys 
consisting, as before stated, of individual crystals of two kinds, 
each kind being the almost pure metal of the alloy couple. 

Tjrpe ni Alloys.—Very few alloys separate from molten solu¬ 
tion into two pure metals, as described in Type II freezing. 
Nevertheless, the great majority of the alloys separate into two 
kinds of crystals. These crystals are composed of the metals 
which are not pure but which cany with them some part of the 
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alternate metal in the state of solid solution. In other words, the 
two metals crystallize out separately, but the crystals are not 
pure; on the contrary, they contain some of the other metal as a 
solid solution. The alloys of iron and carbon, viz., steel, are 
of this class, although it must be remembered that carbon is not 
a metal. Nevertheless, steel is an alloy, because iron predomi¬ 
nates so extensively in its composition that it is a true metallic 

Freezing Point 
of Pure 

MefalA 

75 50- 
Percentage of Metal A 

25 50 75 
Percentage of Metal B 

Fio. XI-4.—Freojsing-point curve—otherwise known ae equilibrium diagram— 
of alloys of Type II, in which any liquid solution changes on freezing to separate 
crystals of the two constituent metals. 

body. Brass, bronze, duralumin, and almost all the important 
industrial alloys form crystals on freezing which are solid solutions 
but with a limit to the amount of dissolved metal that can be 
retained in the solid state. The freezing-point curve of this type 
of alloy is shown in Fig. XI-5. For simplicity’s sake, consider 
Fig. XI-5 as a sort of combination of Figs. XI-3 and XI-4. In 
other words, redraw Fig. XI-5 to the curve shown in Fig. XI-6, in 
which the dotted lines indicate those alloys which form solid 
solutions, and the full lines indicate the freezing of alloys exactly 
in accordance with the principle of the Type II alloys, except 
that the crystals that are in t^ solid alloys in the area ST will 
not be crystals of pure metals but crystals of solid solutions of 
metals. In other words, there will be two typ«a of crystals, each 
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Fig. XI-5.—Equilibrium diagram of the freezing of alloyd of Type III, in 
which each licjuid solution changes into either one or two solid solutions. In 
area MN there is only one solid solution in each alloy. In area &T there is 
only one solid solution in each alloy. In area OR there are two solid solutions 
in each alloy, solid solutions consisting of a saturated solution of metal B in 
metal A and of metal A in metal B. 
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FiO. XM.—Kqutlibrium diagram of Type III alloyst redrawn from Fig. XI-5* 
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type being the solid solution of one metal with a saturating 
amount of the other metal dissolved in it. The whole area MN 
will represent solid solutions of metal A, containing different 
amounts of metal £ up to a limit of 23 per cent. Likewise, the 
whole area OR will represent solid solutions of metal B with vary¬ 
ing amounts of metal ^4 up to a limit of 26 per cent. Then all the 
solid alloys in the area ST will consist of crystals of metal A 
in solid solution with 23 per cent of metal B and of metal B in 
solid solution with 26 per cent of metal A. 

Freezing of Iron-carbon Alloys.—Iron and carbon form a series 
of alloys which freeze in accordance with Type III alloys. In 
other words, the iron and carbon are in solution in the liquid 
state, and, when they freeze, the iron crystallizes with carbon in 
it in solid solution up to a limit gf 1.7 per cent of carbon. We 
may exemplify this as follows; 

1. If low-carbon steel, containing about 0.10 per cent of carbon, 
be produced in a furnace, as, for example, a Bessemer converter, 
and the metal is poured into ingots, it freezes into crystals which 
are all alike; viz.j they are crystals of a solid solution containing 
99.9 per cent of iron and 0.1 per cent of carbon. 

2. If structural steel is made in an open-hearth furnace and 
contains when molten 0.25 per cent of carbon, it will, upon 
solidification, form a series of crystals which are all alike and 
each one a solid solution of 99.75 per cent of iron and 0.25 per 
cent of carbon, (In this case, as well as in the preceding one, 
we have neglected impurities which will normally be in the metal. 
These impurities will, of course, form crystals of their own in 
combination with iron or other elements, but they may tem¬ 

porarily be neglected in discussing this subject.) 
3. Likewise a liquid steel containing 1 per cent of carbon will 

form a solid mass of crystals, all alike, and all being solid solutions 
of iron with 1.00 per cent of carbon in them. 

4. Likewise a file steel containing 1.50 per cent of carbon will 
solidify into crystals of solid solution containing 1.50 per cent 

of carbon. 
5. This principle prevails until we get more than 1.70 per cent 

of carbon. Liquid iron which has more than 1.70 per cent of 
carbon dissolved in it will form crystals of a solid solution con¬ 
taining 1.70 per cent of carbon, but there will be more carbon 

than the solid solution can contain^ and therefore there will 
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be more than one kind of crystal. We shall discuss these alloys 
at a later point. 

Definition of Steel.—In view of this difference in freezing 
between liquid iron alloys which contain any amount of carbon 
up to 1.70 per cent and iron alloys which contain more than 1.70 
per cent carbon, the definition of steel has now been established 
as: an iron alloy which solidifies from a liquid mass into only one 
kind of crystal, viz.y the solid solution of iron and carbon. Thus 
steel may contain any amount of carbon up to 1.70 per cent, such 
as 0.03, 0.15, 0.30, 1.00, and 1.70 per cent. It is true that there 
are certain special metals, used for special purposes and made in 
only very small amounts, which contain more than 1.70 per cent 
of carbon, and which are bought and sold as steel, but they do 
not come under the strict definition of steel and there is so little 
of them made that we may disregard them in this connection. 

Distinction between Steel and Wrought Iron.—Wrought iron 
also contains less than 1.70 per cent of carbon, and usually less 
than 0.12 per cent of carbon. But the characteristic feature of 
wrought iron is that it contains when it solidifies about 1 or 2 per 
cent of slag mixed with it in solid particles. The proportion 
of this slag is very much larger than the proportion of impurities 
of all kinds customarily associated with steel and especially 
occluded bodies similar to slag. The presence of the particles 
of slag differentiates wrought iron from steel. 

Distinction between Steel and Cast Iron.—Gray cast iron 
normally contains about 3 to 3.50 per cent of carbon, but some¬ 
times it is melted in electric furnaces or air furnaces and oxidized 
until its total carbon is as low as 2 to 2.50 per cent. In other 
cases steel scrap is melted with the cast iron and its total carbon 
reduced, the object being in all cases to get cast iron of higher 
strength which accompanies lower carbon. Malleable cast iron 
has frequently as low as 2.50 per cent of carbon. This leaves 
a sort of a no man^s land in the iron-carbon alloy series between 
the highest carbon usually contained in steel (which is generally 
1.50 per cent) and the lowest carbon customarily found in 
ijommercial cast iron (which is about 2 per cent). The exact 
line of demarcation is, however, 1.70 per cent of car1x)n. 

IVeezing of Steel.—^All the steels freeze as solid solutions. 
Let us consider a solution of 99.5 per cent of iron and 0.5 per cent 
of oarbon at 1650®C. This cools until it meets the line AF in 
Pi|. XI-7^ and now it pomitiences to solidify. For a few decrees 
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of temperature it is part liquid and part solid, but by the time 
it has fallen to a temperature where it meets the line AE, it has 
become entirely solid, and it is now a solution of 0.5 per cent of 
carbon in iron. Consider next a solution containing 99 per cent 
of iron and 1 per cent of carbon. When this cools to the tem¬ 
perature where it touches the line AF, it commences to solidify 
and it is in a partly liquid and partly solid condition until it 
crosses the line AE^ upon which solidification is completed and 
it now becomes entirely a solid solution of 1 per cent of carbon 
in iron. The same actions take place with an alloy containing 
98.3 per cent of iron and 1.7 per cent of carbon. In all these 
alloys we finally arri\'e at a solid solution of carbon in iron, 

2732^ 
*5) 
X 

2552S 
X 

2372g 

L. 

2192^ 

y 20)2 
1% Corbon ' 2% Carbon 3% Carbon 4% Carbon 

Fio. XI-7.—Freezing of the alloys of iron and carbon. 

and the solid solution always consists of identical crystals, each 
of which contains the same proportion of carbon as was contained 
in the liquid alloy. In the freezing of solid solutions there is 
always an effect known as selective freezing, whereby a metal 
tends to solidify out of a liquid solution in a somewhat purified 
condition.^ The reason for this is that any element will freeze 
at a higher temperature when in a purer condition. Conse¬ 
quently, the first crystal to freeze will be almost pure iron, the 
next will have a little more carbon in solid solution, the next 
still a little bit more, and so on. The result is that, theoretically^ 
a solid solution after complete freezing is composed of a myriad of 
crystals with slightly different proportion of components. In 

^ The formation of the solid solution from the liquid solution is discussed 
in detail in Professor Howe's 'Tron, Steel and Other Alloys/' hut it requires 
too much space to be discussed here. For our purpose it is suHicient to 
know that, when freeaing is completed, we have a solid solution of all the 
oat’bon in all of the iw>n. 
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the case of iron and carbon, however, the carbon atom, which is 
relatively small in size, will migrate rather easily through a solid 
solution at a temperature above a red heat. In this way carbon 
tends to travel from those crystals in which it is higher in pro¬ 
portion to crystals in which it is lower. Therefore there tends 
to be an equalization of composition in the iron-carbon solid 
solutions, so that the practical effect is that the carbon is almost 
uniformly distributed throughout all the crystals of the solid 
solution within a few seconds after freezing is complete, provided 
the carbon in the metal is low. The unequal distribution of 
carbon, which we have already discussed under the head of 
Segregation, is more likely to be observed in the case of tool 
steels having about 1 per cent of carbon. In the case of 90 
per cent of all steels made we may safely say that the carbon is 
uniformly distributed throughawit the crystals of the solid 
solution in the same proportion as it existed in the liquid mass. 
To this solid solution the name of austeniteis given, and this 
name applies no matter how much or how little carbon is in solid 
solution. In other words, all steels are in the condition of 
austenite as soon as their solidification is complete. 

Theoretical Freezing of Cast Iron.—Figure XI-7 is drawn to 
illustrate the freezing of iron-carbon alloys. This diagram is 
somewhat simplified for explanation purposes and should be 
used only in this connection. More accurate data are given in 
Fig. XI-9. The freezing of cast iron is illustrated by the top- 
heavy lines to the right of 1.7 per cent carbon. All the alloys 
in the area between the lines AB and AEB are mixtures of 
liquid solutions and solid solutions. All the alloys below 
the line AEC are completely solid. Let us illustrate the freez¬ 
ing of cast iron by considering a liquid alloy which is cooling 
down the line shown at 3 per cent of carbon. When this alloy 
cools to the point where it meets the line FB, it begins to sepa¬ 
rate out solid crystals. Each of these crystals will consist 
of iron containing 1.7 per cent of carbon in solid solution. The 
more this alloy cools, the more solid-solution crystals will 
be formed and the less liquid alloy will be left. Each of these 
solid crystals will contain 1.7 per cent of carbon. Since the 
liquid alloy contains 3 per cent of carbon and the solid crystals 
ooutain only 1.7 per cent of carbon, there is going to be rela¬ 
tively more carbon left in the liquid mass in direct propor¬ 

tion to the amoiint of solid crystals that freeze out. We may 
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illustrate this as follows: If wc assume a liquid alloy of this 
analysis weighing 100 lb., this will contain 97 lb. of iron and 3 lb. 
of carbon. Suppose the alloy cools until it contains about 
20 lb. of solid crystals and 80 lb. of metal still liquid. The solid 
crystals will contain 19.66 lb. of iron and 0.34 lb. of carbon 
(== 1.7 per cent). The liquid metal will contain the difference, 
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^11 / \ 
Solid . xj/ 
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Fig. XI-7A.—Micrograph at 100 diameters of a piece of iron-carbon alloy 
containing 5 per cent of carbon at one end and practically zero carbon at the 
other end. {Sample prepared and micrograph made by W, P. Sykes.) 

A sample of almost pure iron was made to contain about 6 per cent of carbon on the 
surface, decreasing in carbon content by almost regular intervals until it contained prac¬ 
tically zero carbon at a point 0.036 in. below the surface. It vrm cooled as rapidly as pos¬ 
sible, in order to prevent any changes in its primary crystallization after solidihcation. It 
was then photographed microscopically to show its structure. It will be noted that it 
consists entirely of solid solution at a carbon concentration of 1.7 per cent, with gradually 
decreasing proportions of solid solution and increasing proportions of eutectic structure, 
until it is entirely eutectic at 4.2 per cent of carbon. With less than 1.7 per cent of carbon, 
there are seen to be patches of Fe*C or ferrite, as the case may be, except just at 0.86 per 
cent of carbon. The reason for this is that no cooling method has yet been discovered rapid 
enough to prevent some decomposition of solid solutions of iron and carbon as they cross 
the Unes ES or SG in Fig. XI-8. 

viz., 77.34 lb. of iron and 2.66 lb. of carbon, which is 3.3 per 
cent of carbon. When the alloy has cooled to the line SB, 
which is a temperature of 1140°C., it is at that temperature when 
everything remaining liquid must freeze before any further 
cocSing takes place. At this point the alloy will contain approxi¬ 
mately 46.8 lb. of solid solution crystals and 53.2 lb. of liquid. 
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The solid crystals will contain approximately 46 lb. of iron and 
0.8 lb. of carbon, leaving 51 lb. of iron and 2.2 lb. of carbon in 
the liquid solution. This corresponds to approximately 4.2 

per cent of carbon in the liquid, which is the maximum propor¬ 
tion of carbon that liquid iron can dissolve at a temperature 
of 1140®C. The liquid iron has now reached its limit of satura¬ 
tion in carbon at the temperature of 1140°C. and also the lowest 
temperature to which it can go without freezing. If it cools 
further it all solidifies at once, as distinguished from the progres¬ 
sive solidification which took place when the solid-solution 
crystals were freezing out of it. To summarize: the solid solution 
will separate from the liquid solution by degrees until the liquid 
solution has been so concentrated in carbon that it is saturated 
at the temperature prevailing. To continue our illustration: 
the 53.2 lb. of liquid metal now solidifies into 24.4 lb. of solid- 
solution crystals, each containing 1.7 per cent of carbon and 
28.8 lb. of cementile crystals, each containing 6.7 per cent of 
carbon. To sum up: the 100 lb. of liquid alloy with which we 
started has now solidified to produce about 71 lb. of solid-solution 
crystals and 29 lb. of cementite crystals, which shows by calcu¬ 
lation 97 lb. of iron and 3 lb. of carbon. 

The lines FB and BD represent equilibrium between tempera¬ 
ture and the amount of iron or carbon, respectively, that will 
saturate a liquid solution. Let us take another example: If 
a liquid alloy containing 5 per cent of carbon l)e allowed to cool 
until it reaches the point D in Fig. XI-7, it will then commence 
to separate out crystals of cementite. Each of these crystals 
will contain 6.7 per cent of carbon. If we had 100 lb. of liquid 
alloy to start with, then, by the time this alloy had cooled to 
the point C, it would have separated out 34.1 lb. of cementite 
crystals, which would contain 2.3 lb. of carbon and 31.8 lb. of 
iron. This leaves in the liquid state a solution containing 63.2 lb. 
of iron and 2.7 lb. of carbon (== 4.2 per cent of carbon). The 
temperature will now be 1140®C. With any further cooling, 
all the liquid part of the alloy would solidify into 31 lb. of solid- 
solution crystals (1.7 per cent of carbon) and 34.9 lb. of 
cementite crystals. In summary, we have about lb. of 
cementite (containing 4.5 lb. of carbon) and 31 lb. of solid solu¬ 
tion containing 0.5 lb. of carbon. 

If we start with a liquid alloy which contains 4.2 per cent of 
carboni it will cool unintemipt^ly to the point B before it will 



THE IRON-CARBON EQUILIBRIUM DIAGRAM 361 

begin to freeze, but at that temperature it will all freeze into about 
48 per cent of solid-solution crystals and 52 per cent of cementite 
crystals. This alloy is known as the eutectic alloy, because it 
is the alloy which cools to the lowest temperature without any 
solid crystal being formed, Eutectic^’ comes from a Greek 
word meaning ^*well melting,’' because when heated it reaches 
an entirely melted condition at a lower temperature than any 
other pure iron-carbon alloy. 

Summary.—To sum up, then: all the solutions of iron and 
carbon containing less than 1.7 per cent of carbon will consist, 
after solidification, of a solid solution of iron and carbon having 
the same chemical composition as the original liquid solution, and 
being a solution of one in the other. ' There can be no eutectic 
form if there is not more than 1.7 per cent of carbon. All the 
solutions with more than 1.7 per cent of carbon will consist, 
after solidification, of a eutectic together with a certain amount 
of previously precipitated cementite or of previously precipitated 
saturated austenite, as the case may be. 

Graphite in Commercial Cast Iron.—The reactions described 
above will yield in each case a cast iron containing cementite, i.c., 
white cast iron. It would seem then that gray cast iron is an 
anomaly, and this is indeed the case: pure iron and pure carbon, 
slowly cooled, will never yield a gray cast iron, 2.c., a cast iron 
with 2 or 3 per cent of carbon in the graphite form. To secure 
such a product we must add other elements to the mixture, 
such as silicon, for example. Since commercial cast irons always 
contain graphite when slowly cooled and tend to contain com¬ 
bined or dissolved carbon when rapidly cooled, it has been main¬ 
tained that austenite-graphite is the normal eutectic, and that 
austenite-cementite is the metastable condition. But recent 
researches indicate that austenite-cementite always forms in 
alloys of pure iron and pure carbon, and that graphite can be 
obtained only by means of the presence of some other element, 
such as silicon. It is silicon, then, which produces gray cast 
iron, and commercial cast iron depends on silicon to make it 
gray instead of white. Figures XI-17 and XI-18 show the 
fractures of white cast iron and gray cast iron, respectively. 
The gray cast iron is gray because, when it breaks, it breaks 
through the middle of the crystals of weak graphite and therefore 
its fracture shows almost entirely graphite surfaces on both 
sides. We may then summariaie this part of the subject by 
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saying that purity of the iron-carbon alloy and rapid cooling 
keep the carbon in dissolved form. Rapid cooling keeps the 
carbon in dissolved form even in the presence of small amounts 
of silicon. This is illustrated in the chilling of cast iron, for 
which see pages 363 and 321. But silicon of more than 1 per 
cent will usually bring out some graphite, even with a moderately 
rapid rate of cooling. We must always bear in mind that carbon 
is all in solution in iron in the liquid state: normal freezing of a 
pure alloy brings it out of solution as cementite; rapid cooling 
may hold some of it in solution in the solid (frozen) state; but 
silicon tends to bring it out of solution as graphite—to make 
gray cast iron, in other words. To make malleable cast iron 
(see Chap. XV), we have enough silicon in the iron to cause 
precipitation of graphite, but this precipitation is first suppressed 
by rapid cooling. Later we ^^anneaL^ the castings and graph¬ 
ite is precipitated in the frozen mass. Without the presence 
of some silicon, iron castings would not anneal to bring out 
graphite. 

Effect of Silicon on Freezing.—Silicon tends chemically 
to precipitate graphite. Also it pushes the point B in Fig. XI-7 
to the left, so that we would have to draw a new diagram to 
represent the reactions when iron contains vsilicon. When blast 
furnaces are making iron with 1 to 3 per cent of silicon and only 
3.50 to 4 per cent of carbon, the point B is situated well to the 
left of 3.50 per cent of carbon, and graphite separates from the 
iron as it runs molten out of the furnace. This graphite, or 
*‘kish,^' blows in flakes and settles over the sand and parts of 
the furnace. This represents carbon separating on cooling of 
the iron below the line JSZ>, and above the line BC where the 
iron becomes entirely solid. Strangely enough, more than 3 
per cent of silicon has the contrary effect and causes carbon to 
separate as cementite, instead of graphite, so that gray iron is 
not produced by silicon above 3 per cent. 

Effect of Sulphur on Freezing.—Sulphur has the opposite 
effect from that of silicon: it tends to hold carbon in the combined 
form or, if not that completely, to increase the amount of carbon 
in solution and to cause cementite, instead of graphite, to pre¬ 
cipitate. It pushes the point B in yig. XI-7 to the right, and its 
effect is fifteen times as strong as that of silicon, so that sulphur of 
0.06 per cent will counteract the effect on carbon of silicon of 
0.00 per cent. 
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Gray Cast Iron VS. White Cast Iron.—-It is now easy to com¬ 
prehend why silicon and sulphur and the rate of cooling give 
the metallurgist control over the production of gray or white 
iron at will. By adjusting the silicon, sulphur, and rate of 
cooling in the molds, we can get cast iron which is white on the 
outside, where it cools rapidly in contact with a cold mold, and 
gray on the inside. This is called ^'chilled cast iron/^ It has 
a hard outside and an interior structure which is not brittle. 

The Solid Solution of Iron and Carbon.—We have seen that 
every alloy of iron and carbon contains, after solidification, a 
varying amount of the solid solution of iron and carbon. For 
example, if we started with 0.5 per cent of carbon, then, immedi¬ 
ately after solidification, we should have a solid solution of 0.5 
per cent of carbon in iron; if w^e started with 1 per cent of carbon, 
we should have a solid solution containing 1 per cent; if we 
started with 1.7 per cent of carbon, then w^e should have a solid 
solution of 1.7 per cent of carbon. Even if w^e start with more 
than 1,7 per cent of carbon, then the alloy, after solidification, 
will consist partly of a solid solution containing 1.7 per cent of 
carbon and partly of cementite, FesC. 

Now what becomes of these solid solutions which make up a 
part or a whole of the cast iron and steel alloys when they freeze? 
Does the carbon remain in solid solution dow n to the atmospheric 
temperature, or does it precipitate, or does it undergo some other 
change? We find by experiment that the solid solutions do not 
survive but precipitate at a lower temperature, and the laws 
governing the decomposition of these solid solutions are similar 
to the laws governing the decomposition of liquid solutions— 
e,g., the iron-carbon solutions. In short, we have another 
series of curves showing the selective precipitation of the con¬ 
stituents of these solid solutions, and the only difference between 
the nature of these curves and the freezing-point curv^es is that 
these represent changes taking place in the solid state, while 
the freezing-point curves represent changes taking place in the 
liquid state. 

Nature of the Solid Solution.—The solid solution of iron and 
carbon might be a solution of pure carbon in iron, or a solution of 
a carbide of iron in iron, e.?., of cementite in iron. Several 
authorities hold this view, while others maintain that the solution 
is of elemental carbon in iron. The question is of more academic 
than practical interest. The important thing is that, when the 
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Fig. XI-S.—Constitutional diagram of pure steel (t.c., alloys of pure iron with 
pure carbon). The lines in this figure represent equilibria and changes which 
occur on cooling. They are therefore at a somewhat lower temperature than 

corresponding lines in Fig. XI-9. 

The abscissas in these graphs represent percentages of carbon. The ordinates in the 
rectangle in the lower part of the ngure represent percentai^es of crystalline constituents. 
If, for example, it is desired to estimate the crystalline constituents of an alloy of 0.20 per 
o^nt carbon; at the abscissa of 0.2, where it meets the link BK, the ordinate is seen to bs 3 per 
cept. This tells that the alloy in question will contain 3 per cent of total Fe»C. Flowing 
the same practice to the line .4^ it is seen that the alloy contains 97 per cent of Fe. If, 
instead, it is desired to learn the percentage of large crystals of Fe and of small ci^Btais of 
both Fe and FesC, the line EB is used. Follow up from the abscissa of 0.2 and it m seen 
that the alloy is composed of 76 per cent of large crystals of Fe and 24 per ^nt of the ecm- 
fflomerate called jpearlite. Now, pearlite consists of one-wghth Fe»C and seven-eighths 
(87.26 per cent) We. Therefore, the alloy of iron with 0.2 per cent carbon is oompoeed of 
76 mt cent large crystals of Fe, 21 per cent small crystals of Fe, and 3 per cent sinau ci^stals 
ol FeaC. FdTowing the Same practice it may be ascertained that the^aUoy with 0.86 pw 
cent of carbon will contain 100 per cent of pearlite, and therefore 87.26 per cent small 
crystals of Fe and 12.75 per cent small crystals of FeiC. ykewisc, the a«Qy of 1.2 pw 
emit Qsrb^ will consist ot about o pm cent large crystals of Fe«C, IS per cent of small crystals 
of FesO. and 82 per cent small crystals of Fe, 



THE IRON-CARBON EQUILIBRIUM DIAGRAM 365 

solution decomposes, it is carbide of iron which precipitates. 
Those who believe that the solid solution is composed of elemental 
carbon and iron explain the precipitation of the carbide by main¬ 
taining that, when the carbon separates from solution, it immedi¬ 
ately unites with iron and forms a carbide, cementite. With 
this explanation the author will hereafter, for simplicity's sake, 
discuss the solid solutions as if they were cementite in iron. 

1600 

A 
1500! 

Fio. XI-9.—Equilibrium diaKram of iron-carbon alloys. These lines repre¬ 
sent equilibria and changes which occur on heating. They are therefore at a 
slightly higher temperature than corresponding lines m Fig. XI-8. 

Decomposition of the Solid Solutions.—The curves of decom¬ 
position of the solid solutions are shown in Fig. XI-8. The 
line GS is the line upon which there is selective precipitation of 
pure iron. To this pure iron the name of “ferrite” has been 
given by Professor Howe, and this name meets with universal 

acceptance. 
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Consider, first, a solid solution containing 0.55 per cent of 
carbon at a temperature of 850®C. This will be at the point o in 
Fig. XI-8. It will cool until it reaches a temperature of about 
720°C., upon which ferrite will begin to precipitate. As the 
temperature continues to fall, more and more ferrite precipitates, 
which impoverishes the solid solution in iron and causes it to 
travel down the line GS. By the time the temperature has 
reached 690°, the solid solution has reached the point S, corre¬ 
sponding to 0.85 per cent of carbon. 

Fig. XI-10.—Changes in structure of steel during cooling from above the 
critical range. The large white crystals shown in the left-hand bands represent 
Fe, which begins to separate out at 900®C. when the carbon is extremely low. 
The thinner white crystals in the right-hand bands represent the FeaC, which 
begins to separate out from the solid at 1140®C. when the carbon is 1.70 per cent. 
The banded structure is the solid left by the precipitation of the excess Fe or 
excess FeaC, as the case may be, separated into minute banded crystals of Fe 
and FeaC. {Howe, “ The Metallography of Steel and Cast Iron,'* 1916.) 

Consider, next, an alloy containing 1.30 per cent carbon at 
1100°C. This will be above E, It will cool until it reaches 
a temperature of about 975°, at which carbide of iron, FeaC, will 
begin to precipitate. This precipitation continues as the tem¬ 
perature falls, constantly decreasing the amount of carbon in 
the solid solution, which therefore travels down the line ES 
until, at 690°, it reaches the point S, where there is 0.85 per cent 
of carbon in solution. 

A similar precipitation will take place with all of the solid 
solutions of iron and carbon: If they contain less than 0.85 per 
cent carbfm, they will begin to precipitate out ferrite when they 
fall to the line GS, If they contain more than 0.85 per cent 
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of carbon, they will begin to precipitate carbide of iron when they 
meet the line ES. In either case, the residual solid solution will 
travel down the line GS, or else ES, until it reaches the point 
S when the temperature has fallen to 690°C.; we shall then have 
some solid solution left containing 0.85 per cent of carbon and 
mixed with this some previously precipitated ferrite or cementite, 

as the case may be. 

Fio. Xr-l.'?.—Pearlite and ferrite. Fio. XI-14.—Pearlite and cementite. 

260X. ' 250X. 

Eutectoid.—The alloy containing 0.85 per cent of carbon is 
known as the “eutectoid alloy,” a name invented by Professor 
Howe to indicate that the formation of this alloy, which results by 
selective precipitation of the solid solution, is similar to the forma¬ 

tion of the well-known eutectics of liquid solutions. When this 
eutectoid solid solution cools below 890“C., it is decomposed 
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into its constituents, ferrite and cernentite. These constituents 
precipitate in tiny flakeleis, which arrange themselves in the 
banded structure already familiar to us as the structure of 
eutectics. A magnified view of the structure is shown in Fig. 
XI-11 and 12, while Fig. XI-13 shows the magnified structure 
of a piece of steel composed of a eutectoid together with previ¬ 
ously precipitated ferrite; and Fig. XI-14 shows the structure 
of a steel consisting of the eutectoid with previously precipitated 
cernentite. 

It will be evident that there will be some of the eutectoid in 
every piece of iron or steel, for even the cast irons contain, after 
solidification, a certain amount of solid solution which precipi¬ 
tated while the liquid alloy was traveling down the line AB 
or during the freezing of the liquid eutectic (containing 4.2 per 
cent of carbon) or both. The formation and characteristic of 
this eutectoid are therefore of very great importance. Its 
presence in iron and steel was known long before the theories that 
the author has outlined in this chapter had begun to bd under¬ 
stood, and the name of ^^pearlite^’ was given to it because, under 
certain circumstances, it has the appearance of mother-of-pearl. 
The name pearlite is used only to designate the eutectoid after 
its complete decomposition and the separation of the ferrite and 
cernentite into the banded structure shown in Fig. XI-12. 

Iron and Cernentite in Steel.—The proportion of iron and 
cernentite in steel may be read off from the diagram in the lower 
part of Fig. XI-8. The method of doing this i& explained below 
the diagram. Instead of total iron and total cernentite, we may 
read from the diagram the proportion of excess iron and the 
eutectoid pearlite or the excess of cernentite and the eutectoid 
pearlite. We again emphasize here that excess iron is in terger 
crystals than the iron occurring in pearlite. The excess cernentite 
is also in larger crystals than the cernentite occurring in pearlite. 
These facts are shown in Figs. XI-13 and XI-14. We also 
emphasize again that small crystals of iron and cernentite occur 
in every steel, but that we never have together in any one steel 
an excess of both iron and cementito. 

A graphic representation of the temperatures at which large 
crystals of iron or else large crystals of cernentite separate from 
the solid solution as the steel cools is shown in Fig, XI-10. This 
figure also shows that nothing but small crystals of iron and small 
crystals of cernentite separate from the solid solution which 
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contains just 0.85 per cent of carbon. In this figure the black 
area represents solid solution and the sections are arranged in 
such a way as to approximately represent the slope of the lines 
in Fig. XI-8. The figure AS corresponds to the change which 
occurs in pure iron at G and in alloys along the line GS, in Figs. 
XFS and XI-O. 

The Most Soluble Alloy.—A solid solution consisting of 99.15 
per cent of iron and 0.85 per cent of carbon will cool to approxi¬ 
mately 690'"C. (1274°F.), without decomposing. But at this 
temperature the alloy will precipitate (being in a solid state both 
before and after precipitation) into separate crystals of iron and 
cementite. There are many interesting things about this alloy 
which contains 0.85 per cent of carbon: it is the strongest alloy 
of iron and carbon, and it is the only one composed entirely of 
extremely small crystals. Then, to repeat, the only solid solution 
which will cool to as low a temperature as 690° is the one con¬ 
taining 99.15 per cent of iron and 0.85 per cent carbon. Every 
other alloy in the steel series wdll undergo a change before cooling 
to 690°C. 

Cooling of a Structural Steel.—If a structural steel, containing 
99.75 per cent of iron and 0.25 per cent of carbon, is manufactured 
and solidified in the usual way, it will be a solid solution of its 
two components. But this solid solution will not remain in the 
state of chemical solution to as low a temperature as 690°C. 
When it reaches a temperature of approximately 875°C., it 
reaches the lowest temperature at which so large a proportion of 
iron will be held in solid solution. Any further cooling will 
result in the separation of iron crystals out of the mass. Then 
the piece of steel at yellow heat will consist of crystals of solid 
solution, and disseminated through these crystals will be sepa¬ 
rated grains of iron. This will continue as the cooling progresses, 
there being a constantly increasing number of grains of iron 
among the solid-solution crystals, until 690°C, is reached. At 
this point there w ill be a mixture of a solid solution containing 
0,86 per cent of carbon and grains ol iron. The proportion of 
carbon in the solid solution and in the grains taken together will 
be 0.25 per cent, but practically all of this carbon will be in the 
solid-solution component and the iron grains will be almost free 
from it. This situation will exist only as long as the metal 
remains at 690°C. It cannot cool below this point without a 
separation of the solid solution into crystal of iron and cementite. 
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And so we shall have the following sequence: (1) a solid solution 
exists immediately after freezing; (2) crystals of iron separate 
out from 876° down to 690°C.; (3) at 690°C. there is a separation 
into iron and cementite of the solid solution from which these 
crystals of iron had separated previously. A microscopic section 
of such an alloy is shown in Fig. XI-13. The large white meshes 
are the grains of iron which separated between 875 and 690°C.; 
the gray portions show the conglomerate consisting of tiny 
crystals of iron and cementite, which separated out at 690°C. 
One must observe carefully in this connection that the large 
grains of iron are those which precipitated out between 875 and 
690°C., and the small grains of iron (as well as the small grains 
of cementite) are those which precipitated at 690°C. We 
may summarize this somewhat as follows: If we have 10,000 lb. 
of a solid solution containing 9,975 lb. of iron and 25 lb. of carbon 
(roughly 0.25 per cent), it will be a solid solution above 875°C. 
On cooling below 875°C., this solid solution will precipitate out 
crystals of iron. Note that this is the precipitation of a solid 
mass in a solid mass, no part of the alloy being liquid. When 
the alloy has cooled to 690°C., about 7,000 lb. of iron wdll have 
separated out, leaving a solid solution containing roughly 
2,975 lb. of iron and 25 lb, of carbon (0.85 per cent). When this 
cools below 690°C., the 3,000 lb. of solid solution will break up 
into approximately 375 lb. of cementite and 2,625 lb. of iron. 
The final alloy will, therefore, contain approximately 7,000 lb. of 
large crystals of iron, approximately 2,625 lb. of small crystals 
of iron, and approximately 375 lb. of crystals of cementite. 

The Cooling of File Steel.—When steel for files, containing 
1.50 per cent of carbon, is first frozen, it is a solid solution of iron 
and carbon. When it cools, however, it soon reaches the tem¬ 
perature where so much carbon cannot be held in solid solution. 
This results in the separation of grains of cementite, and, since 
cementite contains a relatively large proportion of carbon, the 
amount of carbon remaining in the solid solution becomes progres¬ 
sively less. When 690°C. is reached, the file steel is composed 
of part solid solution containing 0.85 per cent of carbon and part 
of cementite, containing 6.67 per cent of carbon. To summarize 
again: let us assume a solid solution containing 985 lb. of iron 
and 16 Ib. of carbon at a temperature of 1100°C. When this 
cools below 1060°C., crystals of cementite begin to separate from 
the solid solution. When a temperature of 690°C. has been 



THE IRON-CARBON EQUILIBRIUM DIAGRAM 371 

reached, there have separated from the original 1,000 lb. of 
solid solution approximately 110 lb. of cementite (containing 
somewhat over 7 lb. of carbon), leaving 890 lb. of solid solution. 
When these 890 lb. cool below 690°C., they separate into about 
113 lb. of cementite and 777 lb. of iron. The original 1,000 lb. 
of solid solution at 1100°C. will, after cooling to atmospheric 
temperature, consist of 110 lb. of large crystals of cementite, 
113 lb. of small crystals of cementite, and 777 lb. of small crystals 
of iron. 

The Seven Most Important Rules concerning the Formation of 
Structures in Steel.—It will help all those w^ho are learning to 
follow the grain formations in steel to memorize the following 
seven rules: 

1. Steel, when molten, is a liquid chemical solution of iron and 
carbon. 

2. All liquid iron-carbon alloys, up to 1.7 per cent of carbon, 
freeze as solutions of carbon in iron in the solid state. 

3. The only solid solution of iron and carbon which will cool 
unchanged as far as 690®C. is the one containing 99.15 per cent 
of iron and 0.85 per cent of carbon. 

4. All solid solutions with more than 0.85 per cent of carbon 
cause cementite to crystallize out until the solution remaining 
when the alloy cools to 690®C. contains only 0.85 per cent of 
carbon. 

5. All solid solutions with more than 99.15 per cent of iron 
cause iron to crystallize out until the solid solution remaining 
when the alloy cools to 690®C. contains only 99.15 per cent of 
iron. 

6. At 690°C., every solid solution of iron and carbon decom¬ 
poses into grains of iron and of cementite. 

7. Grains which crystallize out at temperatures above 690®C, 
are large; grains which crystallize out at 690°C. are relatively 
small. 

Slow Heating and Slow Cooling of Steel.—It is understood that 
the description of what happens when steel is cooled refers to 
cooling slowly enough to permit the different changes to occur in 
a normal way. Each change requires a few moments of time, and 
a normal result is not obtained unless the proper time is given to 
complete the normal change. It is also understood that a reverse 
change to that described in each case occurs when the steel is 

heated. 



372 THE METALJAIRGY OF IRON IV/) STEEL 

Summary as to Steel All steels contain liny eiyslals of iron 

and of c(*mentitc That steel 

which contains 0 85 per cent 

of carbon is composed entirely 

of these tiny crystals Steels 

with less than 0 85 per cent 

of carbon will contain the tiny 

crystals of iron and cernentite 

and also some lar^^er crystals, 

which are of commercially 

pure iron, the less the amount 

ot carbon, the gieiter will be 

the piopoition of large crys- 

t ds of iron, is (omjiared with 
Jii XI 10 Iron cxrlxn Ih \ (on ai x i i 

tuning i()pr()Mm it( 1\ 4 per ant of tiny Ciyst ils On the 

carbon and showing x large iniount of othei hand, steels With more 
eutectu stnutiire (II r.Harut/) au f\ or i r i 

than 0 85 pei cent of cirbon 

will contain the tiny crystals of non and tcmentite, is well 

Flo XI-10 —Eutectic structure of iron and carbon As indicated oH the 
micrograph, the eutectic is sometimes called Ledebunte after the famous cast- 
iron metallurgist {Boy M Allen ) 

as some large crystals of cernentite; the more the carbon, 
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the greater will be the proj)ortion of large crystals of cemen- 
tite. This is illustrated in Fig. XI-8, which should be carefully 
studied with the legend underneath it. 

Fic?, XI-17.—Fracture of white cast iron. 

Iron and Cementite in Pure, White Cast Iron.—It is desirable 
to emphasize again that crystals of iron and cementite occur in 
every iron-carbon alloy, and this includes cast iron as well as 
steel. It will be remembered 
that cementite precipitated 
from freezing, 

so decom- 
by and 

The dis- 
described the 

1.7 p>er 
carbon occurs every 

we have also 
learned that solution 
begins to lose some cemen- 
tite as soon as it cools below 
1140°C., losing it progressively ^ray cast iron, natural 

until we reach 690®C., when 
it has only one-half as much carbon dissolved in it, taz., 
0.85 per cent instead of 1.7 per cent. Therefore all pure, white 
cast irons will contain cementite which separates out during 
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freezing;, and also btdween 1140 and GOO'^C., and additional 
cementite which separates out at 690°C\ 

Graphite in Commercial Cast Iron.—Silicon tends to cause 
graphite to precipitate, instead of cementite, not only during 
freezing but also when the solid solution decomposes at tem¬ 
peratures between 1140 and 690°C. When the silicon is between 
1.50 and 3 per cent, and the range for cooling is controlled 
suitably, we may have gray cast iron in which there are no large 
flakes of cementite. In Fig. XI-19 we see a micrograph of gray 

cast iron containing about 2.6 
per cent of silicon and showing 
only crystals of graphite, large 
crystals of iron, and pearlite. 
There are no large crystals of 
cementite whatsoever. 

Changes on Heating.— As in 
the case of the liquid solutions, 
the changes already described 
above in connection with the 
cooling of the solid solutions 
are reversed on heating. The 

VT to . temperatures at which the 
Fig. aI-19.—Micrograph of gray cast ^ 

iron containing 2.0 per cent of silicon, reverse changes occur on heat- 
Etched in 1 per cent picrai. 500X. however, are somewhat 
The only constituents showing are , , , 
graphite, ferrite, and pearlite, {Charhs higher than the corresponding 
A. Turner, Jr.) change on cooHng, unless both 

cooling and heating be very slow. In other words, the chem¬ 
ical changes seem to lag behind the temperature changes. With 
extremely slow heating and cooling, the lag is but slightly 
perceptible, and the various changes and reversals take place 
at almost the same temperature, but with the rates of cooling 
usually employed in research laboratories at steel works, 
there is a difference of about 20'" between the temperatures 
of the changes in the different directions. It is customary to 
plot the curves as in Fig. XI-8, showing temperatures on cooling, 
and that method has been adopted here. 

The Full Iron-carbon Equilibrium Diagram.—The full diagram 
of freezing and subsequent chemical separation in the solid of 
the alloys of iron and carbon from 0 to 5 per cent of carbon is 
shown in Fig. XI-9. The lines in this figure represent the tem¬ 
peratures at which the changes take place on heating, instead 
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of on cooling as shown in Fig. XI-8. The lines are therefore at 
a slightly higher temperature in Fig. XI-9 than in Fig. XI-8. 
It should be noted that this diagram includes only the iron- 
carbon alloys up to 5 per cent of carbon, which is about 75 per 
cent of cementite. Iron alloys containing as much as 100 per 
cent of cementite have never been obtained. Theoretically, 
liquid iron should continue to dissolve carbon until we have, at 
6.67 per cent of carbon, 100 per cent of cementite. Actually, 
however, we must raise the temperature of the liquid iron more 
and more in order to get more carbon dissolved in it; and before 
we reach the temperature where iron will dissolve 6.67 per cent 
of carbon, the heat is so high that iron begins to volatilize. 
For this reason alloys have never been prepared to enable us to 
dra\v the diagram at carbon concentrations higher than 5 or 
6 per cent. 

Solubility of Carbon in Ferrite.—When iron separates from the 
solid solution in the critical range between 900 and 700°C., it 
does not come out absolutely free from carbon but drags with it 
about 0.03 per cent of carbon. After it cools from 700°C., 
it tends to deposit some of this carbon along the lines shown 
l)etween P and N in Fig. XI-9, so that it contains normally 
about 0.015 per cent of carbon at atmospheric temperature. 
While this amount of carbon is apparently insignificant, it, 
nevertheless, has a very appreciable effect on the magnetic per¬ 
meability of the metal, as has been shown by Dr. T. D. Yensen. 

Definitions.—In connection with the equilibrium diagram in 
Fig. XI-9 we should call attention to certain names there used 
and explain their meaning. Austenite designates a solid solution 
of carbon in iron. The name is used for any solid solution 
whether it contains as little as 0.03 per cent of carbon or any 
other amount up to 1,7 which is the normal limit. Carbide 
indicates cementite. In this di^tgram we speak of a solid solution 
of carbide in gamma iron, but we have already said that it is a 
matter of controversy whether the solid solution is of the carbide 
or elemental carbon. Eutectic is the name given to the alloy 
which in cooling remains longest in liquid solution without 
precipitation. That is to say, it is the alloy containing 4.2 per 
cent of carbon. Immediately after the alloy has frozen, this 
liquid eutectic appears as an intimate mixture of smi^ll crystals 
in a cellular structure as indicated in Figs. XI«15 and XI-16. 
The name eutectic is given to this solidified alloy as well as 
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to the liquid alloy of most soluble proportions. Eviectoid is the 
most soluble solid solution. It contains 0.85 per cent of carbon. 
It is the alloy which will cool to the point S without precipitating 
either ferrite or cementite. After this alloy has been precipitated 
into its components (iron and cementite) it also has a banded 
structure similar to that shown in Fig. XI-11. This is also 
called the eutectoid, but is more commonly called pearlite after 
the solid solution has broken down and the banded structure 
shown in Fig. XI-11 is in evidence. Ferrite is the crystal of 
iron which separates from the solid solution. Theoretically it 
is pure iron but actually it is always contaminated by impurities 
in industrial steels. Cementite is another name given to the 
carbide, FeaC. 

Roberts-Austen.—The diagram of Fig. XI-9 is often known as 
the Roberts-Austen diagram, after Sir William Roberts-Austen, 
because the cooling curves that located the lines were first deter¬ 
mined in his laboratory. However, the diagram in Fig. XI-9 is 
very greatly altered from the original graphs offered by Roberts- 
Austen. We also have reason to believe that even this does not 
represent all the changes which occur in the iron-carbon alloys 
at different temperatures. Furthermore, there is a controversy 
as to whether it is cementite or graphite which precipitates under 
stable conditions of slow cooling when the eutectic free2ses, and 
also along the line BD. This discussion belongs to a more 
advanced treatment of the subject than is possible in the space 
afforded in this book. 

Names Given to These Diagrams.—This type of diagram is 
known as the constitution diagram^ because it shows the constitu¬ 
tion of each alloy after it has cooled slowly. It is also called the 
equilibrium diagramj because the lines in it are loci of points at 
which two phases are in equilibrium. In other words, the lines 
represent the places where one phase changes into another phase, 
on heating or on cooling, as the case may be. 
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CHAPTER XII 

THE CONSTITUTION OF STEEL 

The properties of steel depend upon the chemical composition 
of its constituents as well as upon their size and relation to one 
another. Enough has been said to show that steel is not a 
simple homogeneous union of iron with varying proportions of 
carbon, silicon, manganese, etc., but is built up of individual 
crystals somewhat in the same way as crystalline rocks are 
formed—granite, for example. But w'hile the crystals of granite 
are generally visible to the naked eye, and its structure may 
therefore be determined by a more or less cursory examination, 
the structure of steel is visible only by means of the microscope 
and after careful polishing, sometimes follow ed by chemical treat¬ 
ment to differentiate between the various grains. Nevertheless, 
the structure of steel is of great importance and in some cases, 
perhaps, is even more so than the chemical composition. 

The Microconstituents of Steel 

In this chapter we shall speak only of slowly cooled steel except 
where the contrary is indicated. We have already learned 
that slowly cooled steel must necessarily contain ferrite and 
cementite, resulting from the decomposition of the solid solution 
of iron and carbon. In all steels containing less than 0.85 per 
cent of carbon there will be small crystals of iron and cementite, 
together with large crystals of iron. In all steels with more 
than 0.85 per cent of carbon there will be small crystals of iron 
and cementite together wdth large crystals of cementite. There 
are no steels which have large crystals of both iron and cementite 
at the same time. There are also other constituents which are 
found under the microscope or separated by chemical analysis, 
or in both ways. These last constituents are compounds of 
iron with various other impurities, such as iron sulphide, iron 
phosphide, and iron silicide; or of two impurities with each 
other, such as manganese sulphide. 

Ferrite.—Ferrite is theoretically pure iron, and especially iron 
free from carbon. It is weak as compared with several of 

378 
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ihe other constituents, having a tensile strength of 38,000 to 
90,000 lb. per square inch, depending on heat treatment and 
extent of working in the cold. It is very soft, ductile, and 
malleable. The effect of cold work on hot-rolled iron of 99.99 
per cent purity, which is almost pure ferrite, is shown in Fig. 
XII-1. It is especially to be noted that the softness and ductility 
fall off rapidly at first and then remain almost constant with 
added cold treatment. This characteristic is true also of the 
reduction of area, not shown in the figure, which starts with about 

Fig. XIl-1.—Effect of mechanical working at atmospheric temperature on the 
properties of electrolytic iron of 99.99 per cent purity. 

60 to 70 per cent, falls to 30 to 40 per cent, and then decreases 
only very slowly with further cold work. On account of this 
behavior, pure iron may be rolled or drawn cold to small sizes 
without intermediate annealings. Ferrite has an elongation of 
40 to 50 per cent in 2 in. when in its softest condition. It has a 
very high electrical conductivity as compared with the other 
constituents of iron and steel, and about one-sixth the con¬ 
ductivity of copper and silver, the best conductors known. 
(Copper and silver are of nearly the same conductivity.) Its 
magnetic force is the highest of any known substance; its mag¬ 
netic permeability is high, and its hysteresis low. It crystallizes 

in the isometric system. 
Ferrite is an important constituent of all steels and the pre¬ 

dominant one in all the low-carbon steels. The largest industrial 
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product approaching‘ferrite is wrought iron, if we disregard the 
slag, which, being mechanically mixed with the mass, does not 
appreciably alter its chemical and physical behavior. It is for 
this reason that wrought iron is so useful where a soft and ductile 
material is necessary, as in boilers, for instance; or where high 
electrical conductivity is demanded, as in telegraph wire; or a 
high degree of magnetism, as in the cores of electromagnets. 
The wrought iron made in Sweden, and known as Norway iron,'^ 
is preferred for this latter purpose, on account of its purity. 

Under the microscope, ferrite may be distinguished from 
cementite by its softness. If steel containing these two con¬ 

stituents be polished on damp, 
rough parchment or on chamois 
skin stretched over a soft back¬ 
ground (as wood), the ferrite will 
wear aA\ay below the carbide and 
appear in intaglio. The same 
effect will be obtained by Os¬ 
mond’s ‘^polish attack.” Ferrite 
is also distinguished from carbide 
of iron by the fact that, after 
being subjected to the brief action 
of certain reagents, such as 2 per 
cent of nitric acid or ordinary 
commercial tincture of iodine, 

the ferrite is seen in darker grains and the carbide in bright thin 
plates, unattacked by the reagent. Sodium picrate etching 
solution will color cementite dark and leave the ferrite bright. 
When the two are intimately associat-ed in minute grains, as in 
pearlite, the carbide appears bright and the ferrite dark, because 
eaten away below the surface by the reagent. 

Allotropic Modifications.—There is one peculiarity of pure 
iron, or ferrite, which deserves special attention, viz.^ its ability 
to assume different allotropic modifications at different tem¬ 
peratures. The alpha modification is normal at atmospheric 
temperatures. It is the soft variety of ferrite with which we are 
familiar and has high magnetic permeability. The magnetic 
permeability of this alpha iron decreases, however, as its tem¬ 
perature increases until, when we reach a temperature of about 
TdO'^C., the permeability is only about one-half as great as it was 
at atmospheric temperature. If the temperature be raised 

Fio. XILZ—Big cementite crystal 
in pearlite. 250 X. Polished in 
relief. 
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further, there is a sudden loss of the remaining 50 per cent of 
the magnetism, so that the iron, at a temperature of about 770®C. 
has about the same magnetic permeability as that of copper or 
lead or other so-called nonmagnetic methods. This change is 
accompanied by-an absorption of heat within the metal. Fur¬ 
thermore, if the iron at 770°C. be cooled, it will undergo a 
reverse change. That is, it will evolve heat and will regain the 
magnetism which it lost at 760°C. It was taught that this 
change in the properties of iron indicated the formation of a new 
allotropic modification and that alpha iron was said to change to 
beta iron at about 760°. However, the definition of allotropic 
modification has been changed owing to the great importance 
of the space-lattice structure of metals. 
Alpha iron is known to have the so- 
called body-centered space-lattice struc¬ 
ture. That is to say, all its atoms are 
arranged in cubes, with one atom at each 
corner of the cube and one in the center, 
as indicated in Fig. XII-3. In other 
words, alpha iron has nine atoms to each 
space lattice. Millions of these space 
lattices are joined together in regular 
geometrical form to produce a crystal. 
As all metals assume a crystal in form when solidifying, all the 
atoms will be associated in space lattices and each metal will have 
its own characteristic space lattice with uniform geometrical pat¬ 
tern and the same distance always between atoms, provided that 
the metal is in the normal, or annealed, condition. Alpha iron is 
made up entirely of body-centered space lattices at atmospheric 
temperature. The form of the space lattice does not change 
when the iron undergoes a sudden change in properties at 760°C. 
So, rightly or wrongly, the assumption that alpha modification 
changes to beta modification is ignored by many metallurgists. 

But if pure iron be heated to a temperature of about 890°C., 
it undergoes a change in its space lattice. The body-centered 
speuse lattice, with 9 atoms to a lattice, changes to a face-centered 
space lattice, shown in Fig. VII-4. In the face-centered lattice 

we have 14 atoms to a space lattice. The size of the cube is 
somewhat different from that of the body-centered space lattice, 
and there is a slight change in volume of the piece of iron m a 
whole when it is heated from below to above the temperature of 

Fig. XII-3,—Space lattice 
of alpha iron. 



Fig, XII-6.—American in^;ot iron. This iron contains almost no carbon, and 

is therefore almost pure ferrite. 100 X. 

directly with the speed of heating and cooling. In changing 
from the body-centered iron to the face-centered iron there is a 
contraction in the volume of the metal in a ratio of about 10:9* 
In the reversed change on cooling, after we change from the face- 
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890®C. At the same time it changes some of its physical proper¬ 
ties, notably its electrical conductivity. The iron above 890°C., 
with the face-centered space lattice is known as the gamma 
allotropic modification. It is nonmagnetic and the striking 

difference between it and the alpha 
modification is that it normally forms 

/ \ /Y j a solid solution with carbon. If pure 
\ gamma form about 890°C. 
p allowed to cool, it will undergo 
j V'' the reverse changes which have already 
j been described as those having taken 

, place on heating. In other words, the 
Fig. XII-4.—Space lattice of change from one allotropic change to 

gamma iron. another is a reversible change, taking 

place in one direction on cooling and in the opposite direc¬ 
tion on heating. The change on cooling takes place at a 
slightly lower temperature than on heating. This is not 
because it is other than a true reverse action but because the 
change in either direction is necessarily slow and lags a little 
behind the temperature. The amount of this lag will vary 
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centered to the body-centered lattice, there is a corresponding 
expansion. 

If pure iron be further heated to 1400°C., it changes again from 
the face-centered lattice to the body-centered lattice, and it 
retains this body-centered lattice form until it melts at 1535°C. 
The body-centered iron existing above 1400®C. has been some¬ 
times called the delta allotropic modification. Others call it 
the alpha modification, because 
its space lattice is the same as 
the alpha modification existing 
at atmospheric temperature. 
A great difference exists, how¬ 
ever, between the body-cen¬ 
tered iron above 1400®C. and 
iron with the same space lattice 
below 890°, viz., that the body- 
centered iron at the high tem¬ 
perature is nonmagnetic, and 
also it will hold carbon in a 
solid solution up to a limit of 
0.07 per cent, while the body- 
centered iron below 890°C. will 
hold a maximum of only 0.03 
per cent of carbon. 

Cementite.—The carbide of 
iron is, next to ferrite, the 
most important constituent of ^ ^ 

j .11 11 r 1 —Crystals of cementite 
steel, and practically all of the surrounding crystals of pearlite. 500 X. 

carbon is present in this form. iHanemann and Schrader.) 

Cementite is very hard and brittle, scratching glass with 
ease and flying into pieces under a blow. It crystallizes 
usually in thin flat plates, which are large in size (some¬ 
times up to 3^ in. in diameter) when there is much cement¬ 
ite present. It is less attacked by reagents than most of the 
other constituents and is in this way distinguished under the 
inicroscope. It is a little diflicult to distinguish, by microscopic 
evidence alone, between steel consisting of pearlite with a slight 
excess of cementite and steel consisting of pearlite with a slight 
excess* of ferrite. The practiced eye can usually tell; but a 
chemical analysis readily distinguishes, since steel with less 
than 0.8 per cent of carbon will have excess ferrite over 
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pearlite, and that with more than 0.9 per cent will have excess 
cementite. 

A solution of sodium picrate, made by dissolving 2 grams of 
picric acid in 98 cc. of a 25 per cent solution of NaOH in water 
if used for 5 to 10 min. at a boiling temperature on a polished 
sample will color cementite dark, leaving pearlite light. 
Cementite contains 6.6 per cent of carbon or, roughly, is 
one-fifteenth carbon. AVe may therefore tell the amount of 
cementite in any steel by multiplying the amount of carbon 
by 15.^ Cementite may be separated from steel by electrolysis. 

It is magnetic at ordinary 
temperatures but not above 
2SQW (466°F.). 

Manganiferous Cementite.— 
Manganese forms a carbide 
having the formula MnsC. 
This is isomorphous with 
cementite, and we often find 
the two carbides together in 
one crystal. The name cemen¬ 
tite is still applied to this 
crystal, although it must be 
recognized that a part of the 

Fro. XII-7.—Particles of manganese • ^ r u,. 
sulphide elongated in the direction of been replaced by 
rolling. Etched in 5 per cent nitai. manganese. The formula for 

tte compound is ucually writ- 
by Everett L. Reed, published by John ten(FeMn)3C. The amount of 
waey & Sons, Inc.) manganese in these crystals is 

very variable, running almost all the way from 0 to 80 per cent. 
As manganese has an atomic weight almost the same as that of 
iron (Mnss, Fese), one weight of manganese will replace almost 
exactly an equal weight of iron in the crystal. The peculiarity 
of the manganiferous cementite is that the crystals of free 
cementite are liable to be larger, especially when the proportion 
of manganese is large, and are seemingly harder and more 
difficult to machine. 

Manganese Sulphide.—^Manganese and sulphur unite to 
form manganese sulphide, having the formula MnS, and this 

^ In other words, steel containing 0.5 per cent of carbon will contain 7,5 
per cent of cementite; steel containing 1 per cent of carbon will contain 15 
par cent of cementite; etc, 
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compound is found in all steels. Indeed, all of the sulphur 
will be found in this combination, provided there is enough 
manganese in the steel to unite with it. It is necessary to have 
more than the theoretical amount of manganese for this purpose, 
however, because unless there is a surplus present the manganese 
does not seem to catch it all. Steel should therefore always 
contain about four times as much manganese as sulphur, because 
it is advantageous lo have the sulphur all in the form of man¬ 
ganese sulphide. 

Fio. XII-8.—An almost perfectly formed crystal of MnS found in a sample 
of oast iron 3,000 X Note the particles of some other compound (perhaps 
silicates) enclosed in the MnS crystal. {Roy M. AlUn ) 

Manganese sulphide is seen under the microscope as a dove- 
gray substance before the polished material is etched with any 
reagents. It is usually segregated in round drops, which are 
sometimes, if large in size, seen to be elongated by the rolling 
or hammering of the material (see Fig. XII-7). 

Manganese tends to make the crystals of steel smaller, which 
is advantageous but makes the metal more liable to crack in 
heating and still more so in cooling suddenly from a red heat. 

Iron Sulphide.—^The bulk of the sulphur not united with tl» 
mangan^ will be found in the form of iron sulphide, FeS. This 
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iron sulphide is more brittle than manganese sulphide, and, 

instead of coalescing in drops, it spreads out in webs or sheets. It 

is therefore very weakening to the steel, because the area of 

weakness is more extensive than the tiny spots of manganese 

sulphide. Steel containing iron sulphide is liable to show poor 

tensile test and low ductility. It is at the rolling temperature, 

however, that iron sulphide produces the greatest weakness. 

These facts explain the well-known beneficial effect of manganese 

in counteracting the damage due 

to sulphur in iron and steel. 

Iron Phosphide.—Iron forms 

at least one phosphide, ha\'ing 

the formula Fe^P, and this phos¬ 

phide forms with iron a series of 

alloys, of which the eutectic con¬ 

tains 64 per cent of iron phosphide 

(10.2 per cent of phosphorus) (see 

Fig. XII-9). Even 1 per cent 

of phosphorus will make the melt- 

Fiu. xii-9.—Eutectic of FcmP and ing point of iron very much 
acid ^ i^^tched y^ith pitnc ^nd it is for this reason that 

foundry irons are often desired 
with a high content of phosphorus. Even where there is a 
smaller amount of phosphorus, there will be some of the phos¬ 
phorus eutectic formed, and this remains in a molten condition 
for some time after the bulk of the steel has solidified. This 
liquid eutectic tends to migrate to the spaces between the 
crystals, where it remains after solidification and forms a very 
brittle network, which naturally makes the whole mass more or 
less brittle. For these reasons, phosphorus is the greatest source 
of brittleness in steel, and especially brittleness under shock, 
and is thus a great enemy to the engineer and other users of the 
material. 

Besides forming the eutectic, as has been described, phosphorus 
tends to produce coarse crystallization in steel, and this makes 
it both weak and brittle. ‘ It is a fact observed many times that 
the embrittling effect of phosphorus on steel is much less when 
the steel is very low in carbon, and as the carbon rises the brittle- 
nem caused by phosphorus rises. This and other effects of 
phosphorus have been explained by Prof. J. E. Stead in two 
very able papers. He has shown that a little phosphorus will 



THE CONSTITUTION OF STEEL 387 

dissolve in ferrite and that then the eutectic which produces the 
brittleness will not form; but as the carbon in the steel increases, 
it precipitates the phosphorus from the ferrite solid solution 
and therefore causes the eutectic to form. Hence the more 
ferrite and the less cementite in steel, the less will be the brittle¬ 
ness produced by phosphorus. 

Iron suicides.—There seem to be three or more silicides of 
iron, but the one having Ihe formula FeSi seems to be found 
most commonly in steel. It appears to increase very slightly 
the strength of steel and also, to a limited extent, its hardness. 
The chief importance of silicon, however, as already pointed out, 
is in promoting soundness. 

Iron Oxides.—Oxygen occurs in steel in at least three forms: 
carbon monoxide, FeO, and F02O3. In any form its presence 
is very harmful, producing brittleness in both hot and cold 
steel, besides causing the liability to blowholes already dis¬ 
cussed. There is probably no constituent more harmful to 
steel than oxygen, and unfortunately the chemists are far behind 
in not yet having found a satisfactory method of rapidly deter¬ 
mining small traces of this gas. The effect of oxygen is somew^hat 
similar to that of sulphur and, in common parlance, makes the 
steel rot ten. 

Nitrogen and Hydrogen.—Both nitrogen and hydrogen occur 
in steel, and one of the theories to explain the superiority of 
crucible steel is based upon the relative freedom of this material 
from these two gases. The amount of nitrogen and hydrogen 
present is usually very small. Hydrogen dissolves very easily 
in iron at a high temperature but is evolved in part as the metal 
cools. In order to obtain entire freedom, how^ever, it is necessary 
to heat and cool several times in vacuo. Nitrogen is important 
in connection with arc wielding, when a needle-like constituent 
appears, which is thought to be a crystal of iron nitride. 

The Strength of Steel 

The properties of steel most commonly desired are strength 
and ductility. Unfortunately there is more or less incompati¬ 
bility between these two. That is to say, as the strength of steel 
increases, the ductility usually decreases; and, conversely, as the 
ductility increases, the strength usually decreases. There are 
other properties of steel which are likewise of importance, either 

because they are desired or the reverse. Among these we shall 
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especially discuss hardness, brittleness, electric conductivity, 
magnetic permeability, magnetic hysteresis, permanent magnet¬ 
ism, and weldability. Pure iron has a tensile strength of about 
38,000 lb. per square inch, when in its softest condition, at which 
the ductility is great, being approximately equal to that of 
copper (see Fig. XII-1), and the malleability is equal to or greater 
than that of copper. Different authorities give varying estimates 
of the compressive strength, from 55,000 to 80,000 lb. resistance 
of a 1-in. cube. The variation depends largely on the opinion of 
the observer as to what constitutes the limit of “yielding'’ to 
compression, and this problem would seem to resolve itself into a 
matter of civil engineering rather than of metallurgy; t.e., a 
question of strength of columns of different sizes and design, 
rather than the strength of a 1-in. cube of the metal. The 
strength of iron is increased by the presence of several ingredients 
customarily accompanying it in industrial use, but the most 
important strengthener is carbon, because this will increase its 
strength with the least decrease in ductility. 

The steel manufacturer must work to meet the specifications of 
the civil, mechanical, electrical, or chemical engineer, as to 
strength, ductility, hardness, lack of brittleness, resistance to 
shock, etc. And, because the usual tests are admitted not to be 
perfect safeguards, the latter is permitted by custom to limit the 
percentage of such dangerous ingredients as sulphur, phosphorus, 
and (under certain circumstances) manganese. As the work of 
the chemist advances, it is also probable that upper limits may be 
placed on the allowable percentage of oxides and other inclusions, 
as well as oxygen, hydrogen, nitrogen, carbon monoxide, and 
other gases. But it is now generally recognized that, beyond 
this point, the purchaser has no right to trespass on the work 
of the metallurgist, who should be permitted to put into his 
product the proportion of carbon, etc., which will give the 
desired qualities. This agreement has been achieved in America 
largely through the efforts of the American Society for Testing 
Materials. 

The metallurgist, then, must be an authority on the effect of 
the ingredients, in order that he may regulate the analysis of 
the product to meet the specifications. The first requisite is 
to know^ that the qualities of the steel depend on the processes 
of manufacture; Bessemer, open-hearth, and electric steel will 

differ in properties even when alike in analysis. The seeo»4 ie 
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to recognize that the extent of reduction in rolling must be taken 
into consideration: Granted that the steel has had enough work 
to knead the crystals thoroughly, nevertheless plate of 
thickness will have higher strength than plate of %4n. rolled 
from the same ingot. The finishing temperature of rolling 
and the rate of cooling from rolling heat will also have their 
effect; e.g.^ the web and flange of a railroad rail are stronger 
and harder than the metal of the head. ICvery manufacturer 
has tables, based on the experience of his plant, to adjust the 
chemical composition to the practice of his steel making and 
rolling mill. The general rules given below will then be varied 
to meet the conditions in each plant. 

Carbon.—Each increase in carbon (cementite) gives an 
increase in tensile strength until we reach a maximum of about 
0.8 to 0.9 per cent of carbon (12 tn 13.5 per cent of cementite). 
With increase in cementite above 15 per cent there is a decrease in 
tensile strength. It is probable that the reason for this maximum 
tensile strength at approximately the eutectoid ratio of the steel 
is due largely to the small crystallization and the intimate mix¬ 
ture of the crystalline constituents when the steel is at, or near, 
the eutectoid proportions. With less carbon, the grains of 
pearlite arc surrounded by a network of ferrite; with more 
carbon, the grains of pearlite are surrounded by a network of 
cementite; and both of these networks have a weakening effect 
upon the material by decreasing the adhesion of the crystals. 

Table XII-I.—Effect of Carbon on Iron 

(Other elements being low) 

Carbon, 
per cent 

1 Tensile strength of annealed metal 

Ultimate, pounds 
per square inch 

Elastic limit, 
pounds per 
square inch 

Elonga¬ 
tion, per 
cent in 

2 in. 

Very mild HtecI. 40,000 to 48,000 24.000 to 30,000 34 to 28 
Mild eteel .... 0.15to0.25 30,000 to 36,000 28 to 26 
Low-c4rbon «teel. 0.26 to0.40 60,000 to 70,000 26 to 22 
Medium-carbon steel. 22 to 18 

HiRher-ciarbon steel. 18 to 14 

Spring steel. 14 to 8 

Feerlitic steel*. 0.86 6 
Hypermitectoid steel. 0.00 to 1.70 BBS 6to 1 
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Table XII-II.—Carbon Content of Wrought Iron and Steels for 

Different Uses 

Material Carbon 

Usual Preferred 1 Desired Limits 

Axles. B.o.ri. El. 0.40 0.25 to 0.70 
Axles, cold-rolled. B.O.H. O.IL Not over 0.40 
Alternate stress, resistance to. B.O.H. El. 6 50 0.46 to 0 75 
Boiler plate, steel. B.O.H. A.O.H. 0.12 0.08 to 0.18 
Boiler plate, wrought-iron. W.I. W.I. 0. 10 0.08 to 0.18 
Boiler tubes, steel. B.O.H. B.O.H. 0. 10 0.08 to 0.18 
Boiler tubes, charcoal wrought-iron. . . . C.W.I. C.W.I. X 
Castings. O.H. El. o

 

C c
 

o
 

Carpenter’s tools. Steel 0 50 to 1.20 
Carpenter’s tools, hammers. M.C.l. Steel 0 50 to 0 80 
Carpenter’s tools, wood-cutting tools Steel Cr.f i.\h 1.10 to 1.20 
Case-hardening stock. O.H. 0. 12 0.10 to 0.20 
Chain, steel. B.O.H. O.H. Min. 0.04 to 0.15 
Chisels, granite-cutting. Cr.t Cr.it 1.05 1.00 to 1.10 
Chisels, cold chisels. Cr.^t 

B.O.H. 
Cr.ft 0.75 0.70 to 0 80 

Not over 0.40 
Concrete-reinforcement bars. Beas. OIL 0.40 to 0 70 
Culverts for water dispovsal. O.H. El. Min. 0.00 to 0. 10 
Crankpins for wearing revsi8tan<'e. 
Crankpins for resisting shocks and reversals 

OIL o.;io 0.25 to 0.36 

of stress. O.H. El. 0 50 0.45 to 0 55 
Dies, for making drop-forgings. B.O.H. O.H. 0.65 0 60 to 0 70 
Dies, for metal cutting. .... B.O.H. El. 0.85 0 80 to 1.20 
Dies, for thread cutting. Cr. Cr.# 1.15 1 JO to 1 20 
Dies, for wire drawing. Cr. * Cr.f 1.50 1 30 to 2 00 
Drills, rock drilling. Cr.y Cr.# 0.86 0.80 to 0.90 
Engravers'tools... .! Cr.lt Cr.// 1.35 1.30 to 1,40 
Files for metal smoothing, ... . B.O.H. B.O.H. 1 25 1 20 to 1 30 
Forgings, ordinary. B.O.H. A.O.H. 0.25 0.20 to 0 30 
Forgings, strong. B.O.H. A.O.H. 0 40 0.35 to 0.60 
Gears, except case-hardened . B.O.H. O.H. 0.35 0.30 to 0 60 
Lathe tools. Cr.ti Cr.f 1.00 to 1 20 
Machinery steel. 
Machinists’ tools.I 

B.O.H. OIL 0..35 0.30 to 0.60 
Cr.# Cr.# 0.70 to 1.20 

Nails, wire.! Beos. Be.ss, 0. io 0,08 to 0, 15 
Nails, cut. . . . . j W.I. W.I. 0. 10 
Pipe, steel. . 
Pipe, wTought-iron. . . I 

Bes8.‘ 
W.I. ■ W.I.’ 

Low 

Plates, tank. ! Be«4. 0.12 0.08 to 0. 15 
Plates, structural. B.O.H. A.O.H. 0.30 0.25 to 0.40 
Punches . Cr.# 0.80 to 1.00 
Railroad-car wheels, steel. B.O.H. O.H. 6!76 0.60 to 0.85 
Railroad rails, small sizes. Boss. B.O.H. 0.,37 to 0.60 
Railroad rails, large sizes. B.O.H. O.H. 0.50 to 0.75 
Rivets. B.O.H. B.O.H. o’. 05 0.05 to 0 20 
Screws for wood. Bess.^ Bess,* 0.10 0.08 to 0.16 
Set screw's. B.O.H. Cr.# 0.65 0.60 to 0.70 
Saws, band. Cr,# Cr.# 0.75 0.70 to 0.80 
Sawrs, circular. O.H. Cr.# 0 85 0.80 to 0.90 
Saws, for cutting steel. Cr.# Cr.# 1.56 1.50 to 1.60 
Shafting, for transmission purposes . B.O.H. B.O.H. Not over 0.4 
Shafting, for crankshafts. 
Staybolte, wrought iron. 

O.H. 
W.I. 

Cr.# 
W.I. 

6!56 0.60 to 0.60 

Shock-resisting steel. O.H. O.H. 0.50 0.46 to 0.66 
Stone-cutting tools. Cr.# Cr.# 1.36 1..30 to 1.40 
Structural shapes, small. Bess, O.H. 0.26 
Structural shapes, important structures .... O.H. A.O.H. 0.26 

0.90 to 1.16 Springs. 
Tubing, steel. 
Tubing, wrought-iron. 

B.O.H. Cr.# 0.96 
Bese.i 
W.I. 

O.H. 
W.I. 

0.08 0.05 to 0.15 

Valves for resisting wear. B.O.H. O.H. 0.30 0.26 to 0.35 
Wire, for electric conductivity. Bess. Bess. Min. 0.05 to 0.10 
Wire, for fencing and chicken wire. Bees. Bess. Low 
Wire, for structural steel. A.O.H. A.O.H. 0.80 0.75 to 0.85 

A.O.H. « acid open-hearth eteel; B.O.H. * basic open-hearth steel; Bess. Bessemer 
steel; Or. *» crucible steel; Cr.# ** crucible or electric steel; El. *• electric steel; W.I. •» 

iroar; C.W.I. » knobbled charcoal wrooicht iron; M.C.l. malleable cast iron. 
»Or B.O.H. 
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The Work of W. R. Webster on Open-hearth and Bessemer 
Steels.—H. H. Campbell and W. R. Webster have studied 
exhaustively the effect of carbon, manganese, and phosphorus 
on the strength of basic open-hearth and acid Bessemer steels, 
the two largest sources in America of rolled steel. Knowing 
these influences, the manufacturer has a good working basis, 
because the only other common ingredients are sulphur and 
silicon, and neither of these is present in rolled steel in amounts 
sufficiently variable to exert a controlling influence on the 
strength or ductility. Sulphur is limited by the purchaser to 
amounts which will ensure the ductility desired, and the manu¬ 
facturer must also limit it in order that the steel will roll well. In 
Bessemer steel it will usually not exceed 0.08 per cent, and its 
effect is taken into consideration by the metallurgist as a con¬ 
dition of the Bessemer steel problem. In basic open-hearth steel 
it will usually not exceed 0.05 per cent (except in special products 
whose strength and ductility are not controlling conditions). 

W, R. Webster gives two working tables. See Table below, 
taken from Transactions of American Institute Mining and 
Metallurgy Engineers, vol. 67, pp. 227-8, 1922, which are given 
below for the guidance of metallurgists. From these tables 
it will be evident that the effect of all three elements is dependent 
on the others. We may summarize for carbon, as follows: 
When the phosphorus is 0.02 per cent and the manganese 0.40 
per cent, each 0.01 per cent of carbon will increase the tensile 
strength by 800 lb. pet square inch. When the phosphorus is 
0.08 per cent and the manganese 0.80 per cent, each 0.01 per 
cent of carbon added will increase the tensile strength by 1,000 lb. 

f)er square inch. 
Silicon.—The effect of silicon on strength is probably very 

small in the case of rolled steel. In the case of castings, how¬ 
ever, an important increase in tensile strength may be obtained 
by increasing the silicon to 0.3 or 0.4 per cent. This practice 
results in practically no decrease in ductility, but it is necessary 
to supply larger risers on accopnt of the deep piping that will be 
produced. It is probable that the beneficial effect of silicon in 
this case is due very largely to its producing soundness. 

Sulphur.—H. H. Campbell says that the effect of sulphur on 
the strength of acid and basic open-hearth steel is very small. 
It is probable, however, that this statement is true only when 
the sulphur is in the form of manganese sulphide, because the 
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effect of iron sulphide would be to lower the strength and the 
ductility of the material. The worst effect of sulphur is undoubt¬ 
edly its production of ‘‘red-shortness/’ f.e., the liability to cause 
checking during rolling or, in the case of a casting, during 
solidification and cooling. 

Phosphorus.—Campbeirs and Webster’s results show that each 
0.01 per cent of phosphorus increases the strength of the steel by 
1,000 lb. per square inch. It should be observed, however, that 
this increase of strength is measured by the resistance of the 
material to stresses slowly applied and that it ceases with 0.12 per 
cent of phosphorus and is reversed. In the case of vibratory 
stresses and sudden shocks, phosphorus is probably the most 
harmful of the elements, so that it is undesirable to increase the 
strength of steel by means of this element. This is the more true 
because of the brittleness produced by phosphorus, for an increase 
of strength obtained through this medium is accompanied by a 
much greater decrease in ductility than when the same increase 
in strength is obtained through the medium of carbon. 

Manganese.—The beneficial effect of manganese on tensile 
strength begins only when the manganese is above 0.3 or 0.4 per 
cent. With less manganese than this, in the case of open-hearth 
and Bessemer steels, the presence of some other condition, prob¬ 
ably iron oxide, masks the effect of manganef^e. It will be 
remembered that, when the manganese is low, open-hearth and 
Bessemer steels are harmfully charged with oxygen. Further¬ 
more, the effect of manganese is dependent upon the amount of 
carbon present. 

Webster uses a uniform figure of 170 lb. per square inch 
increase of tensile strength for each 0.01 per cent of manganese 
added to basic open-hearth steel, beginning only at 0.30 per cent 
of manganese. Campbell, on the other hand, estimates that the 
effect of manganese increases with the content of carbon. His 
results for acid and basic open-hearth steel are given on page 395. 
It will be observed that, when the carbon is 0.20 per cent, his 
figure for manganese agrees with that of Webster. 

In studying this table it will be interesting to note that some of 
the manganese added to basic steel is probably used up in 
neutralizing the effect of oxygen, before it can exert its influence 
in strengthening the steel itself. The result is that manganese in 
basic steel does not produce the same strengthening effect as the 
same percentage of manganese in acid steel. 
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Table XII-V.—Effect of Each O.Ol Per Cent Manganbhe on 

Open-hearth Steel 

* Carbon, 

per cent 

On acid steel, 

pounds per s(juarc 

inch 

On basic steel, 

pounds per square 

inch 

0.05 not 
0.10 80* 1 130 

0.15 120 ! 150 

0.20 160 170 

0.25 200 190 

0.30 240 210 

0.35 280 230 

0.40 320 250 

0.45 360 

0.50 400 

0.55 440 

0.60 480 

* Beginning only with 0.4 per cent of manganese, 
t Beginning only with 0.3 per cent of manganese. 

Residual Manganese.—For this reason all open-hearth steel is 
now made with ‘^residual manganeseleft in the bath during 
the whole operation. This produces three effects: 

1. It protects the bath from oxygen. 
2. It leaves less oxygen in the final steel than can be accom¬ 

plished by the usual manganese deoxidation. 
3. It reduces by an amount equal to its own percentage the 

manganese necessary to add for deoxidation during recarburizing. 
The amount of residual manganese is 0.10 to 0.20 per cent, and 

it is left in the bath by the practice of starting with an excess of 
manganese in the charge and then raising the temperature to the 
point w here carbon begins to oxidize before all the manganese is 

consumed by the oxygen of the ore or flame. Another method 
recently used is to add manganiferous iron ore, instead of straight 
iron ore, for oxidizing purposes. This is an economic question, 
dependent on the relative price of the ore and of high-manganese 
pig iron. Under special conditions, scrap from manganese steel 
manufacture may be used to a limited extent. 

Copper.—Copper, up to at least 1 per cent, does not appear 
to have any important effect upon the strength or ductility of 
low- and medium-carbon steels but increases the brittleness of 
steel containing 1 per cent of carbon. When the sulphur is more 
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than 0.05 per cent, copper appears to make the steel roll less 
easily and above 0.5 per cent of copper appears to make high- 
carbon steel draw less easily into wire. 

Arsenic.—Some steels contain arsenic, which does not appear 
to have any effect when it is below 0.17 per cent, but any larger 
quantity raises the tensile strength and decreases the ductility 
to a very important extent. 

Oxide of Iron.—All Bessemer and open-hearth steels contain 
more or less oxide of iron, there probably being more in basic steel 
than in acid, and more in Bessemer steel than in basic open- 
hearth steel. It is probable that this oxide of iron has not any 
very marked effect upon strength, as Campbell quotes some steels 
containing quantities larger than usual whose strength is good. 
No data are given as to the ductility, however, and it is probable 
that oxide of iron has a deleterious effect upon this quality. 

Hardness and Brittleness of Steel 

In this place we shall discuss only the question of rolled or 
annealed steel. By means of heat treatment we may greatly 
harden all but the low-carbon steels, but this hardness is lost 
on annealing. The effect of carbon on hardness, and the effect 
of the heat treatment known as ‘‘hardening,^’ is shown from 
the following table, taken from Howe, ^^The Metallography of 
Steel and Cast Iron,^^ page 598. 

As a general thing the hardness and brittleness of steel increase 
together. The chief commercial application of this property is 
in such articles as railroad rails and car wheels, bevel and spur 
gears, axles and bearings, the wearing parts of crushing machin¬ 

ery, etc.^ To produce hardness in these materials, carbon is the 
chief agent used, because it gives the maximum hardness with 
the least brittleness. It is for this reason that railroad rails are 
now made up to 0.7 per cent of carbon; and although this material 
is somewhat brittle and breakages occasionally occur, the high 
carbon is demanded in order that the head of the rail may be 
durable. Phosphorus increases both the hardness and the brittle¬ 
ness, especially under shock. Manganese likewise increases 
hardness, and especially the kind of hardness which makes 

^ The author purposely omits here the consideration of such hardness aa 
that produced in springs, cutting tools, etc., by heating the steel to ahright- 
red heat and plunging into water, as this will be discussed in Chap. XTIL 
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it more difficult and more expensive to machine the metal. With 
more than about 1 per cent of manganese the steel becomes 
somewhat brittle. When the content rises above 2 per cent, the 

Table XII-VI.—Increase of the Brinell and Shore Hardness with 

THE Carbon Content 

(Based chiefly on the data of Brinell and of Shore) 

Num¬ 
ber 

(Car¬ 

bon 

con¬ 

tent, 

per 

eont 

Shore seloroscopc 

hardness 
Brinell or ball 

hardness 
Ratio: 

Brinell 

-r Shore 

hardness 
Condition of 

metal 
the Condition of 

the metal 

An¬ 

nealed 

Nor¬ 

mal 

mer¬ 

chant¬ 

able 

Hard¬ 

ened 

i 

An¬ 

nealed 

Hard¬ 

ened 

An¬ 

nealed 

[ 

Hard¬ 

ened 

1 2.04- 
1 
1 286- Cracked 1 

2 1 1.76 40 to 45,50 to 55 j 110 
3 1.7‘2'‘ 1. 286 477d 

4 1 50 ‘37 to 40 47 50 no 
5 1.25 35 44 no 262/ 627/ 7 5 5.7 

6 1 00 30 to 35 40 107 259“ ! 627“ 7 4 to 8.6 5 9 

7 0.80 28 to 30 38 105 235“ 648“ C.7to7 8 6.2 
8 0.66 202^ 578* 

9 0.65 
1 

235/ 652/ 

10 0 60 27 36 1 102 225“ 628“ 8.3 6.2 
11 0.50 26 34 1 96 204“ 579“ 7.8 6.0 
12 0.45 194/ 555/ 

13 0.40 25 32 90 1 175“ 478“ 7.0 5.3 

14 0.35 24 30 82 156/ 402/ 6.5 4.9 

15 0.30 23 28 70 

16 0.25 22 27 58 143/' 311/ 6.5 5.4 

17 0.20 21 ' 26 50 115/ 196/ 6.5 3.4 

18 0.15 20 25 43 

19 1 0.10 19 1 24 35 97/ 149/ 6.1 4.4 

20 0.05 18 23 25 

U07- 
21 O.OB 75* <112 

For footnote* to Teble XII-VI. see original reference. 

steel is so brittle as to be practically worthless. In this connec¬ 
tion a curious phenomenon is observed, in that a still further 
increase in manganese produces a reversal of its influence; 
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and when we have more than 7 per cent, the metal is not only 
extremely hard and practically impossible to machine commer¬ 
cially but becomes, after heat treatment, very ductile and tough. 
This will be considered more fully in Chap. XVI. 

Silicon.—Silicon makes the steel slightly harder, but appar¬ 
ently without increasing its brittleness, unless we have more 

than 0.5 or 0.6 per cent. 

Electric Conductivity of Steel 

The purer the material and the nearer it is to ferrite, the better 
will be its electric conductivity; therefore only wrought iron, or 
the softest and purest forms of steel, are used generally for wire 
for electric conduits.^ The case is somewhat complicated when 
we come to third rails for electric railroads, because so pure a 
material will be very soft and will rapidly wear away under the 
abrasion of the contact shoes. To increase the hardness of these 
rails with the least decrease in electric conductivity, it is best to 
avoid nickel and manganese, which decrease electric conduc¬ 
tivity in greater proportion than the other elements, and to 
obtain the hardness as much as possible from phosphorus, and 
not from carbon, because phosphorus will give the greatest 
amount of hardness with the least decrease in the purity of the 
iron. As high-phosphorus steels are difficult to roll, however, the 
section of the rail chosen should be as free as possible from sharp 
comers and thin flanges, in order that the tearing action in 
rolling may be as slight as possible. 

Magnetic Properties of Steel 

Alpha ferrite is the chief magnetic constituent of iron and steel, 
and therefore, the greater the amount of this constituent present, 
the greater will be the magnetic force and magnetic permeability 
and the less its magnetic hysteresis. On this account the cores 
of electromagnets, the armatures of dynamos, etc., are commonly 

made of Swedish wrought iron, which is the purest commercial 
form of iron made.^ 

* Omitting, of course, the use of copper and aluminum. 
* A silicon alloy of iron with a double-heat treatment discovered by R. A* 

Hadfield, having a very high magnetic force and permeability, will be 
discussed utider the heacl of Alloy Steels'' (Chap. XVI). 
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Ferrite has no permanent magnetism but immediately loses 
its magnetic force when it is out of contact with a magnet or, in 
the case of cores of electric magnets, when the electric current is 
cut off. Permanent magnets are therefore made of a high-carbon 
steel (1 per cent), whose strength and permanency are increased 
when some alloying elements are present. This steel is heated 
above the critical temperature and hardened in water, after which 
it is magnetized by causing an electric current to flow around it 
for a short time. Steel so treated will retain the magnetic force 
for many years. Osmond has explained the permanent mag¬ 
netism of steel in the following very ingenious manner: Each 

Fig, XII-11.—Iron in a magnetized condition. 

molecule of alpha ferrite is believed to have a north and a south 
magnetic pole, which, in the ordinary unmagnetized condition 
of the iron, will be oriented in many different directions, as shown 
in Fig. XII-10. When this piece of iron is placed in the magnetic 
field, however, the molecules arrange themselves in accordance 
with the lines of magnetic force, with their north poles all in 
one direction and their south poles all in the opposite direction, 
thus making the whole piece of iron a magnet. As soon as the 
magnetic force is removed, however, the molecules all return to 
their original orientation, and the whole piece of iron loses its 
magnetism. We have already learned that it is only the mole¬ 
cules in body-centered iron which have north and south magnetic 
poles; and if the steel consists entirely of gamma molecules, it is 
not capable of becoming magnetic. According to Osmond^s 
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theory, when steel is cooled rapidly from above the critical tem¬ 

perature, the shortness of the time taken in reaching the atmos¬ 

pheric temperature is such that only a part of the molecules are 

able to change to the alpha allotropic form, and the remainder 

are retained in the gamma form. This retention is assisted by 

the 1 per cent of carbon present, which acts as a brake to make 

the change slower. When, now, this hardened steel is subjected 
to the magnetic force, the alpha molecules orient themselves 

with their north poles all in one direction; but w^hen the magnetic 

force is removed, there is a certain number of gamma molecules 
present to interfere with the free movement of the alpha molecules 

and prevent them from returning to the original unoriented 

position. This explanation implies that the magnetic force is 

sufficient to overcome the resistance of the gamma molecules and 

force the alpha molecules into a magnetic position, but that the 

force of the alpha molecules tending to return to their original 

position is not so great. 
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CHAPTER XIII 

THE HEAT TREATMENT OF STEEL 

There are seven ways in which heat affects most metals, includ¬ 
ing steel. They are 

1. The properties are different at different temperatures. 
2. An oxide or scale forms above certain temperatures. 
3. Some temperatures cause an increase or growth in grain 

size. 
4. When the temperature approaches the melting point of the 

steel, a new damage known as ^‘burning’' occurs. (By those 
only partially familiar with the facts the phenomenon of grain 
growth is sometimes confused with that of burning, but this is 
erroneous.) 

5. Rapid cooling from certain temperatures will develop hard¬ 
ness and brittleness in steel entirely different from the softness 
and ductility of the same steel when slowly cooled, as already 
indicated on page 4. 

6. Rapid cooling from other temperatures will increase the 
strength of the metal over its strength when slowly cooled. 

7. In heating or cooling steel, there may be unequalized strains 
existing in the metal which will be released producing shrinkage 
or warpage, or else the cooling through given ranges of tempera¬ 
ture may produce strains which manifest themselves in warped 
material. Sometimes the distortion may result in the formation 
of a crack. In extreme cases, the change in volume may result 
in actual bursting with explosive violence. 

1. Variation of Properties with Temperature 

A few properties of steel are at their highest point at very low 
temperatures and decrease with temperature rise. The relation 
is not uniform and regular, however, but sudden changes, or 
even temporary reversals of trend, occur at certain temperatures, 
especially at points of allotropic or other critical change. The 
most important properties which are at their highest at lowest 
temperatures are strength, elasticity, hardness, brittleness, 
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electric conductivity, and magnetism. These are discussed in 
greater detail in following sections. Other properties are at 
their lowest point at low temperatures and rise with tempera¬ 
ture, but, again, the relation is not uniform. The most impor¬ 
tant of these crescendo properties are ductility and malleability. 

Changes in Electrical Resistivity.—The formula for the 
electrical resistivity of metals with change of temperature is 
as follows: 

Rt = >Ro(l ~|- + pU). 
In this formula, Rt equals the resistance at a temperature i figured 
from the absolute 0; Rq is the resistance of the same metal at 
the absolute 0; a and are coefficients. Since iron undergoes 
revolutionary changes in resistivity at 760 and 890°C., and since 
iron-carbon alloys have revolutionary changes where the carbon 
goes into solution or goes out of it, it is customary to use this 
formula as if it were Rt = i?o(l + the value of a being 
different at different temperatures. For temperatures from 
0 to 100°C., it is customary to use a value of a for iron of 0.00657. 
If pure annealed copper be considered as having a specific resist¬ 
ance of 1.59 microhms per cubic centimeter and a relative con¬ 
ductivity of 100 at atmospheric temperature, then the following 
figures will apply to iron and its alloys at atmospheric tempera¬ 
ture, and at the other temperatures indicated. 

Specific 

resistance 

Relative 

conductivity 

Pure iron. 10.0 16.9 

Wrought iron. 13 9 1 11.4 

White cast iron. about 60.0 2,6 

Gray cast iron. about 100.0 1.6 

Iron at 100°C. 16.8 9 6 

Wrought iron at 1(X)®C. 18.8 8.6 

Iron at 600®C. 52.0 3.1 
Iron at 1000®C. about^ 111.0 1.4 

Solid iron at 1500®C. about^ 131.0 1.2 

Molten iron and steel. about ^ 170.0 0.9 

Molten cast iron. about^ 160.0 1.0 

»So mauy different ealimatee are given of the resistivity of iron and steel at elerated 
tenpemtuiree by different researchers that a representative figure can be chosen only with 
reservations. For eKamide, the resistivity in microhms per cubic centimeter of melted 
steel is given all the way from 140 to 200, while that of molten cast iron is variously 

il#ted as from 160 to 216. Even at atmospheric tempiiwature the resistivity of steel depends 
go much on its analysis that authoritative figures vary from 14 to 23, depending on the 
•mount of carbon and other impurities. 
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It may be interesting to note, for comparison, that liquid 
mercury at a temperature just above its melting point has a 
specific resistance of gO. 

Changes in Magnetism.—The magnetism of iron decreases 
with rise in temperature until, at about 760®C., it is only one-half 
as strong as it is at atmospheric temperature. With a further 
slight rise in temperature, the magnetism becomes as low as 
that of copper, lead, and other so-called nonmagnetic metals. 
This revolutionary change was thought to indicate an allotropic 

Fi«. XIII-1.—Approximate tensile strength and elongation in 2 in. of struc¬ 
tural steel at various temperatures from that of liquid air to the usual ’•oiling 
temperatures. 

change in the metal, as already stated, and there are many 
advantages of so considering it, although the majority of metal¬ 
lurgists seem to be opposed to this view. 

Strength and Ductility of Steel at Various Temperatures.— 
Figure XIII-1 gives a general idea of the relative strength and 
ductility of steel at all temperatures from that of liquid air to 
that near the melting point. The characteristics of cold steel 
are important in the design of refrigerating machinery and the 
like, while the effect of temperatures from 200 to 700®C. influences 
the use of the material in boilers, pipes, and valves for super¬ 
heated steam, in blades for steam turbines, in retorts for high 
temperatures and pressures, such as oil-cracking retorts, and in 
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tie rods for boiler furnaces, etc. Finally, the resistance of steel 
to deforiiiation at high temperatures is important in connection 
with exhaust valves for gas engines, and as indicating the amount 
of power to be expended in rolling and forging steel at tempera¬ 
tures from 700 to 1200°C. (1300 to 2200°F.). It will be observed 
in Fig. XIII-l that an average steel is relatively very strong and 
brittle at the temperature of liquid air, but that both these 
properties decrease greatly to atmospheric temperature. Then 
both strength and brittleness increase again, reaching a maximum 

Fio. XIII-2.—Tensile strength of wrought iron and steel at different tem¬ 
peratures (Watertown Arsenal Tests of Metals, 1888). {From Swain, “ Structural 

Engineering,"' McGraw Book Company, Inc.) 

at about 260°C. (500®F.). This is called the ** blue heat,'* because 
a blue oxide will cover steel if it be left a few minutes at this 
temperature. It is discussed again, for emphasis, in the next 
paragraph. From blue heat the strength falls off gradually, 
until it is very small at lOOO^C. This portion of the scale is 
given more in detail, for several ferrous metals, in Fig. XIII-2. 

Properties of Steel at Blue Heat.—The temperature of 260°C. 
(500®F.) has long been recognized as a critical heat for all the 
ferrous metals. Iron and steel must not be worked or strained 
at this temperature. They will crack even under light blows 
and their toughness and ductility are very low. The properties 
again improve as red heat is approached. * 

Impact Resistance of Steel.—The resistance of steel to shock 
decreases very much with lowered temperature, so that some 
steels are too brittle to use in impact service even in cold climates, 
although they would give satisfaction at all temperature not 
far below freezing. At liquid-air temperatures, steel pves very 
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low figures in impact tests; this improves to atmospheric tem¬ 
perature, then becomes much worse at blue heat, but recovers 
at higher temperatures, until finally the lessened strength of the 
metal results in lessened impact resistance also. In other words, 
it is lack of ductility (in this case, brittleness) which causes easy 
breaking under shock at very cold temperatures and at blue heat, 
but it is lack of strength at high temperatures. 

Fi(i. Xin-3.—Illustrating “creep” in metals. 

Explanation: The vertical part of the curve, ab, which indicates elongation without the 
passage of any time, represents the elongation which occurs within the yield point of the 
me^l when the load is first applied. The load is unvarying and continuous over a long 
period of time. During this passage of time, there is a slow stretching. Or permanent elonga> 
tion of the specimen. Should the deformation result in an increase in the yield point of the 
metallic body, so that it will no longer give to the strain.linear elongation will cease and the 
line cf will result. If,not, then the stretching will continue until the specimen becomes so 
weakened by the deformation that the curve takes the shape indicated from d to e, and 
fracture occurs at r. 

Creep.—If a very ductile metal or alloy be loaded very slightly 
beyond its true yield point, it will give slowly for a period of 
months or maybe years. This often continues ,to the point of 
fracture. This phenomenon has been studied in steels, alloy 
steels, “heat-resisting metals,” nickel, light structural alloys, 
and many others. It is called “creep.” It is most important 
at temperatures where the metal is more ductile and less stroi^, 
e.g., 500“C. for steel. The action is illustrated graphically in 
Fig. XIII-S. One point is to be observed in this connection: 
To strain a metal beyond its jdeld point and then to allow it to 
rest results in what is called a “strain hardening,” t.e., an increase 
in the value of the yield point. The same action occurs in 
extremely skw straining, so that sometimea an alloy after months 



406 THE METALLURGY OF IRON AND STEEL 

Fahr. Cent. fahr. 

2790“ - 1535 - -2790 

2700- -2700 

2600- -1426.5 - -2600 

2500- -1371 - -2500 

2400- -1315.5 - -2400 

2300- - 1260 - -2300 

White — 2200- -1204 - -2200 

'2100- -1149 - -2100 

Light Yellow —i 
2000- -1093 - -2000, 
1975 1065.5 1950 

|i900- -1038 - -1900 

Lemon — 
[ 
|l825 
1^1800- - 982 - -1800 

Orange —^ 1725 
1700- 
'1650 
160C- 

- 926 - -1700 
Salmon 1 

- 872 - -160^ 
Bright Red - 1550 1550 

1500- - 816 - -1500 

Cherry Red — 
1100- - 760 - -1100 
1375 1350 

[l300- - 701 - -1300 
Medium Cherry— 1250 

ll200- - 618.5 - -1200 
Dark Cherry — 4175 

\im- - 593 ~ -1100 

Blood Red -1 

ri 
1050 
liooo- - 537.8 - -1000 

Dark -— 900- 
r 

- 482.2 - -900 

800- - 426.7 - -800 

700- - 371.1 - - 700"| 

Blue Heat —^ 
600- - 315.6 - -60oj 

'soo- -500 

400- - 204.4 - -400 

300- - -300 
.r 100 212 

200- - 93.3 - -200 

100- - Z7M - - 100 

32- - 0 - - 32 

— Approximate melting point of pure iron. 

I Melting point of steels, depending on carbon and other 
contents which reduce the melting point as their per- 

V^ceatage increases. 

— Approximate melting point for Cast Iron. 

/Distortion of microscopic intergranular structure of rivets 
t starts, rcsultirife in intergranular rupture after driving. 

Rivets start to spit. 

— Do not exceed this temperature in heating riveta. 

- Proper temperature for driving rivets. 

R5>caling starts. 
Range of temperatures for refining grey iron castings 
into malleable iron castings, 

f Approximate critical temperature of tool steels. Colour 
brightens when cooling past this temperature and 
expansion takes place. A magnet reacts below but 
not at or above this temperature. 
Heat above here fur Quenching treatment. 

r Maximum temperature at which fireproofed structural 
—< steel may carry A, 1. S. C. designing stresses. 

L Do not a»e gnn on Rivet below tbit temperature. 

r Ultimate Strength approximately equal to normal 
426.7 -J- WU •—< temperature strength of structural grade steel. 

I Ultimate Strength is 25% to 10% greater than normal 
^ temperature strength of structural grade steel. 

Do no calking above this temperature. 

The above data are taken, with slight changes, from a compilation of the 
American Institute of Steel Construction for the purpose of summarizing the 
practical application of some effects of different temperatures on structural steel. 
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of creep will become strengthened by the operation to the point 
where it will no longer yield to the strain. This is indicated 
in the line cf in Fig. XIII-3. 

Heat-resisting Alloys.—A heat-resisting alloy is one that will 
not be seriously injured by medium-high temperature; i,e., it will 
not lose much strength or ductility or be badly scaled. Most of 
these arc in the domain of alloy steels, but some nonferrous 
alloys, like nichrome, are giving good service, especially for 
resistance to^scaling. 

2. Formation of Oxide Scale 

For thousands of years the color of the oxide coating which 
formed on steel at certain moderately warm temperatures has 
been used as a means of ^ tempering its hardness after quench¬ 
ing from above its so-called critical temperature,which, 
we have already noted, occurs around 700®C. (about 1300®F.). 
This is shown in Table XIII-1.' An oxide coating has also been 
artificially produced for an unknown number of centuries in 
order to afford a slight protection to wrought iron a»d/or steel 
to rusting The oxid^s^le is somewhat similar to rust in its 
chemical comj^osition but differs chiefly in this respect: Rust, 
being permeable to the atmosphere, actually promotes rusting 
by its chemical effect, whereas a firm, continuous, impervious 
layer of oxide will protect the metal lying underneath it against 
rusting conditions which are not too severe. 

3 AND 4. Grain Growth 

Grain growth is caused by the eUmination of grain boundaries 
and the merging of two or more grains into one large grain. 
Some grains grow to large size in a few minutes, and others 
require months. Everything else being equal, the larger the 
grains in a metallic body, the worse will be its strength and 
ductility. Therefore, large grains are dreaded in all metals, 
but especially in steel, because this is used so much more for 
structural purposes. The growth of grains has been employed 
intentionally for the purpose of obtaining single crystals of large 
size for research purposes. The most effective growth is obtained 
by repeatedly straining a metal and heating it to its grain-growth 
temperature between each strain. 

Grain Growth in Pure Iron, Wrought IroUf and Very Low^- 
carbon Sleeb—The iron-carbon alloys which are very low in 

^Seep. 438. 
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carbon are subject to grain growth at temperatures between 
about 500 and 860°C. (932 to 1562®F.). l^his is a very slow 
growth, requiring weeks or months, but is hastened by repeated 
strains. It is therefore to be feared in iron chain which is used 
in hot places, wrought-iron tie rods in furnaces, etc. Grains 
of this type sometimes grow as large as one’s thumbnail. The 
action is not to be expected in steels with more than 0.12 per 
cent of carbon. The grains are restored to small size by heating 
to about 900®C. (1652°F.). 

This same steel is subject to another temperature field of 
grain growth, tnz.y if it be heated to temperatures between 900 
and 1500®C. (1652 to 2732°F.). The action here is much more 
rapid, and grains may grow to large size in 10 to 30 min. at tem¬ 
peratures around 1300°C. The smallest size is obtained around 
OOO^’C.; a slightly larger size is normal at 1000®, still larger at 
1100®, and so on. At temperatures above 900°, the size of the 
grains will depend on the temperature reached and the time of 
sojourn at that temperature. 

Grain Growth in All Steels.—Steels of any proportion of 
carbon suffer grain growth in consequence of being heated above 
700®C. (about 1300°F.). Steels with 0.85 per cent of carbon 
are the simplest to discuss and will be chosen for this brief sum¬ 
mary: This steel, when heated to 700®C., is just at the point of 
the V in Fig. XI-8. At this temperature it assumes the smallest 
grain size which can be given to it by heat treatment. The 
more steel is heated above that temperature, the more the grain 
will grow in size. This is shown to the eye by Fig. XIII-10. 
This figure was produced as follows: A bar of steel containing 
0.85 per cent of carbon, and about 12 in. long, was heated at one 
end to a temperature of 1300®C. (2372®F.), while the other end 
projected from the furnace and was black hot. After cooling, 
the bar was broken at every inch of its length, and the fractures 
so made showed the grain size corresponding to the temperature 
to which it had been exposed. The fractures shown in Fig. 
XIII-lO represent all those from the hot end to a point just below 
700®C. The piece at the extreme right shows the fracture of the 
steel just as it came from the rolls, while the piece next to it 
shows the beneficial effect on the grain size of heatihg just above 
the critical temperature. The coarse fractures at tte left are 
bright, while the fine fractures are dull looking. The bright 
fracture is technically called ^^<uy«talline*’ or ^‘fiery/^ iriiile 



TUB HEAT TREATMENT OF STEEL 409 

Fic,. XIII-4.—No. Steel of 0.05 Fm, XIII-7.—No. IB. Steel of 0.50 
per cent carbon roiled. 40 X. per cent carbon rolled. 60 X. 

No, I A, Overheated to 1420®C. No. IB. Overheated to 1420®C. 
(2688°F.) 60 X. (2588^F.) 60 X. 

Fxa. Nb. ZA, Same aa Fio. XUI-O*—No. SB. Same as 
No, tAu Eeheated riightly above No. 2B, Eeliettted sHghtly above 
XCfc. 40X. ACr-*. 60X. 

, <itoss 4 W E. €. WaKoerer in the Metallimphlo^baberatery of Colombia 
Pmiimsat m metBUjuray. Seiita B by 0. Itoo^ in the taborat^ of 
Oebimbia of MetaOoiw) 
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the fine-grained one is called silkyor ‘^sappy/^ The size 
of the crystals may also be learned with great accuracy by means 
of the microscope (see Figs. XIII-4 to XIII-9). Now, if the 
steel which was coarse grained after heating to 1100° be heated 
instead to 1200°, the crystals will be still larger in size; if heated 
to 1300° they will be larger still, and so on. The size of the 
crystals will depend, first, upon which of these high temperatures 
it was heated to, and, second, upon the amount of carbon it 
contains. Low-carbon steel is normally larger in crystal size 
than high-carbon steel, as shown in Figs. XIII-4 and XIII-7. 

Even the best quality of steel, if rendered coarse grained by 
‘^overheating,’’ will suffer in its valuable properties and may 
become quite unfit for use. Medium- and high-carbon steel 
will lose both, strength and ductility; low-carbon steel will lose 
strength even up to 50 per cent of the original but does not seem 
to be materially damaged in ductility unless the overheating 
is continued for a long time or at a very high temperature. 

Steel members of bridges or other structures sometimes break 
and disclose a crystalline fracture which is often attributed to the 
effect of vibration. The same thing occurs with points or shanks 
of rock drills and similar implements. It is the more general 
opinion among metallurgists that the crystalline fracture in all 
these cases is due to faulty heat treatment during manufacture, 
and especially to finishing the forging or rolling while the tem¬ 
perature is still too high. The manufacturers of steel like to 
maintain the opposite opinion, for obvious reasons, but the 
author does not know of there ever having been any reliable 
proof offered that vibration had caused, or is capable of causing, 
large-sized grain in steel. It may be possible, but the more we 
learn about the subject the more we are inclined to believe that 
improper manufacture is the cause, and that the grain was large 
before the steel was put in service, although its nature was not 
disclosed until the break occurred. 

Cure for Overheating,—Let our first example be steel con¬ 
taining 0.85 per cent carbon, t.e., steel consisting entirely of 
pearlite. If this be heated from some point below the line PSK 
in Fig. XI-9 to some point above that line, a new crystallization 
win occur and will largely obliterate previous crystallization. 
It seems as if dissolving the ferrite and cementite in each other 
produces forces which obliterate almost all existing crystalline 
forms. So if this particular steel has been made coarse grained 
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by overheating, we may make that grain fine again by reheating 
the steel from below the line PSK to just above it. This process 
is known as restoringor, by some writers, “ refiningthe steel. 
It is an operation which should be thoroughly understood by 
every metallurgist and engineer. When we reheat the steel, 
we must be careful not to go to a high temperature again, for a 
new crystal size is born at the line PSKy and the crystals grow 
with ev^ery increase in temperature. The researches of Professors 
Howe and Sauveur indicate that the size of the crystals is almost 
directly proportional to the temperature reached above the line 

Fig. XIII-10.—Motcalf test. Fractures of steel of 1 per cent of carbon. (Cowr- 
tfsy of William Campbell) 

PSK. If, therefore, we barely cross the line, we shall obtain the 
smallest grain size that the steel is capable of (see Fig. XIII-10). 

The cure for coarse crystallization in steel with less than 0.85 
per cent carbon is to reheat it from below the line PSK to above 
the line GOSj at which the last of the ferrite goes into solution 
(see Figs. XIII-7 and XIII-9). That is to say, the correct 
temperature for restoring the grain size will depend upon the 
amount of carbon in the steel; low-carbon steel must be heated 
to nearly 900°C. (1,650'^F.); 0.4 per cent carbon steel must be 
heated to nearly 800°C. (1,470°F.); and so on.^ We can never 
get as small a grain size in steel with less than 0.85 per cent 
carbon as we can in that which is exactly 0.85 per cent carbon, 
because a new grain size begins to grow (in that part of the steel 
which forms a solid solution at PSK) after we have crossed the 
line PSKf and yet we cannot entirely eliminate the old grain 
size until we cross the line GOS- Where the lines GOS and PSK 
are near together (say, with 0.7 per cent carbon), the new grain 
size does not have much chance to grow before the restoration 

^ It is to be remembered that the changes indicated by the lines in Pig. 
Xl-8 occur at a higher temperature on heating than on cooling; so it is well 
to heat the steel about higher than the points on those lines. 
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is complete, and therefore we mtiy obtain steel with a rather small 
grain; but where they are far apart (as in the low-carbon steels), 
the restoration can never be very thorough, because we have to 
go so far above PSK to obliterate the old grain size that the new 
grain size will have attained ample proportions. But the evi¬ 
dence seems to show that the best net result is obtained by going 
just above the line GOS in all cases. 

In the case of steel with more than 0.85 per cent of carbon a 
somewhat similar condition exists: We must reheat the steel 
above the line SE in order to produce complete elimination of the 
previous grain size but a new grain size begins to grow from the 
crossing of the line PSK. But here we disregard the line SE and 
restore our steels in every case by reheating them over the line 
PSKj just as in the case of pure pearlite. The reason for this is 
that the lines SE and PSK diverge so rapidly that we have to 
heat very far above the line PSK before we cross SE^ and there¬ 
fore the new grain size has grown greatly. Furthermore, the 
only object of heating above the line SE is to take the excess 
cementite into solution; for the ferrite and cementite in the 
pearlite all went into solution as soon as we crossed the line 
PSKf but the amount of excess cementite is always small in 
proportion and therefore in its influence on restoration. Even 
with steel containing 2 per cent of carbon the excess cementite 
is only 16 per cent. This is different from the low-carbon steels, 
where the excess ferrite will be usually over 80 per cent. 

It is emphasized that steel must be healed to the appropriate 
temperature, because the result cannot be produced by cooling 
to the temperature. Once steel has acquired a coarse grain 
structure, it will remain coarse until heated through the critical 
temperature. This is illustrated in Fig. XIII-11. 

Recrystallization of Steel.—The recrystallization temperatures 
for steel are at and above 700®C. (al^ut 1300®F.), i.e., above 
the line PSK in Fig. XI-9. The steel containing exactly 0.85 
per cent carbon recrystallizes just at the point S] the steels 
with lower carbon recrystallize between the lines PS and (?S, 
while the higher carbon steels recrystallize between the lines 
SK and SE. Since the steel with 0.86 per cent carbon is the 
simplest, its grain gro’^th and recrystallization will be illustrated 
in Figs. XIII-ll and XIII-12. 

Effect of Mechanical Work on Grain Structure.—With steel 
of 0M per cent carbon as an example^ the effect of rolling at 
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high temperatures on grain size is illustrated in Fig. XIII-12. 
It is seen that the grain size of the steel becomes somewhat large 
by heating to 1100®C. (2012®F.) for rolling or forging. But the 
mechanical work crushes the grains to smaller size, and this 
crushing is repeated until the final shape of steel is produced. 
The best grain size is obtained if the steel is worked until the 
temperature drops to 700°C. Then the grain size may be even 
smaller than can be obtained by mere heating to the recrystalliza- 

AOZf 7 Abscissae W/Wh ofFeciartgfes Repnsenfs &ze of Grain 

Fig. XIII-ll.—Correct and incorrect heatings to produce recrystallization and 
optimum grain size in steel of 0.85 per cent of carbon. 

Note: There is no reduction in grain sise unless the steel is heated quite through the 
critical range, which is at about 700®C (1292®F.). Also note that heating above the critical 
range causes a harmful growth in grain size, which is not reduced when the steel cools. 

tion temperature. Moreover, the grain size remains small 
unless the steel is heated above 700°C. If, however, the mechani¬ 
cal work is stopped at a temperature well above TOO^C., then the 
grain size grows in a few minutes to a size appropriate to the 
temperature. The higher that temperature happens to be above 
7Q0®C., the worse the grain size will be (see Figs. IX-8 and IX-9). 

Several rules affecting the final size of grain s^m to be virtually 
estabU^ed: (1) It is more advantageous to have the mechani¬ 
calapplied continuously from the highest temperature 

down to the finishing t^peraiure rather than to have 
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long waits during which the steel cools; and especially is this true 
when the amount x}f work put upon the metal at the lower tem¬ 
perature is small. In other words, if the steel is formed roughly 
to shape and size at a high heat, is then allowed to cool, and a 
little work is done upon it at the lower temperature, the grain 

Fig. XIII-12.—Grain growth, recrystallization, and grain reduction in steel of 
0.85 per cent of carbon. 

Explanation: When steel freezes, crystals form during the crystallization range (see dia¬ 
gram at left side). After solidification, these crystals increase in size as they cool through 
the so-called *'zone of grain growth,” and then reach the critical range at about 700^C. 
(1292®F.). There can be no change in grain size in cooling from the critical range to atmos¬ 
pheric temperature. But, if the steel is reheated, it ” reorystallizes ” on heating through 
the critical range. On heating through this range, the crystals of iron and those of cementite 
dissolve in one another and form a solid solution. The act of forming this solid solution 
causes the grain size to assume a minimum. This is illustrated in the second column from 
the left. Further heating engenders a growth in grain size. The grains grow in pro¬ 
portion to the temperature to which they are heated above the critical temperature 
(note this relation carefully), and in accordance with the length of time during which they 
ere held at the high temperature. Cooling will not make the grain size smaller, but 
mechanical work will do so. 

If the steel is forged or rolled at the high temperature, the crystals will be broken up, but, 
if the work is stopped at some intermediate temj^ratxire, such as B, the crystals wifi »ow 
again in size from B to the critical temperature. This will leave them with albad site. But, 
if mechanical work is continued to the critical temperature, there can be no more grain growth, 
and the steel is left with the optimum grain size. See D. 

If steel is to be cold rolled, it must cool from the critical temperature to atmo^herio 
temperature between workings: it is bad practice to work steel between 700 and 200^0. 

will not be its best. (2) It is best for the metal to be worked 
by several passes through the rolls, or many blows of the ham¬ 
mer, rather than to effect the same amount of reduction by a 
lesser number of heavy drafts. (3) The greater the amount of 
reduction the better; t.e., to work a large piece down to the desired 
jifticle ^ves a better structure. (4) The best temperature at 
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which to finish the work is probably upon, or slightly below, the 
lines GOS or SK in Fig. XI-9. 

Action in Rolling.—The exact crystalline action that takes 
place under mechanical treatment is not definitely known. In 
the case of rolling, Professor Howe has tentatively assumed the 

Fia. XIII-13.—Size of grain in metals as affected by pressure in rolling. {From 
Howe, **Iron, Steel and Other Alloys^**) 

conditions graphically shown in Fig. XIII-13, in which the line 
DG represents the size of grain at the different temperatures. At 
1400'’C. (2550®F.) the grain size is represented by the distance 
of the line- from the axis 00. On the first passage through the 
rolls the grains are crushed to a very small size, but on emerging 
again they grow very rapidly. Meanwhile, however, the metal 
has been cooled, and this fact, as well as the inability of the grains 
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to grow instantly, causes the new size of grain to be smaller than 
before. Therefore, each passage through the rolls renders the 
crystals smaller in size, the final size depending upon the tempera¬ 
ture and the amount of pressure in the last pass. The only 
abnormal assumption in this argument is that the crystals grow 
rapidly after the crushing, w^hereas we know that, when steel is 
heated to any of these high temperatures, the growth is relatively 
slow. This objection is not strong enough alone to refute the 
theory, but other hypotheses may be advanced for those who 
require further explanation. For example, it may be supposed 
that the steel is so mobile at the very high temperatures that it 
yields to distortion, not altogether by the crushing of the crystals, 
but by the sliding of the crystals past one another; as the tem¬ 
perature becomes lower, however, the mobility of the mass 
becomes less, and less sliding is possible, so that more crushing of 
the crystals takes place. 

Finishing Temperatures.—William Campbell has studied the 
finishing temperature of steel containing 0.5 per cent carbon 
and finds that the very best qualities are produced in the steel 
if mechanical work is ended just at the time when ferrite begins 
to separate from solid solution, i.e.^ just when the steel is below 
the line GOS in Fig. XI-9. Work below that temperature 
greatly increases the brittleness of the material, while finishing 
the work at a higher heat results in lower strength. Upon the 
evidence at hand, we may tentatively assume like conditions for 
steels of any carbon and expect the best results if mechanical 
work is ended when the steel is at a temperature which brings 
it exactly upon the line GOS or SKy but we may reserve, perhaps, 
the right to change this statement slightly when more data are 
obtained. 

Hammer Welding.—This brings us to the subject of forge 
welding, or the joining of tw^o pieces of wrought iron or steel by 
pressing or hammering them together while at a very high tem¬ 
perature. In this way a joint may be made which cannot be seen 
by the eye unless the steel is polished and etched with acid, 
which usually develops the junction line very clearly. The exact 
temperature of welding is not known, but probably it is very 
near the melting point, where the steel is in a soft and almost 
pasty condition. Low-carbon steel welds most easily; moreover, 
ail impurities, especially silicon and sulphur, reduce weldability. 
The {Procedure in welding is very simple and consists in heating 
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the two pieces that are to be welded to a high temperature, dis¬ 
solving off the iron oxide, and then pressing the two pieces 
together forcibly. The dissolving off of the oxide is usually 
accomplished by rubbing the metal in some flux, such as borax. 

In the actual manipulation for welding, the two pieces that are 
to be joined together are usually upset,or in some way 
enlarged in size, so that, after the junction, the part of the bar 
right at the weld is larger in size than the remainder. This part 
is then hammered continuously until the metal is at a red heat, 
the object being to break up the coarse crystals produced by the 
high temperature and, by having a low finishing temperature,^’ 
to obtain a small grain size. With proper welding this object 
will be attained as far as the metal immediately adjacent to the 
weld is concerned, but there is always a spot within 6 in. or 
so of the w^eld which must necessarily have been overheated 
without subsequently receiving mechanical treatment, i.e., ‘^ham¬ 
mer refining,” down to the proper finishing temperature. Thus 
it is that most welded pieces break at a point not far from the 
junction and under a strain less than the original strength 
of the bar. Blacksmiths and experienced welders are wont to 
declare that if a welded bar does not break in the weld itself, then 
it must be as strong as the original metal. However, this is by 
no means true. In a welding test carried on with great care in 
this country by skillful and experienced welders who were placed 
upon their mettle, the strength and elastic limit of the welded 
bar was almost never as great as in the original bar and in some 
cases was less than half. In ductility even worse results were 
obtained. In a similar test carried on at the Royal Prussian 
Testing Institute the average strength of wielded bars of medium 
steel was only 58 per cent of the original, that of softer steel only 
71 per cent, and of puddled iron only 81 per cent, while the poor¬ 
est results were only 23, 33, and 62 per cent respectively. It 
was seen that bad crystallization adjacent to the weld was the 
cause of the damage. 

Welded steel and iron bars should therefore always be reheated 
after cooling to a temperature just above the line (TOS, in order 
to restore by heating the grain size of all parts. 

Burning*—In the vernacular of the trade, all overheated 
steel is termed ''burnt,” but this is not correct usage, because 
true burning takes place only when the overheating is most abu^- 
sive, and, indeed, when the metal is heated almost to its melting 
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point. It is probable that steel is burnt when it is heated close 
to the line AE in Fig. XI-9. Alfred Stansfield has studied this 
question very ably and distinguishes three stages of burning. 
The first stage is reached when the steel barely crosses the line 
AE, i.e,, when the first drops of melted metal begin to form in 
the interior of the mass. They segregate to the joints between 
the crystals and cause weakness. Stansfield thinks that steel 
burned only to this stage may be restored by reheating it first 
to a high temperature, cooling, and then heating again to a 
temperature just above the lines GOSK. The second stage in 
burning is reached when these liquid drops segregate as far as 
the exterior and leave behind a cavity filled with gas. Stansfield 
thinks that steel burned to this stage might be restored by 
combined reheating and forging. As a matter of safety, however, 
the author believes it would be well to remelt all such material, 
in other words, send it to the scrap pile. The third and last 
stage of burning is reached when gas collects in the interior of the 
metal under sufficient pressure to break through the skin and 
project liquid steel, which produces the well-known scintillating 
effect at this temperature. Into the openings formed by these 
minute explosions air enters and oxidizes the interior. There 
can be no remedying of steel which has been burned to this 
extent, except remelting. 

Castings Do Not Bum.—It might be thought that every steel 
casting would suffer the injuries due to burning because it is 
cooled through the space between the lines AB and AE, Such 
injury, however, does not ordinarily take place, and this fortu¬ 
nate circumstance is explained in part by each of three differ¬ 
ences existing between the heating and cooling of steel: (1) 
When steel is heated into the area where burning takes place, it is 
subjected longer to the burning temperature, because it generally 
takes longer to heat steel than to cool it. (2) When steel is 
being heated, the heat is traveling inward from the outside, and 
therefore all parts are expanding, and there is some opporttinity 
for the crystals to draw apart and form cavities. On the other 
hand, when it is cooling from the molten state, the outside layers 
are the cooler and tend to contract upon the interior and hold the 
crystals more firmly together, as well as to prevent drops oozing 
out. (3) When steel is cooling from a molten state, it is con¬ 
stantly giving off from solution hydrogen and other deoxidizing 
gases which are soluble in it while Uquid, and these gases prevent 
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the oxidation of the crystal faces by the percolation of air into 
the interior. 

Ingotism.—The author has already discussed ingotism and said 
that the crystals in cast steel are larger than those of rolled steel, 
owing to growth while the metal is at a high temperature, and 
has stated that sometimes these crystals are very large, because 
the conditions of casting cause the steel to occupy a longer time in 
cooling from the liquid state down to a black heat. It is probable 
that ingots and castings do not show the effects of ingotism 
to any marked extent unless they are a long time above llOO^C. 
(2010°F.). In case these coarse crystals do form, they may be 
restored to some extent by reheating the casting to a point just 
above the line GOS, 

Stead’s Brittleness.—In addition to the damage caused by 
overheating, steel very low in carbon (say under 0.15 per cent) 
is subject to another and peculiar danger; for if this soft steel 
be held for a very long time at temperatures between 500 and 
750°C. (930 and 1380°F.), the crystals become enormous and 
the steel loses a large part of its strength and ductility. Fortu¬ 
nately it takes a very long time—in fact days—to produce this 
effect to any alarming degree, so that it is not liable to occur, 
even through carelessness, during manufacture or mechanical 
treatment. But steel is sometimes placed in positions where it 
may suffer this injury, e.^., in the case of the tie rods of furnaces, 
supports for boilers, etc., so that the danger should be borne in 
mind by all engineers and users of steel. The author recalls an 
instance where the breaking of a piece of chain that supported 
one side of a 50-ton open-hearth ladle caused a loss of life under 
the most horrifying conditions, owing to the fact that the 
wrought-iron chain had been heated up many times to a temper¬ 
ature above 500°C. (930°F.) and had finally reached a condition 
of coarse crystallization, so that it was unable to bear the strain 
upon it when the ladle was full of metal. 

This phenomenon of coar^ crystallization in low-carbon steel 
is known as “Stead’s brittleness,” after J. E. Stead, who has 
explained its cause. The effect seems to begin at a temperature 
of about 600°C. and proceeds more and more rapidly with an 
increase in temperature until we reach 750®C., above which no 
growth seems to take place. The damage may be repaired 
completely by heating the steel just above the line 00, In other 
words, the remedy for coarse crystallization in this case is the 
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same as that for coarse crystallization due to overheating, and 
all steel which is placed in positions where it is liable to reach 
these temperatures frequently should be restored at intervals 
of a week or a month, or as often as may be necessary. 

Zones of Grain Formation.—When steel solidifies, it forms 
crystals. The more the carbon, the longer the range of temper¬ 
ature during which crystals are successively being borne out of 

Zone of eauictxec!^ crysia/s 

Min 
( 

_] 
“T~! 
-U- 

Fig. XIlI-14.—^Longitudinal section of steel ingot, showing location of dendritic 
crystals. 

the liquid mass, as already described. These crystals grow in 
long dendrites perpendicular to the cooling surface, as shown 
in Figs. XIII-14 and XIII-16, One of the chief purpt)ses of 
forging or rolling is to distribute this dendritic structure in order 
to improve the properties of the steel. The zone of temperature 

Fig. XIII-15.—Dendritic structure in steel. {From Vsevolod N» Krivobok through 
Meted Progress.) 

Structure, one>third, of a 24*'in. round ingot of ateel for seamless tubing. Insot cut off 
square, smoothed, and etched. Composition: carbon, 0.44; manganese, 0.75; Billcon, 0.15. 
phosphorus. 0 04, sulphur, 0.04. Horizontal section. 

and carbon content during which this crystallization occurs is 
shown in Fig. XIII-16, which is seen to be a part of the equilib¬ 
rium diagram. This zone is called "the zone of primary 
tallization.” In it solid solutions form from liquid solutions. 
l%e solid solutions sulnsequently cool through the next zone,* 
which is called "the zone of granidation." In this zone the 
dendrites brezk down into s number of smnlle^ grams. The 
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dendrites disappear; nevertheless we can reveal their original 
structure by etching, because their boundaries are marked by 
metal which, on account of selective freezing (t.c., segregation), 
reacts differently to etchants than do the grains into which the 
dendrites have transformed. Below the zone of granulation 
occur two zones of secondary crystallization,'^ i.e., zones in 
which the solid solutions begin to decompose. 

Widmanstaetten Structure,—The zones of secondary crys¬ 
tallization are those regions in which crystals of Fe (“ferrite") 
or else of FcsC (“cementite") ^_ 
are being precipitated out of 
solid solutions (see zones below 
the lines EGI and DI in Fig. 
XIII-16). In other words, 
they are the zones in which the I? cr^Mf/zdfwn 
solid solutions are dropping out 
cither ferrite or cementite, as SMOO 
the,case may be, in order that ^ 
the solid solution in question 
may preserve its solubility | I 
until it comes automatically ® ^ | 
and simultaneously to a com- 1“ 
position of 0.85 per cent of ^ tl IIm lllllillillll^ crysfallnahon 

carbon and a temperature of 70g ^ 

approximately 700°C, The 1 
grains of solid solution have | 
an octahedral crystal habit and -'-ii 
tend to precipitate out their ^ . • 

^ ^ Fig. XIII-16.—Part of iron-carbon 
excess constituent along their diagram ahowmg the three aonee of 

octahedral planes. For a steel structural ohmges occurring in dendrites 

which has cooled through the 
secondary crystallization zone below the line EGI, this struc¬ 
ture is illustrated in Figs. XIII-17 and XIII-18. This type 
of structure is observed in very slowly cooled steel, such as 
the interior of steel castings and of meteorites, and is named after 
Widmanstaetten, who first observed it in meteorites. It results 
in a metal which yields rather easily to distortion under stress; 
its strength is therefore lower than that of the same type of steel 
with different structure. It forms slip planes easily but these 
sliji planes develop comparatively quickly into fracture, so that 
ite ductility is not very good. This type of structure can be 

.^Zone of 
granvhhon 

Zones of 
"secondary 
crystalItzar/on 
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remedied, although not entirely cured, by heating well up into 
the zone of granulation and absorbing all the excess ferrite into a 

Fig. XIII-17a —Sec¬ 
tion parallel to the sur¬ 
face of a dodecahedron. 
20 X. (Tschermak ) 

Fig XIII-175—Steel. Carbon 0.56 
per cent. Section parallel face of a dodec¬ 
ahedron 20 X. (Belaiew.) 

Fto. XIII-18.—Steel. Carbon 0.66 per cent. Widmanetaetten atmcture. 
4X. (Belaiew.) (From Saupeur,) 

eoiid solution, and then cooling rather quickly through the zone 
of secondary crystallization. Usually this treatment is repeated 
at least once, Steel which cools though the secondary crys- 
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tallization zone where cementite is the excess constituent will 
have a structure in which cementite needles are distributed along 
the original octahedral planes of the solid solution grains, some¬ 
what as shown in Fig. XIII-19. These cementite needles cause 
comparatively easy breaking of the steel ipider stress. A more 
or less complete remedying of this structure is obtained by 
‘^spheroidizing’^ the cementite needles into quasi-globules by 
long-continued heating in the neighborhood of 700°C. 

5. Hardening of Steel by Quenching 

If steel be raised to a bright-red heat and then rapidly cooled, 
as, for example, by plunging it into water, it becomes very much 
harder and at the same time stronger and more brittle. One 
circumstance is absolutely necessary to produce the increase in 
hardness, viz., that the temperature from which rapid cooling 
takes place shall be above the critical temperature of the steel. 
Take, for example, steel containing 0.85 per cent carbon; we may 
heat this ever so little below the point S in Fig. XI-9 and no 
increase in hardness will take place, even though we cool with 
extreme rapidity. On the other hand, if we cool the same steel 
rapidly from ever so little above the point S, it will be hard 
enough to scratch glass and 
brittle enough to fly into 
pieces under a blow of the 
hammer. This is the maxi¬ 
mum practical hardness 
which can be obtained in this 
steel, for, if we quench it at a 
higher temperature, the only 
result of importance is to 
damage it by increase in grain 
size. In case we have less 
than 0.85 per cent carbon in 
our steel, the best tempera¬ 
ture for hardening is just 
above the line GOSj because that gives the maximum hardness 
and also the best grain size. The best temperature from which 
to harden steel with more than 0.85 per cent carbon is just above 
the line 8K^ because that gives the best grain structure. 

Carbon and Hardness.—The hardness of slowly cooled steel 
inm^eases with every increase of carbon. Some carbon is also 

Fiq. XIII-10.—Cementite needles 
precipitated in the zone of secondary 
crystallization. {From H. M* Howe.) 
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necessary if rapid cooling is to have a very important effect. 
Although iron free from carbon is hardened by rapidly cooling 
from above the point Aci (760°C., 1400°F.), and a little more so 
when rapidly cooled from above Ac^ (900°C., 1650®F.), yet this 
degree of hardness is so slight as to be perceptible only by means 
of laboratory tests. With 0.10 per cent carbon the hardness 
begins to be perceptible by crude tests (see Table I-I), but it is 
only when we get above 0.75 per cent of carbon that ordinary 
steel acquires sufficient hardness to be used commercially, e,g,, 
for springs, saws, etc. Metal-cutting tools are usually made of 
steel containing 1 per cent or so of carbon, while very hard 
implements, such as files, will contain 1.5 per cent or slightly 
more (see Table XII-II). 

Rate of Cooling and Hardness.—The degree of hardness of 
steel also varies with the speed of cooling from above the critical 
range of temperature. When the cooling is very slow, e.g., 
when it takes several days to cool, the steel will be as soft as it is 
possible to make it. When it is cooled by being taken out of the 
furnace and suspended in the air or thrown upon a sand floor, 
it will still be relatively soft. When cooling is still more rapid, 
e.g',, when it is taken out of the furnace at a bright-red heat and 
plunged into a heavy oil with a low conducting power for heat, 
it becomes quite hard and springy, provided its carbon is in the 
neighborhood of 0.8 per cent or above. Quenching in a thin 
oil from the same temperature makes it still harder. Quenching 
in water makes it harder still, and so on, the degree of hardness 
increasing as we quench in liquids which take the heat away 
from it faster and faster, such as ice water, ice brine, ice-sodium 
chloride solution, and mercury near its freezing point (—39®C., 

What Happens When Steel Is Cooled Rapidly from above Its 
Critical Temperature?—When steel is at a temperature above 
approximately 700®C., it is composed partly or wholly of solid 
solution, depending on whether it contains less than, more than, 
or exactly 0.85 per cent carbon, and depending on how much 
above 700"^ the temperature is. This solid solution is called 
audmite, irrespective of how much or how little carbon it con¬ 
tains in the dissolved state. When austenite cools slowly, it 
completely decomposes into ferrite and cementite at about 700'^. 
But, if ^ carbon in solution is near the maximum normal limit 
for austenite—say, it is 1.60 or 1.60 per cent—and if the cooling 
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is rapid from 1100°C. or higher, the steel can be cooled to the 
atmospheric temperature with some austenite still undecomposed. 
A micrograph showing this is seen in Fig. XIII-20. No cooling 
has ever been accomplished rapidly enough to bring wholly 
undecomposed austenite to atmospheric temperature, but at 
least a part of it is always broken down, even when cooling is 

Fla. XIII-20.—Martensite (dark) in austenite (white). 1400 X. {Micrograph 
by F. F. Lucas, Trans, Am, Sac, Sted Treaters, September, 1924 ) 

rapid, into a first decomposition product to which the name of 
martensite is given. This martensite is the hardest constituent 
of steel obtainable, next to cementite, which is the extreme. It is 
comparatively easy to quench steel with carbon of any composi¬ 
tion from 0,60 to 1.7 per cent so that it shall consist entirely 
of martensite at atmospheric temperature. But that variety of 
martensite which contains 0.85 per cent carbon is the hardest 
martensite there is, not including martensite in alloy steels. It 
is the hardness of martensite which most serves civilisation in 
cutting tools. Martensite is harder than austenite; therefore, 
if we have quenched steel so that it consists pa^y of austenite, 
we can increase its hardness by warming it to the point whore 
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this austenite will decompose into martensite. Martensite is 
too brittle to be used for lathe-cutting tools or for swords or 
other implements which must bend without breaking. There¬ 
fore, it must be “tempered” to reduce its brittleness. After 
martensite has been produced and tempered, it will remain for 
thousands of years without further softening. A piece of steel 
hardened three thousand years ago was found in the pyramid of 

Fio. XlII-21.—High carbon alloy quenched from the cementite secondary crys- 
tallizatioo zone. 3500 X. {Micrograph hy Roy M. Allen.) 

Cheops with as much hardness as it apparently had originally. 

It is in the British Museum. 
At What Temperature Does Austenite Change to Martens¬ 

ite?—When austenite is rapidly cooled, it passes through the 
critical range without decomposing but changes over to martena- 
ite at about 325®C, on rapid cooling. On the other hand, if 
we have a steel like that shown in Figs. XIII-^ and XIII-21, 
we can warm it to 200®C. and change it into all martensite. It 
is interesting to note that the change occurs along the octahedral 
planes, giving martensite a triangular type of structure (see 
Fig. XIU-22). 



THE HEAT TREATMENT OF STEEL 427 

Critical Hardening Speed.—Every steel has what is called its 
critical hardening speed. We may take this to be the speed at 
which steel should be cooled from the critical temperature— 
about 700®C. or above—to below 325°C. to produce the maximum 
amount of martensite. If cooled too fast, some austenite may 
be present; if too slowly, martensite may have partly broken 
down into softer constituents, which are known as troostite and 
sorbite. 

The Nature of Martensite.—Obviously a beginning can be 
made in explaining the hardness of rapidly cooled steel if we can 
explain the hardness of martensite. Various theories for the 
hardness of steel have been oifered during the past several thou¬ 
sands of years and have been accepted temporarily, only to fall 
when further knowledge has shown their inadequacy. It is now 
known that austenite is a solid solution of carbon, or else cement- 
ite,^ in gamma iron. It has a face-centered space lattice and is 

1 We believe that the solid solution consists of cementite dissolved in 
gamma iron, but there is a small number of very able metallurgists who hold 
the view that carbon is present as elemental carbon and that it forms cement¬ 
ite, imttnediately after its separation. While admitting the force of the 
arguments advanced by these metallurgists, we shall, for sunplicity, speak 
hereafter of the solid sdution of iron and carbide. 
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nonmagnetic. Martensite is intermediate in magnetism between 
austenite and pearlite; it has been shown to contain some face- 
centered and some body-centered space lattices and to consist 
therefore of partly gamma and partly alpha iron. Its micro¬ 
structure shows that it is not a homogeneous solid solution, but 
high enough magnifications have not yet been possible to disclose 
exactly what its nature is. It is admitted to be the first stage 
in the decomposition of austenite in its progress into feri;ite and 
cementite. In endeavoring to trace the progress of decomposi¬ 
tion more in detail, it has been suggested that the first change 
is the transformation of gamma iron into alpha iron, the solid 
solution becoming alpha iron and carbide, which is admitted to 
be an abnormal, or metastable, austenite. In undergoing this 
change from a face-centered to a body-centered lattice without 
decomposition of the solution, distortion of the lattice, causing 
internal stress, has been suggested as the cause for hardness. 
Another explanation is that martensite is hard because it is a 
supersaturated solution. Several believe that the extreme fineness 
of grain, by restraining or preventing slip, is the cause of brittle¬ 
ness and hardness. Another theory is that martensite is a solid 
solution in which has occurred incipient precipitation of cementite 
in crystals too small to be identified at the highest powers of 
the microscope, but which prevent any movement or slip in the 
space lattices. One suggestion is that carbon atoms, no longer 
a structural part of the space lattice as they are when in solid 
solution but situated between the atoms and within the space 
lattices, prevent slip. And, finally, it has long been suggested 
that hardness is due to internal stress caused by the suppression 
of the normal expansion of steel when cooling through the critical 
range. When austenite is slowly cooled, it expands slightly to 
form ferrite and cementite and then contracts again. But when 
austenite is quenched, the cooling is too rapid to permit expansion 
and austenite contracts to form martensite; later, if martensite 
is heated, it separates into ferrite and cementite and expands 
in doing so. The suppression by rapid cooling of the normal 
expansion at the critical temperature sometimes produces such 
strains in the steel that it bursts with violence. It may form a 
hollow place in its center, or it may explode and cause serious 
damage. For this reason, steel is sometimes quenched in hot 
water instead of cold water, or even in hot oil instead of cold 
oil^ so that the cooling is not so rapid. 
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We may summarize the theories of hardness as follows: 
L Slip is prevented by submicroscopic particles of cementite. 
2. Slip is prevented by extreme fineness of grain. 
3. Slip is prevented by intralattice carbon atoms. 
4. Hardness is due to internal stress, because of: 

a. Lattice distortion. 
b. Suppression of expansion at about 700°0. 

5. Hardness is a characteristic of a supersaturated solid 
solution. 

Summary of Constituents.—We may discuss the characteristics 
of the constituents of steel in the approximate order of their 
relative hardness as follows: Cemeniite, FeaC, is the hardest 
constituent of straight iron-carbon alloys. It is magnetic at 
temperatures below 230°C. It cannot be made as one piece 
but occurs only as a crystalline constituent. It occurs in every 
slowly cooled iron or steel. It is very brittle. Martensite, the 
next in hardness and brittleness, is the first step in the decomposi¬ 
tion of austenite. It is slightly magnetic and contains iron in 
both the gamma and the alpha allotropic form. It transforms 
from austenite at a temperature of about 325®C., on rapid cooling. 
When steel containing austenite is heated, the austenite begins 
to change at once to martensite, and this change is complete 
at a temperature of about 200®C. Martensite is not homo¬ 
geneous in structure. It will apparently retain its hardness 
indefinitely unless warmed. Austenite has less cutting, or inden¬ 
tation, hardness than has martensite, but more than sorbite 
or pearlite. Austenite, however, has great abrasive hardness, 
or resistance to wear. It has great toughness, moderately high 
tensile strength, and low elastic ratio; i.c., its elastic limit is 50 
per cent, or less, of its ultimate tensile strength, while the elastic 
ratio of martensite is 80 to 98 per cent. Austenite is nonmag¬ 
netic, all its iron being in the gamma form. Troostite is less hard, 
less brittle, and contains much less gamma and more alpha 
iron than martensite, from which it is obtained by warming. 
The transformation from martensite to troostite be^ns when 
the steel is warmed and is substantially complete at 400®C. 
Many believe that troostite is not a true constituent but merely 
a stage in the transition from martensite to sorbite. Sorbite 
might be described as incipient, or colloidal, pearlite. It is 
obtained when quenched steel is heated to temperatures of 400^C. 

abom Its structure seems to be imperfectly separated 
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ferrite and cementite out of a partially decomposed solid solu¬ 
tion. The structure is, however, too fine to be resolved by the 
microscope, and there may be an important amount of imper¬ 
fectly separated solid solution still present, especially in those 
stebls which have been ‘^sorbitized^^ near 400°. Sorbite is 
stronger than pearlite, and it may be both stronger and tougher 
at the same time. That is to say, steel which has been “sor- 

Fio. XIII-23.—Ferrite network with troostite in martensite matrix.- Carbon 
steel of about 0.15 to 0.20 per cent carbon. Rivet stock, (iuenchod from 
white heat. Etched. Magnified 90 diameters. {Courtesy, WiUiam Campbdl ) 

bitized^' by quenching and reheating to 500 or 600°C. will prob¬ 
ably be stronger, harder, tougher and only a little less ductile 
than the same steel which has been slowly cooled so that the 
ferrite and cementite in it have been separated into individual 
crystals. It will also be liable to give better resistance to shock. 
Pearlite is a conglomerate of ferrite and cementite resulting from 
slow cooling of any steel. When the steel contains 0.86 per cent 

carbon, it consists entirely of pearlite. Ferrite is the softest 
and least strong constituent in steels. It is also the toughest, 
most malleable, most ductile, and highest in electrical conduc¬ 
tivity and magnetic permeability. 
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Tempering.—Hardened steel is too brittle to be used without 
some degree of tempering, except for a small variety of purposes, 
such as the points of armor-piercing projectiles and the face of 
armor plate. In order to understand just what tempering does, 
let us consider the exact condition of hardened steel: It is in a 
hard and brittle condition which is not natural to it at atmos¬ 
pheric temperatures, but which has been brought down with it 
from a higher temperature by means of rapid cooling. Theo¬ 
retically, when the temperature fell below 690°C. (1272°F.), the 
molecules of steel should have changed over to the soft form. 
Their hard condition is not in equilibrium at the lower tem¬ 
perature, in the same sense that ice is not in equilibrium in hot 
weather. Why, then, does not the steel change back into the 
soft form? Ice, if given time enough, will all change into water 
when the temperature is above 0°C. (32°F.). The reason the 
change does not take place in the steel after we have cooled it 
to the atmospheric temperature is that the mass as a whole 
becomes too rigid and immobile at the lower temperature to 
permit any alteration in its molecules to take place. 

However, it is only necessary to decrease this rigidity in order 
to permit a slight change. For example, if a piece of hardened 
steel be kept in boiling water for some days it will lose a part of its 
hardness; if it be heated a little more, it will lose more hardness 
and lose it much more quickly. Each loss in hardness is accom¬ 
panied by a loss in brittleness as well. If it be heated to about 
200°C. (392°F.), quite a little of the brittleness will be lost and 
a part of the hardness.^ It is now in condition to be used for 
steel engraving tools, lathe tools, and other implements to cut 
metals. If we heat to 250°C. (480°F.), we temper still further, 
and so on (see Fig. XIII-24). 

It is interesting to note that, when hardened steel is tempered, 
the physical changes produced by the tempering—the decrease 
in hardness and brittleness, increase in electric conductivity, etc. 
—precede the separation of carbon from the solid solution. By 
tempering we may lose 70 per cent of the hardness, 93 per cent 
of the electric resistance, and nearly 100 per cent of the thermo¬ 
electric power produced in the steel by the hardening operation, 
when only 13 per cent of the carbon has been changed from the 
dissolved form. 

^ After the heating it is immaterial whether cooling is fast or slow, as the 
same result will be produced. 
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Hardening, Tempering, and Annealing.—Only quenching in 
water, or in some other medium which takes the heat away as fast 
or faster, goes Under the name of hardening. Quenching in 
heavy oil, melted lead, etc., cools the steel less rapidly and makes 
it less hard and less brittle than quenching in water, so to this 
operation the name of ‘^tempering’' is given. Cooling in sand, in 
the furnace, or by any other slow method, is called ^^annealing.^^ 

Practice in Annealing, Hardening, and Tempering 

Furnaces.—There is not space here to discuss the many dif¬ 
ferent types of furnaces used for heating for these purposes. 
Furnaces heated by electricity are now commonly used \n the 

Fio. XII1-24.—Progress of the Loss of Hardness in Tempering Steel. {From 
Howe, *^The Metallography of Iron and Sted,'' Fig. 123, p. 599.) 

most modem heat-treating establishments and industrial plants, 
especially automobile plants. Electric furnaces are often auto¬ 
matically controlled as to temperature. They usually cost 
more for heat but save through less defective work, less labor, 
and less space required. The requisites of a heating furnace are: 
(1) It shall be of a uniform temperature in all parts of the heating 
chamber. (2) It shall heat the pieces uniformly from all sides. 
(3) Its temperature shall be readily under the control of the 
operator. It is very desirable also that the temperature should 
be indicated by means of some scientific instrument instead of 
the unaided ^e of the operator. Skillful as thesb operators are, 
it is now generally admitted that a good pyrometer will give 
more reliable results, and it has the further advantage of 
giving an autographic record of the temperature which may be 
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kept fot future reference. (4) The metal shall not come in con¬ 
tact with solid fuel, because the carbon or injurious impurities 
in this fuel, such as sulphur and phosphorus, will be absorbed 
by the metal and vitiate it. The usual means of heating these 
furnaces is the flame from combustion of solid fuel, gas or oil, 
or heat converted from electric energy. Electric heat, although 
expensive, gives the most effective control of the temperature 
and also enables us to get with ease either the highest or lowest 
temperatures. (5) Ready access to the pieces being heated shall 
be had so that they may be removed quickly and easily. (6) 
The pieces shall be so supported as not to bend under their own 
weight at the heat to which they are subjected. (7) Means shall 
be provided, where possible, to prevent oxidation of the iron. 
This is of major importance in the case of small pieces or of pieces 
which are to be treated after machining, or cold rolling, so that 
they shall be left with a bright surface and good corners. The 
means for accomplishing this object are usually to heat the pieces 
inside muffles around the outside of which the combustion takes 
place, or else to pack them in air-tight boxes. Sometimes inside 
these boxes or muffles a stream of reducing gas is led to prevent 
oxidation. Or else the metal is packed in lime or other neutral 
material, and sometimes a few pieces of charcoal are put inside 
the muffle or mixed with the lime to unite with any oxygen which 
finds its way into the interior. Another method of heating to 
prevent oxidation, which has the further advantage of obtaining 
uniform temperature, heating the piece uniformly on all sides, 
and giving an excellent control of the temperature, is to have the 
pieces immersed in baths of oil, lead, barium chloride, or other 
substances in a molten condition. These baths are then uni¬ 
formly heated and transmit their temperature to the metal. 

Magnetism and the Lines GSK.—It will be remembered 
that iron is present in the solid solution in the gamma allotropic 
form, and therefore the solid solution is nonmagnetic. There¬ 
fore all the steels having more than 0.40 per cent carbon lose the 
last of thdr magnetism at the same time as they cross the lines 
GSK. These steels comprise all containing 0.4 per cent of 
carbon and more. To harden, anneal, or restore such steels 
we may guide our work of heating by means of an ordinary 
horseshoe magnet, which makes a most accurate and simple tool. 
Let the magnet hang outside the furnace and take a sample of 
sled out at inter?als to test it. When it no longer attracts the 
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magiiet, begin to cool it. For steels with less than 0.4 per cent 
carbon we can use the magnet to tell us when the temperature 
corresponding to 760®C. is reached, for all iron loses its magnet¬ 
ism at that point, and then it is a comparatively simple matter 
to judge by eye the relatively short temperature intervals above 
that point which it is necessary for the steel to traverse before 
it crosses the line GS. If this method is followed, it will be 
found in many works that annealing temperatures have been 
much too high, and that better steel will be obtained in future. 
We do not get the steel any softer by annealing it hotter, but 
only by slower cooling from the correct temperature. 

Heating for Annealing, etc.—Annealing has for its object the 
treble purpose of (1) relieving any strains put upon the metal 
during its cooling, or by mechanical treatment or otherwise, (2) 
restoring the grain of the metal to that minute size which gives 
it the best possible qualities, or (3) softening it after hardening. 
We may accomplish these three objects, or any of them, in one 
annealing operation. The usual temperatures of true annealing 
lie between 700 and 1000°C. (1290 and 1830°r.). Temperatures 
from 200 to hOO'^C. (930°F.) are sufficient to relieve strains in 
the metal and to soften it after mechanical treatment or hard¬ 
ening. But, when we desire to produce a new grain size, we 
must heat above the critical temperature, and we have already 
explained that for this purpose it is best not to exceed the critical 
temperature any more than is necessary, with, however, the quali¬ 
fications noted in the case of very bad overheating or ingotism. 
Where we have obtained by means of cold rolling, wire drawing, 
or other mechanical work in the cold, a grain size already small, 
it is bad practice to form a new grain size, and therefore the steel 
should then be heated only to that low temperature which will 
soften it. If steel has been heated above the critical temperature, 

it must be cooled slowly from that point if it is to be in a soft 
condition. 

Lonealing.—Full annealing is heating above the critical tem¬ 
perature followed by slow cooling. In some operations the practice 
is followed of heating to some point below the critical tempera¬ 
ture, after which the steel is soft whether subsequent cooling 
is either slow or rapid. This softening at a low temperature is 
sometimes called ** process annealing,which is an insignificant 
term, so that the name ‘Tonealii^’' is suggested for this softening 
at temperatures below the critical range. 
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Normalizing.—If any steel with less than 0,85 per cent of 
carbon be cooled slowly from above the line (AS in Fig. Xl-9, 
it will contain thereafter large crystals of ferrite. This will 
cause it to have less strength than if the large crystals of ferrite 
were not present. This is frequently the case in rolled or forged 
steel, because mechanical work is usually stopped at a tempera¬ 
ture above the line GS, both on accouht of expenditure of power 
and because the ductility of hypoeuctectoid steel (Ae., steel 
with less than 0.85 per cent of carbon) is reduced if it is worked 
in its zone of secondary crystallization. To improve the grain 
structure of this steel it may be heated about 50®C. above the 
line GS and slightly chilled by cooling in air. This is called 

normalizing.^^ Often the steel is held for an hour or so at the 
normalizing temperature in order thoroughly to adjust the solid 
solution by soaking.^' 

Spheroidizing.—Steel with more than 0.85 per cent of carbon 
will precipitate out needles of cementite as it cools from the line 
SE to SK in Fig. XI-9. These needles make it less durable. 
They can be converted into round spheroids by long heating near 
the line SK. Billinger found lhat the most rapid spheroidizing 
occurred by a long heating which was alternately slightly above 
and slightly below the line SK. This same process of spheroidiz¬ 
ing may also be applied to cementite crystals in the pearlite of 
steel with 0.85 carbon or less, and the toughness of such steels 
thereby improved. 

Hardening Practice.—When a piece of steel is rapidly cooled, 
tremendous strains are developed in it as it passes through the 
critical temperature. We have already studied the phenomenon 
of recalescence, or liberation of heat within the metal by the 
chemical reaction of the separation of ferrite and cementite. 

The recalescing steel, which has been rapidly contracting owing 
to the falling temperature, now tends to expand because of this 
liberation of heat. But, as cooling takes place from the outside 
inward, the outer shell of steel passes through the recalescence 
period first and is already beyond that point and contracting 
further when the interior begins to liberate heat and tend to 
expand. This brings a double pressure on the steel, and the 
strains are so large as frequently to cause what are known as 
'‘water cracks'^ in the hardened steel. Sometimes the outer 
shell of steel actually flies to pieces under the strain, or "bursts,"' 
as it is called. Again, a long cavity will be opened down the 
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center of the piece. In the ease of armor plate, for example, 
the appearance of cracks after the hardening of the steel is often 
welcomed, as it shows that the strains produced in the metal 
have been relieved to some extent, and a curved turret will 
actually be stronger under impact after cracking than before, 
because the latent strains are relieved. The operator must take 
these matters seriously into consideration, remember that the 
greatest strains are produced by uneven cooling which may occur 
through (1) the juxtaposition of thick and thin sections, (2) 
uneven temperature of the piece which is heated up, which may 
best be avoided by the slow heating of large pieces, (3) uneven 
temperature of the bath in which the steel is quenched, or (4) 
careless immersion in the bath. An uneven temperature of the 
bath may be avoided by having small-sized baths with abundant 
circulation of the quenching medium therein, or else by quench¬ 
ing the objects in a voluminous spray of liquid, such as is prac¬ 
ticed in the hardening of armor plate, for example. The operator 
should moVe the piece around in the bath as much as is necessary 
to prevent vapor accumulating next the steel and thus forming 
a place where the cooling is not so rapid, and the piece must 
be held in tongs and not allowed to drop to the bottom of the 
quenching tank. 

Hardened pieces occasionally warp as a result of the strains 
set up. This may be prevented to some extent by having the 
thickest parts of the piece enter the bath first, and also by anneal¬ 
ing the specimen at a relatively low temperature before heating 
for hardening, in order previously to remove all strains. It may 
be necessary to clamp pieces of very intricate shape in order 
mechanically to prevent their warping. 

Quenching Baths.—The object of the quenching bath is to take 
the heat away from the metal at the rate of speed best suited for 
the hardness or other qualities desired to be given to it. Nothing 
from the bath enters the steel, and it has no virtues other than 
to remove the heat. It may be, however, that certain baths 
will cool steel rapidly through the ciitical range and then slowly 
thereafter, or vice verm, and there may sometimes be virtue in 
this property. Saturated solutions of certain salts might deposit 
their dissolved substance uniformly on the surface of the steel 
and this incrustation may have the effect of cooling the steel 
more slowly at a lower temperature. Further than this charac¬ 
teristic, the speed of cboling will depend upon the loljbwieg 
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factors: (1) temperature of the bath, (2) heat conductivity of 
bath, (3) viscosity of the bath—the importance of viscosity 
results from the circumstance that liquids carry heat away larp;ely 
by convection—(4) specific heat of the bath, because the greater 
the specific heat of substances, the more heat will be absorbed 
in a given time by the layers adjacent to the quenched body. 
Furthermore, the greater the specific heat, the greater amount 
in heat will the bath absorb without rising in temperature, (5) 
the volatility of the liquid, because the more readily it forms 
vapor when heated, the more liable is there to be a cushion of 
vapor between the quenched body and the body of the liquid 
itself. Mercury, because of its low melting point, can be refriger¬ 
ated to a low point and this makes an effective hardening medium. 
Solutions of calcium chloride will act in the same way. On 
the other hand, liquid air, in spite of its low temperature, is a 
poor quenching medium because of its ready volatility. If steel 
is quenched in hot water or hot oil, it will not be in as great danger 
of cracking, but there is an added danger of bubbles in the 
quenching medium adhering to the sides of the metal and inter¬ 
fering with the rapid cooling of these spots. This results in 
soft spots on the sides of the quenched tool. The importance 
of rapid circulation of the. quenching medium so that it passes 
quickly over all parts of the hot steel, and also so that it does not 
rise in temperature during use, cannot be overestimated. 

Combined Hardening and Tempering.—If steel be cooled from 
above the critical range by quenching in some slow heat-con¬ 
ducting liquid in the first instance, as cylinder oil, or melted 
solder at 200*^0. (392°F.), the same intermediate hardening and 
embrittling effect will be produced upon it as if it were first 
hardened in water and then tempered a certain amount. There¬ 
fore the quenching in oil and similar mediums has come to be 
called “tempering.^' Another method of combining hardening 
and tempering after only one heating is used in the^tempering of 
the cutting edges of chisels and similar tools: The end of the 
tool is first heated just above the critical range, and then the 
extreme point only is quenched in water until it is black, after 
which it is withdrawn and rubbed bright upon a piece of sand¬ 
paper or upon a brick. This is done merely to give a bright 
surface upon which to observe the play of temper colot's. The 
heat from the shank now begins to creep down into the point 
which takes the various temper colors in order, beginning with 
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the lemon. When the desired degree of tempering is reached— 
say, the pigeon-wing color—the whole tool is put into water. 
This is merely to ‘^put out the fire’' and stop more heat coming 
down into the tempered point; it has nothing to do with the 
tempering operation itself. 

Reheating for Tempering.—A more accurate method of tem¬ 
pering, because it enables pyrometers to be used and because 
the operation can be conducted more slowly, is to quench the 

Table XIII-I.—Temperatures for Tempering Various Tools 

Degrees 
Fahren¬ 

heit 

Degrees 
centi¬ 
grade 

Light Lemon C'olor 
Scrajjers for bravss 437 225 Steel-engraving tools 
Light turning tools Hammer faces 
Planers for steel . to to Planers for iron 
Ivorj'-cutting tools . . Paper ciitt(‘rs 
Wood-engraving tools 455 235 Drills 
Hone-cutting tools. Milling cutters 

I 

Wire-drawing plates. . . . . 450 230 Boring cutters 
Leather-cutting dies Screw-eutting di(‘s 

Taps . to to Chasers 
Hock drills. Mill chisels and picks 
Penknives. Punches and dies 
Reamers. Shear blades 
Half-round bits. Planing and molding cut¬ 
Gouges. ters 
Plane irons. ' 482 250 Stone-cutting tools 

Twist drills. 483 251 Flat drills 
Wood borers. Pressing cutters 
Cup tools.... to to Coopers^ tools 
Edging cutters,. 527 275 

Wood bits and augers. 528 276 Cold chisels for steel 
Dental and surgical instruments Axes and adzes 
Hacksaws. to to Cold chisels for cast iron 
Saws for bone and ivory. Chisels for wood 
Nd^les, gimlets. Framing chisels 
Circular saws for metal. 572 300 Screw drivers 
Saws for wood. Springs 

Blue CJolor 
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piece to be hardened and then reheat it to a desired temperature 
at which its temper is to be drawn. By this means also we can 
reheat the piece in baths of lead-tin alloys, melting at low heats, 
which insures accurate control and that all parts of the piece are 
uniformly heated. 

Temper Colors.—Nature has provided a ready means of 
determining the temperature of steel between 200 and 300°C. 
(390 and 570°F.) without the aid of thermometers or other 
instruments, and, since this is the range of temperatures in which 
practically all of the tempering of hardened steel takes place, this 
provision is a most fortunate one. It comes about through the 
oxidation of the metal at those different points. At 200®C. 
(390°F,) a thin film of oxide forms upon the steel but is not 
sufficient to hide entirely the white color underneath, so that the 
combination produces a light-lemon color. As the temperature 
rises, the film of oxide becomes thicker and the yellow color darker 
until, at about 225°C. (437®F.), it has changed to faint straw. 

In Table XIII-I are the temperatures and other phenomena 
relating to the treatment of steel and the temperatures for tem¬ 
pering various tools. 

Multiple-ply Steel.—Steel low in carbon is soft and tough but 
will not withstand wear or abrasion; hard steel, on the other 
hand, is brittle except, of course, such a steel as manganese 
alloy steel, whose use is limited by price. Where a steel has 
to resist a combination of stresses consisting of penetration or 
abrasion and violent shocks, such a combination of stresses, in 
other words, as is brought to bear upon armor plate, plowshares, 
certain gears and pinions, crankshafts, pivots in moving machin¬ 
ery, etc., or a combination of cutting and shocks, such as that 
which jail bars and burglar-proof safes might have to resist, it is 
customary to have a combination of metals. Or else we may 
produce a high-carbon surface on a piece of soft steel by the 
process known as case hardening or carbonizing. This case- 
hardened metal is then heat-treated by a hardening or temper¬ 
ing process which makes the outside very hard but leaves the 
interior tough and ductile. The high carbon of the outside is 
obtained by virtue of the so-called cementation process. 

Theory of Cementation.—The principle upon which case 
hardening depends is the slow absorption of carbon by iron or 
steel at a bright-red heat as already partially explained on page 
4. If a piece of soft steel be immerised in melted potassinm 



440 THE METALLURGY OF IRON AND STEEL 

cyanide at a temperature of 900°C. (1650°F.), the carbon con¬ 
tained in the cyanide will slowly penetrate the metal. It enters 
the steel in the form of a solid solution and the amount of carbon 
and the depth to which it penetrates will depend upon the fol¬ 
lowing conditions in the order of their importance: 

1. The temperature of cementation. 
2. Time during which it proceeds. 
3. The kind of cement material used; e.g.^ potassium cyanide 

gives a quicker penetration than pure charcoal. 
4. The kind of steel used; t.e., manganese, chromium, tungsten, 

molybdenum, etc., in the steel increase the rate of cementation, 
while silicon, aluminum, nickel, titanium, etc., decrease it. 

Temperature of Cementation.—The cementation process takes 
place with extreme slowness below the critical temperature of 
steel and increases rapidly with the temperature above that 
point. It is not advisable, however, to carry it on at a very 
high temperature because the long overheating gives the core 
of the steel a coarse structure and makes it weak and brittle. 
Lake gives the following table for the speed of cementation with 
different substances at varying temperatures. 

Table XTJI-II.—Kate of Penetration of C vrbon into Steel 

T emperat ure, 
degrees 

Fahrenheit 

Materials used and rate of penetration in 8 hr., inches 

Temperature, 
degrees 

centigrade 

i 
I 

Charcoal 60 1 
per cent -f 40 

per cent of I 
carbonate of 

barium j 

[ Ferrocyanide 
66 per cent + 

34 per cent 
of bichromate 

Potassium 
ferrocyanide 

alone 

Powdered 
wood char¬ 
coal alone 

1290 700 
1476 0 020 0.033 0.020 0.020 800 
1660 0 088 0.069 0.079 0.048 900 
1830 0.128 0.128 0.128 0.098 . 1000 
2010 0.177 0.177 0.198 0.138 1100 

A very usual temperature for cementation is 900®C. (1650®F.). 
Influence of Time on Cementation.—The following two tables 

from Lake also show the influence of the time on the depth of 
penetration of the carbon for different materials. 

Carbonizing Material.—^Iron has been carbonized by meanB 
of a diamond as early as 1815 without melting the metal, which 
shows that pure carton alone may acoompUah the result. How- 
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Table XIII-III.—Rate of Penetration of Carbon into Steel 

Materials used and rate of penetration at 1000°C , inches 

Length of 
time, 
hour» 

Carbon 60 per 
cent -f- 40 per 
cent of car¬ 

bonate 1 

Ferrocyanide 
66 per cent + 
34 per cent of 
bichromate 

Powdered 
wood cliar- 
coal alone 

Charcoal and 
carbonate of ‘ 

potasHimn 

Unwajshed 
animal 
black 

1 0 031 0 033 i 0 028 0 059 0 036 
2 0 039 0 037 0 053 0 078 0 059 
4 0 047 0 049 0 06? 0 094 0 088 
6 0 078 0 074 0 072 0 111 0 106 
8 0 118 0 128 0 098 1 0 138 

! 
0 128 

Table XllI-IV.—Kate of Penetration of Carbon into Steel 

Length of 
time, hours 

Materials used and rate of penetration at OOU^C., inches 

Charred 
leather 

1 

j 
Ground wood 

charcoal 
Barium carbonate and 

wood charcoal 

2 0 045 0 028 0 055 
4 0 062 0 042 1 0 ()H7 
8 0 080 0 062 i 0 111 

12 0 110 0 070 1 0 125 
1 

ever, more impure forms of carbon give much more rapid carboni¬ 
zation, and for commercial purposes the materials used arc 
generally charcoal from wood, with which arc mixed other sub¬ 
stances; powdered bone; charred leather or sugar, this latter 
being valuable because of the absence of injurious impurities; 
horn, animal black, lampblack, anthracite, graphite, etc. In the 
lampblack process it is common to deposit the soot on the surface 
to be carbonized by means of a smoky gas or oil flame. Gases 
containing carbon may also be used for cementation, of which 
carbon monoxide is one of the best; acetylene is also effective. 
We may also use liquids containing carbon, such as melted 
potassium cyanide, ferrocyanide of potash (Prussian blue or 
ferroprussiate of potash). It would appear that the presence 
of nitrogen assists in the absorption of carbon by the steel and 
for this reason the various animal and vegetable products men¬ 
tioned above are preferred to charcoal from the purer materials. 
It is also common in some cases to introduce gases containing 
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nitrogen, sucii as ammonia, into the receptacles where the 
cen^entation is being carried on. 

A very important consideration in case hardening is that the 
carbonized material shall penetrate the steel at all points alike 
and this is assisted by the more intimate contact between the 
two, so that carbonizing with gas is often preferred to packing 
the steel in solid materials. Carbonization in liquid cyanides 
has the same advantage, and doubtless the nitrogen in these 
cyanides is an important element in their efficiency. The potas¬ 
sium cyanide bath is a very common means of cementation on 
account of the convenience of its use and readiness of control. 
One objection to it, however, is the very bad and poisonous fumes 
coining from this melted liquid. 

Steel Carbonized.—We ordinarily carbonize a steel running 
from 0.10 to 0.22 per cent of carbon in order to have a very* 
tough core and also to avoid the ill effects of overheating of the 
core which increases with the amount of carbon. The manganese 
in the steel should be low, because this not only increases the 
overheating by lowering the critical temperature but tends to 
make the outside case brittle. The amount of manganese should 
generally be under 0.35 per cent and preferably less than 0.25 
per cent. Chromium makes the outer surface harder and refines 
the grain of the steel besides raising the temperature at which 
overheating occurs. It increases the strength of the material 
but makes it harder to machine. Many pieces for case hardening 
contain from 0,50 to 1.50 per cent of chromium. Vanadium 
and titanium are said to counteract to some extent the effect 
of chromium in making steel difficult to machine, and to increase 
its resistance to shock. Nickel is very valuable in case-hardened 
steel because it increases its strength, decreases the brittleness 
and the tendency of cracks to spread. From 2 to 7 per cent 
of nickel is commonly used for high-grade material which can 
stand the extra price. The amount of silicon is usually kept as low 
as possible on account of its decreasing the depth and speed of 
cementation, and phosphorus should be under 0.036 per cent as 
this makes the metal brittle under shock. 

Silicon must be below 0,30 per cent, because it produces a 
coarse grain structure and tends to make the ^‘case,'* which is 

in carbon, brittle. Sulphur, inclusions, and dissolved 
<ntygen must be low. However, the dissolved oxygen must 
not have been removed by either aluminum or vanaffium vtben 
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the steel was manufactured, because these two elements tend 
to make an ^^abnormaP^ steel, which will be discussed in more 
detail later. Nickel is variously used in different grades, such 
as 1, 3, 5 or 7 per cent, depending on the price which can be asked 
for the carburized steel. The principal purpose of the nickel 
is to give a small grain structure, especially to the grains of ferrite 
in the ^‘core,^' or inside portion of the steel. Chromium steel 
is used where a hard outside case is wanted, because chromium 
greatly increases the hardness of quenched steel. Where the 
service calls for a strong steel with a hard case and a tough core, 
a chrome-molybdenum steel is commonly used. 

Percentage of Carbon Added.—On the very surface of the 
case-hardened material, the amount of carbon will usually be 
nearly 1 per cent or more and will run as high as 2.50 per cent 
in the case of a very long cementation as in the manufacture of 
armor plate, for example. Lake cites the case of a round bar 
that was carbonized to the depth of in. and showed the fol¬ 
lowing percentages of carbon in each in. turned off the out¬ 
side: 1.24, 0.85, 0.24, and 0.13 per cent. It is commonly assumed 
that the best carbon in the case is just above the eutectoid ratio, 
and many carburizing operators aim to get 0.90 per cent. Others 
aim for 1.10 per cent, and some work for 1.20 to 1.30 per cent, 
the object being to have some crystals of free cementite in the 
case after quenching to act as extra hard particles in a hard 
matrix. 

Heat Treatment for Carbonizing.—In some cases it is custom¬ 
ary, in order to save time and expense, to quench out the pieces 
as they come from the cementation furnace, but it is much better 
practice to cool them down to a black heat and then reheat and 
harden in a separate operation, because this causes a somewhat 
better diffusion of the carbon at the point where the case harden¬ 
ing joins the core. This junction line is always a line of weakness 
and, when the pieces are quenched out from the quenching fur¬ 
nace, there is a distinct line of demarcation, which is notably 
shaded when the metal is reheated for hardening. Moreover, 
the reheating restores the grain of the steel which has been some¬ 
what damaged by overheating during the cementation process. 

Optimum Heat Treatment for Case Hardening.—After steel has 
been case carburized, it is not case hardened until it has been 
quenched from above its critical temperature, because it is only 
rapid cooling which gives great hardness to the case. For good 
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grain structure in both case and core, at least a double quenching 
is required, as follows: After cooling the steel subsequently to 
the case-carburizing operation, reheat to above the line of the 
core. Now, if the core contains 0.20 per cent carbon, it will be 
heated above the A,, line at a temperature of about 875°C., as 
we can see from line GS in Fig. XI-9. The core is now entirely 
solid solution of iron and carbon; quench in water and it comes 
to atmospheric temperature without any large ferrite crystals sep¬ 
arating out, which would weaken it if they were present. Now 
reheat to just above 70()°r. Assuming that the case is 0.90 per 
cent carbon, we now ha\^c it entirely in solid solution. Quench 

c 

Fi(i. XIII-25.— iSchemutic illustration of selective case carburizing. Surfaces 
at OCX' are to be carburized, while those at AA are to be protected against 
carburizing. 

Before packing this crankshaft in the carburizing compound and heating it to the cemen¬ 
tation temperature, the surfaces at A A are protected so that carbon will not penetrate thejfn. 
This may be done by coating or painting the surfaces A A, or by electroplating them 
with tin, bismuth, antimony, or, better, cojpper This is done as follow’s: The surfaces 
which we wish to carburize (CCC) are first painted with melted wax; then the whole crank¬ 
shaft is put in a copper-plating bath and plated. Finally the wax is cleaned or melted off, 
leaving thC surfaces at CCC exposed to carbon penetration. 

again and we have a hard case. The core is tough and# strong 
because it has no large crystals of ferrite in it. It is not custom¬ 
ary to “temper'^ case-hardened steel after the second quenching 
unless the expected service demands a nonbrittle case. 

Protecting Surfaces against Carburizing.—Sometimes case 
carburizing is to be selective in its application. That is to say, 
we desire to carburize some surfaces and not others. We may 
illustrate with the single-throw crankshaft shown in Fig. XIII-25. 

Nitridino 

In recent years a very important process for putting a hard 
case on the surface of a piece of steel has been developed and 
has come into extensive use. It is characterized by the following 

distinctive features: 
1. It uses an alloy steel which is first heat-treated and whi^h 

has a high combii^tion of strength and ductility. 
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2. It puts a very hard surface on this steel by soaking it for a 
long time in an atmosphere of ammonia gas at a temperature 
of about 510°C. This produces a skin of Fe2N, about 0.001 in. 
thick on the surface. This is much harder than a case-carburized 
and quenched surface. 

3. It requires no quenching to make it hard, and therefore it 
can be used for steel shapes which might distort or crack if 
quenched. 

4. The skin does not lose its hardness even when heated 
slightly. 

Selective Nitriding.—Selective nitriding can be accomplished 
as well as can selective case hardening, but, in the case of nitrid¬ 
ing, the surface must be protected from nitride formation by 
plating it with tin or nickel. 

Advantages and Disadvantages of Nitriding.—As compared 
with case carburizing, nitriding has the advantage that the 
surface has a Brinell hardness of 1000 to 1100, as compared 
with 650 to 720 for case-carburized steel. The alloy used for 
nitriding is stronger and it does not lose either its strength or its 
nitrided hardness at temperatures up to 480°C. The chief 
advantage of the nitrided steel usually is, however, that it 
does not distort, warp, or crack on quenching, because it is not 
quenched after nitriding. The chief disadvantages are that 
nitrided steel is more costly, requires very special apparatus, 
greater expertness to produce, and a longer time. 

6. Heat Treating for Strength 

If steel with less than 0.85 per cent of carbon be heated above 
the line GS in Fig. XI-9 and rapidly quenched, its strength will 
be greatly increased and its ductility lowered. The increase 
of strength is due chiefly to preventing the precipitating of large 
crystals of ferrite, which weaken steel. The decrease in ductility 
is caused by the formation of the hard and brittle martensite 
always produced when steel is quenched while it is in the condi¬ 
tion of a solid solution. The amount of increase in strength 
and decrease in ductility varies with the amount of carbon in 
the steel, as shown by Table XIII-V. 

In order that this process of strengthening shall be serviceable, 
it is necessary that the quenched steel be reheated to some tem¬ 
perature between 400 and 650®C., so that martensite is converted 
into sorbite. This leaves the steel stronger than it was before 
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Table XIII-V.—The Effect op Carbon on the Mechanical Proper¬ 

ties OF Steel after Quenching Is Shown Below' 

Tenaiie strength in soft state Tensile strength when quenched 

Carbon, 

per cent Ultimate, Elastic limit, Elongation Ultimate, Elastic limit. Elongation 

pounds per pounds per in 2 in.. pounds per pounds per in 2 in., 

square inch square inch per cent square inch square inch per cent 

0.10 60,300 36,300 29 66,400 40,300 24 

0.14 61,500 36,200 27 73,100 39,600 22 

0.23 66,500 41,200 26 99,400 64,000 14 

0 52 97,800 52,600 20 132,100 81,400 9 

0.00 116,400 66.500 14 163,400 102,100 4 

0.72 130,700 75,800 9 180,100 106,500 0 

1 See E. F. Lake “ Composition and Heat Treatment of Steel/’ 

quenching, but also ductile. Any temperature within the range 
mentioned may be used for reheating, always bearing in mind 
that strength leaves the steel with every increase of temperature 

above 400®C., and that ductility is added to it. We choose the 
temperature which gives us the combination nearest to that 

desired. The process is much used for heat-treating axles con¬ 
taining about 0.45 to 0.55 per cent of carbon, but its principal 
use is in heat-treating alloy steels, especially for automobiles, 

airplanes, locomotives, etc. 
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CHAPTER XIV 

THE CONSTITUTION OF CAST IRON 

Practically all the cast iron that is not purified is used for 
making iron castings, so that a study of the constitution of cast 
iron resolves itself into a study of iron castings. The difference 
between cast iron and steel is that the former contains less iron 
and more impurities, especially carbon, silicon, phosphorus, and 
occasionally sulphur and manganese. The advantages of cast 
iron, and the reason it is used as much as it is, are its fluidity, 
lesser amount of shrinkage when cooling from the molten state, 
relative freedom from checking in cooling, and the ease with 
which very different properties are conferred upon it at will. Its 
disadvantages are its weakness and lack of ductility and mallea¬ 
bility. The last-named deficiency renders it practically impossi¬ 
ble to put any work upon cast iron; hence it can never be wrought 
to shape and must always be used in the form of castings. Its 
most important advantages are probably its ready fusibility, 
which makes it so easy to melt and cast, and its cheapness. 

Graphite.—All of the characteristic qualities of cast iron are 
due to the presence of the large amount of impurities in it. These 
impurities are the same in kind as the impurities in steel and 
differ only in amount, with the single exception of graphite. 
This constituent is almost never found in steel or is found in a 
very small number of cases, those cases being confined to the 
high-carbon steels, the amount of which is relatively very small. 
In cast iron, however, graphite is the largest and one of the most 
important constituents. It occurs in thin flakes, in sizes varying 
from microscopic proportions to an eighth of a square inch in 
area,^ disseminated through the body of the metal and forming 
an intimate mechanical mixture, a magnified section of which is 
shown in Fig. XIV-1. Each flake of graphite is composed of 
smaller flakes, built up somewhat like the sheets of mica with 
which fill are familiar, but with very little adhesion between 

^ In rare and unusual oases the flakes of graphite may be as much as IH 
to 8 sq. in. in area but practically never so large in commercial cast iron. 
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the small component flakes, so that the sheet of graphite may be 
split apart with very little force. Graphite is very light in 
weight, having a specific gravity of only about 2.25 as compared 
with a specific gravity of 7.86 for pure iron; consequently, 
although the percentage of graphite by w^eight is only 4 per cent 
or less of the iron, its percentage by volume may be, in normal 
cases, as much as 14 per cent. This may readily be seen by 
noting the amount of space occupied by the graphite flakes in 

Fig. XIV-1. 
Combined Carbon.—We have already discussed the solidifica¬ 

tion and slow cooling of cast 
iron, and it will be remembered 
that ^11 the carbon which does 
not precipitate as graphite 
forms first as austenite, which 
later decomposes into cernentite 
and ferrite. In short, all the 
carbon in slowly cooled cast 
iron will ultimately be found 
partly in the form of graphite 
and partly in the form of 
cernentite. The carbon of ce- 

Fig XIV-1.—Gray pig iron. 1.75 • i. • i 
per cent S. 0.025 per cent S. 50 DientltO m CESt UOn COmmonly 

diameters. Unetched. goes under the name of “com¬ 
bined carbon,^’ but it must be remembered that cernentite is the 
constituent which gives the observed effects. 

White Cast Iron.—In slowly cooled white cast iron the carbon, 
amounting often to 3 or 4 pei; cent, will all be in the form of 
cernentite, which will therefore form 45 to 60 per cent of the 
material (Fig. XIV-2). Consequently, white cast iron will 
possess largely the properties of cernentite. It is very hard and 
brittle, being machined only with the greatest difficulty and with 
special kinds of cutting tools and resisting wear by abrasion 
very effectively. It is so brittle as to be readily broken by the 
blows of a hammer and is weak because of the presence of very 
large plates of cernentite, which adhere but slightly to one 

another. Consequently, white cast iron has few uses and is 
employed usually only as a hard surface on the outside of gray- 
iron castings. 

Gray Cairt from—Gray cast iron may have about the same 
total amount of impurities present as white cast iron, the only 
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difference then beinj^ that the carbon is partly or wholly pre¬ 
cipitated as graphite. The gray color of a freshly broken 
fracture, from which this material receives its name, is due 
altogether to the graphite present, for this constituent ivS so weak 
that the iron breaks chiefly through its crystals, which are rent 
asunder, leaving one part sticking to each side of the fracture. 
The weakness of gray cast iron as compared with steel is thus 
readily understood, since there is but a small proportion of 

Fi(.. XIV-2. - White ca^t iron. 500 X. 

metallic surface to be broken and the graphite splits so easily. 
An interesting experiment is to take a freshly broken surface of 
gray pig iron and brush one-half of it for some time with a stiff 
brush. In this way the adhering crystals of graphite are par¬ 
tially removed and we get a surface which is almost as white as 
the fracture of white cast iron. This shows clearly that the gray 
color is due altogether to the graphite and that the metallic part 
is as silvery white as iron itself. The prevalence of the gray 
color also shows how completely fracture takes place through 
the graphite crystals. 

Gray cast-iron castings are the more important, and the study 
of their constitution is the chief object of this chapter. These 
castings usually contain 2 per cent or more of graphite and less 
than 13>^ per cent of combined carbon. It will be observed that 
this limit of combined carbon is also the range found in steel. 
Furthermore, it will be observed that the graphite is not a 
chemieal component of the metallic body but is meehanicaUy 
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mingled with it. In this sense, therefore, we may consider gray 
cast iron as a very impure steel, ^ mechanically mixed with graph¬ 
ite, and upon this reasoning the study of its constitution becomes 
much simpler,^ as we may study first the properties of the 
metallic part and next that of the graphite and so be able to 
foretell to some extent the properties of the mixture. Indeed, 
the properties of the metallic part are already understood pretty 
well from our knowledge of the constitution of steel, and there 
is no new constituent or new condition except the larger amounts 
of silicon and phosphorus, which are of minor importance, 
because their effect is collectively far less than the weakening and 
embrittling effect of the graphite. Even though we had a very 
pure metallic constituent, the strength and ductility of this por¬ 
tion would not be sufficient to prevent the mass as a whole 
from breaking under a small load and without exhibiting any 
practical ductility, because of the weakening effect of the crystals 
of graphite. In other words, it is the carbon which is the great 
factor in determining the properties of cast iron, for this may be 
all graphitic or all combined or part in both conditions. 

Total Carbon.—By running the blast furnace very hot, we 
may extend the saturation point of the iron for carbon and thus 
get a slightly higher total carbon. This is not a very potent 
influence, however, for we seldom have total carbon more 
than 4.5 per cent or less than 3.25 per cent. This control, such 
as it is, may be exercised either during the manufacture of the 
pig iron or during the remelting in the cupola, because in the latter 
furnace the liquid iron is in contact with coke and will absorb 
carbon up to its saturation point at the existing temperature. 

Rate of Cooling.—A far more potent effect on the properties of 
the metal is the transfer of carbon from the graphitic into the 
combined form, or vice versa^ by rapid or by slow cooling from 
the molten condition. It will be remembered that the carbon is 
always dissolved in the iron when the mass is in a molten condi- 

^ The silicon in gray cast iron is usually between 0.75 and 3 per cent or, 
let us say, ten times that in steel, while the phosphorus is usually from 0.6 to 
1,6 per cent or, again, about ten times or more that in steel. The sulphur 
varies greatly but is not infrequently as high as 0.15 to 0,2 per cent. Man¬ 
ganese is an exception and is usually no higher in iron castings than in steel 

* This theory of the constitution, which meets with very favorable accept¬ 
ance in many quartern, was independently evolved by J. E. Johnson, Jr., 
American Mmhiniety 1900; and H. M. Howe, Trmmctiene American In^i- 

Mining Engineercy vol 31, pp. 818-339, 1901. 
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tion, t.e., when it is above the lines AB and BD in Fig. XI-7. 
As we cool from the molten state, graphite precipitates, but this 
cooling must be very slow indeed for this normal chemical 
change to take place completely. If, therefore, we cool with 
great rapidity, as, for example, by pouring the iron into a metallic 
mold which chills” it, or by some other form of artificial 
rapid cooling, we may prevent the precipitation of graphite, by 
denying the time necessary for the chemical reaction, and obtain 
a metal in which all the carbon is in the combined form,^ i.e., 
white cast iron. It is also evident that, by a rate of cooling inter¬ 
mediate between this rapid rate and the slow rate w^hich permits 
the precipitation of the normal amount of graphite, we may 
obtain an intermediate amount of carbon in the graphitic form. 
Rapid cooling is a very important means of “chilling” the 
surfaces of gray-iron castings, whereby w'e may have a relatively 
soft gray iron in the interior of each article and a hard surface. 
For example, chilled-iron rolls are made in this way, and also 
railroad freight-car wheels,^ which are cast against an iron chill 
(see Fig. XIV-6), giving nearly an inch depth of white iron 
around the tread and flange w^here the metal is to suffer abrasion 
in grinding over the rails. The web and bore will be of gray 
cast iron, because cooled more slowly in the sand part of the 
mold, and thus will be less brittle and better able to withstand 
the shocks of service and may be machined easily. 

The Effect of Carbon on Cast Iron 

The nature or constitution of gray cast iron is far more 
difficult to understand than that of steel, and even greater is the 
difficulty of predicting the effect of any change in composition or 
in constituents. The chief reason for this complexity is that a 
change in any one of the constituents of gray cast iron is liable 
to effect changes in several others as well. The simplest example 
of this is in the case of the carbon; we have total carbon, graphite, 
and combined carbon, and if we change any one of these three, 
we must change either one or both of the other two, and it makes 

‘ The temi combmed here is used to include either chemical combmation 
or solution. 

® It is today more usual to have the car wheels made of ste^l, as it is 
believed that the iron wheels are not sufficiently strong and ductile. The 
manufacture of pressed-steel oar wheels is increasing in Americat 
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a great deal of difference which. Indeed, we almost never change 
the amount of graphite without making the reverse change in the 
amount of combined carbon and vice versa. Thus a very loose 
system of speaking of these matters has come into vogue among 
foundrymen. For instance, it is very common to hear a foundry- 
man sa}^: “In order to soften your iron, increase the graphite”; 
but what he really means is: “In order to soften your iron, 
decrease the combined carbon.” He knows that the one change 
usually follow^s from the other, and he speaks of it in this way, 
regardless of the fact that graphite can be increased (z.c., by 
increasing the total carbon and leaving the combined carbon the 
same or a little higher), and yet the iron will not be made any 
softer but may even be harder. 

Graphite and Shrinkage.—The most important effect of 
graphite on cast iron, aside from causing weakness, is in decreas¬ 
ing the shrinkage. The reason for this wdll be understood wdien 
we consider w’hat happens when east iron solidifies. It will be 
remembered that when the eutectic forms, the cast iron breaks 
up into alternate plates of graphite and austenite. This separa¬ 
tion of graphite from solution is the birth of a new constituent, 
and this constituent occupies space, so that there is an expansion 
of the mass as a whole in proportion to the amount of graphite 
that separates. If, therefore, we pour liquid cast iron into a 
mold, which is, of course, entirely filled at the moment w hen the 
iron begins to solidify, the first action that takes place after the 
beginning of solidification is an expansion, due to the separation 
of graphite. The expansion continues for several moments until 
the chemical precipitation is completed, after which the metal 
begins to contract, as all metals do in cooling from a high tem¬ 
perature; but the preliminary expansion has been so great that the 
ultimate shrinkage may be only about one-half what it otherwise 
would have been. We can thus control this shrinkage by con¬ 
trolling the amount of the expansion, through varying the 
graphite. This point will be more readily understood by refer¬ 
ring to Fig. XIV-3, which is taken from an article by Prof. 
Thomas Turner of England.^ 

Explanation of Fig. XIV-3.—The point 0 marks the position 
occupied by the end of the bars at the moment of solidification. 
It will be seen thitt in the case of copper the metal contracts con- 

* Journal Iron Steel Imlitule^ Ijsfo. I, p 57, 
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tinuously from this point, as shown by the continuous drop of the 
curve. In the case of white cast iron, the metal contracts con¬ 
tinuously until we reach a certain point (which is at a tempera¬ 
ture of about 665®C.), when a momentary arrest of the shrinkage 
takes place, after which the metal again contracts. This arrest 
IS common to all cast iron and steel and marks the decomposition 

Time 

Ficj. XIV-3,—Shrinkage curves. 

of austenite at the point S (Fig. XI-9). Now, see what a differ¬ 
ence there is in the case of gray cast iron, which does not shrink 
immediately after freezing but expands very appreciably, as 
shoi«rn by the rise in the curve. This expansion is due to the 
graphite that is being expelled from the metal and occupies 
space between the particles of iron. 

Again, in the case of the Northampton iron, which is high in 
both graphite and phosphorus, the expansion is very lopg 
continued, and the metal cools to almost a black heat before the 
bar has shrunk again to the size it had when first cast. This 
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expansion is again due to the separation of carbon and is assisted 
apparently by the phosphoruses keeping the iron in a semifluid 
condition for a long time and thus allowing the graphite more 
easily to separate and make place for itself. Here, too, we 
have an explanation why phosphoriferous irons fill every crevice 
of the molds so perfectly. Being in a pasty condition for some 
time and continually expanding, the semifluid metal is forced 
into the tiniest crevices of the molds, filling all the corners with 
aCBtonishing sharpness. 

It is evident that any increase in graphite, whether caused by 
an increase in total carbon or by a decrease in combined carbon, 
will produce less shrinkage. The extent of this may be judged by 
noting that gray cast iron expands so much in solidifying that no 
contraction cavity or pipe is formed, such as occurs in the case of 
steel. If the iron is only slightly gray, or if it is a very large 
section of metal, then a slight spongy place may be formed in the 
center, which is the nearest approach to a shrinkage cavity that 
is normally found in most iron castings. 

Graphite and Porosity.—It is evident also that an increase 
in graphite, whether produced by an increase in total carbon or 
by a decrease in combined carbon, will increase the porosity of 
the casting, which is often disadvantageous, as in the case of 
hydraulic cylinders or other receptacles for holding liquids under 
pressure. The separation of much graphite usually is accom¬ 
panied by large-sized graphite crystals, and therefore the crystals 
of the mass, as revealed by the fracture, appear large and the 
grain is said to be ^‘open.” 

Graphite and Workability.—When we come to consider the 
effect of graphite upon the softness or workability of the cast 
iron, it is evident that we must consider it in relation to other 
things; for if we increase the graphite by increasing the total 
carbon, then we increase the workability of the metal only in so 
far as the graphite acts as a lubricant for the tool that is doing 
the cutting. Evidently the tool will have no difficulty in cut¬ 
ting through the soft flakes of graphite; the chief resistance to it 
will be given by the metallic part of the mixture. Though the 
lubricating effect of the graphite undoubtedly helps the tool, its 
presence evidently cannot increase the actual softness of the 
metallic body with which it is mixed. But, on the other hand, 
if we increase the graphite by decreasing the combined carbon, 

thin not only have we increased the amount of lubricant but 
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we have, in addition, increased the softness of the metallic part 
of the mixture by reducing the proportion of cementite in it. 

Graphite and Strength.—Everything else being equal, it is 
evident that, the more graphite we have in cast iron, the weaker 
it will be, for we have already shown that gray cast iron breaks 
by the ready splitting apart of the flakes of graphite. Thus, if 
we make no change in the combined carbon but increase the total 
carbon of our castings, and consequently the graphite, we should 
expect a corresponding decrease in strength, and this is in fact 
found to occur. When, however, we increase the graphite and at 
the same time decrease the combined carbon, we may or may not 
get an increase in strength, this depending altogether on how 
much combined carbon there was before and after the change. 
For example, if we had 3 per cent of combined carbon and 1 per 
cent of graphite in a casting, that casting would be weak because 
of too high combined carbon. To decrease this and increase 
the graphite would have a beneficial effect on strength. On the 
other hand, if we had 1 per cent of combined carbon and 3 per 
cent of graphite, to decrease the combined carbon and increase 
the graphite would have a detrimental effect on strength. We 
must therefore consider the question of strength from a much 
larger viewpoint than by considering any one constituent 
alone. 

Combined Carbon and Shrinkage.—Combined carbon has very 
little effect on the shrinkage of cast iron except in so far as it 
changes the graphite. That is to say, if by increasing the com¬ 
bined carbon we decrease the graphite, we shall get an increase in 
shrinkage, and vice versa. 

The Effect of Silicon, Sxjlphue, Phosphorus, and 

Manganese on Pig Iron 

The constitution of cast iron is, furthermore, very complicated 
because of the double influence of silicon, sulphur, phosphorus, 
and manganese. Each of these elements has a direct influence 
upon the properties of the material, which is in general similar to 
its influence upon steel. For example, silicon produces freedom 
from oxides and blowholes and makes the iron more fluid; man¬ 
ganese counteracts the effect erf sulphur and increases the diflSr 
culty of machining the material; sulphur makes the metal very 
tender at a red heat and therefore liable to checking if put under 
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strain during this period. For example, if a casting in shrinking 
tends to crush the sand, this strain will be more liable to break it 
in case the sulphur is high. Sulphur also makes solidification 
take place more rapidly and causes blowholes and dirty iron. 
On the other hand, founders sometimes object to too low a 
content of sulphur on the ground that the iron is soft and low in 
strength. Phosphorus makes the metal very fluid and reduces 
its melting point. It also makes it more brittle under shock, 

Fig. XIV-4.-—Phosphorus eutectic in cast iron. 1,000 X. Etched with nital. 
{Roy M. Allen, Trane., American Foundrymen's Aeaodation, 1931.) 

especially when cold, and produces a fusible eutectic, a photo¬ 
micrograph of which is sho*wn in Fig. XIV-4. Phosphorus 
and sulphur increase the tendency to segregate. 

Furthermore, the various compounds of the impurities with 
iron and with each other, which we find in steel, are also found in 
cast iron. Indeed, some of them are far more important in the 
latter than in the former, because the amount of the impurities is 
greater. This is especially true of manganese sulphide and iron 
sulphide, for the sulphur in cast iron is often large in amount, 
whUe the manganese is often intentionally small on account of the 
difficulty which this element produces in the machining of the 
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casting. Therefore we are even more liable to find iron sulphide 
in cast iron than in steel. 

But the direct effect of these impurities is usually far less 
important than their indirect effect, viz.j their influence upon 
the carbon. After all, it is the carbon which is the chief factor in 
controlling the most important properties of the cast iron, and 
we may vary this by either increasing or decreasing the total 
amount, or else leaving the total amount the same, by increasing 
the graphite and decreasing the combined carbon, or vice versa. 
It is the ease with which we may vary the amount or the condition 
of the carbon, and therefore the properties of the iron, that is 
one of the most important ad\^antages of the material. But, 
strangely enough, although it is easy to keep this control, it can 
never be accomplished in a direct way. It will be remembered 
that the blast-furnace manager can vary the amount of silicon 
and sulphur in his pig iron at will, that he has only a small control 
over the manganese and practically none over the phosphorus or 
carbon, but that the metal always saturates itself with this 
latter element; and it has also been seen that the limit of this 
saturation is small. 

Silicon.—By means of his control over the silicon and sulphur, 
the metallurgist exercises indirectly his most important control 
over the condition of the carbon; for silicon acts as a precipitant 
of carbon, driving it out of coipbination and into the graphitic 
form, so that with about 3 per cent of silicon, slow cooling and 
very low sulphur and manganese, we may obtain a cast iron in 
which almost none of the carbon is in the form of cementite. 
That is to say, the presence of this amount of silicon actfe so 
strongly that it will cause graphite to precipitate instead of 
cementite, it will cause the solid solution to precipitate with even 
less than 1.7 per cent of carbon, and it will also cause graphite 
to precipitate instead of cementite at 690®C. (1275°F.) when the 
eutectoid decomposes, so that it decomposes into ferrite and 
graphite instead of ferrite and cementite. The maximum pre¬ 
cipitation of graphite seems to occur with about 2.5 to 3 per cent 
of silicon. With each increase of silicon up to that point (the 
amount of sulphur,« the rate of cooling, and other influential 
conditions remaining the same), we get an increase in the amount 
of graphite precipitation; but when the amount of silicon exceeds 
about 3 per cent, it seems to reverse its effects, and each addition 
of silicon thereafter causes an increase in the proportion not of 
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graphite but of combined carbon. At this point large amounts 
of various iron silicides (Fe2Si, Fe2Si8, etc.) make their appear¬ 
ance. Then the color of a freshly broken fracture begins to be 
bright like a mirror, in contradistinction to the white color of 
ordinary white cast iron, which has more nearly the appearance 
of frosted silver. 

Sulphur.—The influence of sulphur upon the formation of 
graphite is almost the exact opposite of the influence of silicon. 
That is to say, each increase in the amount of sulphur present 
increases the amount of combined carbon in the iron. It 
is usually considered that each 0.01 per cent of sulphur will 
neutralize fifteen times as much silicon (i.e., 0.15 per cent) in 
its effect upon the condition of the carbon in the iron. It is also 
very important to note that when the sulphur is in the form of 
manganese sulphide, it is not so potent in increasing the combined 
carbon as when it is in the form of ferric sulphide. An interesting 
example of this is shown in the analysis of the two railroad-car 
wheels given in Table XIV-I. 

Table XIV-I.—Proximate Analyses of Cast-iron Car Wheels 

Fe 
Total 1 

carbon 
Si Mn P 

i 

S 
Graph-1 

ite- i 

Com¬ 
bined 
carbon 

Good wheel. 94.79 
1 

3.84 0 60 0 13 ' 0.43 0.12 ! 3.30 0.54 
Poor wheel. 95.00 3.52 0,65 0 12 0.52 0.19 2.35 1.17 

Good wheel required 150 blows of 25-lb. sledge to break it. Poor wheel required 8 blov 

of 25-ib. sledge to break it. 

Table XIV-II.—Ultimate Analyses of Cast-iron Car Wheels 

Constituent 
Good wheel, 

per cent 
Bad wheel, 

per cent 

MnS. 0.206 0.196 
FeS. 0.121 
FeSi. 2.046 1.923 
FCaP. 2.755 3.335 
Pearlite. 67.610 84.492 
Free ferrite. 23.963 0.000 
Free eementite.!. 0.000 7.390 
Graphite. 3.300 2.360 

Tctaihi. 100.000 100,000 
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It will be observed that the poor wheel has more than twice as 
much iron sulphide as the good wheel, although the sulphur 
in the poor wheel is only about 50 per cent more than the sulphur 
in the good wheel, the other impurities being nearly the same. 
When we come to figure out the amount of manganese sulphide 
and ferric sulphide in the two wheels, we find, however, the 
explanation of the large amount of free cementite in the poor 
wheel. We also have an explanation of the poor quality of this 
wheel in the increased amount of ferric sulphide, iron phosphide, 
and absence of ferrite. 

Manganese.—Manganese increases the total carbon in pig 
iron. Manganese also increases the proportion of the carbon that 
is in the combined form, but its influence in this respect is far 
less than that of the sulphur; moreover, the statement requires 
the following qualification: as much manganese as is combined 
with sulphur in the form of manganese sulphide does not increase 
the proportion of carbon in the combined form. Indeed, it has 
really the reverse effect, because it takes the sulphur out of the 
form of ferric sulphide, in which it is most powerful in increasing 
the^ combined carbon. In this sense, therefore, the manganese 
actually decreases the amount of combined carbon. 

The excess manganese over that necessary to form manganese 
sulphide (i.e., the manganese in the form of (FeMn)3C) increases 
the proportion of carbon in the combined form and also increases 
the amount of total carbon even more potently than does the 
manganese which is in the form of manganese sulphide. We 
therefore have a strange contradiction, in that when the man¬ 
ganese is high an increase in sulphur will, by decreasing the 
amount of (FeMn)3C, actually decrease the tendency of man¬ 
ganese to raise the total carbon as well as the combined carbon. 
To sum up: manganese and sulphur both tend to increase the 
total carbon and the combined carbon, and yet they neutralize 
each other in this respect. 

Phosphorus.—The effect of phosphorus upon the carbon is 
somewhat self-contradictory; from a chemical standpoint it tends 
to increase the proportion of combined carbon, and this is 
especially true when the silicon is low and the phosphorus high 
(say above 1*25 per cent). But phosphorus also has the effect of 
lengthening the period of solidification. That is to say, it makes 
the iron pass through a somewhat mushy stage of solidification, 
and this mushy stai^e lasts for several minutes. This lengthening 
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of the solidification period gives a longer time in which graphite 
can precipitate. Therefore, when the silicon is at least over 
1 per cent, and there is consequently a tendency for graphite to 
precipitate during solidification, this precipitation is actually 
aided by the phosphorus, and the graphite occurs not only more 
abundantly but in larger-sized flakes. When, however, the 
amount of phosphorus is very large, its chemical effect is great 
enough to retain the carbon in the combined form, in spite of 
the long period of solidification. We may sum this up by saying 
that, if the chemical conditions are such that graphite is bound 
to precipitate, then the physical effect of the phosphorus makes 
this precipitation the more easy; but if there is enough phosphorus 
present to produce a strong chemical effect of its own, or if the 
other chemical influence is not very powerful (i.e., if the silicon 
is low or sulphur is high), then phosphorus tends to keep the 
carbon in the combined form. 

The Properties of Cast Iron 

Let us now consider the properties of cast iron and summarize 
under the head of each the influence of the various elements 
and conditions upon them. 

Shrinkage.—The shrinkage of cast iron is of more importance 
than might at first appear, because the greater it is the greater 
will be the strains set up in the cooling of the casting and con¬ 
sequently the liability to check; also, the greater will be the 
allowance necessary in order that the casting may be true to the 
size called for by the drawings. Graphite is the most important 
impurity in this connection, because of the expansion which its 
separation causes. This separation should take place at the 
moment of solidification but is usually not complete then, and 
therefore the precipitation continues during the fall of the tem¬ 
perature to several degrees below the freezing point. Further¬ 
more, when the silicon is high, graphite instead of c^mentite 
separates at the lower critical point (i.c., the line PSK in Fig. 
XI-9). As silicon, sulphur, and the rate of cooling are the chief 
influences which control the separation of graphite, they become 
the governing factors in the shrinkage of the iron. Indeed, when 
sulphur is practically normal and no other unusual conditions 
prevail, there is such a close relation between the size of the 
castings^ and the percentage of silicon, on the one hand, and the 

^ Which is the chief influential feature in the rate of cooling. 
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amount of shrinkage, on the other hand, that any one of the three 
may be calculated when the other two are known. 

Sulphur is important in this connection, and its effect is con¬ 
trary to that of silicon, because of its tendency to retain the 
carbon in the combined form. Manganese and phosphorus each 
has a less important influence. Manganese, by increasing the 
total carbon, tends to increase graphite and therefore decrease 
shrinkage. • As far as it neutralizes sulphur, moreover, its effect 
is in the same direction. But the direct chemical effect of man¬ 
ganese is to increase combined carbon and therefore to increase 
shrinkage when increasing combined carbon means to decrease 
graphite. Phosphorus decreases shrinkage, both because it 
contributes to the fluidity of the rnetal and therefore gives a 
lx3tter opportunity for carbon to separate and also because of 
the expansion caused when the phosphorus eutectic separates 
from solution. A hotter casting temperature of the iron has the 
effect of increasing combined carbon. 

Ta.ble XIV-III.—Relation of Shkinkage to Size and Percentage op 

Silicon 

Silicon, 
per 

cent 

‘ i ia. 
sipiarc 

1 in. 
square 

2 by 
1 in. 

2 in. 
square 

3 in. 
square 

4 in. 
square 

Perpendicular 
readings show 
decrease due to 
increase in sili¬ 
con 1.00 0.183 0.158 0.H6 0.130 0.113 0.102 

1.50 0,171 0.145 0.133 0.117 0.098 0.087 Horizontal read¬ 

2 00 0.159 0.133 0 121 0.104 0.085 0.074 ings show de- 

2 50 0.147 0 121 0.108 0.092 0.073 0.060 crease of 

3.00 0.135 0.108 0.095 0.077 0.059 0.045 shrinkage due 

3 50 0.123 0.095 0.082 0.065 0.046 0 032 to size 

A table showing the relation between the size of the casting, 
the amount of silicon, and the shrinkage is given above. Slight 
changes must be made in this table by each foundry for the 
conditions of sulphur, phosphorus, temperature, etc., obtaining 
there; but those given herewith will be found sufficiently accurate 
for all ordinary purposes where conditions are near normal. 

Shrinkage Tests.—At many foundries it is the custom to make 
a shrinkage tost of the iron from each cupola at least once a day. 
The simplest way of making these tests is to pour into a mold 
12 in. long, with a sectional area approximately proportionate 
to the of the castings made, some of the iron from about the 
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middle of the cupola run. The casting must be poured fiat, and 
the difference between 12 in. and the length of the cold bar is the 
shrinkage of the metal. This method is somewhat crude and, 
although it gives valuable results, has been greatly improved by 
W, J. Keep and Prof. T. Turner, who have devised simple and 
inexpensive pieces of apparatus whereby the iron, after it begins 
its solidification, draws a curve showing first the expansion and 
later the contraction. It is by means of Professor Turner^s appa¬ 
ratus that the curves shown in Fig. XIV-3 were made. With 
very little care these curves can be obtained to show with suffi¬ 
cient accuracy for all ordinary purposes the percentage of graphite 
and also (other conditions being normal, or nearly so) the 
percentages of silicon and combined carbon, and the strength, 
hardness, and porosity. Indeed, the curves are more useful than 
many single tests, because they show at a glance the net effect 
of several varying conditions. 

Density.—The maximum density of gray cast iron occurs with 
about 1 per cent of silicon. With less than that, the iron is liable 
to contain spongy spots, due to high shrinkage on account of low 
graphite. With more silicon the separation of graphite decreases 
density. Above 2 per cent of silicon, the grain of the iron 
becomes so open as to be actually porous and the density falls off 
by 12 per cent. 

Table XIV-IV,—Denhitiew 

Specific 
gravity 

Weight per 
cubic foot 

Pure iron. 7.86 490 
White cast iron. 7.60 474 
Mottled cast iron. 7.36 458 
I>ight-gray cast iron. 7.20 460 
Dark-gray cast iron. 6.80 426 
Sample of gray cast iron when 
cold. 7.17 448 

Same, when liquid. 6.66 416 

Phosphorus has a double-acting influence on the porosity of 
cast iron: (1) it increases the sisse of the crystals, decreases 
shrinkage, and ca\ises a large expansion after solidification, as 
explained in connection with Pig. XIV-3; but (2) it fills all the 

<^vices between the crystals and in the interior of the iron, which^ 
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by decreasing the porosity, counteracts its first influence. When 

the phosphorus is high, the phosphorus and iron form a eutectic, 

which remains fluid for a long time and fills the tiniest crevices in 

the interior of the metal. For this reason, iron for hydraulic 

work may run up to 0.7 per cent of phosphorus, but above that 

the iron is liable to be weak and cold-short,'^ especially under 

impact. In fact, where very strong iron is desired, the phos¬ 

phorus should be kept down to 0.4 per cent at most.^ 

Segregation.—A common cause of porosity in castings is 

segregation, or the collection together of impurities in spots. 

This segregation is the greater the greater the amounts of phos¬ 

phorus, sulphur, manganese, and silicon. Phosphorus increases 

the segregation by making a fluid eutectic, which does not solidify 

until after the remainder of the casting but then runs into that 

part of the metal having the loosest texture. This part is 

usually in the middle of the larger sections of the casting, and, 

when the silicon is high and there are shrinkage spots, the segre¬ 

gation will be excessive m the neighborhood of these spots. 

Manganese and sulphur are also liable to collect in the same way 

and place. These localities, where the segregation is high, and 

which are known, when very bad, as ^^hot spots," are sometimes 

porous or surrounded by porous parts of the casting. They are 

sometimes so extremely hard that no tool will cut them. One 

way of getting rid of them is to use very large risers, or headers, 

which solidify last and serve as feeders for the remainder of the 

metal. Under these circumstances the segregation occurs in 

the riser and is thus temporarily removed. This method is 

not advisable as a regular practice, however, because these 

risers ultimately find their way back into the cupola as scrap and 

result in increasing the impurities in a subsequent set of castings. 

Headers themselves increase the density of iron castings by 

feeding the metal and so preventing the porous spots, and also by 

keeping the metal under a pressure during solidification. This 

latter is especially serviceable when the phosphorus is high, 

which tends to make the metal expand during solidification, as 

has been shown. 

Cheddng*—The time when a casting usually checks is when 

it is just above the black heat, when the metal is in a weak and 

tender condition and, as shown by Fig. XIV-8, is under strain 

^ See Table XIV-VII (p. 469)* 
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because it is contracting upon ^ I he sand. Sulphur greatly 
increases weakness at this temperature, because both sulphide 
of manganese and sulphide of iron are now in a pasty condition 
and therefore offer very little resistance to breaking. The sul¬ 
phide of iron is much worse, however, because this is spread out 
in thin plates or membranes which offer much more extended 
planes of weakness than the sulphide of manganese, which is in 
small spots or bubbles, resembling blowholes in its effect. Phos¬ 
phorus, by decreasing shrinkage, decreases the liability of 
checking, but phosphorus has another influence, shown in the 
production of large-sized crystals, and in this respect it increases 
the liability of the metal to check. 

Manganese, by decreasing the size of crystals, tends to counter¬ 
act partially the effect of the phosphorus. The size of crystals 
can also be decreased to some extent by chilling the weak points 
and feeding them well under a head of metal. Feeding all locali¬ 
ties liable to check has the double advantage of lessening shrink¬ 
age and segregation, both of which increase the liability to 
checking. 

Softness, Workability, and Strength.—It is the combined car¬ 
bon which is the great hardener of cast iron, the other elements 
producing hardness chiefly in proportion as they produce com¬ 
bined carbon, except manganese, which not only produces 
combined carbon but also produces a compound having the 
formula (FeMn)3C, wliich is very hard and difficult to machine. 

Silicon, by decreasing combined carbon, decreases hardness. 
When we get above 3 per cent of silicon, however, there begin to 
form new <?ompounds with silicon which make the iron hard. 
Furthermore, silicon above 3 per cent increases combined carbon, 
instead of decreasing it. 

The maximum softness of cast iron is obtained with about 2,5 
to 3 per cent of silicon, the sulphur being not above 0.1 per 
cent and the manganese not above 0.4 per cent. In large or 
slowly cooled castings the silicon should be near the lower limit, 
and in small or rapidly cooled castings near the upper limit, in 
order that the combined carbon may be down below 0.i5 per 
cent and the graphite more than 3 per cent. Such a cast iron 
would correspond to a soft steel, mechanically mixed with crystals 
of graphite. This soft steel would machine with great ease, 
and the graphite would act as a lubricant for the cutting tool 
The mixture will have a transverse strength of about 2,000 to 
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2,200 lb., will be low in density and open in grain. To increase 
the strength without increasing the hardness, the best way is to 
cut the sulphur and phosphorus down to a low point, if possible, 
because sulphur and next to it 
phosphorus are the impurities 
which weaken iron most (aside 
from their influence on carbon). 
Another way is t o decrease 
the total carbon, and hence 
the graphite, because graphite * 
crystals, especially if large, 
are great weakeners of cast 
iron. 

The strength of steel is 
more than double the strength 
of cast iron, the difference 
being due almost altogether Gray cast iron. loox. 

, u-x • i. • 1 notched. Contains 2.50 i>er,cent Si. 
to the graphite in cast iron, shows crystals of graphite in a metallic 

because silicon in itself (aside ^>a<'kground. {C. a. Turner, Jr.) 

from its influence on the carbon) is a strengthener of both iron 
and steel up to at least 4 per cent. 

To a slight extent the total carbon may be reduced by melting 
steel scrap with (he iron, or by decreasing the amount of man¬ 
ganese, provided that the manganese left be always at least 
twice the sulphur; otherwise the iron will be weak and brittle. 

The strength of cast iron may be increased by increasing the 
combined carbon, but this is done at the expense of softness 
and workability. Cast iron containing from 1.5 to 2 per cent 
of silicon (depending upon the size of the castings and rate of 
cooling), 0.9 per cent of combined carbon, 0.5 per cent of man¬ 
ganese, and not more than 0.08 per cent of sulphur and 0.3 per 
cent of phosphorus will work without difficulty in the machine 
shop and have a tensile strength of over 28,000 lb. per square 
inch. In many cases foundries are unwilling to go to the expense 
of such a low sulphur and phosphorus. In this case, the strength 
must be obtained by raising the manganese, which is not advis¬ 
able, as it decreases the softness more than any other element 
and causes dull iron and high total carbon. 

An important point in connection with the strength of cast 
iron is the size of the crystals of graphite—the smaller these 
crystals are the greater the strength, because the smaller are the 
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planes of easy rupture. A notable example of this is malleable 
cast iron, which may have a tensile strength of 50,000 lb. per 
square inch, even when the percentage of graphite or temper 
carbon is as high as 3 per cent. The very small sized flakes 
of the temper carbon do not reduce the strength as much as the 
same amount of the larger graphite crystals. 

It is believed by many that smaller graphite crystals are 
obtained by mixing different brands of iron in the cupola, even 
though the analysis of the mixture may be the same. This, 
however, is denied by others, and no reliable data exist upon 
which we can base a definite statement. It is also believed by 
many that, when the silicon is added to the cast iron immediately 
before pouring into the molds, the crystals of graphite are smaller 
than those formed when high-silicon irons are melted in the 
cupola. The practice of adding a small amount of ferrosilicon 
to the ladle of cast iron after it is received from the cupola is thus 
said to be doubly advantageous, because the silicon does not 
have to go through the cupola, where it suffers some oxida¬ 
tion, and it produces the desired softness by precipitating the 
graphite, but in a form which does not decrease strength so 
much. 

Table XIV-V,—Cast-iron Strength and Workability 

SiU- 
con, 
per 
cent 

Sul¬ 
phur, 
per 
cent 

Phos¬ 
phorus, 

per 
cent 

Man¬ 
ganese, 

per 
cent 

Tensile 
strength, 
pounds 

Trans¬ 
verse 

strength, 
pounds 

Soft iron for pulleys, ( 2.20 Not Not 0.30 
small castings, < to over over to 28,000 2,200 
good tooling.( 2.80 0.70 

Medium iron for en-f 1.40 Not Not 0.30 
gine cylinders,*! to over over to 30,000 2,500 
gears, etc.( 2 00 0.70 

Hard-iron cylinders J 
for ammonia, air\ 
compressors, etc... ( 

1.20\ 
toi j 
l.60( 
1.60( 

i 

Not 
over 

0.70 
to 

Not 
over 25,000 2,800 

to* 1 0.096 0.40 0.60 
1.90/ 

1 XI Aiiii«a2e<}« 
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To obtain high traiiHverse strength, the silicon should be 
about 0.2 per cent lower and the combined carbon about 0 2 
per cent higher than the figures given for tensile strength. 
Otherwise the effects are very similar. 

Chills.—In the making of cast-iron rolls, railroad-car wheels, 
anvils, etc., at least one surface of the casting is desired to have 
great hardness, to resist wear, and to be backed by metal which 

Fig. XIV-6.—Method of measuring the depth of clear chill in a cast-iron roll. 

shall be stronger and not so brittle. This is accomplished by 
chilling the surface which it is desired to harden and so pro¬ 
ducing white cast iron to varying depths, regulated at the will 
of the foundrymen. The making of this kind of casting ia 
one of the most difficult problems of cast-iron metallurgy. The 
metal must be very close to the given composition, and the 
temperature of the mold, of the chill, and of the metal when 
cast must be regulated with care. Therefore, air furnaces are 
often employed for melting in this class of work, or else uniform 
conditions of cupola melting are maintained with great care, and 
very ItttJei if any, scrap which must necessarily be of somewhat 
uncertain analysis is uaed> except the return scrap from the 
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foundry itself, defective eastings, sprues, gates, shot'-iron 
spillings, etc., and also scrap castings of like nature, such as 
worn-out car wheels and broken rolls. The most important 
factors in regulating the depth of the chill are the silicon and the 
sulphur, and in the following table is given the depth of clear 
chill from the surface for several different percentages of silicon 
and sulphur. The figures here given must be taken as only 
approximations, as they will vary to an important extent with 
different conditions in each foundry; but, starting with this as a 
basis, one can quickly prepare a table for himself to suit the 
practice in his foundry. Phosphorus has very little effect on the 
depth of chill, and manganese is also relatively less effective, 
although it increases the hardness of the chilled portion. The 
hotter the iron when cast,* the deeper the chill. 

Table XIV-VI.-—Depth of Cleak (^hill prom Slhface in Inches 

Silicon, 
per cent 

Sulphur, 
0 2 

per cent 

Sulphur, 
0 15 

per cent 

Sulphur, 
0 1 

per cent 

SulphuT, 
0 075 

j)er cent 

Sulphur, 
0 05 

per cent 

1 25 0 625 0 250 0 125 0 000 0 000 
1 00 1 000 0 625 0 250 0 125 0 000 
0 75 ^ 1.500 1 000 0 626 j 0 250 0 125 
0 50 1 500 1 000 i 0 625 0 250 
0 40 1 1 250 1 1 000 0 025 
0 30 1 1 500 

1 
1 000 

Casting Temperature of Iron.—The strength of cast iron is 
materially affected by the temperature at which it is cast. 
Langmuir found that the tensile strength of iron, when cast too 
hot, was 33 per cent less, and when cast too cold was 26 per 
cent less, than the same metal cast at the correct temperature. 
For the cast iron with which he expx'rimented, the correct 
temperature of casting seemed to be in the neighborhood of 
423a°C. (2246^F.). 

Recommended Analysis,—Dr. Richard Moldenke,^ from 
a wealth of experience in making iron castings in a consulting 
capacity, suggests the percentages given in Table XIV-VII. 

Bil^^strength Cast lion,—Recent innovations producing cast 
iron of extra high strength, even though not in the class of alloy 
cast irons, are discussed in Chap. XVI. 

^ Prac00din0s American Society Mechanical Engineers^ vol. 42, p. 170,1920. 
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CHAPTER XV 

MALLEABLE CAST IRON 

Malleable cast iron has physical properties between gray 
iron and steel castings. Its tensile strength will vary between 
50,000 and 60,000 lb. per square inch with an elongation of 10 to 
15 per cent in 2 in. and a reduction of area of 5 to 12 per cent.^ 
In a transverse test, a 1-in. square bar on supports 12 in, apart 
should bear a load at the- center of at least 3,000 lb. with a 
maximum deflection of in.; the maximum load may go as 
high as 5,000 lb. and the deflection up 
to 2 in. or more. In respect of its 
resistance to repeated stresses and to 
blows which flatten the face of the 
material without extending their'influ¬ 
ence very deep, malleable cast iron is 
especially valuable. It also has mallea¬ 
bility and (when very thin) is capable 
of being flattened out or bent double 
without cracking. A good test for 
malleable cast iron is the so-called 
test lug shown in Fig. XV-1. It is 
bent over in the form of a curled-up 
shaving by light blows of a hammer, 
beginning at the knife edge. The dis- 
tance along the test wedge that the 
piece will bend before it begins to break, and especially the 
maximum angle produced, will give a good idea of the softness. 

Malleable iron castings are used very largely for railroad 
work. They have long been used for couplers but are now being 
replaced to some extent by steel castings for this purpose. On 
the other hand, malleable cast iron is replacing gray cast iron for 
other parts, such as journal boxes. Malleable cast iron is 
also used very largely for parts of agricultural machinery, for 

^ In the case of malleable cast iron very carefully melted and annealed 
in iron oxide, the elongation and reduction of area may exceed these figures. 

^ 471 
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pipe fittings—z.e., elbows, unions, valves, etc.—for household and 
harness hardware, and for a great variety of work where many 
castings are to be made of the same pattern, especially castings 
of small size. Even hammers, hatchets, skates, wood chisels, 
etc., are often made of ^'black-heart^' malleable cast iron. 

Process of Manufacture.—The process, which was invented 
by Reaumur in 1722 but has only been in practical use about 
one hundred years, and of importance less than fifty, is still 
followed out in substantially its original form in England and 

Fig. XV-2.—Annealed malleable cast iron. 100 X. Unctclied. {Roy A/. 
Allen,) 

Europe to make what is known as ''white-heart” malleable 
castings. In America this process has been modified to make 
the so-called black-heart castings, as follows: The metal is 
melted and cast into molds of the desired shape and size, and 
after cooling its fracture will be entirely white, or else white 
with a small area of mottled iron in the center of pieces 1 in. 
thick or heavier. In short, the composition of the metal is 
such that it is just on the line between the precipitation of 
graphite and its retention in the form of cementite and dissolved 
caxbom In all cases the majority of the carbon must be dissolved 
or combined. Mter careful cleaning, the castings are reheated 
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to a temperature of 625 to 875T.. (1250 to IGOO'^F.), which is 
roughly 450°C. below their melting point. They are kept at 
this temperature for some 60 hr. and under these conditions 
occurs the precipitation of graphite, which normally should have 
occurred during the first cooling. In the majority of cases almost 
all the combined carbon throughout the body of the casting is 
changed to graphite. But the graphite does not here form in 
flakes, as in ordinary gray cast iron, but in a finely comminuted 
condition, like a powder, to which the name of ''temper carbon'^ 
or "temixir graphite’^ is given (see Fig. XV-2). In this form 
it is not nearly so weakening or embrittling to the casting as 
flakes of graphite would be.^ 

A broken fracture of such an annealed casting will have a 
black center with a rim of white, }^4 to in. thick around 
the outside. The dark center owes its appearance to the pre¬ 
cipitated temper carbon, and the white outer rim consists of 
iron from which the carbon has been not only precipitated but 
actually removed.^ That is, the metal of this outer rim corre¬ 
sponds to a soft steel impregnated with a great number of tiny 
cavities formerly occupied by carbon, which act as a cushion 
to shocks and battering blows of service. This outer rim is the 
portion of the casting in which the metallic crystals have formed 
perpendicularly to the cooling surface. The crystalline form 
in this location favors the reaction for the mechanical removal 
of carbon which will be explained later. 

The Manufacture of ReaumuTi or White-heart Malleable.—In 
the original, and present European, process of making malleable 
castings, they are made very thin; they are then annealed at the 
higher temperatures given above and for a period nearly twice 
as long, with the result that the conditions described above as 
prevailing in the outer rim extend here throughout the entire 
casting. In short, the carbon is mechanically removed, even 
from the center portion. White-heart castings are not so strong 
as black heart and rarely, if ever, are above in. in thickness. 

Manufacture of All-black Castings.—In America, pipe fittings 
and other castings not requiring much strength are sometimes 

^ We may liken this to two samples of putty, in one of which had been 
embedded a large number of plates of mica, and in the other the same 
amount of mica ground to powder. 

*By the materml in which they are. packed according to the folbwing 
rea^ion: 3C + FecO* »= 300 + 2Fe. 
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annealed in lime, fire clay, or some other substance which decar- 
burizes only a thin skin of the metal. This results in the carbonV 
being deposited as temper carbon but not being removed. The 
castings are several thousand pounds per square inch lower in 
tensile strength and have substantially no white rim. 

Iron Used.—The analysis of the ^4iard castings,^^ ix., the 
white castings before the annealing process, should run as in 
Table XV-I. This analysis is obtained by mixing pig iron 
with varying amounts of cast iron and steel scrap. 

Not more than about 20 per cent of bought scrap is used on 
the average in American practice, and a good deal of this is steel, 
on account of the desirability of lower total carbon, and because 
iron scrap is too impure, too variable, and too uncertain in 
sampling and chemical analysis for castings requiring strength, 
such as those for railroads and machinery. There is, however, 

Table XV-I.—Analyses of ^'IIard Castings’^ for Malleabilizinq 

1 

If melted in 

cupola 

If melted in air fiir- 

na(‘e or opeui hearth 

Silicon, per cent. 0.75 to 1.25 0.45 to 1.00 
Manganese, per cent^. 0.20 to 0.60 0.20 

Phosphorus, per cent^. under 0.225 under 0.225 

Sulphur, per cent^. 0.04 to 0.30 0.04 to 0.07 

Total carbon, per cent. about 2.75 about 2,75 

' In European practice the phosphorue and sulphur are often much higher than this. 
2 The manganese must be at least twice the sulphur. 

always a large amount of ‘^return scrapfrom the foundry, 
consisting of defective castings, sprues, gates, etc., which, in the 
case of small castings, may be greater in weight than the castings 
themselves. This return scrap is low in total carbon and silicon 
and high in sulphur, as a result of having already suffered the 
melting changes. Steel scrap is, of course, a prime factor in 
reducing the total carbon. The return scrap should all be 
cleaned from adhering sand to avoid difficulty in melting. The 
pig iron bought for malleable-iron work is known in the trade 
under the name of ‘^malleable Bessemer.^^ 

Silicon.—The proportion of silicon will depend upon the size 
of the casting and the amount of total carbon, because the greater 
each of these is the less will be the amount of silicon that will 
eause a precipitation. Furthermore, cupola metal requires 
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higher silicon by about 0.25 per cent than air-furnace metal 
because of the difficulty with which it yields to the annealing 
operation. It might at first appear that the less silicon the 
better, but this is not altogether so, because temper carbon will 
not come out during annealing unless a certain amount of silicon 
is present; and the more there is the more quickly, easily, and 
completely will the precipitation occur. For air-furnace castings 
1 in. thick the silicon may be as low as 0.35 per cent, but this 
is unusual, as ^4 in, thickness is rarely exceeded. For 32-iu. 
castings the silicon will be about 0.90 per cent, and for very 
thin and light castings with low total carbon and high sulphur 
(say 0.2 to 0.3 per cent) the silicon may be up to 1 per cent. 
To the percentage of silicon desired in the castings, we must add 
the amount which will be burned out in melting. In the cupola 
this will be about 0.2 to 0.25 per cent, and in the air furnace 
from 0.15 to 0.5 per cent, depending on the length of time the 
metal is kept in the furnace after melting. The hotter we want 
the iron, the longer this time must be, and therefore the higher 
the silicon in the original mixture charged. 

Sulphur.—Sulphur increases the tendency of castings to 
check, which is especially important in malleable work on account 
of the contraction of white iron being nearly double that of gray 
iron. Sulphur also reduces the strength and tMb ease of anneal¬ 
ing. For this reason over 0.06 per cent should not be permitted 
in castings requiring strength, but it actually runs up to 0.2 and 
0.3 per cent in inferior metal, in both America and England, and 
especially in small castings, which do not need strength so much, 
and which, having less length for contraction, are not so liable 
to be checked by cooling strains. , 

Manganese.—Low manganese is preferred by many foundries, 
and one of the highest authorities in America places the limit at 
0.3 per cent. It should be remembered, however, that the man¬ 
ganese should be at least twice the sulphur, and preferably three 
times, except when the sulphur is as high as 0.3 per cent. Man¬ 
ganese of 0.5 per cent tends to decrease checking. It also 
protects silicon from oxidation during both melting and anneal*- 
ing and on this account hastens and makes more complete the 
precipitation of temper carbon. It also protects the iron itself 
from oxidation during annealing and thus prevents the formation 
of ^^scaled’^ castings. More than 0.6 per cent of manganese 
makes the iron hard and difficult tp machine^ which is disadvan- 
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tageous, especially for pipe fittings, which must be threaded with 
great economy in order to meet the trade competition. It also 
makes the castings difficult to anneal. 

Phosphorus.—Phosphorus makes the metal fluid, which is 
especially desirable where total carbon and silicon are low, or 
where sulphur and manganese are high. On the other hand, it 
diminishes two of the most valuable properties of the material: 
its malleability and resistance to shocks. It also makes the 
metal hard, difficult to machine, and liable to check, and amounts 
over 0.225 per cent should never be permitted by engineers 
where the castings are subjected to strain. 

Total Carbon.—Total carbon below 2.65 per cent gives trouble 
in annealing and therefore makes the castings weak. It also 
makes the metal more sluggish. In air-furnace practice the total 
carbon may be reduced as much as necessary, but it is difficult 
to keep carbon out of iron in cupola melting. By mixing in 
large percentages of steel scrap and allowing the metal to run 
from the cupola as fast as melted, we may get total carbon 
slightly below 3 per cent. The annealing process also rerno\^es 
carbon, even in the interior of thin castings. The lower the total 

carbon in annealed castings, the better the quality. 
Melting in th^ Air Furnace.—The commonest melting furnace 

for malleable cast iron is the air furnace. After the metal is 
melted, it is retained in this furnace for 15 min. to 1 hr. longer, 
and test ingots are poured at intervals, from the fracture of 
which and the temperature of the iron we determine the correct 

moment for tapping. The fracture of the test plug should 
be a clear white throughout, except when the castings are to 

be of very light section, in which case the metal might be tapped 
when the test sample shows a few specks of graphite in the 
center. The practice of judging from test plugs is different 
in each foundry, but there must be some system which insures 
that the metal shall be of such a composition when tapped that 
the castings will have not more than a trace of graphite if any 

at all (say less than 0.15 per cent in small castings and a little 
more in larger ones). If more than this the annealed castings 
will be very weak, almost ^‘rotten.'' 

The diameter of the test plug should be at least as large as any 
section of casting that is to be poured. The usual sise is l)^^4n. 
diameter, 





Pigs. XV-7 to XV-IL—Details of air fumaee. 

<rf a pulverij»d coal burner, or of a soft-coal fire, or, more rarely,* 
from a gas flame. The furnace is charged by means of a large 
aide door, or by removing the roof in sections bound together 
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with iron, or by taking out the end; and in some cases, to effect 
an economy in labor, mechanical devices are employed for charg¬ 
ing. Several designs of air furnaces are shown in Figs. XV-3 to 
XV-11 inclusive. 

Lining.—The lining of the bottom is made of silica sand of 
about the same composition as the acid open-hearth furnace, 
ix,y containing 95 per cent or more of silica, with just enough 
lime to frit the mass together at the heat of the furnace. A layer 
[ibout 1 to 2 in. thick is spread all over the hearth and then set 
on as described in the chapter dealing with the open-hearth 
process. About five layers are put on in this way, and the bot¬ 
tom lasts on an average of 6 to 12 heats, although some foundries 
regularly make up a bottom after the third heat; and in other 
cases the bottoms last as many as 30 heats. Longer life will be 
obtained if the material is charged carefully so as not to break the 
sand, and if a strongly reducing flame is maintained during the 
melting period, when there is not a bath of liquid iron to protect 
the bottom from the corrosive iron oxide. Mixing broken 
fire bricks of good quality and refractoriness with the sand seems 
to give more durable bottoms. 

Charging.—The sprues and small scrap are first charged and 
spread evenly over the hearth and next the pig iron is piled in 
carefully. The roof of the furnace not being high, the pig iron 
must be stacked in order to get the necessary amount into the 
available space. Moreover, when the pig iron is stacked indi¬ 
vidual pigs can be pushed down into the liquid bath from time 
to time so that it will not all melt together. Thus it can be 
handled more easily and the slag comes up better. The steel 
scrap is charged after the pig and scrap are melted and the 
slag has come up. This prevents the steel scrap from being 
oxidized. 

Conduct of the Operation.—The purpose of the furnace is to 
melt the iron and bring it to the proper temperature for casting. 
Some refining by oxidation is unavoidable, but this is not an 
intentional feature and the object should be to get the desired 
analysis by mixing pig iron, scrap, and steel and not by the oxida¬ 
tion of silicon and carbon, A long time in the furnace after 
melting is especially to be avoided, as the iron is liable to be 
oxidized and the silicon reduced below the desired point, making 
the iron ‘‘high/’ After the slag is up, it should be skimmed off, 
and this may be repeated once or twice. When the test plug 
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shows large, clear, white crystals without any pin holes on the rim 
and only a slight amount of mottling, the bath is ready to tap. 
If there are pin holes in the rim of the test plug, it indicates that 
the metal has been ‘^burned,'' as.it is called. It will usually 
be dull and there may even be gas in the metal, in which case the 
iron should be poured into pigs and used over again in small 
amounts in subsequent heats. If the test plug is mottled, it 
shows either that the silicon is too high or that the temperature 
is not high enough, for it will be remembered that the colder the 
iron the more likely is graphite to separate and vice versa. If 
the iron is too ^^high,^’ on the other hand, some ferrosilicon should 
be added and rabbled into the bath. The smaller the castings, 
the more rapidly will they be chilled and therefore the more 
silicon should we have in the metal. 

American furnaces usually vary in size from 10- to 45-ton 
capacity, but they are built as small as 3 tons. It takes from 
about 3*^ to 9 hr. to melt down a charge of from 5 to 35 tons, 
respectively, and the waste of metal by oxidation will be about 2 
to 5 per cent of the charge. 

Tapping the Charge.—The more rapidly the metal can be 
gotten out of the furnace and poured, the more uniform will be 
its composition. Moreover, the metal at the top of the bath is 
hotter than that at the bottom. For this reason, in many 
furnaces, there are additional tap holes at a higher level, which 
are opened first, and also holes on both sides of the furnace which 
are used simultaneously. 

Cupola vs, Air-fumace Melting.—Cupolas used for melting 
malleable cast iron are similar to those already described but 
the amount of fuel is larger than for most gray-iron work on 
account of the higher melting point of the iron and the very 
small size of castings into which it is usually poured. The fuel 
ratio will be about one of coke to four of iron. 

The advantages of the cupola for malleable cast-iron work are: 
(1) we get metal having practically the same composition 
at all times of the heat except the slightly higher sulphur at the 
beginning and end; (2) the temperature is more uniform through¬ 
out the heat; (3) it is cheaper to install and operate and requires 
less skill for melting labor; (4) it can be started and stopped more 
readily; (5) we can get hotter iron without prolonging the heat 
with the resultant danger of burning which exists in the air 
furnace. 
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The advantages of the air furnace are: (1) there is not so 
much sulphur absorbed; (2) with proper manipulation there 
is not so much liability for the metal to be burned except just at 
the thin edge of metal near the fire bridge; (3) the metal anneals 
more easily and is stronger; (4) it is also easier to get a lower 
total carbon by proper mixing since there is no contact between 
coke and iron, and therefore not so much opportunity for absorp¬ 
tion of carbon; (5) we can work closer to a desired analysis in the 
air furnace than we can in the cupola. 

This last circumstance, as well as the lower sulphur, is the 
reason why air furnaces are so largely used also for melting what 
IS known as chilled iron castings, such as rolls. The analysis 
of this chilled iron must be so closely confined within limits that 
the outside may be white iron where it comes in contact with 
metallic chills and the interior consist of gray cast iron. 

The explanation of the more difficult annealing experienced 
with cupola metal over air-furnace and open-hearth metal has 
ne\'er been made entirely clear. In general, cupola metal is 
high in sulphur which opposes annealing, but it is believed that 
even when the metal is of the same analysis in sulphur it requires 
at least 150°F. higher temperature to anneal it. Another 
circumstance in cupola metal is that it is usually higher in total 
carbon. Consequently, the carbon must be more strongly held 
in combination to prevent some of it precipitating as graphite in 
the hard castings. This condition may cause it to yield le^s 
completely to the annealing process. 

Open-hearth Furnaces.—Open-hearth furnaces of small size, 
but in other respects like the open-hearth steel furnaces, are used 
for melting iron for malleable castings in a few important foun¬ 
dries in the United States. The great drawback of this furnace 
is that it should be operated continuously, day and night, which 
means more floor space on which to set molds ready for pouring, 
l>ecause molding cannot well be done during the night, as the 
artificial light casts shadows that make the work of finishing up 
molds more difficult and confusing. 

The advantage of the regenerative open-hearth furnace over 
the air furnace is better control of the operation and especially 
of the temperature, shorter heats, and greater fuel economy. 
The average time of melting in the open-hearth furnace will be 
2}^ hr, for a 10-ton heat, and 4 hr. for one of 20 tons. The 
amount of fuel is about 300 to 350 lb. per ton of iron, or twice 
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making machines are especially advantageous where applicable. 
The gates and sprues are usually large in size because the metal 
has a relatively high melting point and is consequently more liable 
to chill. For the same reason the metal is poured into the mold 
as fast as possible and the great bulk of the work is done with 
hand ladles holding 40 or 50 lb. apiece. 

Annealing Boxes.—After the castings are cooled, they are 
carefully cleaned from all adhering sand by tumbling them around 
in a tumbling barrel (in which they are mixed with star-shaped 
pieces of metal something like children's jackstones), or by sand¬ 
blast, or by some other suitable method. They are then packed 
in the cast-iron or steel ^^saggers^^ or annealing pots, or boxes, 
together with the packing. Sometimes, though rarely, the tops 
of the saggers are closed by means of an iron cover, sometimes 
by a thick layer of the packing in the upper part, and sometimes 
by clay or wheel swarf. These pots last only from 7 to 20 heats 
l)efore they are largely oxidized away. 

Annealing Ovens.—The boxes are then placed in the annealing 
ovens in such a way that the flame may play around them as 
completely as povssible. The general form of ovens is shown in 
Figs. XV-13 to XV-15. The flame usually comes in at the top 
and goes out at the bottom along the side, and thence through 
flues underneath the oven. The fuel used may be coke, coal, oil, 
or gas, the last being preferable on account of the better control 
of the temperature, which should be increased at a very gradual 
and uniform rate during the heating up and kept as constant as 
possible during the annealing period. 

Annealing Practice.—It takes about six and one-half days for 
the American annealing operation, including heating up and 
cooling down. Sometimes this can be shortened a little by 
decreasing the time at the full annealing heat and by cooling 
rapidly or drawing the saggers out of the oven and dumping 
them while the contents are still at a dull-red heat. This practice 
is not conducive to a good quality of castings and should never 
be permitted in important cases. The time at the full heat 
should never be less than 60 hr. and preferably it should be more 
than that. If less, the temperature of annealing must be higher, 
and this decreases the strength and ductility of the castings. 
Annealing should not occupy too long a time, however, because 
the temper carbon tends to draw together to larger flakes; besides 
which the metal may become overannealed or else oxidized 
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between the grams, le, “burnt.” Air-furnacc castings should 
be annealed at 676 to 760°C. (1250 to 1400°F.), and cupola 

Flos. XV-13 to XV-16.- 
Section E-F 

-Malleable-ca8t*iron annealing furnace. 

metal at 825 to 875‘’C. (ISIO to 1600“F.). The saggers are 
<wled as slowly as possible in the furnace; when they are at a 
black heat they are removed, cooled further, and then dumped. 
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Packing.—As originally planned, the castings were annealed 
in a packing of iron oxide crushed to a size less than a quarter of 
an inch in diameter. The packing must surround the castings 
at every place, both inside and out, and no two castings must 
touch. Iron ore, mill scale, ‘^bull-dog,^^ and similar forms of 
iron oxide are used for this purpose. 

Annealing in iron oxide produces a white skin where the casting 
has been deprived of its carbon and a black interior, due to the 
temper carbon; whence the name of ‘^black-heart malleable” for 
this material. Tests have shown that the casting with this white 
skin upon it is much stronger than a similar one which has not 
been decarburizcd on the surface, and therefore the packing in 

Fig. XV-16.—Harness snap buckle. 

iron oxide is advantageous, even though not an essential feature 
of the operation. When the castings are packed in some non¬ 
oxidizing material, such as sand, clay, or lime, they may receive 
as perfect an annealing, so far as the production of temper 
carbon is concerned, but will be without much white skin and of 
a lower strength. 

Shrinkage.—Hard castings contract in solidifying much like 
steel, so that, wherever the metal is not “fed,” it draws away, 
leaving cracks or cavities. Therefore the castings may be con¬ 
sidered as a continuous shell of metal on the outside with an 
interior full of cracks and planes of separation. In malleable 
cast-iron work this is known as “shrinkage.” It is a source of 
weakness in malleable castings and is more effective in round 
than in square bars because the latter have a thicker solid skin 
on the corners which reduces the area of the cracked portion. 

Contractioii.—The contraction of the hard casting is almost as 
great as that of steel, because almost no graphite forms. The 
amount of silicon and the sectional area of the castings are 



486 THE METALLURGY OF IRON AND STEEL 

still the determining factors in this connection. Indeed, by 
means of the measurement of the section and percentage of silicon 
we may estimate the contraction, or by means of the section 
and the contraction we may estimate the silicon very closely, 
other conditions and impurities being normal. The following 
table gives the necessary data for these estimations: 

Table XV-II.—Contraction’ IxV Inches per Foot of Length 

Percentage 

of silicon 

1^4 in. 

square 

J2in. 
square 

'^4 in. 

squa re 

1 in. 

s(iuarc 

0.35 0.225 0.200 0.190 0.175 

0.50 0 220 i 0.195 0 183 0 170 

0 75 0.215 0.190 0.176 0 162 

1 00 0.211 0.183 0 137 0 102 
1 

Expansion Due to Temper Carbon.—It is a very interesting fact 
that, when the malleable cast iron is annealed and the temper 
carbon precipitates, the casting expands to an amount approxi¬ 
mately equal to that which would have occurred if the graphite 
had separated during solidification and gray cast iron had been 
produced in the first instance. In other words, the temper 
carbon, although in a very finely powdered condition, occupies 
about the same amount of space as an equal weight of graphite 
and causes about the same ultimate difference in size between the 
original pattern and the annealed casting as when gray cast iron is 
made. An interesting example of this expansion in anne^aling is 
shown in Fig. XV-16, which is a swivel snap for hitching straps. 
Casting 1 is first poured, c(X)led, and cleaned. It is then embed¬ 
ded in the sand of a mold and casting 2 is poured around the 
shank of it, as shown in No. 3 of Fig. XV-16. Casting 2 shrinks 
upon the shank of casting 1 so as to make a close fit, and no 
swiveling is possible, but the combined casting is now sent to the 
annealing ovens and annealed. This causes the expansion 
referred to, and, as casting 2 is larger in diameter, it expands 
the more and now turns very easily around the shank of 
casting 1. ^ 

Delicate Adjustment of Conditions.—In no metallurgical 
process must the conditions of chemical composition, furnace 
work, heating temperatures, and lengths of operation be adjusted 
more delicately than in the manufacture of high-grade malleable 
oast iron, as may be seen by the following changes that the metal 
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undergoes during the final, i.e., annealing, process, as revealed 
by the appearance of the fracture. The metal as originally cast 
will have the so-called crystalline fracture of white cast iron, with 
perhaps a little mottle. This fracture should be changed to a 
black heart after the annealing process, and the metal will have 
good strength and ductility. If, however, the composition of the 
metal was wrong in the first instance, it may quite resist the 
annealing process and precipitate little or none of its combined^ 
carbon. Or else, if the silicon was too high, the castings may 
have already precipitated too much graphite before the annealing 
process begins, and the deposition of temper carbon may take 
place so readily during annealing that the castings will be mushy 
and lacking in strength. “ 

If, however, the composition of the metal and the melting 
conditions were correct, a good grade of black-heart casting may 
be produced by a proper anneal, but, should the temperature of 
annealing be too high or be continued too long, the black-heart 
fracture may change to a steely fracturef showing an iron in 
which the precipitated carbon has returned to the combined form. 
Nor is this all; if the annealed castings are cooled too fast after 
the anneal, or if the black-heart castings, after being successfully 
made, are reheated and hammered or reheated and quenched in 
water, the black-heart fracture will change to steely. Even the 
heating to which the finished castings are subjected when they 
are dipped in spelter for a galvanizing process and then quenched 
in water will produce a steely fracture with consequent brittle¬ 
ness if the composition of the metal is not within very narrow 
limits. There is but one remedy for castings having a steely 
fracture and that is to reanneal them and produce the so-called 
Reaumur or white-heart castings. In other words, white-heart 
malleable iron is the end of a series of changes through which 
the carbon passes during a long annealing process. 

Theory of the Black-heart Process.—By referring to page 457 
we see that graphite should normally separate from irons 
high in carbon during and shortly after solidification. This 
reaction is avoided in making malleable castings by cooling the 

^ The term combined is used here to represent carbon in solution or any 
chemical combination with the metal. 

* Iron too high in silicon will precipitate too much graphite during its first 
cooling and is technically known as low iron; on the other hand, iron with 
very little silicon is known m high iron. 
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metal rapidly through this range of temperature. The first 
effect of the annealing process, however, is a slow readjustment 
of conditions by the occurrence of the reaction which was 
previously suppressed. That is to say, the carbon is now pre¬ 
cipitated within the solid metal. The temperature at which 
this reaction occurs during the annealing is not so high as the 
normal temperature for it but is in the region where ceraentite, 
FeaC, normally should be produced according to the diagram. 
If, therefore, the annealing is continued too long, the carbon 
precipitation is followed by its recombination to form the carbide 
of iron. As the metal is then slowly cooled, this carbide of iron 
separates and we get the steely fracture, characteristic of over¬ 
annealed malleable castings. 

If, on the other hand, we have obtained a good black-heart 
casting and this is reheated into the region where cementite 
normally forms and suddenly cooled, we produce a metal which 
consists of cementite, mostly dissolved in an iron matrix. This 
reasoning fails to explain why the rapid cooling of castings, 
after a proper annealing, will sometimes produce the steely 
fracture, and, as far as the author knows, this occasional result 
yet lacks an explanation. 

The reason why cast iron too high in silicon precipitates its 
carbon too readily and gives a mushy iron is readily explained, 
since it is known that the presence of silicon will promote the 
separation of graphite and especially will make the iron open 
grained and cause graphite to separate in larger flakes. 

Theory of the Reaumur Process.—In the original RxSaumur 
process the castings are packed in iron oxide during the anneal, 
and this operation is carried on at a temperature of about 800 to 
875*^0. (1472 to 1607®F.) for a period of four or five days after 
reaching full temperature. In the first part of this annealing 
process, conditions are produced which tend to result in black- 
heart castings; then the next step results in conditions that 
would produce the steely fracture; still the anneal is protracted 
at the high temperature and, at the end of the 100 hr. or so, we 
have castings in which the white rim of black-heart metal 
extends to the very center—the castings being only in. or 
less in thickness. This white rim, as already explained, is iron 
from which the carbon has been actually removed bodily, and this 
deearburization results from a inaction between the iron oxide 
in contact with the skin of the casting and the carbon in it* 
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Whether the carbon migrates to the surface and is there oxidized 
by the oxide: 

3C + FegOa = 3CO + 2Fe, 

or oxygen penetrates the metal through its pores in the form 
of carbon monoxide gas, or penetrates chemically by forming 
iron oxide which is acted upon by the carbon: 

C + FeO = CO + Fe, 

is a matter on which authorities cannot agree. The first theory 
is the one which seems to have the preponderance of evidence in 

its favor. That carbon will migrate in solution is proved in the 

cementation processes and, at the annealing temperature, the car¬ 
bon is normally all in solution, whether it be as free carbon or 

as carbide. Even the white rim of an ordinary black-heart 

casting contains some carbon in solution. 
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CHAPTER XVI 

ALLOY STEELS AND ALLOY CAST IRONS 

We have already described ordinary steel (which to distinguish 
it from the so-called alloy steels is often known as carbon steel”) 
as an alloy of iron and carbon. But there is another class of 
materials to which the specific name of alloy steels” is applied. 
This comprises steels to which a controlling amount of some alloy¬ 
ing element in addition to the carbon is added. 

Definitions.—The International Committee upon the nomen¬ 
clature of iron and steel defines alloy steels as ^Hhose which owe 
their properties chiefly to the presence of an element (or elements) 
other than carbon.” The distinction between an element added 
merely to produce a slight benefit to ordinary carbon steel and the 
same element added to produce an alloy steel is sometimes a very 
delicate one. For example, manganese is added in amounts usu¬ 
ally less than 1.50 per cent to all Bessemer and open-hearth steels 
for the sake of getting rid of oxygen and neutralizing the effect of 
sulphur. Likewise silicon is sometimes added in amounts of 0.1 
to 0.2 per cent to get rid of blowholes. But neither of these 
additions produces what is known as an alloy steel. When we 
make ^‘manganese steel” containing 7 to 14 per cent of manga¬ 
nese, the material has new properties quite different from the 
same steel without manganese and we therefore get an alloy steel. 
Similarly ‘^silicon steel” containing 2 or 3 per cent of silicon will 
have an entirely new set of properties due to the silicon and will 
therefore become an alloy steel. 

Influence of Allo3dng Elements.—The metals or metalloids 
added to carbon steel in order to make an alloy steel operate to 
produce one or more of the following changes: 

1. To modify the effect of heat treatment, by changing either 
the temperature of the critical ranges or the mode of occurrence 
of the critical changes. 

This effects, for example: 

a. Suppression of the critical range, thus giving austenitic 
steel at atmospheric temperatures. 

490 
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6. Change in the rate at which critical changes occur, thus 
giving extra hard martensitic steel or else sorbitic steel; 
etc. 

c. Suppression of the damage due to overheating, thus per¬ 
mitting quenching from near the melting point. 

2. To form compounds or solid solutions with the carbon or 
with the iron. 

3. To remove oxides or gases. 
4. To change the form in which carbon occurs. 
Almost all alloy steels are used in a heat-treated condition, 

and they have this peculiarity in common: They retain a fair 
degree of ductility as represented by the reduction of area even 
when hardened so as to be very strong. 

Binary Alloy Steel.—A ternary alloy, or three-part alloy, is 
an alloy composed of iron, carbon, and one other influential ele¬ 
ment. It is called, however, a binary steel, t.6., an alloy of steel 
with one other element. This class includes alloy steels which 
are used abundantly by man and the most important of w hich are 
nickel steel, manganese steel, chrome steel, tungsten steel, 
molybdenum steel, silicon steel, etc. There are several other 
binary steels which have been investigated and used to a small 
extent, such as boron steels and cobalt steels. The field of use¬ 
ful binary steels has not yet been fully investigated, and a wide 

scope is left for future inventors. There are many elements 
whose influence on steel has not yet been studied, and, even 
among those which are commonly used, there are some of w'hich 
only limited proportions have been employed. 

Ternary Alloy Steels.—Ternary steels consist of iron, carbon, 
and two other alloying elements. The commonest and most 
important of these are nickel chromium steels, chrome vanadium, 
tungsten chromium, nickel manganese, manganese silicon, 
tungsten molybdenum, nickel vanadium steels, etc. The result 
produced by adding an alloying element to ordinary earbon steel 
is astonishing and incapable of being predicated, and that 
obtained by a combination of two alloying elements is far more so. 
New products result with properties entirely different from, and 
in some cases almost the opposite of, those of its constituents, 
so that almost any combination at random may lead to a surprise, 
even when the effect of different combinations of the same 

components is known. 
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Manufactiure of Alloy Steels.—The manufacture of alloy steels 
is usually very simple and calls for no special comment here. As 
a general thing the alloying element is added like the recarburizer. 
For example, in the manufacture of manganese steel the requisite 
amount of ferromanganese will be added at the end of the process; 
in the manufacture of nickel steel we may add ferronickel in 
the same way, but it is more common here to add shotted-nickel 
during the process and allow it to dissolve in the steel bath and 
remain there until the metal is tapped; tungsten steels and tung¬ 
sten chrome steels are often made by the crucible process and the 
requisite amount of ferrochrome and ferrotuiigsten, or of metallic 
chromium and metallic tungsten, is placed on top of the charge 
when the crucible is filled. 

The treatment of some of the alloy steels is not so simple: 
Nickel steel may be heated, rolled, and forged without any great 
precaution, but these operations are performed upon manganese, 
tungsten, and some of the other alloy steels only after great 
difficulty and experience. Under the head of these different 
steels will be described the proper method of treatment. 

Nickel Steels 

Nickel steels are the most abundantly used of ail the alloy 
steels. In the ordinary commercial structural alloys the nickel 
ranges from 1.50 to 4.50 per cent and usually from 2.00 to 3.75 per 
cent, while the carbon is usually from 0.20 to 0.50 per cent and 
usually between 0.25 to 0.35 per cent. Not counting armor plate, 
which is really a quaternary steel, containing nickel, chromium, 
and vanadium, the most important uses of nickel steel are for 
structural work in bridges, railroad rails, especially on curv^es, 
steel castings, ordnance, engine forgings, shafting, especially 
marine shafting, case-hardening stock for gears, etc., frame and 
engine parts for automobiles and airplanes, wire cables, con¬ 
necting rods, axles, especially for automobiles and railroad ears, 
etc. We can best learn the reasons for these particular uses by 
discussing the distinctive properties conferred by the nickel, and 
their usefulness. 

Tensile Properties.—The chief distinction between nickel 
steel and carbon steel is the higher elastic limit of the former, and 
especially the fact that this higher elastic limit is obtained with 
only a slight decrease in ductility. About 3.50 per cent of nickel 
add^ to carbon steel will increase the elastic limit nearly 50 
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per cent, while reducing the ductility only about 15 to 20 per 
cent. It is this increase in elastic limit which is probably the 
chief reason for the increased resistance of nickel steel to what 
is known as fatigue/^ f.e., its resistance to repeated stresses 
and alternating stresses^ under which all steel will ultimately 
break down, even though the load is far less than that it can 
bear indefinitely if constantly applied. It is probable that the 
minute structure of nickel steel is also advantageous in this same 
connection. About 3.50 per cent of nickel will give steel approxi¬ 
mately six times the life in resistance to fatigue. The records of 
shipping show that the great majority of accidents to vessels 
at sea -come from the breaking of the propeller shafts, which 
is doubtless due to alternate stresses, because these long shafts 
are put out of alignment by each passing wave; so now practically 
all large vessels use hollow nickel-ste(4 shafts. It is the higher 
elastic limit that is responsible also for the use of nickel steel 
in bridges, ordnance, automobile and airplane parts, and wire 
cables, for we may obtain equal strength with less weight or 
gi*eater strength with the same weight. Besides the elastic 
limit the ultimate tensile strength of nickel steel is increased also 
by the addition of nickel. The increase is not so great in this 
particular, and conseciuently the elastic ratio, f.e., the ratio of 
the elastic limit to the tensile strength, is increased still more 
greatly. The elastic limit of ordinary rolled carbon steel should 
be at least one-half of the tensile strength, while that of 3,50 
per cent nickel steel should be at least 60 per cent. 

Heat Treatment.—By means of heat treatment, the strength, 
hardness, and ductility of nickel steel may be increased together. 
The heat treatment consists of quenching in water from 840°C. 
(1554°F.), which is safely above the top of the critical range, 
and then reheating to 550°C. (1022°F.), which is about 100°C. 
below the point at which the lower critical change begins on 
heating. This change is the beginning of conversion of pearlite 

to austenite. 
Crystalline Structure.—The crystalline structure of nickel steel 

is more minute than ordinary carbon steel, and this is probably 
one of the chief causes for the toughness of nickel steel, and 

' Repeateil stresses arc stresses put upon a body at intorv’als and relieved 
meanwhile, w’hile alternate stresses are stn^sses first in compression and then 
tension, such, for instance, m the stresses in a wire that is bent backward 
and forward or in a rotating shaft that is not absolutely in alignment. 
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Fig. XVI-l - Mechanical pinperties of nickel btoel after double heat treat¬ 
ment. {Ftovi F'>ti(ls and Alloys for Special Purposes,'" Crucible Stal Company 
of America.) 

X>n.wlfiir and Annealinir Tenr.peraturea in Deffreea Fahratiliftit 

Fio. XVI-2.—^ Mechanical properties of nickel steel after double heat treat- 
pient. {From ** Sleds and Alloys for Special Purposes f* Crucible Steel Company 
of America^ 
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also for the fact that cracks develop in it relatively slowly; in the 
yielding of steel to fatigue the damage starts by the opening of a 
crack of microscopic proportions through the cleavage planes of 
the crystals, and this crack grows and spreads from crystal to 
crystal until it is visible to the unaided eye, after which it 
proceeds with still greater rapidity. As already stated, this 
development is much slower in nickel steel than in carbon steel. 
Furthermore, if an armor plate is struck by a projectile, it does 
not crack so easily, and the cracks do not extend so far if the plate 
is made of nickel steel. This fact and the greater strength of 
nickel steel are the chief reasons for the nickel in all modern 
armor plate. 

Modulus of Elasticity.—The modulus of elasticity of nickel 
steel containing not more than 4 or 5 per cent of nickel is about 
the same as that of carbon steel, viz.^ about 29,500,000 lb. per 
square inch. With higher contents of nickel, how^ever, and 
especially with more than 20 per cent of nickel, the modulus 
of elasticity is lower. This results in the steel being much more 
resilient or springy, and this is one of the important reasons why 
not more than 4 per cent of nickel is put into structural steels, 
for a bridge built of steel which was resilient, even though strong, 
would vibrate so much with the motion of a passing load as to 
be unpleasant, and even unsafe on account of the repeated stresses 
set up. The price of nickel, of course, enters into the limitations 
of the amount used in structural material as well, and it is found 
that 3.50 per cent can be added without great expense and with 
beneficial results. 

Hardness.—Nickel steel is harder than carbon steel, though 
not so much so but that it can be machined without difficulty. 
Advantage is taken of this in the use of nickel-steel railroad rails 
for curves and other locations w^here the steel soon wears out. 
The additional strength of the nickel steel is also an advantage in 
this connection and nickel-steel rails have been tried with success 
upon the famous horseshoe curve of the Pennsylvania Railroad 
and other places. The hardness of nickel steel is also accom¬ 
panied by a lower coefficient of friction, and those properties, 
together with the additional strength, are taken advantage of in 
the use of nickel steel in axles for automobiles, locomotives, and 
railroad cars. Equal strength can be obtained in an* axle of 
smaller size which has, of course, less bearing surface and there¬ 
fore still further reduced friction. 
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of Amfrica ) 

Drt’Winfir and Aoneatin^ Temporatunw !n D«srreei Fahronheit 

Fiq. XVI-^2.—Mechanical properties of nickel steel after double heat treat¬ 
ment. {Prmn “*S<ee/s and Afhys for Special Purpose$f* Crucihh SUd Company 
of America,) 
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also for the fact that cracks develop in it relatively slowly; in the 
yielding of steel to fatigue the damage starts by the opening of a 
crack of microscopic proportions through the cleavage planes of 
the crystals, and this crack grows and spreads from crystal to 
crystal until it is visible to the unaided eye, after which it 
proceeds with still greater rapidity. As already stated, this 
development is much slower in nickel steel than in carbon steel. 
Furthermore, if an armor plate is struck by a projectile, it does 
not crack so easily, and the cracks do not extend so far if the plate 
is made of nickel steel. This fact and the greater strength of 
nickel steel are the chief reasons for the nickel in all modern 
armor plate. 

Modulus of Elasticity.—The modulus of elasticity of nickel 
steel containing not more than 4 or 5 per cent of nickel is about 
the same as that of carbon steel, viz., about 29,500,000 lb. per 
square inch. With higher contents of nickel, however, and 
especially with more than 20 per cent of nickel, the modulus 
of elasticity is lower. This results in the steel being much more 
resilient or springy, and this is one of the important reasons why 
not more than 4 per cent of nickel is pul into structural steels, 
for a bridge built of steel which was resilient, even though strong, 
would vibrate so much with the motion of a passing load as to 
be unpleasant, and even unsafe on account of the repeated stresses 
set up. The price of nickel, of course, enters into the limitations 
of the amount used in structural material as well, and it is found 
that 3.50 per cent can be added without great expense and with 
beneficial results. 

Hardness.—Nickel steel is harder than carbon steel, though 
not so much so but that it can be machined without difficulty. 
Advantage is taken of this in the use of nickel-steel railroad rails 
for curves and other locations where the steel soon wears out. 
The additional strength of the nickel steel is also an advantage in 
this connection and nickel-steel rails have been tried with success 
upon the famous horseshoe curve of the Pennsylvania Railroad 
and other places. The hardness of nickel steel is also accom¬ 
panied by a lower coefficient of friction, and those properties, 
together with the additional strength, are taken advantage of in 
the use of nickel steel in axles for automobiles, locomotives, and 
railroad cars. Equal strength can be obtained in an'axle of 
smaller size which has, of course, less bearing surface and there¬ 
fore still further reduced friction. 



m THE METAUMROY OF IRON. AND STEEL 

Soundness—Nickel-slcci castings arc relatively free from 

blowholes and this, togelher with the strength, is a reason for the 
use of this material for castings. They also ha^'e a lower melting 
point and run more easily in the molds. 

Expansibility.—The coefficient of expansion of nickel steel is 
one of its most astonishing and unusual characteristics, for in 
different samples it varies all the way from practically zero up to 
the ordinary figure for carbon steels. 

Colby gives the following figures for the average coefficient 
of expansion for each 1°C. temperature: 

Carbon steel 0 00001036 (Guillaume) 

( arboii steel (0 25 p(‘r cent car))()n) 0 00001150 (C'harpy) 

Bolt t‘arbon steel t 0 0000107S (lirowne) 

5 00 per cent mekel ste(‘l 0 00001053 (GuillaunH') 

Invar.— The coefficient of expansion with the ordinary atmos¬ 
pheric changes of temperature becomes less and less as the 
percentage of nickel increases until, when we reach 36 per cent 
of nickel, it is less than any metal or alloy know^i and amounts 
practically to zero. This alloy is patented and sold under the 
name of ^'invar^' and is used for scientific instruments, pendu¬ 
lums of clocks, steel tape measures for accurate survey w’ork, etc. 
In a paper read before the American Association for the Advance¬ 
ment of Science, in December, 1906, it w as stated that tapes made 
of invar used experimentally for United States Government sur¬ 
vey work showed a very great increase in accuracy over ordinary 
steel tapes, and also in rapidity of use. These tapes varied an 
infinitesimal amount during the first few months, after which 
they became practically constant in length. The cause of this 
peculiar eflfect of nickel upon the dilation of steel with an increase 
in temperature is a result of the effect of nickel upon the critical 
ranges of the steel, wffiich we shall describe later. 

Platinite.—As the amount of nickel increases beyond 36 per 
cent, there is a slight increase in the coefficient of expansion 
so that, when we reach about 42 per cent of nickel, the steel has 
the same coefficient of expansion and contraction with the atmos¬ 
pheric temperature as has glass. In this respect it resembles 
platinum, and the name platinite^' is therefore given to this 
alloy. It can therefore be used for the manufacture of armored 
glass,'' f;e., a plate of glass into which a network of steel wire has 
been rolled and which is used for fire-proofing, etc., because, even 
though the glass should break, it m held together by the steel 
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network. It can also be used for the electric connections passing 
through the glass plugs in the base of incandescent electric lights. 

Corrodibility.—Nickel steel corrodes less than carbon steel, 
in the presence of the atmosphere, fresh and salt water, the 
ordinary acids, the smoke of locomotives, etc. Moreover, the 
degree of corrodibility decreases with each increase in the amount 
of nickel present. For this reason 30 per cent nickel boiler tubes 
have been used, especially in marine boilers. The great expense 
of this material is, however, an obstacle to its common adoption. 

Other Properties.—Ordinary nickel steel containing about 3.50 
per cent of nickel has several other properties which distinguish 
it from carbon steel, among which we may mention its higher 
compressive strength and greater toughness under impact. This 
latter makes nickel steel especially resistant to shocks, for it not 
only takes a greater blow to bend it but it will bend through 
more of an angle before cracking. Nickel steel also has a greater 
shearing strength, which makes it advantageous for rivets, 
l)ecausc smaller rivets may be u.sed and this means smaller holes 
in the structural members that are being joined, and consequently 
a greater area of these members left to support the strains upon 
them. In this connection, however, it should be remembered 
that nickel steel does not weld as well as carbon steel, and there¬ 
fore greater care is required in upsetting the rivets during the 
processes of construction. Nickel segregates very little in iron 
and it also has the advantageous property of hindering the other 
elements from segregation, so that nickel steel is less liable to 
these irregularities than carbon steel. In steel over 0.50 per cent 
carbon, nickel has a tendency to make the carbon come out as 
graphite. 

Critical Changes.—Nickel has a veiy important effect upon the 
critical changes of iron and steel. This fact will readily be 
believed because it is known that many of the elements added to 
steel produce important changes in the critical points. G. B. 
Waterhouse, w^hile investigating the effect of 3.80 per cent of 
nickel upon iron, showed that this amount of nickel did not 
make any appreciable difference in the mode of occurrence of the 
critical points on cooling, but it did reduce the temperature at 
which these critical points occurred by about 75®C. (167°F). 

As the amount of nickel in the alloys increases, the tempera¬ 
tures at which the critical ranges occur become lower and lower 
until we reach 24 per cent of nickel with 0.40 per cent carbon, 
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when the critical ranges occur below the atmospheric tempera¬ 
ture. That is to say, the steel does not ordinarily cool to the 
point at which the solid solution is decomposed and the beta 
and alpha allotropic modifications are assumed. 

Irreversible Transformations.—The great peculiarity of the 
critical changes of the nickel-steel alloys with less than 24 per 
cent of nickel is that they are irreversible. By this we mean that 
the change which takes place at one temperature on cooling is 
not reversed on heating at the same temperature, or anywhere 
near that temperature. In other words, when we cool a nickel 

Percent. Carbon 

Fig. XVI-3.—Constitution at atmospheric temperatures of slowly cooled stools 
with varying percentages of nickel and carbon. 

steel containing 20 per cent of nickel, the solid solution is not 
decomposed and the alpha allotropic modification is not assumed 
until we get below 100°C. (212°F.). But having cooled the steel 
to that point and decomposed the solution, we can now heat it 
nearly to 600®C. (1112°F.) before the reverse change takes place 
and we again form the solid solution and the gamma allotropic 
modification. In other words, it is possible to have a sample of 
nickel steel between 100 and GOO^C. which shall be in either 
condition we like. With 20 per cent of nickel, nearly 1 per cent 
<rf carbon, and 1.40 per cent of manganese, the transformation 
.pdnt on cooling is 188° below 0°C. (306° below 0°F.), while the 
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transformation point on heatinp; is well above the atmospheric 
temperature. Therefore at atmospheric temperature we may 
have such a piece of steel in either condition we like, and a very 
interesting experiment is formed by having a bar of this steel 
one end of which has been cooled more than 188° below 0°C., 
while the other end has not. The end that has been cooled will 
be magnetic and the other end nonmagnetic. 

Microstructure of Nickel Steels.—The effect of nickel on 
critical changes also shows in the microstructure of the steel, as 
will be seen from the figure on page 498 (Fig. XVI-3). 

This figure is interpreted as follows: Steels very low in carbon 
have the pearlitic structure until the nickel reaches about 10 
per cent, when the structure becomes martensitic. As the carbon 
increases, the martensitic structure appears with less and less 
nickel. With 30 per cent of nickel, ev^en low-carbon steels are 
austenitic in microstructure. This accounts for the nonmagnetic 
character of steels of high-nickel content. 

When we have more than 40 per cent of nickel in our steels, the 
critical transformations are reversible like ordinary steels. That 
is to say, they occur at nearly the same temperature on heating 
as the reverse change does on cooling. It is an interesting fact 
that the steels in which the irreversibility of the transformation is 
most marked—the steels from 12 to 25 per cent of nickel— 
have the highest strength and elastic limit; at about 25 to 30 
per cent of nickel, where the irreversible transformation is 
most erratic, and beyond that point, the strength is much lower. 

Occurrence of Nickel.—Waterhouse tested his steel containing 
3.80 per cent of nickel and found that a part of the nickel was 
dissolved in the cementite which had the formula (FeNi)3C. 
The amount of nickel in the cementite was not, however, so great 
as that in4he ferrite. That is to say, the steel, as a whole, con¬ 
tained 3.80 per cent of nickel, while the cementite contained only 
1.86 per cent, showing that the nickel dissolves more easily in the 
ferrite than it does in the cementite. 

Rationale of the Effect of Nickel.—Nickel decreases the crystal¬ 
line size of steels and especially the size of crystals of pure iron. 
For this reason, the addition of nickel to structural steel results 
in an increase of strength, without proportionately great decrease 
of ductility. Through the same cause it increases the hardness of 
ifceel and is, therefore, used for such purposes as railroad rails on 
curves. It is valuable in steel that is to he case-hardened, 
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because it decreases the crystal size of the “core/’ The full 
benefit of nickel is obtained only when the steel is heat-treated 
for strength in the usual way; viz.^ it is heated to the lowest 
possible temperature to get all the iron and carbon in solid 
solution, quenched in oil or water to prevent precipitation of 
Fe crystals in large size, and then reheated to some point below 
the line PSK (Fig. XI-9) to restore ductility to the steel. Nickel 
steel of 3.5 per cent nickel is superior to carbon steel which has 
been treated in this way and excels especially in elastic limit. 

Manganese Steel 

We owe the discovery of manganese steel to the untiring 
ingenuity of Robert A. Hadfield, of Sheffield, England, and its 
story will be an inspiration to every inventor, for it resulted in a 
material whose properties not only are the opposite of what we 
might reasonably have expected on logical grounds, but whose 
combination of great hardness and great ductility was hitherto 
unknow n and might readily have been belie\'ed to be impossible. 
Constant study and perseverance must have been the qualities 
that led to this revolutionary invention, and it has established 
beyond question the principle that, because a given amount of 
any Clement produces a given effect upon steels, it does not foliow' 
that a different amount will give the same effect in a different 
degree. Indeed a different amount may give an entirely dif¬ 
ferent, and perhaps an exactly contrary, effect, as is the case of 
the effect of manganese upon steel. 

When the manganese in steel is over 1 per cent, the metal 
becomes hard and somewhat brittle, and these qualities increase 
in intensity with every increase of manganese until, when we have 
4 to 5.50 per cent, the steel can be powdered under the hammer. 
But as the manganese is increased from this point, these proper¬ 
ties do not increase and, when w^e reach 7 per cent, an entirely new 
set of properties begin to appear. These are well marked at 10 
per cent of manganese and reach a maximum at 12 to 15 per cent. 

Composition.—Manganese steel usually contains about 11 to 14 
per cent of manganese and 1.0 to 1.3 per cent of carbon.^ With 
this amount of manganese the strength and ductility of the 
material reach their maximum. The silicon is 0.3 to 0.8 per cent, 

^ Manganese steel that is to be forged or rolled is made lower in carbon 
than this. 
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the phosphorus under 0.08 per cent, and the sulphur very low, 
on account of the easy washing out of sulphur by manganese. 
The melting point of this steel is 1325‘'C. (2417®F.). 

A cheaper manganese steel is made with 7 to 8 per cent of 
manganese. It has lower ductility but greater elastic limit than 
the 13 per cent grade. 

Treatment.—After manganese steel has been cast into an ingot 
or casting and slowly cooled, it is almost as brittle as glass. But 
it is then reheated to a temperature of more than 1000°C. (1832® 
F.) and rapidly cooled by plunging it into water. The tempera¬ 
ture from which it is necessary to quench it can readily be deter¬ 
mined, for it must be so high that, when the steel is quenched, 
little blue flames of hydrogen will appear on the surface of the 
water. These are due to the decomposition of water into hydro¬ 
gen and oxygen by the intense heat of the steel at the moment of 
touching it. The steel which was very brittle before this treat¬ 
ment is afterw^ard as ductile as soft carbon steel or wrought iron, 
while its tensile strength is about three times as great. Thus the 
sudden cooling, which produces brittleness in ordinary steel, 
produces ductility in manganese steel. The abrasion hardness of 
manganese steel is about the same in the slowdy cooled and in the 
quenched condition and is so great that it is not commercially 
practicable to machine it and there is no method known of 
making it softer. 

Manganese steel must be heated very slowly and uniformly 
lest it crack. It is also very difficult to forge it, and this can be 
accomplished only within a narrow range of temperature above a 
red heat and by beginning with very light taps of the hammer. 
After a little working it becomes so topgh that it can be rolled, 
although somewhat gingerly. 

The Effect of Quenching on Manganese Steel.—More than 
5 per cent of manganese with 1 per cent of carbon will depress 
the line where even the most enduring austenite finally decom¬ 
poses into ferrite and cementite, f.c., the line PSK in* Fig. XI-9. 
But it does not materially change the position of the point E in 
Fig. XI-9. In other w^ords, the point S drops below the atmos¬ 
pheric temperature, but the line ES still begins at about the same 
place at its right-hand end. Therefore, in the slow cooling of 
even manganese steel, cementite will precipitate from the 
temperature at which the alloy crosses the line ES. This pre- 
dpitated cementite makes the steel very brittle. If, however, 
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the steel be rapidly cooled from above the line cementite 
will be held in solid solution, resulting in a tough, ductile steel. 

Manufacture.—The metal is first purified in the Bessemer, 
electric, or open-hearth furnace, and then manganese is added in 
the form of melted ferromanganese, as in ordinary recarburizing, 
except for melting and the extra quantity used. Most of the 
manganese steel made is used in the form of castings, because of 
the difficulty of forging or rolling, but railroad rails are rolled, 
and some plate to be perforated and used for screening, 
etc. 

Effect of Working.—Cast manganese steel, after treatment, 
will have a tensile strength of about 80,000 lb. per square inch, 
with an elongation of 20 per cent in 8 in. The same material, 
if forged or rolled and heat-treated, will increase to 140,000 lb. 
tenacity and 50 per cent elongation. If rolled cold, the strength 
may increase to 250,000 lb. with elastic limit of 230,000 lb. 
but without appreciable ductility. 

Uses.—High-manganese steel is used chiefly for the jaws and 
wearing parts of rock-crushing and digging or quarrying machin¬ 
ery, for railroad frogs and crossings, for railroad rails on curves, 
mine-car wheels, and burglar-proof safes. Its life in these classes 
of service is very many times that of all other kinds of steel, 
because it is not only extremely hard but is without brittleness. 
There is a famous curve on the Boston elevated railroad where 
carbon-steel rails were worn out in a very short time and the use 
of manganese steel rails has proved very advantageous and 
economical. The use of the steel for burglar-proof safes is also 
very advantageous, because there is no known method of making 
the steel soft enough to# be penetrated by a drill. The uses of 
manganese steel are limited chiefly because the metal must 
ordinarily be formed by casting, since machining and cutting to 
shape are practically out of the question, and forging is difficult. 
For structural work the advantages of its high combination of 
strength and ductility are somewhat offset by its low elastic 
limit, which is only about 35 per cent of its ultimate tensile 
strength. One peculiarity of manganese steel is that, when it 
yields to tensile stresses, it is elongated more uniformly over its 
whole length than carbon steel, which suffers its greatest elonga*^ 
tion near the point of final rupture where a certain amount of 
** necking'' takes place. It will be remembered that wrought iron 
atretclies more uniformly over its whole length than steel; mang^ 
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nese steel has this property in a still more marked degree even 
than wrought iron. 

Critical Changes.—The abrasion hardness of manganese steel 
is due, in part, to the hardness of manganese, but still more 
potently to the fact that the steel is in the austenitic condition. 
That is to say, the manganese has reduced the temperature at 
which the critical changes occur below that of the atmosphere, 
and therefore manganese steel consists entirely of austenite. It 
is, of course, nonmagnetic. Now, although austenite is harder 
than pearlite, it is not nearly so hard as martensite, and true 
abrasion hardness and toughness are due to the formation of a 
thin film of martensite by the process known as “work harden¬ 
ing^' on the surface of austenitic manganese steel. Therefore, 
manganese steel which is used for hard service, such as crushing 
rock, will constantly be hardened on the outside by the formation 
of a martensitic layer caused by heavy strains transforming 
austenite into martensite, whereas the same steel will not endure 
long against abrasion when digging a soft substance like sand. 

Medium-manganese Structural Steel.—The manganese in 
ordinary carbon steel is between 0.40 and 1 per cent. Increasing 
the manganese to about 1.50 to 1.75 per cent results again in a 
steel with much higher strength and usual ductility. The 
steel also withstands the shock test excellently well. For this 
reason it is being used for railroad rails, which thus develop less 
easily transverse fissures in the heads, probably caused chiefly 
by blows from the driving wheels of locomotives. The steel has 
also been used in place of nickel steel in structural parts of some 
bridges. Medium-manganese steel frequently has a coarse 
crystalline structure, which creates a considerable prejudice 
against it for structural purposes in the minds of many engineers. 

Medium-manganese steel is also called “pearlitio-manganese 
steel'^ for obvious reasons. It may also be called “wrought- 
manganese steel" because it is commonly rolled to shape, whereas 
7 and 14 per cent manganese steel is usually made in the form of 

castings. 
Constitutional Diagram.—From Guillet’s constitutional dia¬ 

gram of manganese steel, shown in Fig. XVI-4, we can select the 
compositions of those steels which are in the pearlitic, the marten¬ 
sitic, or the austenitic condition at atmospheric temperatures. 
Xhe martensitio manganese steels are too brittle for present 
usefulness. 
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, Silicon Steel 

The most important silicon alloy steel is that used for the 
cores of electromagnets, but several bridges have been built 
recently in Europe and America using a so-called silicon struc¬ 
tural steel.” 

Electromagnets.—Silicon increases the electrical resistance of 
steel; therefore steel with about 4.75 per cent of silicon is uni¬ 
versally used in the best magnet cores for alternating-current 
machinery, because it has high magnetic permeability and high 
electrical resistance, which reduces the eddy currents, and there¬ 
fore the energy loss. It is known as ‘^silicon transformer steel” 

and has saved hundreds of 
millions of dollars, during the 
past 25 years, by increasing 
efficiency. The steel is as 
low as possible in all elements 
except silicon and is given a 
double heat treatment for the 
purpose of making the small¬ 
est possible grain size, in order 
further to increase electrical 
resistance by increasing the 
number of grain boundaries. 
For less effective electrical 
results than the 4.75 per 

cent transformer steel, but much cheaper because they can 
be worked so much easier in fabrication, are the silicon 
steels containing respectively 1.25, 2, and 3 per cent of silicon. 
The steel containing 4.75 per cent of silicon is somewhat hard and 
brittle at atmospheric temperatures and cracks on the edges when 
cut. 

Silicon Structural Steel.—Many bridges have been built in the 
past five years using what is called silicon structural steel.” 
This is stronger than carbon steel with equal ductility. The 
silicon is usually between 0.50 and 1.05 per cent, and it is cus¬ 
tomary to raise the manganese of ordinary structural steel from 
about 0.50 to between 0.67 and 0.95 per cent. By this analysis 
the silicomanganese steels, much used for springs, are approached. 

Silicon has the effect of decreasing the solubility of carbon in 
iron, in both the liquid and the solid state. In the solid solution, 
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Fio. XVI-4.—Constitution at atmos¬ 
pheric temperatures of slowly cooled 
steels with varying proportions of 
manganese and carbon. 
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therefore, the end of the V in Fig. XI-9 is found occurring at a 
lower percentage of carbon than the usual 0.85 per cent. With 
1 per cent of silicon, the solid solution will have its maximum 
solubility at about 0.45 instead of 0.85 per cent of carbon. Since 
the point of the V is always the strongest steel, a stronger steel 
with less carbon in it is obtained in this way and, therefore, 
greater ductility, because the less the carbon the greater the 
ductility. 

Most of the silicon structural steels are really silicomanganese 
steels, containing generally between 1 and 2 per cent of silicon 
and from 0.90 to 1.50 per cent of manganese. They are char¬ 
acterized by high tension strength, good elastic limit, but low 
toughness and shock resistance. The silicomanganese steels have 
high resilience and are much used for springs. They are very 
sensitive to heat treatment and liable to crack when quenched in 
cold water. 

Comparison of Binary Alloy Structural Steels Containing 

Nickel, Manganese, or Silicon 

It is possible to secure a little better combination of strength 
and ductility in 3.5 per cent nickel steel than in silicon or medium- 
manganese structural steels. Nickel steel has also had a long 
service in important structures, as compared with the length of 
time during which the others have been used. But 3.5 per cent 
nickel steel costs about twice as much as does either of the others. 
All three of these alloy steels are generally used in large members 
of structures without any heat treatment. In this respect, 
nickel steel has the advantage, because it can be improved to a 
greater extent by quenching and reheating. All three of the 
steels, w’hen in the unheat-treated condition, have similar proper¬ 
ties, as showm in Table XVI-L 

The nickel, manganese, and silicon structural steels have these 
points in common: Their carbon content is roughly from 0.30 to 
0.40 per cent; they are ductile because they contain much ferrite; 
they are stronger than straight carbon steel because their ferrite 
crystals are in an abnormally small size. This is obtained in 
nickel steels because nickel tends to dissolve in ferrite rather than 
in cementite; it separates out of the solid solution when the steel 
cools from the line G8 to the line PS in Fig. XI-9. It has been 
argued that nickel forms many nuclei for the precipitation of 
ferrite, causing it to come in many small crystals and not con- 
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centrate into large crystals. In the case of manganese and silicon 
steels, on the other hand, the small size of ferrite crystals is due to 
a lesser number of ferrite crystals separating above the line GS 
and correspondingly more separating at the line PS, where the 
size of separating crystals is much smaller. The reason for this 
is, as already stated, that manganese and silicon both tend to 
push the point S to the left in the equilibrium diagram, thus 
making the proportion of ferrite in pearlite larger. 

Chrome Steel 

Chromium has the effect of making the critical changes of 
steel take place at higher than the normal temperature and much 
more slowly. For the latter reason the effect of chromium 
intensifies the effect of rapid cooling of steel. For example, a 
carbon steel containing chromium when quenched in oil will be as 
hard as or harder than the same carbon steel without the chro¬ 
mium quenched in water. Likewise chromium has the effect 
of producing a deeper zone of hardness from the surface to the 
interior of a piece of steel. Chromium is not used very much by 
itself in alloy steels except for hard objects like parts of rock¬ 
crushing machinery, parts of jail bars, burglar-proof safes, etc. 
Chromium is, however, used a great deal in combination with 
other alloying elements to produce greater hardness, as in 
armor plate, armor-plate piercing projectiles, etc. It is also 
used in combination with other alloying elements to intensify the 
effect of heat treatment and produce exceedingly strong and 
tough steels, such as chrome nickel and chrome molybdenum. 

Probably the best known use of chromium at the present time 
is for the production of the so-called ^‘stainless steels^' and stain¬ 
less irons. Not only are these very extensively used for resist¬ 
ance to rusting and corrosion, but they also have a high combina¬ 
tion of strength and ductility, as indicated in Tables XVI-I and 
XVI-II. Steel with chromium under 1 per cent is used for case- 
hardening purposes; to a very slight extent for strength purposes; 
and for hardened tool steels. When the chromium is from 1 to 
2 per cent, the steel is often used in ball bearings and in crushing 
machinery, safes, etc. With 2 to 4 per cent of chromium, a steel 
for permanent magnets is made which has largely replaced the 
permanent-magnet steel formerly containing about 6 per cent of 
tungsten. Four per cent chromium and above is almost never 
itfi^ except when added to other alloy steels and also to make 
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the so-called stainless steels, which usually contain 12 per cent 
or more of chromium, although this has been largely replaced at 
present by a ternary-alloy steel containing 18 per cent of chro¬ 
mium with 8 per cent of nickel, commonly known as ''18:8/' 
For steel fo resist scaling at high temperatures, an iron-chro¬ 
mium-carbon alloy containing 35 per cent of chromium is used. 

Steel and Cast Iron Which Resist Corrosion.—Nickel steel 
rusts less than carbon steel, especially if the nickel is 25 per cent 
and higher. Alloys of iron with not more than 0.50 per cent of 
copper rust les^ than plain carbon steel, especially in slightly 
acidulated waters, such as the rivers which flow from coal-mining 
districts. Alloys with nitrogen (i.e., nitrided surfaces) also 
seem by recent studies to have a powerful resistance. The 
alloys of iron and silicon, beginning about 11 per cent of silicon, 
not only do not rust at all but offer great resistance to acid attack 
which dissolves iron readily. This is made useful by making 
iron castings with 13 per cent of silicon for chemical purposes. 
But the material which is of most extensive industrial and house¬ 
hold importance is the so-called stainless steel. 

Stainless Steel.—Stainless steel contains about 0.30 to 0.40 
per cent of carbon and 11.50 to 18 per cent of chromium. This is 
hard without heat treatment, but it is attacked by some acids 
unless it is heated to the temperature where it is a solid solution 
and then cooled rapidly by quenching. After this treatment, 
it is both hard and incorrodible by atmospheric agencies and by 
many acids. It retains a bright silver-white surface (with slight 
tinge of blue), so hard that it is not easily scratched, and always 
brilliant with occasional cleanings with cold water. Hundreds of 
tons have been used for table cutlery and similar purposes. 

Stainless Iron.—If the carbon be kept below about 0.10 
per cent, and the chromium above 11.5 per cent, this material 
will be hard and corrosion resistant without heat treatment. 
It also has very high properties of strength and ductility combina¬ 
tion, as shown in Table XVI-I, after heat treatment and is so 
pliable that it can be cold-4rawn and easily worked. It is very 
valuable for turbine blades and similar purposes and is the only 
material known which has a high resistance to both corrosion and 

fatigue at once, f.e., "corrosion fatigue.'' 
Heat-resisting Alloy Steels.—^Tungsten steel is the strongest 

material known at the temperature of exhaust valves in gas 
engines, but it scales. High-chromium steels do not scale at 
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this temperaturo, but they lack strength. Chromium up to 

38 p^r cent has been used, but the most popular combination is 
steel with about 18 per cent of chromium with 8 per cent of nickel. 
This heat-resisting steel is sold under many trade names which 
give no indication of its analysis. 

Other Binary Alloy Steels 

Vanadium.—Vanadium is one of the most powerful scavengers 
that can be added to liquid steel for the special purpose of remov¬ 
ing oxygen. After removing all the oxygen that can be elimi¬ 
nated by means of manganese and silicon, the addition of 0.26 
per cent of vanadium will result in further oxygen elimination, 
leaving about 0.15 per cent of vanadium in the steel. This vana¬ 
dium has the effect of increasing the strength and hardness of the 
metal. In fact, the hardness is increased so much that ordinary 
alloy steel is not used with more than 0.2 per cent of vanadium 
remaining in it. Vanadium, like nickel, decreases the grain size 
of steel, but vanadium acts on the cementite, as well as the ferrite 
grains, and vanadium also acts apparently during the phase when 
steel is freezing, so that it is especially beneficial in steel castings, 
whose properties it improves materially. Except for castings, 
there is not very much vanadium binary steel made, but vana¬ 
dium is added in extremely small doses to make ternary and 
quaternary alloy steels, some of which have great strength or 
hardness. 

Vanadium seems to have a very powerful effect in cutting down 
Widmanstatten structure, which forms in castings so that it 
makes the crystal structure finer. Vanadium also goes into solid 
solution. It stiffens the space lattice very materially (in this 
respect, it resembles cobalt); and it decreases the segregation of 
the cementite, in other words, carbon segregation. For that 
reason also it is valuable in castings. Its most serious handicap 
is that you cannot have more than 0.20, some say even more 
than 0.15 per cent, maximum left in steel without making steel 
very brittle, but it greatly increases the hardness of the steel up to 
this limit. Its embrittling effect and hardening effect are due to 
intensely hard carbides and usually the so-called ^^superhigh- 
speed steel contains 2 to 2.50 per cent of vanadium because 
of the great increase in carbon hardness that you get; 0.15 to 0.20 
per cent will increase the tensile strength and elastic limit of 
carbon steel by about 20 per cent and is exceedingly valuable 
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where you want to increase the unit stress in fatigue. But the 
principal use of vanadium is in addition to other alloy steels. 

Molybdenum Structural Steel.—From 0.25 to 0.75 per cent 
of molybdenum added to ordinary steel which is then heat- 
treated produces a structural steel which has increased elastic 
limit without correspondingly decreased ductility. Molybdenum 
resembles vanadium in not being used extensively in binary steels, 
but in being added in small doses to improve the properties of 
other alloy steels, such as the important chrome-molybdenum 
steel used much in airplane structures; also nickel-molybdenum. 
In other alloy steels, molybdenum seems to make the steels easier 
to fabricate, easy to roll, easy to heat-treat, and easy to weld. 

Ternary Alloy Steels for Strength 

The most important ternary structural alloy steels are: 
chrome nickel, chrome vanadium, chrome molybdenum, and 
silico-manganese. 

Chrome-nickel Steel.—Thus a steel which contains about 
1.5 per cent of nickel and 0.60 per cent of chromium will have, 
after heat treatment, almost the same strength and ductility as 
3.5 per cent nickel steel which has also been heat-treated, but it 
will not cost so much. Tables XVI-I and XVI-II give data for the 
comparison of all these binary and ternary structural steels. 
The heat treatment of chrome-nickel steel is based on the same 
principle as already given: Heat the steel until the solid solution 
is complete; then quench in oil or water; and, finally, reheat to 
some temperature below the line PSK in Fig. XI-9 to restore 
ductility. The best temperature for first quenching must be 
determined by experiment for all steels of different analysis; 
the temperature for reheating will depend on how much ductility 
is estimated to be necessary, always remembering that the more 
the ductility the less the elastic limit—all of which will be evident 
after a study of Tables XVI-I, XVI-II, and XVI-III. The largest 
tonnage of alloy steels in the country are those which contain 
up to 3.50 per cent of nickel and up to 1.50 per cent of chromium. 
These two alloy steels and the combination, chrome-nickel steel, 
represent the largest total tonnage. The ratio of chromium to 
nickel is almost invariably to 1* If you have a larger propor¬ 
tion of chromium than that—say 2 to 1—there is difficulty in 
heating; the limits have to be very narrow. In chrome-nickel 
ete^ there are two combinations which are commoner than all 
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others, viz., 1.50 per cent nickel with 0.60 per cent chromium, and 
3,50 per cent nickel with 1.50 per cent chromium. In case one is 
looking for dynamic strength, such as resistance to shock, like a 
blow, vibration, alternating stresses, repeated stresses, you get 
the maximum effect with between 0.40 and 0.55 per cent of 
carbon. But in case you must have higher ductility, then the 
carbon must be lowered a little. Chromium-nickel steels have 
characteristically a very fine, dense structure. They must be 
heat-treated with much care. In making a chrome-nickel case- 
carburized crankshaft, for example, we must first normalize. 
Then, after case carburizing, the temperature of first quenching 
must not exceed Acz greatly and the second quenching must be as 
close to Aci as possible. Then, after drawing, the steel must 
not be cooled slowly, because this is liable to result in what is 
called temper brittleness, i.e,, very low resistance to shock. 

Chrome-vanadium Steel.—The principle of heat treatment, 
and the general combination of strength and ductility of chrome- 
vanadium steel, will resemble the corresponding facts for chrome- 
nickel steel. Differences which exist will be seen in Table 
XVI-III. The differences are important, but lack of space forbids 
a further discussion of them here. Chrome-vanadium steel 
passes very slowly through the critical range, both on heating and 
on cooling. It, therefore, must be soaked a long time before 
quenching. It has a wider permissible heat-treating range than 
has either nickel or chrome-nickel steel. 

Silico-manganese Steel.—Silico-manganese steel greatly 
resembles chrome vanadium in strength and for service in 
springs. The former is very much used in Europe for automobile 
springs, and to some extent in this country, although some 
American makers favor chrome vanadium as being less brittle. 
The differences between these springs may be noted by reference 
to Tables XVI-I and II. 

Chrome*»molybdeiium Steel.—Chrome-molybdenum steel has 
not so good a combination of strength and ductility as have 
nickel, chrome-nickel, and chrome-vanadium steels, but it is very 
easy to roll and draw into tubes, to fabricate, and to weld, so that 
it is very popular for airplane structural parts. Its structural 
properties are also shown in Table XVI-L The weakness of 
chrome-molybdenum steel is that, unlike chrome-vanadium steel, 
it does not have the vanadium to inhibit grain growth, so that 
chmme-molybdenum steel must be heated with great care to 
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avoid coarse structure. Chrome-molybdenum steel also requires 
a longer time for soaking than does chrome-vanadium steel. 

Steel for Springs.—The highest obtainable elastic limit with¬ 
out brittleness is the desideratum for springs. Some of the heat- 
treated chrome-nickel steels which have been treated with 
vanadium have been used with success and are recommended 
where price is not a limiting factor. A manufacturer gives the 
following data; * 

Table XVI-IV.—Deflection Test of Steels for Springs* 

1 

Ten‘<ile strength 

Deflec¬ 
tion at 

elastic 
limit 

Load, 
pounds 

Fiber 
stress 
per 

square | 
inch 

i 

Poum 
squar 

Ulti- 

mate 

Is per 
B inch 

Elastic 
limit 

Elonga¬ 
tion in 
2 in., 

per cent 

Reduc¬ 
tion in 
area, 

per cent 

AUoy steel (composition not 
given) . 1 006 3,280 301,000 220,000 200,000 13 45 

Alloy steel (composition i»ot 
given) . 0 953 3,120 286.000 210,000 180,000 15 40 

Chrome-vanadium steel... . 0.856 2,800 256,000 190,000 175,000 11 30 

Silicomanganese steel .. 0.860 2,820 258,000 195,000 175,000 9 
1 

28 

> This deflection test applied the load midway between supporte 10.25 in. apart on a 

specimen 2M by 0.259 by 15 in. 

Steels of Highest Strength with Safety.—A large American 
manufacturer gives the following table of heat-treated steels, 
based on the highest strengths obtainable with safety, which he 
predicates as elongation not under 12 per cent and reduction of 

area not under 45 per cent; 

Sklf-hardening and High-speed Tool Steels 

Self-hardening Steel.—Self-hardening steel is steel which is 
hard without being subjected to any heat treatment or other 
process for making it so. It is steel which cannot be made soft, or 
annealed, by any process known at present. It is often called 

air-hardening steel because, when it cools in the air from a red 
heat or above, it is not soft like ordinary steel but is hard and 
capable of cutting other metals. Manganese steel is a self- 

hardening steel and so obviously is any steel which is in the 
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Table XVI-V.—Extra Strong Steels 

Tensile strengths 

1 Pounds per square inch 

Elongation Reduction 

Ultimate 
Elastic 
limit ' 

• 

in 2 in , 

per cent 
of area, 
per cent 

* Airplane” alloy steel (composition 
not given) 245,000 220,000 11 46 

Chrome-nickel gear steel 235,000 208 000 12 45 
Chrome-nickel gear steel 192,000 165,000 14 i 
Chrorae-VEinadium forging steel 165. tMX) 150 000 16 I 46 
Simple md'kel forging steel 200.000 178 000 14 46 
Carbon forging steel 

1 

155.0(K) i 135 000 12 45 

All these steels have been forged, steel castings cannot be made of this quality 
If steels are wanted with greater ductility, for which some strength must be sacrificed, 

their composition and heat treatment may be learned from Tables XVI-II and XVI-llI 

austenitic or martensitic condition at atmospheric temperatures, 
t.e., whose critical temperature is below the atmospheric tempera¬ 
ture. All the self-hardening steels are therefore nonmagnetic 
or only slightly magnetic. 

Mush^et SteeL—The name self-hardening^^ steel was first 
applied to an alloy steel invented by Robert Mushet and which 
owed its self-hardening properties to the simultaneous presence 
of both tungsten and manganese. The analyses varied greatly 
but were probably limited to between 4 and 12 per cent of tung¬ 
sten with 2 to 4 per cent of manganese and 1.50 to 2.50 per cent 
of carbon. A typical sample and one having excellent qualities 
contained about 9 per cent of tungsten, 2.50 per cent of man¬ 
ganese, and 1.85 per cent of carbon. This steel is incapable of 
being made soft by any knowm process and is nonmagnetic. It 
is one of those curious phenomena met in the metallurgy of 
steel, where a combination of two elements will produce a result 
entirely different from anything that might be predicated: Tung¬ 
sten does not lower the temperature of the critical change in steel 
and 2.50 per cent of manganese has but a slight effect in that 
direction. Nevertheless, the combination of these two reduces 

the critical point below the atmospheric temperature. 
Mushet steel has been for many years, a famous tool steel 

because of its capacity for performing a large amount of heavy 
cutting work. It is very hard and durable and will retain its 
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cutting edge for a long time and under very severe service. It, or 
its equivalent, is used very largely at the present time for very 
heavy, or deep, cuts and especially for cutting extra hard metal, 
such as the roughing cuts on armor plate and other hard alloys. 
The cutting speed of which it is capable is not much—if any— 
greater than ordinary carbon tool steel, but the economy of its 
use is due to the fact that it will take such deep cuts and last so 
long without regrinding. 

Other Self-hardening Tool Steels.—The 2.50 per cent of man¬ 
ganese in Mushet steel can be replaced by 1 or 2 per cent of 
chromium and again produce a self-hardening tool steel which 
has the advantageous properties of Mushet steel. This result is 
even more astonishing than the self-hardening properties of 
Mushet steel, because chromium has a tendency to raise the 
temperature at which the critical change comes, and yet the 
addition of 1 or 2 per cent of chromium to a tungsten steel, which 
was not previously self-hardening and w^hose critical temperature 
was about 600°C. (1112°F.), reduces the critical temperature to 
below the atmosphere. We may also replace the 9 per cent of 
tungsten in Mushet steel with 4 to 6 per cent of molybdenum, 
and it is stated that this latter change produces a self-hardening 
tool st^eel w^hich is a little tougher than Mushet steel. 

Taylor and White.—Frederick W. Taylor and Maunsel White 
of the Bethlehem Steel Works experimented for a long time 
with the self-hardening steels existing in 1899 and previously, 
for the purpose of improving them by heat treatment. The 
full record of these and other researches were presented by 
Taylor in his presidential address to the American Society of 
Mechanical Engineers in 1906 and form one of the most interest¬ 
ing records of the kind ever presented to the world. The result 
of these experiments was to produce a wholly new kind of steel 
which has fairly revolutionized the machine-shop industry of the 
world. Taylor and White found that, by applying a new method 
of heat treatment to the self-hardening tool steels, they gave 
them much greater toughness at a red heat, so that they could do 
their cutting work at a speed so fast that the point of the tool 
would become red hot with the heat of friction and the great 
chips of steel, which were thick and heavy on account of the 
depth of cut which could be made, were raised to a temperature 
of nearly 300''C. (572®F.). In other words, the steel tool never 
lost its temper or its toughness at a red heat. The heat treat-^ 
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ment which Taylor and White employed consisted in raising the 
steel almost to the melting point and then plunging it in a bath of 
molten lead at a temperature between 700 and 850®C. (1300 
and 1550®F.), where it was kept until it was of the same tempera¬ 
ture as the bath, and then removed and cooled by plunging into 
oil. They usually followed this cooling by reheating the steel to a 
temperature between 370 and 670°C. (700 and 1240®F.). 

The first public exhibition of the Taylor and White steel was 
made at the Paris Exposition in 1900 and created first incredulity 
and then astonishment. The amount of work performed by a 
tool was unheard of, as also was the speed at which the tool was 
made to travel through the metal it was cutting and the length of 
time that elapsed before it was necessary to regrind it. It was 
realized that a new epoch in the tool-steel industry had been 
inaugurated. The fact that the method of heat treatment used 
by Taylor and White was subsequently shown to be unnecessary 
and that therefore the manufacture of high-speed steel tools, hav¬ 
ing qualities like theirs, was begun by everybody in no way 
lessens the credit due them for teaching the world how to pro¬ 
duce a new kind of metal and effecting a tremendous decrease 
in the price of machine work. 

High-speed Steels.—The name ^'high-speed steelswas not 
given by Taylor and White to their product but has subsequently 
been adopted for all steels capable of these rapid-cutting speeds 
which theirs had. Soon after they had shown the world what 
could be done, it was found that the only heat treatment neces¬ 
sary to give the steel its peculiar hardness and toughness at a 
low-red heat was to raise it to a temperature very near its 
melting point and then cool it with moderate rapidity, as, for 
example, by holding it in a blast of cold air until it was below a 
red heat. The essential feature seems to be that the steel shall 
attain a high temperature (1260®C., 2300®F.), which is so great 
that melted oxide forms on it, and it is almost ready to sdntillate; 
i,€,f it has almost crossed the line AE in Fig. XI-9. After this 
heating it sometimes suffices merely to allow the steel to cool in 
air, but in this case its hardness is not so great, and cooling in oil 
is more usual. For some purposes it is reheated slightly above 
550^C. (1022®F.) to increase its toughness. The reason why 
the steel is actually harder after this reheating is because th^ 
first cooling, together with the iniuence of the several alloying 
elements in the steel, causes it to be converted partly into austen^ 
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ite. Reheating the austenite converts it into martensite. 
Extreme care is required in heating the steel through the lower 
critical range; therefore a preheat of the steel in one furnace to a 
temperature of about 1400°F. at a very slow rate precedes the 
heating of the steel to 2300°F., from which it is quenched. Large 
tools are preheated first to about 1100°F. in one furnace, then 
transferred to another furnace at 1400°, before they are put in the 
furnace in which they receive their final temperature. 

Composition.—It was also soon found that the composition of 
the self-hardening steels w^as not the best one for high-speed 
steel. Tungsten was the element which gave the steel the prop¬ 
erties of hardness and toughness at a red heat. After the peculiar 
heat treatment had been learned and the presence of manganese or 
chromium in addition to the tungsten was showm to be accessory, 
it w^as found that more durable qualities could be obtained by 
increasing the percentage of tungsten, and steels have been put 
upon the market whth as high as 24 per cent of this element, 

but 14 to 18 per cent is the usual proportion at present. At the 
same time the carbon was greatly reduced and at the present 
usually varies from 0.60 to 0.90 per cent in the best high-speed 
steels.^ The manganese is low, 0.15 to 0.35 per cent; silicon, 
0,10 to 0.25; chromium, 4 per cent; vanadium, 1 to 2 per cent. 

The table^ on page 520 show^s comparative analyses of English, 
American, and German high-speed steels: 

Hardness in High-speed Steel.—Four types of hardness are 
distinguished in high-speed steel, viz.y 

1. Red hardness, or hardness for cutting at a low^ red heat, 

^ It is commonly stated in the trade that tungsten will take the place of 
carbon in producing hardnes.s, but this is not true. It is far more correct 
to say that tungsten will assist carbon in producing hardness and therefore 
with high-tungsten steels we may have lower carbon. This distinction 
may appear merely academic, but it is well worth recognition by those who 
t^xpect to make a study of these steels. No amount of tungsten or any other 
element will make steel hard in the absence of carbon, or even when the 
carbon is low. The tuilgsten produces hardness by its effect upon the con¬ 
dition of the carbon—t.e,, by helping to retain the carbon in its solid solu¬ 
tion—and not by any effiHjt of its own. It is for this reason that a lesser 
amount of carbon will produce hardness in the presence of tungsten or some 

similar agent. 
* From Lantsberry, Tranmeiions Afnerican Society Steel Treaiinfff vol. 11, 

p. 716, 1927. 
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2. Carbon hardness, which seems to reach a maximum with 
0.70 per cent of carbon, presumably because this particular alloy 
steel is at the pearlitic ratio of carbon at 0.70 per cent, 

3. Alloy hardness, or the hardness due to the alloying elements. 
4. Temper hardness, or the hardness due to changing from 

partly austenitic to wholly martensitic structure. 

Table XVI-VI 

Enghsh 

4nienciin Oeriuan 
14 per 18 per 
cent cent feu per Super 

tungsten tungsten 

r 0 6/0.65 0 6/0 65 0 7 0 8 0 68 
! 

0 70 0 88 0 5 0 0 7 0 64 

Cr 3 5/4 0 i 3/4 3/4 3 8 4 0 3 6 4 3 5 0 5 1 5 0 4 1 
w 13/14 16 5/18 18 110 16 2 17 0 18 8 18 18 14 3 16 0 
v 0 2/0 6 0 25/0 5 1 26 0 6 1 3 0 83 1 3 0 15 1 2 0 6 1 12 

Mo 0 75 1 1 1 6 0 6 0 7 

Co 5 41 1 

i 
2 02 

1 
1 

i 

1 

5 10 

Forging.—High-speed steels can be forged onl}^ at tempera¬ 
tures above a bright-red heat, i.e,y from 1050 to 1150®(\ (1922 to 
2100°F.) and higher. The ingot, when first made, must not be 
allowed to cool to a black heat but must be forged before it cools, 
in order that carbide segregations in the steel may be avoided. 

Annealing.—^The heating and annealing of high-speed steels 
require a great deal of care. They must be heated up to the 
annealing temperature (say about SOO^^C., 1472°F.) with extreme 
slowness and cooled down in lime or ashes or in the furnace. 
They are then soft enough to be machined easily, but not so soft 
as carbon steel. 

Automotive Parts 

Alloy steels are used so extensively in the automotive industry 
that some cars are built without any plain^arbon steel in their 
make-up. The supporting portions are frequently made of nickel 
steel; the axles of ternary steels; the valves of high-chrome steels, 
which will resist oxidation and corrosion by the hot gases; the 
wearing parts, such as crankshafts and gears, of case-hardened 
nickel st^l, often containing some chromium to increase the 
intensity of the heat treatment. The springs are made of a 



ALLOY STEELS AND ALLOY CAST IRONS 521 

chrome-vanadium or silicomanganese steel for resilience. The 
ball bearings are of chrome steel, or even of ternary steel, to 
increase their hardness, etc. What applies to parts of auto¬ 
mobiles is still more effectively true of steel for airplanes, which 
must be as strong as possible, in order to give strength with 
light weight and reliability. 

In Tables XVI-VII and XVI-VIII are summarized the effects 
of the different alloying elements as they appear in the alloy 
steels used for different purposes, and below are given the prices 
of some of the most-used alloy steels: 

Prices of Home of the Alloy Steels 

Cents per Pound 
Sta i M1 OSS i ro n. 20.00 

3 por oont nickel-chromium steel. 6.45 

3.5 per cent nickel steel. 4.16 

1.5 jK'r cent nickel-chromium steel. 3.60 

1 per cent chrome-vanadium steel. 3.60 

2 per cent chromium steel. 3.45± 

Hili(*omanKan(‘.se steel. 3.00± 
0.5 per cent chromium steel. 2.95 

Medium-manganese steel. 2.90 

Table X\T-VH.—Nature of Effect of Home of the Alloyinq Metals 

Used in Structural Steels 

(The effect of all these alloying metals is to increase strength) 

Kind of steel Metal 
Percent¬ 
age used 

Nature of the influence ex¬ 
erted by the alloying metal | 

Must this 
steel be 

heat-treated? 

Nickel . Nickel * 3.50 Makes Fe grains small Better so 
Silicon. Bilicxtn 1 Pushes point S to the left in 

1 equilibrium diagram No 

Medium inanganeee. . Manganese 1.75 Pushes point S to the left in 

1 equilibrium diagram No 

Castings. Vanadium 0.25 Makes grains small No 
Molybdenum ....... Molybdenum ’ 0.35 Yes 

Cbrome. Chromium 0.60 Intensifies effect of heat 
treatment ^ Yes 

Nickel and chromium are the two alloying elements most often 
used. The weight of these two metals used in alloy steels exceeds 
the weight of all other alloying elements taken together. More 
than three-fourths of aU alloy steels used in America go into 
automehile manufacture, because automobiles and airplanes 
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Table XVI-VIIl.—Natcre of Effect of Some Alloying Metals in 

Nonstructdral Steels 

Alloying 
metal 

Percentage 
used 

Effect of alloying metal 
Cause of effect of 

alloying metal 

Must this 
steel be 

heat-treated? 

Chromium. 1 lo 5 Hardness Intensifies effect of Yes 
rapid cooling 

Manganese.... 7 to 14 Abrasion hardness See footnote’-* Yes 

Tungsten^ . . 14 to 18 ” Red hardness ” Yes 

Silicon [ 4 75 Greater efficiency in AC ! Increases electrical Yes 

magnets resistance 
Copper 0 15 to 0 50 Reduces rusting No 
Chromium. 11.5 to38 Eliminates corrosion Yes and no 

Reduces scaling 
Silicon 13 Lessens acid attack No 

1 This tunf?st€n is illustrated as if in “high-speed steel.” 
2 Manganese lowers the temperature at which the line PSK in Fig. XI-9 occurs. With 

more than 7 per cent of manganese, this line is below atmospheno temperature. There¬ 
fore all such manganese steel will be a solid solution at atmospheric teinperature. 

require steels of high quality, and can afford to pay the price in 
excess of the cost of carbon steel. The best alloy steels are made, 
of course, in the electric furnace or crucible, but 75 to 80 per cent 
of the tonnage comes from basic open-hearth furnaces. The 
annual tonnage of alloy steels made in the United States is about 
3,000,000 tons, or about one-fourteenth of the total steel made. 
The proportion is increasing rapidly every year. 

High-strength Cast Iron 

There has been in the last five years, and particularly in the last 
two years, a tremendous amount of interest in so-called ‘‘high- 
strength cast iron.'' The Germans gave us the first good impetus 
in that line with their so-called “pearlitic cast iron"' and their 
researches and studies, but a great deal has been done in this 
country too, and, in order to introduce the subject, lei me say 
that the iron foundryman has been attacked and handicapped on 
three sides. In the first place, the steel-casting people have 
turned out a better product than iron castings and by means of 
new furnaces and improvements they brought their price down 
to the place where they are pushing the iron foundryman pretty 
hard; then the malleable cast-iron foundryman has improved the 
strength of his product from 36,000 to 60,000 lb. per square inch 
and .8 per cent elongation in 2 in. to 15 per cent elongation in 
2 ad that he has been pu^^ilng the cast-iron foundryman 
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pretty hard because of his tetter product and very little increase 
in price; and, finally, the welding people have pushed the iron 
foundrymen. One large electric company has abandoned all its 
foundry plants, except one, making bases and frames by welding 
structural steel. The iron foundryman, hemmed in on three sides, 
has had to develop on the fourth side, viz.j better properties, and 
he has done much in a short time. 

Properties of High-strength Cast Iron.—The properties most 
important in cast iron are (1) strength, (2) resistance to wear, 
and (3) machinability. It is fairly easy to get the strength 
up but then the machinability goes down, and, of course, when 
you get resistance to wear, the machinability decreases, but 
when you have a long locomotive cylinder, perhaps 48 to 60 in. 
long, turned on the inside at competitive prices, machinability 
IS important, and, when the piston travels back and forth inside 
the cylinder and begins to wear an elliptical place at the bottom, 
it goes out of commission before long and then the customer 
objects. With the question of strength of these cylinders versus 
weight, you have a problem. In the matter of machinability, 
the cast-iron man has only one real competitor and that is the 
malleable cast-iron man. Malleable cast iron will machine much 
tetter than cast iron or alloy ca^t iron. When a gray iron 
foundryman turns out iron with 30,000 lb. per square inch tensile 
strength, he is proud of hi« figures; 50,000 lb. per square inch is a 
good figure for malleable cast iron; 60,000 lb. per square inch is a 
very good figure for alloy cast iron; 85,000 lb. per square inch is 
a very good figure for steel castings. Of course, cast iron is more 
frequently judged, or used to be more frequently judged, on trans¬ 
verse strength. There is considerable difference here; transverse 
strength will be 2,500 to 3,300 lb. per square inch for the standard 
arbitration test bar of the A.S.T.M., with a deflection of 0.17 in. 
for 2,500 lb. per square inch and 0.12 in. for the 3,300 lb. per 
square inch. There are some figures higher than these; the 
author has a figure of 4,406 lb. per square inch with a 0.10-in. 
deflection which he knows to be true, but 2,500 to 3,300 lb. per 
square inch is a good figure for the standard test bar. Resistance 
to wear is diflScult to gage. Foundrymen use either Shore or 
Brinell test, and probably Brinell is a little better. The improve- 
m^t that has been made has been through the study by research 
and theory of the path of rupture. Now the path of rupture 
through cast iron is made by splitting apart of the^nrystals of 
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graphite, so that one-half of the graphite sticks to each side and 
there is very little metallic matrix through which to pass. It 
is perfectly obvious, then, that the first line of study would be in 
a better size and better distribution of the graphite flakes. This 
has been worked on for a long time and more recently German 
metallurgists began working on the metallic matrix. By increas¬ 
ing the strength of the metallic matrix, one can increase the 
strength of the whole piece, even though this matrix represents 
only a portion of the bar through which fracture must take place. 

Graphite.—First coming to the graphite: it is obvious that 
reducing the total weight of graphite is a benefit and that has 
been done for a great many years by melting steel scrap in the 
cupola. With even as much as 50 per cent of steel scrap in cast 
iron, the cost is not increased much. It takes a little more 
coke to melt it and, if one melts the cast iron and scrap and 
allows it to run out of the cupola as fast as melted and not 
saturate itself with carbon, one may get lower total carbon in the 

iron. Total carbon may be reduced to 3 per cent, and that may 
be one-third in the combined form, leaving not more than 2 per 
cent of graphite in the iron. If the total carbon be further 
reduced from 3 to 2.5 per cent, the strength of the mixture has 
been much improved. In order to do that, one must have 
the tuyeres situated not high up in the cupola but within 
4 in. or so of the bottom of the cupgla, the tap hole left open 
at all times, so that metal and slag run right out of the cupola. 
The charge melts 15 to 18 in. above the tuyeres and, while it 
trickles down, absorbs a lot of carbon; but if tapped from the 
cupola as soon as melted and if mixed wdth 50 per cent steel scrap, 
total carbon is well reduced. The foundryman has gone as 
far as he can in this respect. He can, of course, always melt 
in air furnaces where there are oxidizing conditions above 
the bath instead of reducing as in the cupola and the carbon 
can actually be burned off, but one must be careful or one 
will bum off silicon. It is very simple to get as low as 2J^^ per 

cent total carbon in the air furnace but it costs more money. 
Moldenke and others have made certain researches and found 

that by superheating metal, t.e., heating it very hot and pouring 
at a high temperature and cooling somewhat rapidly, the carbon 
is in a better state of distribution. The graphite goes out in small 
particles instead of the larger flakes. The sisse of the flakes will 
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depend upon the number of nuclei. If graphite commences to 
precipitate at 1,000 different points, it will precipitate in smaller 
flakes more widely distributed than if it precipitates in 100 differ¬ 
ent points and aggregates as it precipitates, so that hot melting, 
i.e., finishing hot and pouring hot, and freezing rapidly, will have 
the effect of making a better distribution of the graphite. It is 
probable when we come* to alloy cast iron that nickel, nickel 
chromium, molybdenum, perhaps more questionably vanadium 
may provide nuclei to get a better distribution of the graphite. 
Another way of getting low graphite is to have high combined 
carbon. There one runs into danger: one gets bad machining 
qualities and the superintendent of the machine shop is ready to 
go to the general manager and tell him how glad he would be if 
some other metallurgist were put on the job. Too much money is 
lost by bad machining—so much that it would be cheaper to use 
alloy cast iron, so that there is a limit to the amount of cementite 
that can be put in. 

The Metallic Matrix.—Henry M. Howe pointed out 15 years 
ago that a metallic matrix in cast iron which was pearlitic 
would give the best strength, but it was not followed out in 
this country. It finally was taken up by the Germans and it 
seems to be definitely advantageous to let combined carbon go 
to the pearlitic ratio so that the iron consists of graphite and 
pearlite. This requires a careful adjustment of the silicon, 
manganese, sulphur, the pouring temperature, and the chilling 
but also may, under certain conditions, require reheating the 
castings and cooling them at a regulated rate. Thus we get an 
improvement in the metallic matrix and a slight improvement 
if we can thereby decrease the graphite by increasing the com¬ 
bined carbon. If the combined carbon goes too high, machin¬ 
ing is apt to be bad. In the old days it was very common to 
have a small amount of pearlite and large areas of ferrite 
and large areas of graphite, and that, if it occurs, can be cor¬ 
rected usually by heating above the critical temperature, holding 
awhile, and slowly cooling. But by adjusting the silicon, 
sulphur, manganese, and temperature of pouring, by having the 
phosphorus not too high, and by cooling with a medium degree of 
rapidity, one can in some instances have graphite with pearlite 
and no ferrite. In some cases this is brought about by agitating 

the liquid iron in the ladle, as for example, in a bumper molding 
machine. It does not seem to be possible to give any general 
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rules for this other than studying the conditions to see what 
silicon, sulphur, manganese, and cooling temperature will give the 
pearlitic ratio, but remember pearlitic ratio is not always 0.85 per 
cent of carbon where there are other elements present. That has 
to be studied under the microscope. 

There is a sentiment in favor of making plain cast iron, even 
if it is necessary to use an electric furnace for adjusting the 
melting temperature before pouring. The reason for this is that 
alloying elements cost money, and also that they vitiate the 
scrap, so that future castings unexpectedly contain elements 
which alter their hardness or other properties. 

Alloy Cast Iron 

There is a great deal of alloy cast iron made today and there 
would be more except for the difficulties of making it. Alloying 
elements can be added either in the melting furnace or other¬ 
wise to the melted metal and there is no great difficulty except 
sometimes with the cupola. 

Cupola Melting.—The cupola is the cheapest way of melting 
cast iron and the commonest way, and, therefore, cupola diffi¬ 
culties have militated a good deal against the making of alloy 
cast irons. In the cupola we can melt the iron with certain 
alloying elements which we want to have in it. Or we can use 
Mayari iron, made from a natural ore which smelts into an iron 
having roughly 1.5 percent of nickel and 0.5 per cent of chromium, 
or thereabouts, which is, therefore, very good nickel-chromium 
cast iron. Where, however, we add alloying elements in the 
cupola, a great many irregularities have been encountered. 
These have been overcome sometimes by making up briquettes 
of cast-iron chips mixed with alloying elements and melting 
these briquettes in the cupola. Uniformity is not always 
obtained by the method of melting ferroalloys, or nickel 
alloys with ferro-chromium, in the cupola with the charges. 
Another method of alloying is adding the alloying elements to 
the ladle, but this necessitates having the metal very hot as it 
obviously will chill the metal, and there are liabilities of irregular¬ 
ities in composition and irregularities in temperature* A third 
method is to put the alloying elements in the spout as the itmtal 
runs from the cupola into the ladle. This gives better mixing, 
of cburse. Uqfluestionably there are a great many people who 

making alloy cast iron in the cupola succesilully and over« 
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coming the difficulties, but, on the other hand, there are many 
foundries that have made an earnest effort to use alloy cast iron 
and had to give it up. Not only are there the difficulties which 
have been mentioned, but the scrap is vitiated. Now either 
the scrap will be vitiated or else the foundry must have a special 
set of bins and keep the alloy scrap separate. As far as chro¬ 
mium is concerned, not only is money thrown away, but, when 
chromium-containing scrap is reused inadvertently, one runs into 
danger of getting hard castings. Enough nickel is being used 
in cast-iron foundries to make at least 250,000 tons of nickel 
castings a year. 

Air-fumace Melting.—A great many difficulties disappear 
when one does not use the cupola for melting. Some are using an 
air furnace. One melts nickel chromium in the bath in the air 
furnace and brings it to the proper temperature. There is a 
complete distribution of the alloying elements through the 
metal. But some foundries are making very good cast iron 
in their air furnace without allo3dng elements and selling it in 
competition with alloy cast iron. They get low total carbon 
easily enough, high strength, and a temperature they want. It 
costs more than cupola melting but yields a very excellent air- 
fumace iron for iron-foundry castings, and they use alloying 
elements only when some special case requires it or when the 
customer asks for it and pays for it. 

Electric-furnace Melting.—Many foundries are using electric 
furnaces, particularly the Moore ^Lectromelt furnace, for alloy 
cast iron. They can do it in either of two ways: Melt down 
and finish the charge in the electric furnace, or melt it down 
in the cupola, tap it into the electric furnace, and there add the 
allo3dng elements. The success of the electric-furnace method 
has been so marked that a good many prominent metallurgists 
insist that good alloy cast iron caimot be made in competition 
without an electric furnace. The success of the electric furnace 
has been such that the prices in some industries, t.c,, the 
prices for commercial castings, are based on electric-furnace 
operation and there are many foundrymen who claim, and 
doubtless think, that they make a good deal more profit out of 
alloy cast iron than they do out of plain iron, although the cost of 
pielting and cost of alloying adchtions have to be taken into 
consideration. But the number of rejections is considerably 

when an electric furnace or air furnace is used. And, in fact. 
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the eoiiipedtive price itibnml on h very much lower {mcctnn^, „f 
rejections. 

Macbiaability and Strength.—Alloy cast iron has the pecuh. 

arity that it is machinable \vi<h a higher Briaell than is gray 

cast iron. That is one of the most important points in con¬ 
nection with alloy cast iron, because ordinary gray cast iron, 
if it has a tensile strength and therefore a Brineli hardness of 
more than 220 Brinell number, will machine with difficulty, 
whereas nickel-chromium cast iron with a Brinell hardness 
of 240, and in some cases 280, will machine effectively and 
without too much objection from the machine shop. The 
result has been that almost all the nickel-chromium cast irons 
have been used for purposes such as automobile cylinders, liners 
for locomotive cylinders, and other places where strength with 
good machining qualities is wanted. If you bring out the 
graphite by means of silicon, you tend to produce the hard spots 
and chills as w^ell. But if you bring out graphite with nickel and 
with less silicon, it is less porous and less open and that is the 
reason for strength—close grain structure and well-distributed 
graphite. Ordinar>^ cast iron has an upper limit of 30,000 lb. 
per square inch tensile strength. High-strength cast iron has an 
upper limit of 35,000 to 38,000 lb. per square inch; nickel-chro¬ 
mium cast iron will have an upper limit of 65,000 to 70,000 lb. per 
square inch. If the trans^'erse strength of ordinary cast iron is 
2,500 to 3,300 lb. per square inch in the arbitration test bar, the 
nickel-chromium cast iron will have 5,000 to 5,500 lb. per square 
inch with the same deflection as the plain carbon. 

Alloying Elements Used.—The largest tonnage of alloy cast 
iron used is nickel chromium. Also vanadium has been used for 
a great many years and is used especially in chilled cast iron, 
because it greatly hardens and stiffens the chilled surface, so 
it increases resistance to abrasion and seems to increase the 
compressive strength and the shear resistance very much. 
Apparently it does not increase depth of chill, but it does 
materially increase the hardness. 

Aluminum has been used a good deal in recent years. This is 
not strictly an alloy cast iron, because aluminum is the twin 
brother of silicon. The principal reason for the use of aluminum 
is that we get less oxidation of the iron. Some foundries today 
are making molybdenum east iron instead of nickel chromium, 
and there are some advantages. In the first place, it does not 
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fost 80 much. Molybdenum is used in varying amounts up to 
j 5 per cent. Its full benefit seems to be obtained at about 1 

per cent and above. Molybdenum is not harmful in the east- 

iron scrap. Of course, it is a loss of money to have scrap con¬ 

taining molybdenum, but, as far as properties are concerned, 
molybdenum seems to do no harm in the scrap. Molybdenum is 

added in the form of ferromolybdenum or molybdenum metal. 
In either case there is a very small amount of molybdenum to 
chill off the metal with less trouble and expense for superheating 
the cast iron. Adding a definite amount of ferromolybdenum in 
the spout or ladle does not seem to present so much difficulty as 
when nickel or nickel chromium is added; it does not reduce 
temperature so much and one can figure on it somewhat better, 
and there is only one addition to make, either in the ladle or in 
the spout. One of the important advantages of molybdenum 
cast iron is that it holds its strength better at higher tempera¬ 
tures. That is important in steam-engine cylinders with super¬ 
heated steam. They use superheated steam now all the way from 
750 to 850°F. Tungsten and molybdenum do more for steel at 
high temperature than anything else. Professor Albert E. White 
of Michigan University holds that nickel does not do any good at 
all at high temperatures. Molybdenum cast iron is easily made 
with a tensile strength of 50,000 to 60,000 lb. per square inch when 
it is made in the electric furnace and with 40,000 to 50,000 lb. per 
square inch when made in the cupola. Molybdenum seems to 
have almost no effect in decreasing the difficulty of machining. 
Ordinary cast iron made in the cupola with total carbon from 3 
to 3.25 per cent and with 0.5 per cent of molybdenum has 
regularly given 40,000 lb. per square inch tensile strength; with 
1 per cent of molybdenum, 50,000 lb. per square inch; and with 
1.5 per cent, 60,000 lb. per square inch. In order to get 
strengths higher than that, 0.5 per cent of chromium can be 

added. 
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INDEX 

A 

Acid open-hearth process {see Open- 

hearth process, acid) 
Acid-resisting castings, 469 
Acid steel, brevity of process, 227 

quality, 227 

es. basic steel, precedes, 226 

qualities, 62 

for steel castings, 341 

Adam, A. T., 310 

Affinities of elements for oxygen, 

24-26 

Afterblow, 192, 193 

Age of steel, 38, 39, 44 
Air blowers, 71 
Air furnace, 476-479 

cupola, 480 
Air-hardening steel, 615 

Airplane alloy steel, 516 

Aitchison, Leslie, 400 
Ajax-Northrup furnace, 207-213 

Alabama, iron ore, 68 

Ail-black malleable castings, 473 
All-scrap open-hearth process, 162 

Allen, Roy M., 372, 386, 426, 456, 

472 ‘ 

Allmand, A. J., 232 
Allotropic modifications of iron, 380 

Alloy cast iron, 626-629 

Alloy steel, 490-530 

airplane, 616 

an^yses, 606, 610, 613 

automotive parts, 520-522 

binary, 491 
chrome-motybenum, 607, 614 
ehrome-nickel, 606, 612-614, 616, 

621 
ebrome steel, 507, 608 
ehrome-vaPadium, 606, 513-516, 

521 

Alloy steel, corrosion resisting, 609 
definition, 490 
effects of alloying elements, 490, 

521 

elastic limit, 506, 610, 513 
elements used in, 12 

elongation, 606, 510, 513, 516 

hardness, 610, 613 
heat-resisting, 609 

heat treatment, 506, 510, 613 
highest strength, 516, 516 

high-speed steel, 517-520 

Izod value, 506 

manganese steel, 500-503, 506 

manufacture, 492 
mol\bdenum steel, 507, 512 

Mushet steel, 516 

nickel-chromium, 506, 512-614, 

616, 521 
nickel steel, 492-500, 506, 510 

prices, 521 

properties, comparative, 506 
reduction of area, 506, 516 

self-hardening, 615, 517 

silicomanganese steel, 505, 506, 

610, 514, 521 

silicon steel, 504, 506 

stainless steel, 508, 509 

strength, 506, 510, 513, 515, 616 

Taylor and White, 617 

ternary, 491, 512, 513 

tool steel, 516, 617 

tungsten, 509, 616-620 

vanadium steel, 606, 611 

Alloy-steel scrap, electric melting, 

230 
Alloys, crystallization, 347 

definition, 348 
freezing, 849, 350 
gold-silver diagram, 351 
heat-rating, 407 
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Alloys, iron-carbon {ste Iix)n-(‘arbon 

allo3^h) 

nature of, 342, 347, 348 
solid solution, 346, 350 

type II, 352 

type III, 352 
Alpha iron, 380 

Aluminum, in cast iron, 528 

as steel deoxidizer, 153, 154 

Analysis, alloy steels, 506, 510, 513 

Bessemer process gases, 190 

Bessemer steel (table), 184 
blast-furnace gas, 84 

blast-furnace slag, 102 

cast iron (table), 469 

cast-iron car wheels, 458 

converter gases, sid(‘-blown, 344 

fuels, ofK'Ti-hearth, 115 

liard castings for malleablizing, 

474 

high-speed steels, 520 

open-hearth process gases, 147 

slag, basic open-hearth, 153 

Bessemer process, 187 

blast furnace, 102 

steel ingot, showing segregation, 

252 

steel roll metal, 280 

structural steels, 506 

Ancient iron, furnace, 2 

knowledge of, early, 5 

production process, 3 

smelting, 2, 3 

sources, 2 

Ancient man, knowledge of iron and 

steel, 5 
Annealing, heating furnace for, 434 

high-speed steel, 520 

lonealing, 434 

malleable cast iron, 483 

objects of, 434 

and tempering, 432 

in wire drawing, 294 

Annealing furnace, malleable cast 

iron, 484 
Anthracite, as recarburiaser, 156 
Arc furnaces, 213 
Archer, R. S*, 446 
Ares, direct and indiract, 213 

Armored glass, 496 

Ars(‘nic in steel, 396 

Aston, James, 36 

Aston process, 36 

Austenite, characteristics, 429 
decomposition of, 363, 365, 426 
definition, 375 

formation in freezing, 358, 363 

in manganese steel, 504 
nature of, 363, 375 

in nickel steel, 498 

rapid cooling of, 424 

transition to martiuisite, 420 

Automatic control, blast tempera¬ 

ture, 87 
open-hearth furnace, 145 

Automotive parts, 520-522 

Axles, 390 

B 

Bain, E. C., 529 
Balls, grinding, 469 

Bamford, T. G., 446 

Bannister, C. O., 19 

Barberot, A., 166 

Basic Bessemer process, 49, 61, 175 

Basic pig iron, 105, 106 

Basic process, open-hearth (see 
Open-hearth proeixss) 

Basic as*, acid steel (see Acid steel rs. 

basic steel) 

Bedplates, 469 

Belaiew, N. J., 421, 422 

Bell, I. Jyowthian, 20, 108, 190 

Bells, charging, 15, 10, 75 

Bench, draw, 295 

Bert ran d-Thiel process, 102 

Bessemer, Sir Henry, 40 

Bessemer converter, 172, 176-179 

Bessemer and non-Bcsscmer ores, 68 

Bessemer pig iron, 106 

Bessemer process, acid^^s. basic, 175, 

192 
afterblow, 192, 193 
basic, 49, 61, 190-194 
basic pig iron, 191 
bottoms, 178 
carbon in, 43, 182-184, 187, 190 
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Bessemer process, characteristics, 44 
chemistry, 173, 182, 191 
control, 188 
critical temperature, 182 
deoxidizing in, 43 
description of operation, 42-44, 

181 
development of, 40 
duplex process, 160 
duplex Talbot process, 161 
finishing, 184 
flame appearance, 185 
gases, 189, 190 
German practice, 191, 192 
impurities removal, 187, 188 
lining, 177 
losses, 189, 192 
manganese in, 41, 43, 173, 183, 

187, 190 
mixer, 174, 175 
operation, 42-44, 181 
phosphorus in, 41, 42, 173, 175, 

187, 191, 193 
pig iron used, 173 
plant arrangement, 179 
principles, 42 
recarburizing in, 43, 184, 193 
rephosphorization, 193 
side blowing for heat, 186, 188 
silicon in, 43, 173, 182, 187, 190 
slag, 186-188, 192 
spitting, 173, 183 
sulphur in, 41, 173, 187 
Swedish practice, 173, 186 
uniformity, 180 

Bessemer steel, analyses (table), 184 
carbon and manganese in (table), 

393 
castings, 342 
characteristics, 44 
effect of different elements on 

strength, 391, 393 
quality, 52 
superrefining, 225 
tonnage, 52 
uses, 183 
VB. open-hearth steel, 52, 53 

Billet-heating furnace, 300 
Grainger, E. B., 435 

Binary alloy steels, 491 
Bitzer, 257 
Black-heart malleable castings, 472, 

487 
Black slag, 228 
Blast, control, automatic, 87 

cupola, 332 
drying, 103 
iron smelting, 85 
preheating, 18, 98 
recuperative heating, 19 
regenerative heating, 19 

Blast furnace, auxiliary apparatus, 
98 

bells, charging, 75 
blast, 85, 103 
blowing apparatus, 71, 72 
calcium sulphide in, 91 
calculation of charge, 93-98 
carbon in, 90 
charcoal vs, coke, 16 
charging, 74-76 
chemistry, 83, 88-90 
cinder notch, 93 
coke, 69, 91 
control, automatic, 87 
cooling, 80 
critical temperature, 104 
design, 77 
development, 13, 77 
diagram of ascending and descend¬ 

ing materials, 82 
of chemistry, 89 

dimensions, limiting, 78 
dust, 101, 107, 108 
early, 10 
evolution, 13 
flue-dust sintering, 101 
fuel, 16 
gas analyses, 84 
gas engines, 72, 101 
gas velocity, 86 
hot and cold furnace, 84, 85, 91 
impurities in, 25 
irregularities, 105 ^ 
labor, 104 
life, 81 
lines, 77, 78 
lining, 70 
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Blast furnace, manganese in, 83, 91 

McKee distributor, 74, 75 

mechanical features, 14 

Neilsen’s stove, 18 

nineteenth century, 14, 15 

parts, 14, 15 

phosphorus in, 83, 91 

plant, 71, 98 

power house, 101 

preheated blast, 18 

pressure, 85 

raw materials, 50, 69-71 

reactions, chemical, 88, 89 

reduction in, 83 

scaffolding, 105 

sectional view, 15, 74 

silicon in, 83 

sintering flue dust, 101 

smelting zone, 80 

reactions, 90 

solution of reduced elements, 24 

stock line, 76, 77 

stoves (see Stoves, blast-furnace) 

sulphur in, 90 

taphole, 92 

tapping, 92 

temperature control, 92 

temperatures, 84, 85, 88 

time of ascending and descending, 

87 

tuyeres, 79 

uniformity in, 84 

venturi lines, 107 

water, 81 

zones, 83 

(See qIso Smelting) 

Blast-furnace gas, analyses, 84 

characteristics (table), 115 

cleaning and utilization, 107 

gas engines, 72, 101 

mixing with other fuels, 113, 116 

velocity in furnace, 86 

Blast furnaces in United States, 

map, 68 

Blaw-Knox valve, 135, 136 

Bleeders, blast furnace, 15, 16 

Blooming mills, 276, 281, 287 

j^uni, B., 232 

Blowholes, in acid open-hearth steel, 
167 

cause of, 237 

desired and undesired, 238 

and fluiditj^ 239 

iron oxide as cause of, 237 

location, 234, 238, 239 

prevention, 238 

sectional view, 43 

Blowing apparatus, 71, 72, 339 

Blue heat of steel, 297, 403, 404 

Boats, ore, 66, 67 

Boil, in puddling, 30 

Boiler plate, 390 

Boilers, waste-heat, 137, 138 

Boiling process, pig iron, 26 

]k)sh, blastfurnace, 14, 15 

Bottom casting, 267 

Bottom construction, Ik^sseiner con¬ 

verter, 178 

open-hearth furnace, 124, 126 

Bfiylston, H. M., 20 

Breeze, coke, 70 

Brinell, J. S., 238 

Brinell hardness, steel of varying 

carbon content (table), 6 

Brinell and Shore hardness, steel 

(table), 397 

Brittle range of steel, 403 

Brittleness, Stead ^s, 386, 419 

in steel, 396, 403 

Bronn, J., 232 

Buell, W. C., Jr., 115, 124, 130, 166 

Bullens, D. K., 446, 630 

Bundled scrap, wrought iron, 35, 

55 

Bundling scrap for open-hearth 

process, 140 

Burdening the cupola, 337 

Burners, fuel, 114 

Burnham, Thomas H., 630 

Burning of castings, 418 

Burnt steel, 417 

Bursting steel, 436 

Bustle pipe, blast furnace, 14, 16 

Butts, Allison, 20 

Butt-welded tubes, 292 

By-product coking process, 69 
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C 

Calcium carbide in electric steel 

process, 223, 230 

Calcium sulphide in iron blast 

furnace, 91 

Calculation, of blast furnace charge, 

93-98 

of cupola charge, 337-340 

Camp, James M., 20, 246, 247, 262, 

268, 510, 513 

Campbell, H. H., 20, 82, 88, 188, 

391, 394, 396 

Campbell, William, 263, 411, 416, 

430 

Campbell No, 2 open-hearth process, 

162 

Campbell open-hearth furnace, 123 

Car wheels, 451, 458, 469 

Carbide, iron, 375 

{See also Cementite) 

Carbide slag, electric steel, 223, 230 

Carbon, in acid open-hearth process, 

171 

in Bessemer process, 43, 182-184, 

187, 190 

in Bessemer steel, 184, 393 

in cast iron, 448, 450-455, 457 

in cementation, 440, 441 

combined, 448, 455 

effect after quenching (table), 446 

on hardness (table), 397 

on properties of steel, 389 

on strength of steel, 391, 395 

and hardness, 397, 423 
introduction into pig iron, 25 

in iron, absorption rate, 4 

ejffects, 3-6 

hardening effect (table), 6 
melting temperature, 9 

in iron smelting, 90 
in malleable cast iron, 473, 474, 

476, 486 
in open-hearth process, 126, 152, 

158, 165 
in open-hearth steel (tables), 392, 

395 
penetration rate (table), 440, 441 
in 1^ iron, 106 

Carbon, in puddling process, 26, 29, 

30, 32, 34 

segregation, 251, 252 

and silicon in cast iron, 457 

solubility in ferrite, 375 

in steel for different uses (table), 

390 

total, in cast iron, 450 

in tungsten steel, 519 

Carbon content, effect on hardness 

(table), 6 

on melting point, 9 

Carbon electrodes vs. graphite, 215 

Carbonizing, carbon percentage, 443 

heat treatment, 443 

material, 440 

selective, 444 

steel used, 442 

Carmen, E. S., 345 

Carnegie, David, 57 

Carpenter’s tools, 300 

Case-hardening, 439, 443 

Case-hardening stock, 390 

Cast iron, acid-resisting, 469 

alloy cast iron, 526-529 
aluminum in, 528 

analyses, recommended (table), 

469 

car wheels, 451, 458, 469 

checks, 319, 326, 463 

chilled, 451, 467, 469 
classification, 105-106 

combined carbon, 448, 455 

conductivity, 402 

constitution, 447-470 

contraction, 325 

cooling rate, 450 

corrosion-resisting, 609 

definition, 12 

density, 462 

discovery, 9 

dry- green-sand molds, 318 

early distinction from wrought 

iron, 9 

effect of carbon, 461-455, 457 
electric melting, 230, 527 
freesing of, 358 
grades, 105,106 
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Cast iron, graphite in, characteris¬ 
tics, 447, 624 

effect on porosity, 464 
on shrinkage, 462 
on strength, 456, 624 
on workability, 454, 524 

micrograph, 374 
occurrence, 361 
and silicon, 361, 362, 374 

gray, characteristics, 448 
fracture, 373 
micrograph, 374, 448, 466 
and white, 361, 363 

heat-resistant, 469 
high-strength, 468, 622 
hot spots, 463 
machinability, 523 
malleable (see Malleable cast iron) 
manganese in, 466, 469, 464 
Mayari iron, 526 
molybdenum in, 528 
nickel-chromium, 526, 528 
pearlitic, 522 
phosphide eutectic in, 456 
phosphorus in, 456, 459, 462, 464 
pipes, 469 
porosity, 464, 462 
properties, 460-468, 523 
scrap, 51 
segregation, 463 
shrinkage, 452, 463, 465, 460, 461 
silicon and graphite in, 361, 362, 

374 
silicon in, 455, 457, 461, 464 
softness, 464 
stmngth, 404, 455, 464, 522, 523 
strength at various temperatures, 

404 
sttlckofen, 10 
sulphur in, 455, 458, 464 

effect on caribon precipitation, 
362 

synthetic, 231 
temperature of casting, 468 

105-106 
m. steel, 356, 447 
white, eharacteristics, 448 

ferrite and cementite in, 873 
fracture, 3t8 

Cast iron, white, micrograph, 449 
shrinkage, 453 

workability, 464, 464 
Cast-iron vs, steel rolls, 280 
Cast steel, 38 
Casting, centrifugal, 322, 323 

ingots, bottom pouring, 257 
rate of pouring, 256 
splash, 267 

pig iron, 100 
steel, Bessemer vs. open-hearth 

furnace, 342 
melting, 341-346 
open-hearth furnaces, 341 

Castings, checks, 319, 326 
defects, 233-260 
direct, 327 
hard, 474, 485 
iron (see Iron castings; also Cast 

iron) 
malleable (see Malleable cast iron) 
nickel-chrome, 613 
pipes, 247 
shrinkage cavities, 327 
steel (see Steel castings) 

vanadium steel, 506, 621 
Cementation, 439 

early, 7 
Cementation process, 38 
Cementite, in cast iron, 448 

characteristics, 429 
crystal in pearlite, 380 
definition, 375, 376 
effect on strength, 389 
etching, 384 
and ferrite in white cast iron, 373 
manganiferous, 384 
micrograph, 3^, 383 
needles, 423, 435 
properties, 383 
separation from solid solution, 360 
spheroidizing, 435 

Cementite-ferrite proportions, 368, 
373 

Centrifugal casting, 322, 323 
Cham, steel, 390 
Chaplets, 321 
Chiral, as blarirfumaee 16 
Qiarooal fumao6, IT 
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Charcoal iron, 16-17 
Charge, cupola, 335, 337 
Charging, air furnace, 479 

iron blast furnace, 74-76 
open-hearth furnace, 138-142, 150 

Charging bells, 15, 16 
Charging machines, open-hearth fur¬ 

nace, 138, 139 
Checking, in cast iron, 319, 326, 463 
Cheeks, mold, 314, 315 
Chemical reactions, iron blast fur¬ 

nace, 88, 89 
Chemical strength of metals, 24 
Chemistry, ancient iron smelting, 3 

Bessemer process, acid, 173, 182 
basic, 191 

blast furnace, 83, 88-90 
cupola melting, 336 
puddling process, 32 

Chill molds, 321 
Chilled iron, 451, 467, 469 
Chilled-iron rolls, 280 
Chills, depth of, 467, 468 
Chinese iron, early, 1, 9 
Chisels, 390, 438 
Chocks, 283, 284 
Chrome-molybdenum steel, 507, 514 
Chrome-nickel steel, 506, 512, 513, 

516, 521 
Chrome steel, hardness, 510 

heat-resisting, 509 
heat treatment, 510 
properties, 507, 508 
stainless steel, 508, 509 
uses, 508 

Chrome-vanadium steel, 506, 513- 
516, 521 

Chromium, in high-speed steel, 519 
in steel, 508, 521, 522 
in tool steel, 517 

Cinder notch, 93 
Classification, pig and cast iron, 105- 

106 
Cleaning, blast-furnace gas, 107 
Clements, Fred, 18, 98, 108 
Cleveland distnct, iron ore, 59 
Cogging n^s, 281 
Coke, 69, 91 

charcoal as bla8t4aina<^fiiel^ 16 

Coke breeze, 70 
Coke-oven gas, 69 
Colby, E. A., 205, 496 
Cold-blast charcoal iron, 17 
Cold pressing, 272 
Cold-rolled steel, carbon content, 

390 
Cold working, effect of, 296, 298 
Collars, rolling mill, 279, 283 
Color-temperature- scale, 406 
Colors, temper, 439 
Combustion, automatic control, 145 
Coming to nature, 27 
Concrete-reinforcement bars, 390 
Conductivity, electric, iron and steel 

(table), 402 
steel, 398 

Constitution, cast iron, 447-470 
diagrams (sec Equilibrium dia¬ 

gram) 
manganese steel, 603 
nickel steels, 498 
steel, 378-400 

Continuous furnaces for billet heat¬ 
ing, 300, 305 

Converter, Bessemer, 172, 176-179 
Cooling curves, 349, 360 
Cooling rate, effect on hardness, 424 
Cooper, W. R., 232 
Cope, 312, 316 
Copper, in steel, 395, 522 

shrinkage of, 463 
Core prints, 320 
Cores, 311, 313, 319-321 
Cornwall mine, 64 
Corrosion, wrought iron vc. steel, 56 
Corrosion resistance, nickel steel, 

497 
Corrosion-resisting iron and steel, 

509 
Cort, Henry, 24, 26 
Cort, Stewart J., 137 
Costs, open-hearth furnace, 137 

open-hearth steel, 109 
pig iron, 81 

CottreU, F. G., 108 
Coupling boxes, 283 
Cracks, in ingots, nature of, 234,258 

water, 485 
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Crankpins, 390 
Crankshaft, drop-forged, 269 
Creep, 405 
Critical changes, in manganese steel, 

603 
in nickel steel, 497 

Critical hardening speed, 427 
Critical temperature, Bessemer proc¬ 

ess, 182 
blast furnace, 104 
steel, 407, 424, 490 

Crucible of blast furnace, 14, 15 
Crucible steel, process, 38 

production trend, 54 
quality, 54 

Crystalline fracture, 408, 410 
Crystalline structure of ingots, 233, 

240 
Crystallization, ingot, primary, 242 

iron-carbon allays, 355, 357 
primary and secondary, 420, 421 
solid solutions, 347 
steel, effect of different molds, 259 

of finishing teinpcratvire, 267, 
268 

fir-tree crystals, 253 
process of, 263 
zones in, 241 

Crystals, steel, large and small, 
262, 268 

Cullen, J. F., 216 
Culverts, iron and steel, 390 
Cupola, 327, 328, 332 

vs, air furnace, 480 
vs. electric furnace, 231 

Cupola melting, 327-340 
blast, 332 
blowers, 333 
burdening, 337 
charge, 336, 337 
chemical changes, 336 
crucible zone, 329 
cutting fiame, 337 
fuel, 335 
gases, 337 
limestone in, 336 
losses, 334 

action, 335 
sons, 331 

Cupola melting, run, 334 
scrap used, 334 
tuyeres, 329, 331 
zones, 329 

O 

Daelen, R. M., 277 
Damascus swords, 3, 7 
Defects in ingots and castings, 233- 

260 
Definition, alloy, 348 

alloy steel, 490 
austenite, 375 
cast iron, 12 
cementite, 375, 376 
ductilit}’', 3 
eutectic, 375 
eutectoid, 376 
ferrite, 376 
pearhte, 376 
pig iron, 12 
steel, 12, 44, 356 
wrought iron, 12 

Deflection test, 615 
Delta iron, 383 
Dendrites, 240, 241, 243, 244, 421 
Dendritic structure in steel, 420 
Density, cast iron, 462 
Deoxidizing, in Bessemer process, 43 

in open-hearth process, 154, 155 
with titanium, 236 
with vanadium, 236 

Detroit rocking furnace, 217, 218 
Diagram, chemical action in blast 

furnace, 89 
grain size in steel, 413, 414 
iron-carbon, 357, 364, 365, 374 
iron smelting, 82 
ore to finished product, 56 

Diagrammatic scheme of iron and 
steel manufacture, 50, 66 

Diamond pass rolls, 279, 280 

Dichman, Karl, 166 
Die pressing, 270 

Dies, 295, 390, 438, 469 
Direct eastings, 327 

Direct and indirect arcs, 213 
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Direct process, 13 

quality of iron, 23 

Directory, iron and steel works, 20 

Dolomite, 121, 127, 224 

Domnarfvet electric pig-iron fur¬ 

nace, 201-203 

Downcomers, blast furnace, 15, 16 

Drag, 312, 316 

Draw bench, 295 

Drawing, tubes, 295 

wire, 293-296 
Drills, rock, 390 

tempering, 438 

Drop forging, 267 

Drying of blast, 103 

Dry-sand molds, 315, 318 

Ductility, definition, 3 

effect of temperature, 403 

vs. strength, 387 

Duplex process, 48, 117, 160 

D\iplex steel, 53 

Duplex Talbot process, 161 
Duplexing in founding, 231 

Dust, blast-furnace, 101, 107, 108 

Dynamic stress, 168 

E 

Edwards, C. A., 400 
Effect of drawing, 293 

of finishing temperature, 267, 268 

of hammering, 264, 267, 297 

of hot and cold working, 296, 297, 

298 

of pressing, 271, 297 

of rolling, 297 

of strain, 263 

of work on metals, 261, 264, 268 

Effervescing steel, 240 

Efficiency, electric furnaces, 216 

fuel, open-hearth process, 115 

Elgyptian iron, 1, 2 

EighVhour day, 45 

Einenkel, A., 345 

Elastic limit, 263, 264 

alloy steels, 506, 510, 513 

Elasticity, nickel steel, 496, 606, 510 

Electric cai^t iron, 230 

Eieotric conductivity, steel, 398 

Electric furnaces, Ajax-Northrup, 

207-213 

arc furnaces, 213 

automatic arc regulation, 216 

for cast iron, 527 

Detroit rocking, 217, 218 

efficiency, 216 

ferroalloy, 200 

Girod, 217 

Hdroult, 214-217, 221, 224 

high-frequency, 207-213 

history of, 217 

induction, 205 

Kjellin, 206 

^Lcctromelt, 218, 219, 527 

liquid resistances, 205 

for irialleable cast iron, 482 

motor effect, 210 

power charges, 216 

Roechling-Rodenhauser, 207 

sizes, 215, 218 

solid resistor, 199 

for steel castings, 245 

tilting, 216 

types, 196, 198 

vs. cupola for castings, 231 

Electric heat, 196 

Electric pig iron, 201-204 

Electric pressure welding, 293, 294 

Electric processes in iron and steel 

metallurgy, 195-232 

Electric resistance, 196 

Electric smelting, 198-204 

Electric steel, development, 48, 49 

quality, 52 

tonnage, 53 

V8. acid open-hearth, 53 

Electric-steel processes, advantages, 

196 

alloy scrap melting, 230 

applications, 49, 196 

black and white slags, 228 

carbide reaction, 223, 230 

castings, 225 

charging, 228 

fluorspar, use of, 229 

high4requeney practice, 212 

history of, 217 

operation, 222 
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Electric-steel processes, phosphorus 

removal, 226, 228 

recarburizing, 223, 229 

relative tonnages, 49 
scrap as raw material, 228 

slag, 223, 228 

superrefining, 49, 219-225 

tapping, 224 

Electrodes, furnace, 215 

Electrolytic iron, properties, 379 

Electrolytic processes, 195 

Electromagnets, 504 
Electrometall furnace, 201-203 
Ellingham, H. J. T., 232 

Elongation, 263 

alloy steels, 506, 510, 513, 316 
iron, effect of work, 379 

steel, at various temperatures, 403 

Engine frames, 469 
Ekigines, rolling, 287 

Equilibrium diagram, iron-carbon, 

346-377, 364, 365, 374 

nature of, 349, 376 

solid-solution alloys, 350 

steel, 364 

type II alloys, 363 

type III alloys, 353 

Escard, J. G., 232 

Etching, for cementite, 384 

for ferrite, 380 

Eutectic, 361, 376 

iron-carbon, 372 

phosphide, in cast iron, 456 

Eutectoid, 367, 376 

{See aUo Pearlite) 

Expansion of malleable cast iron, 486 
of nickel and carbon steels, 496 

Extra strong steels (table), 516 

F 

Fatigue, 168, 493 
Fayalite, 164, 169 
Ferrite, allotropio modilleation, 380 

eharaist^ristics, 430 
definition, 366, 376 
distingmshecl under microsoope, 

380 
olfeci of work op, 379 

Ferrite, magnetism, 399 
micrograph, 382 

precipitation of, 366, 368 

properties, 378 

size of crystals, 368 
solubility of carbon in, 376 

in white cast iron, 373 

Ferrite-cemeiitite proportions, 368, 
373 

Ferroalloys, 106 

alloying elements (table), 12 

production pmeesses, 199 

Ferrochromium, 196 

Ferrosilicon, 197 

Ferrous accessories, 11, 12 

Ferrous metals, 11, 12 

Fettling, puddling furnace, 29 

File steel, cooling of, 356, 370 

Files, 390 

Finishing temperature, 267, 268, 

416, 417 

Finland, iron ore, 63 

Fir-tree crystals in steel, 253 

Flakes in ingots, 234, 258 

Flame appearance, Bessemer proc¬ 

ess, 185 
Flanging, 272 

Flask, 311, 314 

Flow lines in steel, 244 

Flue dust, sintering, 101 

Fluidity, effect on blowholes, 239 

Fluorspar, 150 

in cupola, 336 

in electric steel process, 229 

Fluted ingot, 270 

Flywheels, 469 

Forge iron, 106 

Forging, 266-270 

bars, 270 

bUlets, 266 

drop forging, 267 

effect on grain sise, 414 

finishing temperature, 267, 268 

heating for, 299-^10 

highnipeed steel, ^ 

stOel wheel, 266 

Forging steel, 616 

Forgings, carbon content, 390 « 
Fofsytbe/ Bobert, 108 
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Forter valve, 135 

Founding, 311”-346 

air furnace, 47^479 

centrifugal casting, 322, 323 

checks, 319, 326 

contraction of iron, 326 
cupola melting, 327-340 

dry- vs. green-sand molds, 318 

duplexing, 231 

electric furnace in, 527 

feeders, 327 

headers, 327 

ladles, 330 

melting, 327 

molding, 311-326 

risers, 327 

scrap, use of, 61 

semisteel, 61 

shrinkage cavities, 327 

washes, 318 

Foundry iron, 106 

Foundry sands, 325 

Fracture, crystalline, 408, 410 

malleable cast iron, 487 

steel, 408 

France, iron ore, 61 
pig-iron production, 62, 63 

Francis, C. B., 20 

Freeman, Benjamin, 232 

Freezing, cast iron, 368 

effect of silicon, 362 

of sulphur, 362 

iron-carbon alloys, 356, 357 

metals and alloys, 349, 360 

steel, 241, 366 

Freezing-point curves, 360 

Friedrich port, 132 

Friend, J. Newton, 19 

Fritz, John, 274 

Fuel, blast-furnace, 16 

cupola, 336 

efficiency, 115 

in open-hearth process, 113, 115 
in puddling, 29, 33 

Fud economy, billet-heating fur¬ 
naces, 307 

Fuel-gas characteristics (table), 116 
Furnace, air, 476-470 

annealing, malleable oast iron, 484 

Furnace, billet-heating, 300 

blast {see Blast furnace) 

charcoal iron, 17 

Dornnarfvet, 201-203 

electric (see Electric furnaces) 

. Electrometall, 201-203 
ferroalloy, 199, 200 

heating for working, 299 

heat-treating, 432 

open-hearth, 46, 47 

puddling, 27, 29 

regenerative, 47 

G 

Gamma iron, 382 

Garland, H., 19 

Gas, blast-furnace (see Blast-furnace 

gas) 

fuel, characteristics (table), 115 

Gas bubbles in steel, 43 

Gas engines, blast-furnace plant, 72, 

101 
Gases, Bessemer process, 189, 190 

converter, side-blown, 344 

cupola, 337 

in steel, 387 

Gathmann ingot mold, 249, 257 

Gating of patterns, 322 

Gayley, James, 103 

Gears, 390, 469, 516 

Germany, Bessemer practice, 191, 

192 

blast furnaces, 78 

pig-iron production, 62, 63 

Gdehrist, P. G., 48 

Girod furnace, 217 

Gladwyn, S. C., 57 

Gold-silver diagram, 361 

Gow, Colin C., 232 g 

Grades, pig- and cast-iron, 106-106 

Grain growth, 407-423 

diagram, 413, 414 

in pure iron, 407 

in steel, 408 

in wrought iron, 407 

zones, 420 

Grain size, effect of forging, 414 
of niokel, 499 
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Grain size, effect of rolling, 412, 414, 

415 

of vanadium, 511 

optimum, 413, 414 

Graphite, in cast iron, characteris¬ 

tics, 447 

effect on porosity, 454 
on shrinkage, 452 

on strength, 465, 524 

on workability, 464 

micrograph, 374 

occurrence, 361, 362, 374 

precipitation by silicon, 362, 374, 

457 

Graphite electrodes vs. carbon, 215 

Gray, James H., 214, 221, 224 

Gray cast iron (see Cast iron, gray) 

Great Britain, iron ore, 60 

pig-iron production, 62 

Green-sand molds, 315, 318 
Gregg, J. L., 529 

Greiner, E. S., 529 

Grossman, M. A., 629 

Gruner, L. E., 108 

Guards, rolling mill, 283, 284, 285 

Guillet, L^n, 503, 530 

Guldner, F, H., 345 

H 

Hadfield, R. A,, 398, 500 

HaU, John H., 345 

Hall, Joseph, 26 

Hammer, steam, 264, 266 

Hammer refining, 417 

Hammer welding, 416 

Hammering, comparison with rolling 

and pressing, 297 

effect of, 264, 267, 297 

Hanemann, 383 

Harbord, F. W., 57 

Hard castings, 474, 485 

Hardening, critical speed, 427 

effect of carbon, 423, ^4 

of cooling rate, 424 

of work, 379 

practice, 435 

steel, 4$b^~432 
and tempeiing, 437 

Hardening, theories, 428, 429 

Hardness, alloy steels, 510, 613 

Brinell and Shore (table), 397 

and carbon content (table), 397 

chrome steel, 610 

high-speed steel, 519 
iron, 6, 379 

nickel steel, 496, 510 

red, 519 

steel, 396-398 
Brinell and Shore (table), 6 

increase with carbon content 

(table), 6 

types, 519 

Harmet ingot casting, 250 

Harris, Harold, 446 

Hartshorne, Richard, 68 

Harvey, Will^er E., 367, 372 

Hatfield, W. H., 470 

Haven, W. A., 73, 74 

Hearth, blast furnace, 14, 15 

open-hearth furnace, 124, 126 

Heat, effects on metals, 401 

Heating, for annealing, 434 

electric, 195-199 
for rolling, cracking in, 258 

for rolling or forging, 299-310 

for tempering, 438 ^ 

Heat-resisting alloys, 407 

Heat-resisting iron, 469 

Heat-resisting steel, 509 

Heat treatment, alloy steels, 506, 

510, 513 
ancient knowledge of, 1,6 

for carbonizing, 443 

chrome steel, 510 

example of, 6 

furnaces, 432 

high-speed steel, 517-619 

magnetism in, 433 

manganese steel, 501, 506 

nature of, 4 

nickel steel, 493, 506, 510 

oxidation prevention, 433 

practice, 432-446 

steel, 401-446 

for strength, 445 

structural steels, 506 

Heats of oxidation (table), 25 
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Hematite, 3, 58 
Hering, Carl, 205 

Hermanns, Hubert, 114, 135, 166 

H^roult, Paul, 217 

H6roult furnace, 214-217, 221, 224 
Herty, C. H., Jr., 140, 154, 163, 164, 

169, 236, 237, 255 

Heyl and Patterson pig-casting 

machine, 100 

Hibbard, H. D., 510, 513, 530 

High-frequency furnace, 207-213 

steel practice in, 212 

High-speed steel, 517-520 

High-strength cast iron, 522 

High temperature, attainment of, 40 

Highest-strength steels, 515, 516 

History of iron and steel, 1-19 

Hoesch process, 162 

Hopkins, T. E., 21 

Hoppe, F. G., 232 

Hours of labor in steel industry, 45 

Housing, roll, 283, 284 

Hot iron, smelting, 91 

Hot-blast stoves {see Stoves, blast¬ 

furnace) 

Hot pressing, 271 

Hot spots in cast iron, 463 

Hot tops on ingot molds, 248 

Hot working, effect of, 296, 297 

Howe, Henry M., 5, 19, 57, 80, 246, 

263, 270, 367, 366, 366, 367, 

376, 396, 411, 416, 423,432,460, 

625 

Hoyt, Samuel F., 377 
Hruska, J. H., 2^ 
Hughea, Thomas P., 310 
Hulett unloaders, 67 
Hunsman, Benjamin, 38, 39 
Hurst, J. E,, 470 
Hydrogen in steel, 387 

I 

Impact resistance of steel, 404 
Impurities in iron smelting, 26 

in puddling process, 32, 33 
Inclusions, in acid open-hearth steel, 

167 
in steel, 224 

Inclusions, nature of, 233, 235 

in open-hearth process, 126, 164 

results of, 236 

separation, 236 

Induction furnaces, 205 

Ingot cars, 142 

Ingot iron, 44, 382 

Ingotism, 233, 240, 419 

Ingot-making stage of manufacture, 

233-260 

Ingot molds, analysis, recommended, 

469 

effect on crystallization, 269 

Gathmann, 249, 267 

hot tops, 248 

taper, 260 

use of, 142 

Ingots, blowholes in, 234, 237 

bottom casting, 257 

checks, internal, 234, 258 

cracks, 234, 258 

cr>"stalline structure, 233, 240 

defects, 233-260 

flakes, 234, 258 

fluted, 270 

Harmet casting, 250 

heating for rolling, cracking dur¬ 

ing, 258 

inclusions in, 233, 235 

large end up, 249 

liquid compression, 249 

pipes, 234, 242 

pouring rate, 266 

scabS) 234, 268, 260 

segregation, 234, 251 

skin, 241, 256 

splash in pouring, 267 

sulphur print, 246 

taper, 260 

teeming temperature, 266 
Whitworth casting, 260 

Insulation, open-hearth furnace, 131 
Invar, 496 
Inwalls, blast furnace, 16 
Iron, allotropic modifications, 380 

ancient (see Ancient iron) 
blast furnace (see Blast furnace) 
carbon in, absorption rate, 4, 38 

effects, 3-^ 
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Iron, carbon in, hardening effect 

(table), 6 

melting temperature, 9 

carbonizing {see Carbonizing) 

cast (see Cast iron) 

charcoal, 16-17 

chilled, 467 

Chinese, early, 1, 9 

cold-blast charcoal, 17 

conductivity, 402 

critical changes, effect of nickel, 

497 
effect of nickel, 497, 499 

effect of work on, 379 

Egyptian, 1, 2 

forge, 106 

foundry, 106 

grain growth in, 407 

hardness, 6 

histor>^, 1-19 

hot, 91 

impurities in smelting, 25 

ingot, 44, 382 

magnetic permeability, 380 

magnetism, 399, 403 

malleable, 106 

Mayari, 626 

meteorites, 2 

ore {see Ore, iron) 

pig {see Pig iron) 

properties, 379 

quality in direct process, 23 

resistivity, 402 

shotting process, Aston, 36 

smelting {see Smelting, iron) 

solubility of carbon in, 376 

space lattices, 381 

stainless, 607, 609, 621 

strength, 388 

temperature coefficient of resist¬ 

ance, 402 

varieties, commercial, 12 

wrought (see Wrought iron) 

Iron carbide (see Cementite) 
Iron«*carbon alloys, decomposition 

of solid solution, 366 
freesmg, S66, 367 
heating changes in, 374 
micfograph^ 369 

Iron-carbon alloys, nature of, 348 

rules governing structure, 371 
solid solution, 363 

solubility, maximum, 369 

solubility of carbon in ferrite, 375 

Iron-carbon diagram, 346-377, 367, 

364, 365, 374 
Iron castings, definition, 9, 12 

recommended analyses (tabic), 

469 
Iron notch, 14 

Iron oxide, in open-hearth slag, 163- 

166 

in steel, 237, 387, 396 

Iron phosphide in iron and steel, 386 

Iron silicide in iron and steel, 387 

Iron and steel, corrosion-resisting, 

609 

electric processes, 195, 198 

founding, 311-345 

Iron and steel industry, labor, 45 
Iron and steel manufacture, dia¬ 

grammatic scheme, 50 

summar>% 49 

Iron and steel periodicals, 21-22 

Iron sulphide in steel, 385 

Irreversible transformations, 498 

Isley furnace control, 135, 136 

Izod value, alloy steels, 506 

J 

Jacobs, J. E., 237 

Jeffries, Zay, 446 

Johnson, J. E., Jr., 104, 108, 460 ’ 

Journals, iron and steel, 21-22 

Judge, Arthur W., 400, 629 

K 

Keeney, R. M., 216, 282 
Keep, W. J., 462 
Kelly, Waiiam, 41 
Kent, WHHam, 400 
Keshian, 243, 244 
Kilby, 266 
Kill^ steel, 240 
Kindi, F. H., 310 
Kimiev, 8, P., 84-W 
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Kinsey, V. E., 21 

Kjellin, F. A., 205 

Kjellin furnace, 206 

Knowlton, H. B., 446 

Krivobok, V. N., 420 

Kriz, A., 242, 245 

L 

Labor, in billet heating, 309 

iron blast furnace, 104 

in puddling process, 33, 35 

in steel industry, 45 

I^adles, foundry, 330 

mixer, 99, 100 

teeming, 145 

Lake, E. F., 446 

I^ke Superior iron ore, 63 

Langmuir, L, 468 

Lantsberry, 519 

Lap-welded tubing, 291 

IjEW of separation of reduced and 

oxidized elements, 24 

I^eber, Engelbert, 345 

’Lectromelt furnace, 218, 219, 527 

Ledebur, A., 20 

Ledeburite, 372 

Liddell, D, M., 20 

Life of blast furnace, 81 

of open-hearth furnace, 136 

Liger, Francis, 19 

Lime, in basic Bessemer process, 193 

in electric steel process, 223 

in iron blast furnace, 91 

Limestone in cupola, 336 

Lining, acid open-hearth furnace, 

171 

air furnace, 479 

Bessemer converter, 177 

blast furnace, 79 

Liquid-compression ingot casting, 

249 
Iiiquidus and solidus, 351 

Lister, Walter, 57 
Literature, iron and steel, 19, 37, 

57, 108, 166, 194, 232, 260, 310, 

345,^ 876, 400, 446, 470, 489, 529 

Loam molding, 311 

Lodestone, 1,8 

Lonealing, 434 

Long-tuydre converter, 343 

Lorraine district, 61 

Losses, acid open-hearth process, 171 

Bessemer process, 189, 192 

cupola, 334 

open-hearth process, 117, 158 

Lucas, F. F., 425, 427 

Luxembourg, iron ore, 61 

Lyon, D. A., 216, 232 

M 

Machinability, cast iron, 523 

Machinery castings, 469 

Machinery steel, 390 

Magnet steel, 504, 508 

Magnetic concentrator, 334 

Magnetic permeability of iron, 380 

Magnetic properties of steel, 398- 

400 

Magnetism, ferrite, 399 

in heat treating, 433 

iron, 399, 403 

Magnetite, 3, 59 

Magnets, 504, 508 

Mahoning mine, 64 

Malleability, definition, 4 

Malleable Bessemer, 474 

Malleable cast iron, 471-489 

air furnace, 476-479 

all-black, 473 

analyses, 474 

annealing, 483 

black-heart process, 472, 487 

carbon in, 473, 474, 476, 486 

conditions, adjustment, 486 

contraction, 486, 486 

cupola, 480 * 

electric furnace, 482 

expansion, 486 

fracture, 487 

furnace, annealing, 484 

hard castings, 474, 485 

iron used, 474 
manganese in, 474, 476 

micrograph, 472 

molding^ 482 

open-hearth furnace, 481 
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Malleable cast iron, packing, 486 

phosphorus in, 474, 476 

pouring, 482 

process of manufacture, 472, 487 

properties, 471 

Reaumur, 473 
shrinkage, 485 

silicon in, 474, 486 

sulphur ill, 474, 475 

temper carbon, 473, 486 

test lug, 471, 476 

tumbling barrel, 482 

usee, 471 
white-heart process, 473, 488 

Malleable iron, 106 

Manganese, in Bessemer process, 41, 

43, 173, 183, 187, 190 

in Bessemer steel, 184, 393 

in carbonizing stock, 442 

in cast iron, 455, 459, 464 

as deoxidizer, 153, 165 

introduction into pig iron, 25-26 

in iron blast furnace, 83, 91 

in iron-carbon alloys, 384 

in malleable cast iron, 474, 475 

in open-hearth process, 150, 168 

in open-hearth steel (tables), 392, 

396 

in pig iron, 106 

in puddling process, 26, 32-34 

residual, 395 

segregation, 262 

in steel, 394, 395, 500, 521, 522 
in tool steel, 616 

Manganese steel, composition, 600, 

606 

constitutional diagram, 603 
critical changes, 503 
manufacture, SOB 
medium manganese, 503, 506, 521 
price, 521 
quenching, effect of, 601 
structural steel, 502, 603, 606, 506 
treatment, 501, 506 
uses, 502 
m, nickel and silicon steels, 505 
working, 502 

Manganese sulphide in steel, 584, 
385 

Maiilove, G. H., 57 

Man tell, C. L., 232 

Mantle, blast furnace, 16, 16 

Mars, G., 530 

Marsh, J. S., 529 

Martensite, 425-427, 429 

in manganese steel, 604 

in nickel steel, 498 

Martin brothers, 47 

Mawhiniiey, M. H., 304, 310 

Mayari iron, 526 

McCaffery, B. S., 180, 183, 189 
McKee distributor, 74, 75 

McMillan, W. G., 232 

Mechanical treatment of steel, 261- 

310 

Mechanical work, comparison of 

methods, 296 

effect of, 261, 264, 268, 379 

effect on grain structure, 412 

Melting, in air furnace, 476, 479 

alloy steel scrap, 230 

in cupola, 327-340 

and smelting, 198 

steel, Bessemer vs. open-hearth, 

342 

for castings, 341-346 

in electric furnaces, 345 

long-tuyere converter, 343 

Tropenas converter, 342 

Melting temperature of iron, effect 

of carbon, 9 

Merchant bar, 28 

Merkt, 136 

Mesabi range, 66 

Metals, chemical strength, 24 

creep, 406 

effects of heat, 401 

ferrous and nonferrous, 11-12 

forging, 265 

freezing of, 349, 360 

grain size in rolling, 416 

rolling, 272 

shaping, 261 

Metcalf t^, 411 

Meteorites, 2 
Microconstituents, steel, 378 
Micrograph, cast iron, gray, 374, 

448,465 
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Micrograph, cast iron, white, 449 

cementite, 380 

n* and pearlite, 383 

cementite needles, 423 

crystals, large and small, 262, 268 

ferrite, 382 
martensite, and troostite, 430 

grain size in steel, 409 

graphite in cast iron, 374 

ingot iron, 382 

iron-carbon alloys, 369 

iron-(jarbon eutectic, 372 

malleable cast iron, 472 

manganese sulphide in steel, 384, 

385 

martensite, 425-427, 430 

Neumann’s lines, 263 

pearlite, 367 

pearlite and cementite, 383 
phosphide eutectic, 386, 456 

quenched high-carbon steel, 426 

slip hands, 263 

troostite, 430 

Widmanstaetten structure, 422 

wrought iron, Aston process, 28 

Microstructure, nickel steels, 499 

Minette ore district, 61 

Mining methods. Lake Superior, 65 

Mixer ladle, 99, 100 

Mixers, 141, 149, 174, 175 

Mixtures and solutions, 347 

Moldenke, Richard, 345, 468, 489, 

524 

Molding, 311-325 

chaplets, 321 

core prints, 320 

cores, 311, 313, 319-321 

grating, 322 

loam, 311 

machines, 325 

malleable cast iron, 482 

pattern, 311 

pattern design, 326 

ramming, 315 

tools, 316 
venting, 314 

washing, 314, 318 

Molds, cheeks, 314, 316 

chil4321 

Molds, cope, 312, 315 

drag, 312, 315 

dry-sand, 316, 318 

flask, 311, 314 

green-sand, 315, 318 

kinds, 311 

multiple, 323 

permanent, 322 

skin-dried, 318 

Molten iron and steel, conductivity, 

electric, 402 

Molybdenum, in cast iron, 528 

Molybdenum steel, 507, 512 

Monel process, 160 

Monkey, blast furnace, 14, 16 

Moore, W. E., 217 

Motor effect, 210 

Muck bar, 27, 28 

Mushet, Robert, 516 

Muslujt steel, 616 

N 

Nails, 390 

Neilsen, James B., 18 

Neilsen’s stove, 18 

Neumann’s lines, 263 

Nickel, effects in iron and steel, 499, 

521 

Nickel-chromium cast iron, 513, 526, 

628 

Nickel-chromium steel, 506, 512- 

514, 516, 621 

Nickel steel, constitution, 498 

corrodibility, 497 

critical changes, 497 

crystalline structure, 493 

effects of nickel, 499, 621 

elasticity, 495, 606, 510 

expansion, 496 

extrastrong, 616 

fatigue resistance, 493 

hardness, 495, 510 

heat treatment, 493, 506, 510 

invar, 496 

irreversible transformations, 498 

microstructure, 499 

nickel contents, 492 

piatinite, 496 
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Nickel steel, price, 521 

properties, 492, 494, 506, 610 

soundness, 496 

structural, 605, 506 

tensile properties, 492, 494, 506, 

510 

uses, 492 

vs. manganese and silicon steels, 

505 

Nicou, Paul, 232 

Nitriding, 444 

Nitrogen in steel, 387 

Nonferrous metals, 12 

Normalizing, 435 

Northrup, E. F., 208, 211 

Norway, iron ore, 63 

Norway iron, 380 

O 

Oberhoffer, Paul, 345, 400 

Oil, as open-hearth fuel, 113^115 

Oil quenching, 437 

Open and closed rolls, 279, 280 

Open-hearth furnace, automatic con¬ 

trol, 145 

auxiliary equipment, 137 

Blaw-Knox valve, 135, 136 

bottom construction, 124, 126 

Campbell furnace, 123 

charging, 138-142, 160 

control, 145 

cost, 137 
description, 46 

diagram, 47 
dimensions, 125 

Forter valve, 136 

Friedrich port, 132 

hearth construction, 124, 126 

insulation, 131 

Isley furnace, 135, 136 

life, 136 ' 
for malleable cast iron, 481 
parts, 124 
port floors, 131 
ports, 126, 128-131 
pressure and gas velocity, 148 
reg^erators, 46, 129, 131, 133- 

136; 157 

Open-hearth furnace, removable 

ports, 131 

repairing hearths, 121, 127 

reversing valves, 134 

rolling furnace, 111, 121 
roof, 124, 128 

Rose ports, 129, 130 

side-wall construction, 124, 127 

sizes, 126 

sloping back wall, 121 

stationary, 111, 120 

for steel castings, 341, 342 

suspended roof, 128 

tapping, 122 

temperatures, 148, 157 

Terni ports, 130, 131 

Venturi ports, 130 

waste-heat boilers, 137, 138 

water cooling, 133 

Wellman furnace, 123 

W-S-M- valve, 135 

Open-hearth practice, acid, 166-171 

basic, 109-166 

Open-hearth process, acid, 166-171 

conditioning, 169 

costliness, 167 

inclusions, 167 

lining, 171 

losses, 171 

materials, 167 

oxygen in slag, 169 

recarburizing, 170 

slag, 168, 169 

all-scrap process, 162 

auxiliary equipment, 137 

basic, description, 48 

development, 48 

furnaces, 111, 112, 120 

lime boil, 160 

manganese in, 150, 158 

principle, 48 

recarhurizing, 153 

silicon in, 158 

slag, 122 , 

functiohs of, 161 

temperature, effect of, 164, 

166 

Bertrand-Thiel process, 162 
burners, 114 ^ 
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Open-hearth process, Campbell 

No. 2 process, 162 

carbon in, 152, 158, 165 

deoxidizing, 154, 155 

development of, 46 
duplex process, 48, 117, 160 
duplex Talbot process, 161 

economy, 110 

efficiency, fuel, 115 

equilibrium between metal and 

slag, 163 
finishing the heat, 152, 235 

fuels, 113, 115 

gas analyses, 147 

gas velocities, 148 

Hoesch process, 162 

inclusions, 154 

ingot cars and molds, 142 

liquid metal handling, 141 

losses, 117, 158 

melting, 150 

mixers, 141, 149 

Monel process, 160 

operating data (table), 116 

operation, 149 

phosphorus in, 151, 162, 154, 156, 

158 

physical chemistry, 163 

pig-and-ore process, 149, 158 

pigging up, 152 

plant arrangement, 110, 117“-! 20 

pressure, furnace, 148 

rephosphorization, 154, 166 

scrap, bundling, 140 

production, 117 

size, 140 

use of, 47, 51 

sections through plant, 118, 119 

Siemens process, 46 

Siemens-Martin process, 46 

slag {m Slag, open-hearth process) 

speed of operation, 110, 116, 117 

stripping, 144, 147 

sulpW in, 151,152, 158 

Talbot process, 123, 159 

teeming, 143,145, 146 

temperatures, 148, 157 

time, no, 115, 117 

in two opsn-heartb furnaces^ 161 

Open-hearth process, uniformity 
in bath composition, 126 

Open-hearth steel, acid, blowholes, 

167 

dynamic stress and fatigue, 168 
quality, 167 

stress raisers, 168 

V8. basis, 62, 166, 167 

vs. electric, 63 

basic, carbon and manganese in 

(tables), 392, 395 

costs, 109 

superrefining, 219 

effect of different elements on 

strength, 391, 392, 396 

quality, 52 

tonnage, 52 

V8. Bessemer, 53 

Ore, iron, Alabama, 68 

Bessemer and non-Bessemer, 68 

boats, 66, 67 

Cleveland district, 59 

Finland, 63 

France, 61 

Great Britain, 60 

hematite, 58 

Lake Superior, 63 

Lorraine district, 61 

Luxembourg, 61 

magnetite, 59 

Mesabi range, 66 

minette district, 61 

mining methods, 65 

Norway, 63 

occurrence, 59 

phosphorus in, 59, 61, 65, 68 

pyrite, 69 

Russia, 69 

Scandinavian deposits, 63 

self-fluxing, 62 

siderite, 69 

sintering, 60 

Spain, 69 

spathic, 59 

storage, 73 

Sweden, 69, 63 

transportation, 66 
treatment, 60 

United States, 68 
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Ore to finished product, diagram, 66 

Osann, Bernard, 20, 345 

Osmond, F., 367, 3^, 399 

Overheating steel, 410 

Oxford, N. J., charcoal iron furnace, 

17 

Oxidation, prevention in heat treat¬ 

ing, 433 

Oxide, iron, effect in steel, 387, 396 

Oxide scale, 407 

Oxides, heats of formation (table), 25 

Oxidized elements, separation from 
reduced, 24 

Oxygen, in open-hearth slag, 163- 

166, 169 
in steel, 52, 387, 396 

P 

Pattern molding, 311 

Patterns, design, 325 

gating, 322, 325 

Pearlite, 367, 368, 376, 430 
and cementite, micrograph, 383 

Pearlitic cast iron, 522 

Penetration of carbon into steel 

(table), 440, 441 

Periodicals, iron and steel, 21-22 

Permanent molds, 322 

Persian swords, 7, 8 

Peters, Richard, Jr., 11, 19 

Phosphide, in iron and steel, 386 

Phosphide eutectic in cast iron, 456 

Phosphorus, in acid open-hearth 

process, 171 

in Bessemer process, 41, 42, 173, 

175, 187, 191, 193 

in Bessemer steel, 184 

in cast iron, 456, 459, 462, 464 

and coarse crystallization, 386 

in electric steel process, 225, 228 

introduction into pig iron, 25-26 

in iron blast furnace, 83, 91 

in iron ore, 69, 61, 66, 68 

in iron and steel, 386 

in malleable cast iron, 474, 476 

in open-hearth bath, 126 

in open-heai^ process, 161, 152, 

154,166,168 

Phosphorus, in open-hearth slag, 122 
in pig iron, 106 

in puddling process, 26, 27, 29, 
32-34 

segregation, 262 

in steel, effect on properties, 394 

Physical chemistry of steel making, 
163 

Pig-and-ore process, 149, 158 
Pig iron, basic Bessemer, 191 

for Bessemer proet'ss, 173 

boiling (fife Puddling) 

carbon in, 106 

easting, 1(X) 

classification, 105-106 
costs, 81 

definition, 12 

electric, 201-204 

ferroalloys, 106 

France, 62, 63 

Germany, 62, 63 

grades, 105-106 
Great Britain, 62 

introduction of impurities, 26 

machine casting, 100 

malleable Bessemer, 474 

manganese in, 106 

micrograph, 448 

origin of name, 11 

phosphorus in, 106 

production, annual, 62 

puddling, 26, 29 

purification, chemistry of, 26 

silicon in, 84, 106 

sulphur in, 59, 90, 106 

United States, 62 

uses, 105-106 

Pig-molding machine, 100 

Pigging up, 162 

Pinions, 282, 283 

Pipe, cast iron, 390, 469 

Pipe rolls, 294 

Pipes, in castings, 247, 327 

discarding, 246 

lessening volume of, 247 

nature of, 234, 242 

stag^ in formation, 234 

pMtton rings, 469 
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Piwowarsky, E., 470 

Plant arrangement, Bessemer proc¬ 

ess, 179 

open-hearth process, 110, 117-120 

Plate mill, 279, 288 

Plates, carbon content, 390 

Platinite, 496 

Porosity, cast iron, 454, 462 

Ports, open-hearth fnrna(‘e, 126, 

128-131 

Pouring ingots, rate of, 255 

Power house, blast furnace, 101 

Preheated blast, 18 

Pressing, 270-272 

comparison with hammering and 

rolling, 297 

die, 270 

Pressure, iron blast furnace, 85 

methods of applying, 265 

Prices, alloy steels, 521 

Primary crystallization, 420 

Primrose, J. S. G., 345 

Production, pig-iron, annual, 62 

steel, trends, 63 

Properties, cast iron, 460-468 

cementite, 383 

ferrite, 379 

iron, effect of work, 379 

malleable cast iron, 471 

nickel steel, 492, 494, 606, 510 

Steel, variation with temperature, 
401, 406 

structural steel (table), 506 
Puddling, chemistry, 32 

description of, 29-31 
fuel, 29, 33 
furnaces, 27, 29 
labor, 33, 36 
losses, 34 
process, "26-36 
slag, 34 

Pull-over rolling mill, 273, 274 
Pulsifer, William, 19 

Punches, 390, 438 
Puppe, J., 310 
Purification of pig iron, 20 

Pyramids, iron tool from, 2 

Pyrite, 59 

Q 

Quality, acid open-hearth steel, 167 

different steels, 52 

Quenching, baths, 436 
in case-hardening, 444 

effect of carbon (table), 446 

manganese steel, 601, 506 

in oil, 437 

practice, 436 

principle of, 423 

rate, 424 

R 

Radiators, 469 

Rails, carbon content, 390 

manganese steel, 503 

rolling, 289, 290 

third, 398 

Ramming molds, 315 

Raw materials, finishing processes, 

52 

smelting, 50, 69-71 

Reactions, chemical, iron blast fur¬ 

nace, 88, 89 

Reaumur, 472 

Reaumur process, malleable castings, 

473, 480 

Recale^cence, 435 

Recarburizing, in acid open-hearth 

process, 170 

in basic open-hearth process, 153 

in Bessemer process, 43, 184, 193 

in electric steel process, 223, 229 

precautions in, 235 

Recrystallization of steel, 412, 413 

Recuperative heating, 19 

Red hardness, 619 

Reduced elements, separation from 

oxidized, 24 

Reduction of area, 264 

alloy steels, 506, 516 

Reed, E. L., 384 

References, literature, 19, 37, 67, 
108, 166, 194, 232, 260, 310, 
346, 376, 400, 446, 470, 529, 589 

Refining grain in steel, 411 
Regenerative heating^ 19, 46, 47 
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Regenerators, open-hearth furnace, 

129, 131, 133-135, 136, 157 
Reinart*, L. R., 121 

Repairing bottoms, open-hearth fur¬ 

nace, 121, 127 
Rephosphorization, 154, 156, 193 

Residual manganese, 395 

Resistance heating, electric, 196 

Resistivity, electric, iron and steel 

(table), 402 

Restoring steel, 411 

Reversing mills, 276 
Reversing valves, open-hearth fur¬ 

nace, 134 

Rimming steel, 240 

Risers, 327 

Rivets, 390, 406 
Roberts-Austen, Sir William, 376 

Rock drills, 390, 438 

Rocour, G., 409 

Rodenhauser, William, 232 

Roechling-Rodenhauser furnace, 207 

Rogers, S. B., 26, 37 

Rohn, Dr., 212 

Roll, tables, 285, 286 

Rolling, action in, 272, 275 

blooms, 276 

comparison with hammering and 

pressing, 297 

effect of, 272, 412, 414, 415 

heating for, 299-310 

plates, 279, 288 

practice, 288-293 

rails, 289, 290 

steel, 272-293 

tiouMes, 288 

tubing, 291-293 

Eollmg mills, blooming mill, 276, 

281, 287 

chocks, 283, 284 

collars, 279, 283 

coupling boxes, 283 

diamond pass, 279, 280 

electric drive, 287 

engines, 287 

fins, 280 

guards, 283, 284, 285 
housiiigB^ 283, 2^ 
maniivulatsois, ^ 

Rolling mills, open and closed passes, 

279, 280 

parts, 279, 283, 284 

plate mill, 279, 288 

pull-over mill, 273, 274 

reversing mills, 276 

rolls, 279 

screw-down mechanism, 283 

sheared mill, 288 

size, 287 

slabbing mill, 281 

spindles, 283, 284 
tables, 284-286 

three-high mill, 273, 275, 276 

transfer tables, 284-286 

universal mill, 277, 278 

Rolling op>en-hearth furnace. 111, 

121 
Rolls, blooming, 281, 287 

cast iron vs. steel, 280 

chiUed, 469 

cogging, 281 

diameter, 281 

gripping limit, 281 

making, 282 

pinion, 282 

pipe, 294 

roughing, 281 

speed of, 281 

types, 279 

wobbler, 282 

Roof, open-hearth furnace, 124, 128 

Rose, G. E., 129 

Rose port, 129, 130 

Rosenhain, Walter, 377 

Roughing rolls, 281 

Russia, iron ore, 69 

Rust, 407 

Ryland’s directory, 20 

Rys, C. F. W., 132 

S 

Saggers, 483 
Sauveur, Albert, 19, 298, 340, 376, 

411, 422 
Saws, 3^ 

timipering, 438 
Scabs on ingots, 234, 258, 260 
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Scaffolding, blast furnace, 106 

Scale, oxide, 407 

Scaling in billet heating, 306 

Scandinavian ore deposits, 63 

Schleicher, S., 126 

Schmez, E., 489 

Schoenawa, J., 232 

Schott, E. A., 345 

Schrader, 383 

Schwartz, H. A., 389 

Scrap, alloy-steel, electric melting, 

230 

bundled, 55 

bundling, open-hearth process, 

140 

in cupola melting, 334 

in electric steel process, 228 

for malleable cast iron, 474 

production in open-hearth process, 

117 

as raw material, 51 

size in open-hearth process, 140 

Screw stock, analyses (table), 184 

Screws, 390 

Seamless tubing, 291 

Secondary crystallization, 421 

Section through steel plant, 118, 119 

Segregation, analyses, 252 

carbon percentages, 251, 252 

in cast iron, 463 

in ingots, nature of, 234, 251 

lessening, 253 

sulphur and sulphur prints, 254 

treatment of steel, 262 

Self-fluxing ore, 62 

Self-hardening steel, 516, 617 

Semisteel, 51 

Sexton, A, H., 346 

Shafting, carbon content, 390 

Shannon, R* W., 310 

Shaping metals, 261 
Sheared mill, 2^ 

Sheet bar, 184 
Sherry, Ralph H., 446 
Shock-resisting st^ 390 
Shore hardness and Biinell hardness 

of steel (table), 397 
and carbon content (tables), 6,397 

Shottini; ptooess, Aston, 36 

Shrinkage, cast iron, 452, 453, 455, 

460, 461 

malleable cast iron, 485 

Shrinkage cavities (see Pipes). 
Shrinkage curves, iron and copper, 

453 

Shrinkage tests, 461 

Siderite, 59 
Side-wall construction, open-hearth 

furnace, 124, 127 

Siemens, William, 46 

Siemens-Martin process, 47 

(See also Open-hearth process) 

Siemens process, 46 

Silicide in iron and steel, 387 

Silicomanganese steel, 505, 506, 510, 

514, 621 

Silicon, in acid open-hearth process, 

170, 171 

in Bessemer process, 43, 173, 182, 

187, 190 

and carbon in cast iron, 467 

in carbonizing stock, 442 

in cast iron, 361, 362, 374, 465, 

457, 461, 464 

as deoxidizer, 153, 155 

graphite precipitation, 361, 362, 

374, 457 

introduction into pig iron, 25-26 

in iron blast furnace, 83 

in malleable castings, 474, 486 

in open-hearth process, 158 

in pig iron, 84, 106 

in puddling process, 26, 32-34 

segregation^ 252 

as silicide in iron and steel, 387 

in steel, 391, 398, 504, 521, 522 

Silicon-manganese, 154 

Silicon steel, electromagnets, 504 

structural steel, 604-606 

V8» nickel and manganese steels, 

505 

Silver-gold diagram, 351 
Sintering iron ore, 60 
Six-hour day, 46 
Sizes, electric furnace, 215, 218 
Skeleton of iron and steel manufac¬ 

ture, 60 
Skelp, 184 



554 THE METALLURGY OF IRON AND STEEL 

Skin-dried molds, 318 

Skin of ingot, 241, 255 

Slabbing mill, 281 

Slag, basic Bessemer process, 192 

Bessemer process, 186-188 

black and white, electric steel, 228 

in electric steel process, 223, 228 

iron blast furnace, 92 

analyses, 102 

disposal, 101 

weight, 103 
open-hearth process, acid, 168,169 

analysis, 153 

disposal, 144 
equilibrium with metal, 163 

fayalite, 164 

functions, 151 

oxygen in, 163-166 

in recarburizing, 156 

viscous, 165 

weight, 157 

in puddling process, 26-29, 34 

in wrought iron, 23, 28, 36 

Slag notch, 14, 15 

Slip bands, 263 

Smelting, iron, ancient, 2 

ascending and descending mate¬ 

rials, diagram, 82 

autographic records, 102 

costs, 81 

diagram of chemistry, 89 

direct process, 13 

Domnarfvet process, 202 

Egyptian furnace, 2 

electric smelting, 198-204 

Germany, 78 

handling materials, 73 

hot iron, 91 

operation, 82 

ores, 68 

pressure of blast, 85 
principles, 82, 88 

temperature of blast, 86 

(See oho Blast furnace) 
and melting, 198 

BaodgvtufBf J. M., 345 
fibyder, P. T., 217 

Softness, cast iron, 464 

Solid solution, 346, 350 

carbon in iron (see Austenite) 

decomposition, 365 

Solidus and liquidus, 351 

Solubility, carbon in ferrite, 376 

Solutions and mixtures, 347 

Sonims (see Inclusions) 

Sorbite, 429 

Space lattices, iron, 381, 382 

Spain, iron ore, 69 

Spathic iron ore, 59 

Specific gravity, cast iron (table), 

462 

Specifications, 388 
Spheroidizing, 435 

Spindles, rolling mill, 283, 284 

Spitting in Bessemer process, 173, 

183 

Splash in ingot pouring, 257 

Spring, L. W., 47 

Springs, 390, 514, 515 

Squeezers for wrought iron, 31, 32 

Stack, blast furnace, 15, 16 

Stainless iron, 607, 509, 521 

Stainless steel, 608, 509 

Stamber, G., 310 

Stansfield, Alfred, 232, 418 

Stationary open-hearth furnace, 111, 

120 
Staybolts, 390 

Stead, J. E., 263, 386, 419 

Stead's brittleness, 3^, 419 

Steam, use in oil burner, 114 

Steel, age of, 38, 39, 44 

air-hardening, 515 

alloy (see Alloy steel) 

arsenic in, 396 

automotive parts, 620-622 

Bessemer (see Bessemer steel) 

blowholes in, 43 

blue heat, 297, 403, 404 

brittleness, 396, 403 

burning, 417 

carbon content for different uses 

(table), 390 

carbonizing, 442 

case-hardening, 443 

cast (crucible), 38 

casting ($m Steel eastings) 
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Steel, chrome, 607, 608 

chrome-molybdenum, 607, 614 

chrome-nickel, 606, 512, 613, 516 

chrome-vanadium, 506, 613-516, 

621 

conductivity, 398, 402 

constitution, 378-400 

copper in, 395, 622 

corrosion of, 65 

corrosion-resisting, 609 

creep, 406 

crystallization (see Crystalliza¬ 

tion, steel) 

crystals, 262, 268 

crucible (see Crucible steel) 

definition, 12, 44, 356 

deflection test, 515 

dendrites in, 240,241,243, 244,420 

duplex process, 48 

effect of carbon, 389 

of chromium, 508, 521, 622 

of heat, 401, 406 

of manganese, 521, 622 

of nickel, 521 

of strain, 263 

of temperature on strength 

and ductility, 403, 404 

of work, 412 

effervescing, 240 

electric (see Electric steel) 

electric conductivity, 398 

equilibrium diagram, 364 

expansion coefficients, 496 

extra strong (table), 616 

ferrite and cementite, 368 

file, cooling of, 356, 370 

flanging, 272 

flow lines, 244 

fluidity, 239 

forging, 265-270, 516 

fractures, 241, 408 

freezing of, 241, 356 

gas bubbles in, 43 

gases in, 387 

gradation as to carbon content 
(tabic), 389 

grain growth in, 407-423 
grain size, 409 
hardening, 423-432, 436 

Steel, hardness, 6, 396-398, 619 

heating for working, 299-310 

heat-resisting, 609 

heat treatment, 401-446 

high-speed, 517-520 

at high temperatures, 403, 404 

history, 1-19 

hydrogen in, 387 

impact resistance, 404 

inclusions in (see Inclusions) 

ingotism, 233, 240, 419 

ingot molds, 142 

iron oxide in, 387, 396 

killed, 240 

magnetic properties, 398-400 

magnets, 508 

manganese in, 394, 396, 500 

manganese steel, 600-603, 606, 
621 

manufacture, diagrammatic 

scheme, 50, 56 

summary, 49 

mechanical treatment, 261-310 

melting (see Melting, steel) 

microconstituents, 378 

molybdenum steel, 507, 512 

Mushet, 516 

nickel-chromium, 506, 512-614, 

516, 621 

nickel steel, 492-500, 506, 610, 

516, 521 

nitriding, 444 

nitrogen in, 387 

normalizing, 435 

open-hearth (see Open-hearth 

steel) 

overheating, 410 

oxide scale, 407 

oxygen in, 387, 396 

phosphorus in, 386, 394 

physical chemistry of, 163 

pressing, 270-272 

production trends, 63 

properties, variation with tem¬ 

perature, 401, 406 

quality of different types, 62 

quenching, 423 

recrystallization, 412, 413 

residual manganese in, 395 
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Steel, resistivity, 402 

restoring, 411 

rimming, 240 

rolling {see Rolling) 

scrap, 51 
self-hardening, 515, 517 

Siemens process, 40 

Siemens-Martin process, 47 

silicide in, 387 

silicomanganese, 505, 500, 510, 

514, 521 

silicon in, 398, 504, 521, 522 

silicon steel, 504, 506 

slow heating and cooling, 371 

specifications, 388 

springs, 390, 514, 515 

stainless, 508, 509 

strength, 387-396 

highest, 515, 516 

at various temperatures, 404 

structural (see Structural steel) 

structure, rules governing, 371 

sulphur in, 384, 385 

superrefining, 49, 219-225 

teeming, 143, 145, 146 

temperature coefficient of resis¬ 

tance, 402 

tempering, 431 

tensile strength (see Strength) 

tonnage of different types, 52 

tool, 516, 617 

tungsten, 509, 516-520 

uses according to carbon contents, 

390 

vanadium, 606, 511 

vs, cast iron, 356 

V8, wrought iron, 54, 55, 356 

Widmanstaetten structure, 421, 

422, 511 

wire drawing, 293-296 
Steel castings, acid vs. basic steel, 341 

Bessemer m. open-hearth furnace, 
342 

bumixig, 418 
carbon content, 390 
dry* v$, greenHBand molds, 319 
eleetrio, 225 
Stoughton converter, 343 
Tmpenas conwter, 342 

Steel industry, labor, 46 

Steel plant, section through, 118, 119 

Steel products, diagram of manu¬ 

facture, 56 

Steel rolls vs. cast iron, 280 

Stock line, blast furnace, 15, 16, 76, 

77 

Stone, G. C., 7, 8 

Storage piles and bins, 73 
Stotz, R., 489 

Stoughton, Bradley, 529 

Stoughton converter, 343 
Stoves, blast-furnace, Neilsen’s, 18 

principle of, 98 

recuperative and regenerative, 19 

Strain, effect of, 263, 406 

Strength, alloy steels, 606, 510, 513, 

515, 516 

cast iron, 455, 464, 522, 623 

chrome-vanadium steel, 513, 515 

effect of carbon after quenching 

(table), 446 

heat treating for, 445 

iron, effect of work, 379 

pure, 388 

malleable cast iron, 471 

nickel steel, 492, 494, 506, 610 

steel, 387-396, 515, 516 

effect of temperature, 403, 404 

structural steel, 506 

vs. ductility, 387 

welded bars, 417 

Stress raisers, 168 

Stripping ingots, 144, 147 

Structural shapes, carbon content, 

390 

Structural steel, analysis, 606 

comparison of types, 506, 506 

cooling of, 355, 369 

effect of alloying elements (table), 

621 

of temperature, 406 
heat treatment, 506 
manganese steel, 502, 503, 505, 

506, 521 
molybdenum steel, 507, 512 
ntokel steel, 505, 506 
pioperiaes (table), 506 
siIiooiLSt;eel| 504, 505, 506 
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Structural steel, strength at various 

temperatures, 404 

ternary, 512, 613 
StOckofen, 10 

Sulphides in steel, 384, 386 

Sulphur, in acid and basic processes, 

226 

in acid open-hearth process, 171 

in Bessemer process, 41, 173, 187 

in Bessemer steel, 184 

in cast iron, 456, 458, 464 

in coke, 16, 71 

in cupola, 336 

in iron blast furnace, 90 

in iron-carbon alloys, 362 

as iron sulphide in steel, 385 

in malleable cast iron, 474, 475 

as manganese sulphide in steel, 

384 

in open-hearth process, 151, 152, 

158 

in pig iron, 69, 90, 106 

in puddling process, 26, 27, 29, 

32-34 

segregation, 262, 254 

in steel, effect on carbon precipita¬ 

tion, 362 

effect on strength, 391 

Sulphur prints, 246, 264 

Superrefining steel, 49, 219-226 

Swain, George, 404 

Swank, J. M., 19 

Sweden, charcoal smelting, 16 

electric pig-iron smelting, 201-203 

iron ore, 59, 63 

Swedish Biessemer practice, 173, 186 
Swords of Damascus, 3, 7 
Swords, Persian, 7, 8 
Sykes, W. P., 359 
Synthetic cast iron, 231 

T 
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Talbot process, 128, 159 
Tap hole, blast furnace, 14, 92 
Taper, ingot molds, 260 
Tapi^ng the blast furnace, 92 

Tar as open-hearth fuel, 113-115 
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Teeming, open-hearth process, 143, 

145, 146 

temperature for steel ingots, 266 

Temper carbon, 473, 486 

Temper colors, 439 
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Bessemer process, 182 

blast, iron smelting, 85 
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cementation, 440 
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control, blast furnace, 88, 92 

effect on magnetism of iron, 403 
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steel, 403, 404 

finishing, 416, 417 

forging, 267 

high, attainment of, 40 
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ingot teeming, 256 

iron blast furnace, 84, 85 

melting, effect of carbon, 9 

open-hearth furnace, 148, 167 

in tempering, 438 
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406 

Temperature coefficient of resist¬ 
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martensite, 426 
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Toledo blades, 3 
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tempering, 437, 438 
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Transformer steel, 504 

Transportation, iron ore, 66 

Trinks, W., 310 

Troostite, 429, 430 
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Tschermak, 422 

Tubes, butt-welded, 292 

drawing, 295 

electric pressure welding, 293, 294 

lap-welded, 291 

rolling, 291-293 
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Tumbling barrel, 482 

Tungsten, effect in steel, 519 

Tungsten steel, 509, 516-520 
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Tuyere zone, cupola, 329 
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Bessemer steel, 183 
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manganese steel, 502 
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Vanadium, as deoxidizer, 236 

effect in steel, 511 
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Wagner, F. H., 108 

Wallower, F, C., 409 
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Wedding, Hermann, 194 
Welded bars, strength of, 417 
Welded tubes, 291-294 
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White, Albert E., 629 
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Wire, Bessemer, 184 

carbon content, 390 
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Work, at blue heat, 297 

effect of, 261, 264, 268 

effect on iron, 379 

on manganese steel, 502 

on structure of steel, 297, 298 
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Workability, cast iron, 454, 464 

World’s deposits of iron ore, 59 

Wrought iron, Aston process, 28, 36 

bundled scrap, 35, 65 

conductivity, electric, 402 

corrosion, 55 
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definition, 12 

early distinction from cast iron, 9 

Wrought iron, grain growth in, 407 

merchant bar, 28 
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recent progress, 36 
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