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PREFTACE TO THE

FIRST VOLUME.

The present work is the final outcome of a desire on
the part of its publishers to give metallurgists an account
of our American steel works.

A quarter of a century has elapsed since the appearance
of Percy’s classical work on iron and steel. Though we
have had meanwhile, beside many other works, the really
admirable handbooks of Bauerman and of Ledebur, and
though Bell has discussed in a masterly way many of
the problems connected with the metallurgy of iron, and
especially with the blast-furnace process, it has seemed
to me that this was a fitting time to post our ledger and
strike a trial-balance: to offer in accessible form, and
more fully than these distinguished writers have, the
data which make wp our present knowledge of the metal-
lurgy of steel; and, bove all, to discuss these data and
to seek their true teachings. :

In order that the work might the sooner become avail-
able to the readers of the Excinzrkrine aAxp MINING
JoURNAL it was first published in the piges of that paper.
This plan has several serious defects, the chief of which
is that the earlier parts of the volume have to stand as
they were written, some of them nearly three years ago :
for, once electrotyped, I cannot readily modify them in
accordance with later discoveries, and with changes of
opinion to which these discoveries as well as furthe:
research, discussion, and reflection have naturally led me.
It is also because of this mode of publishing that the
tables and fignres are not numbered quite consecutively.

I cannot sufficiently thank my American fellow-metal-
lurgists for their great kindness and generosity in supplying
me with information and with drawings, for their patience
in answering my many questions, and for their liberality in
allowing me to study their practice minutely and to take
notes of it. I am under a special debt of gratitude to
Mr. Robert Forsyth, engineer of the Illinois Steel Com
pany, and Mr. William Metecalf, of the firm of Miller,
Metcalf & Parkin, who, besides giving me endlessinforma-
tion, have each examined a chapter of this volume, Mr.
Forsyth the chapter on apparatus for the Bessemer process,
Mr. Metealf that on the crucible process: and to Messrs.
Hunt and Clapp, of the Pittsburgh Testing Laboratory,
who have most generously made many chemical analyses
for this volume gratuitously. I also thank most heartily
Mr. W. R. Walker, of the Union Steel Company, now the
1llinois Steel Company; Messis John Fritz, Maunsel White
and George Jenkins, of the Bethlehem Iron Company ;
Messrs. F. A. Emmerton and Thomas Crow, of the Joliet
Steel Company, now the 1llinois Steel Company ; Mr,

Philip W. Moen, of the Washburn & Moen Manufactur-
ing Company ; Messrs. W. R. Jones and James Gayley,
of the Edgar Thomson Steel Works; Mr. S. T. Wellman,
of the Otis Iron and Steel Company; Dr. Thomas M.
Drown, of the Massachusetts Institute of Technology :
Mr. F. W. Wood, of the Pennsylvania Steel Company ;’
Messrs. Joseph Morgan, Jr., T. T. Morrell, and John
Coffin, of the Cambria Iron Company ; Mr. E. S. Moffat,
of the Lackawanna Iron and Coal Company ; Mr. J. M.
Sherrerd, of the Troy Steel and Iron Company ; Messrs.
E. C. Potter, John C. Parkes and J. C. Walker, of the
North Chicago Rolling Mill Company, now the Illinois
Steel Company ; Mr. Phineas Barnes, of the American
Iron Company ; Mr. G. H. Billings, of the late Norway
Steel and Iron Company ; Mr. W. F. Downs, of the Dixon
Crucible Company, and Mr. E. Gibbon Spilsbury, of the
Trenton Iron Company.

With regard to the cost of metallurgical processes I
have in general given the quantities of material and the
amount of labor needed for given work, rather than the
actual cost in dollars and cents: for the former, though
far from constant, change much less than the latter,
being almost free from one important cause of variation,
changes in the current prices of these materials them-
selves and of labor. Given the quantities of material
and of labor needed, one who knows the market rates at
a given spot can calculate the cost: while if the actual
cost for given conditions alone is given, the cost under
other conditions and where the prices of materials and
labor are different cannot be determined readily. Again,
while the managers of works are often willing that
the quantities of materials which they use should be
known, they for obvious reasons prefer that the costs
should not.

Seeking to lighten the.labor of others who may wish to
examine the matter in greater detail, or who may wish to
verify my statements, I have given many references which
it would profit most readers but little to examine. Indeed,
many of my references are given merely to indicate that
my statements have solid foundation. In a few casesI
have been unable to consult works to which others have
referred, and which I had good reason to believe contained
important matter bearing on the subject in hand. With
like aim, I have not hesitated to refer to them, nor,
where the same paper has appeared even in the same form
in different works, to refer to several of them simultane-
ously, so that those who could not consult one might find
the matter in another. With a few exceptions in the
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earlier pages, where several authorities are quoted to-
gether, the first is the one whose statements I have
used.

Such a work as this cannot, of conrse, be carried out
without much compilaticn : but by far the greater part of
the labor has been expended in the original work of dis-
cnssing the data thus compiled, and in acquiring wholly
new data, whether by experimental research, or in pro-
longed examination of the processes described. For in-
stance, there are abount two hundred tables in this volume :
of these all but abont twenty (and most of these twenty
are very small) are either wholly original, or Ctonsist
mainly or wholly, not of matter published by othets, but
of numbers calculated therefrom.

Uniform accuracy in publishing so much varied and
practically original numerical matter is not to be expect-
ed The anthor will be very grateful to any one who will
point out to lim numerical or other errors.

Many of the more important tables have been calculated
twice, wholly independently, and often by differefit
methods. n many other cases effective checks l'ave been
used Not a few numerical errors, hitherto handed down
from text-book to text-book, have been detected and cor-
rected. Whenever possible, numerical and other data
have been verified from the original memoirs, at one or
another of the several important libraries which have been
accessible. Where statements have seemed improbabte
or vague verification or explanation has been sought and
often obtained from their authors.

The numberless determinations of tensile strength and
elastic limit quoted have, for uniformity, been reduced
from tons and kilogrammes to ponnds per square inch,
the measnre habitually used in this country. Tempera-
tures are in general given both in Fahrenheit and Centi-
grade.

In describing old experiments and abandoned processes,
I have not aimed to give matter of historic interest, but
rather that which might be useful, whether in deterring

Bostox, January, 1890.

others from repeating unnecessary or hopeless experi-
ments, or in guiding them should processes, once unsie-
cessful, become commercially possible throngh changed
conditions.

The task of deciding what information about present
practice to give, and what to withhold, has been a delicate
one. First we must recognize that the practice, the ex-
perience, the knowledge of a metallurgist or of a com-
pany is distinetly property and that communicating to
others against the wishes of its owner may be qnite as
inueh robbery morally as if it were legally punishable.
Indeed, in that it sneaks behind the cloak of law, it is
contemptible as well. But beyond this there is a certain
amonnt of information which, once published by others,
or once a matter of general knowledge, may be regarded
as more or less public property. In deciding what part
of this to publish one has to weigh against the duty of
making one’s work as useful as possible, one’s regards
for the wishes of those whose liberality in giving other
information has laid on him a burden of gratitude.

t have songht to steer between these shoals on either
hand, by giving all information as to practice which seems
useful and which I have permission to give, while trying
to conceal the identity of the establishment at which it
exists. The important thing for the reader, be he prac-
titioner or student, is to know that certain practice exists
or is possible ; for the manufacturer that it be not known
as his particular practice. Probably even the close-
mouthed Krupp would object relatively little to having
his practice known, provided it were not known as his,
but as that of the shadowy X, Y, or Z.

An exception is made in case of the plans of certain
works whicli, repeatedly published, are already clearly
public property ; and in a few cases, such as the great
output of certain Bessemer works, in which the results,
due to his administrative skill, are a matter of pride to
the manager, and in which lie certainly prefers to receive
publicly his just credit.

H. M. H.
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115. Composition of wire and mint dies - - - - - - 223172, Economic features of the crucible process, facing page - - 206
116. Examples of general procedure in wire-drawing - - - 225 { 178. Composition of slag of crucible process - o 297
117. Rednction in drawing gun wire - - - - - - 226|174. Materials used in crucible making =I5 - - - - 299
118. Bendings required by the German government for rope wire 226.[175. Size and cost of American erucibles - - - - - - 299
119. Trains for cold rolling at an American mill - - - - 2271176. Composition of crucibles TR Ll ROl S e S 301
120. Cold rolling at an American mill (concluded) - - - 227 [ 177, Operations in Mitis process, time of - - 3 - - - 309
121. Experiments in cold rolling 44-inch steel bars - - - - 22711%8. Cost of crucible process - - - - - - - 310
121A. Punching: Its effects and their removal by reaming and by 179, 180. Chemical changes in crucible process - - - 311, 312
FRINGATNET - TN= an- T = N e B - 2291181, Influence of eruciblecomposition on silicon-absorption - 313
122. Effects of punching - - - - - - - - . 229/182, Influence of carbon-contcnt on silicon-absortion S, B
123. Effect of punching and subsequent reaming on soft-ingot steel 230 | 183, Influence of length of killing on silicon-absorption - - 313
124. Percentage of elongation of holes when drifted till the metal 184. Influence of manganese on carbon- and silicon-absorption - 313
heginsitolcrapie Sl _Sus "o b sl - Sar N - 230 [ 185. Influence of carbon on carbon- absorpiion - - - - 314

125. Effect of shearing and cold hammering, and of cubsequent 186. Ferromanganese and steel lose more manganese than mangani-
annealing on soft ingot sweel - - - - - - - 230 ferous steel - - ~REE - - - - - 316
126. Properties of strips from previously punched steel platcs, the 187. Influence of carbon on loss of manganese - - - - 316
strips cut at various distances from the pnnched holes 231 | 188. Time occupied in pouring iron into Bessemer vessel - - 320
127. Restoration by riveting - - - - - 232 | 189, Time occupied Ly vessel-manceuvres - 3 = - 8 - 3%
128. Eifect of previous cold and blue- heat treatmcnt on ﬂemblllty 190. Time occupied by casting-crane manceuvres - - - - 321
(endurance of repeated bending) - - - - 235|191, Time occupicd in feaming, etc. - - - - - - - 322
129. Effect of cold and blue-heat treatment on tenslle plopertleJ 235 | 192. Time occupied by manoeuvres of ingot-cranes - - - - 322
130. Effect of blne and cold work on ductlhty as inferred from drift- 193. The forcgoing tables condensed - - - - - - - 822
ing - - - - E - - 235 | 194. Maximum output cf American Bessemer mills - - - 38
131. Relation between thlckness and physxcal propertleq of iron and 195. Estimated capacivy of a single casting-pit - - - - - 395
steel bars, plates, etc. - - - - - - - 242|196, Leading dimensions of Bessemer plants - - - - 329, 330
182. Influence of the-early vs. the late reductions on the physxcal 197, 198. Area of tuycre-holes N - - - - 348, 349
properties of ingot iron - - - - - - - . 243]199, Vessel-linings and bottoms e el TRl B
133. Inflnence of work or reduction on the properties of iron - 243 | 200. Ultimate composition of refractory materials for Bessemer process 852
134. Influence of work or reduction on the propertiesof iron - - 243{201. Number and output of Clapp-Griffiths vessels - - - - 356
135. Influence of the proportion of carbon on the increase of tensile 202. Refractory mixtures for the Bessemer process - - E - 859
strength, ete., due to forging, etc. - - - - - 244 | 208. Use of Caspersson’s converter-ladle - - - - - . 360
136. Improvement of wrought-iron F with diminishing size - - 244|206 to 209. Properties of manganese-steel - - - - - 361 to 364
137. Influence of the initial thickness of the ingot from which they 210. Composition of ferro-silicon - - Shime | T o 4 e ST
were rolled on the properties of steel plates - - - 245 [210A. Slag made with silico-spiegel - - - - - - - 365
138. Influence of thickness of ingot on properties of steel plates - 245|211, Properties of silicon-steel - - - - - 5 5 - 366
139. Influence of the initial thickness of the pile from which they 211A. Composition of siliciferous steels - - s - 5 = 366
were rolled on the properties of wrought-iron bars - - 246 | 212. Composition of ferro-chrome - O (o s - -~ -1368
139A. Normal and cool work = = 2 = = - - - 246|218 to 215. Composition and properties of chrome-steel = 366, 367
140. Influence ot work on the proportion of slagin weld iron - 246 | 216. Properties of tungsten-steel - = = = - ¥ - el
141. Annealing vs. forged steel -~ - - - - - . - 248|217, Properties of copper-steel P L CTRCR S P - o
142. Properties of an unforged, heat-treated steel gun tube - - 248 | 218 to 220. Properties of nickel-steel - - - - - < 370,371
148. Tncrease of tensile strength, etc., on forging and rolling Fagesta 220A. Corrosion of nickel-steel O - =g e ha RS
steel from 8 X 3 to 14 X by % mch measured in percentages 221. Corrosion of iron with protective coatings - - - - - 372
of the t.ensile strength, etc., of the3 X 3bar - - - - 2491222 Effect of lead and other quenching I B e O
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CLASSIFICATION AND CONSTITUTION OF STEEL.

§ 1. METALLURGY.—The art of extracting metals from
their ores and other combinations and of fashioning
them.

STEEL has (1) a specific sense, and (2) in English and
French a generic sense which harmonizes poorly with its
specific meaning.

(A) In its sSPECIFIC SENSE steel is a compound of iron
possessing, or capable of possessing, decided hardness
simultaneously with a valuable degree of toughness when
hot or when cold, or both. It inclndes primarily com-
pounds of iron combined with from say 0-30 to 2 per cent
of carbon, which can be rendered decidedly soft and tough
or intensely hard by slow and rapid cooling respectively,
and secondarily compounds of iron with chrominm, tung-
sten, manganese, titanium, and other elements, compounds
which like carbon sfeel possess intense hardness with
decided toughness.

This specific sense was formerly the sole one, in all
lands ; it is the legitimate and dominant one to-day in
Teutonic and Scandinavian countries, and it would be in
this country also, could the little band, which stoutly
opposel the introduction of the present anomaly and con-
fusion into our nomenclatiire, have resisted the momentum
of an incipient custom as successfully as they silenced the
argnments of their opponents.

The following scheme classifies iron in accordance with
this specific meaning :

Class’fication of Internationat Committee of 1876, of the American Institute
of Mining Engineers.

MALLEABLE. NON-MALLEABLE.
Can not be bardened/Can be hardened by
by sudden cooling.| sudden cooling.
N. | STEEL.
Cast whea mclten| Ingot iron. Ingot steel.
into a malleable| Flusseisen. Fluss Stahl. Cast-iron.
mass. Fer fondu. Acier fondu.
Aggregated from| Weld iron. Weld steel,
pasty particles] Sweisseisen, Schweiss Stahl
withcut  snbse | Fer soudé. Acier soudé,
quent fusion.

(B) Gexeric SExsE.—While these species are univer-
sally recognized they are not usually grouped in accord-
ance with the above scheme in English speaking countries
and France, where ¢ steel”’ is used generically to include
not only the species ‘“steel,”” but ‘‘ingot ironm,’” as well.
Most of the ‘boiler-plate steel” of to-day and much
structural material, which is unquestionably steel in its
now established generic sense, belong to the species
‘“ingot iron.”” So firmly has this sense of the word
become established that unfortnnately it were vain to
onnose it,

Freedom from intermingled slag, etc., is not only, I be-
lieve, a better recognized, but intrinsically a more valuable
basis for discrimination between weld and ingot metal, as it
implies the possession of definite properties, than Ilolley’s
historical basis of having been cast when molten inio a
malleable mass; since metal which is not metallic when
cast may, by subsequent treatment, be made to resemble
so closely that which is as to justify classing them
together. We should recognize inherent properties rather
than the accident of birth or previous conditions.

“Iron” and ‘‘steel”” are employed so ambiguously
and inconsistently, that it is to-day impossible to arrange
all varieties under a simple and consistent classification.
The following scheme expresses the current meanings as
accurately as may be :

/ a
Present American and British Ctassification. |8

MALLEABLE, |NON-MALLEABLE

| Can not be hard-
ened by sndden
cooling, AND
contains inter-
mingled slagor
similar matter.
IRON. STEEL.

Can be bardened by sud-
den cooling, OR is both
malleable and bard, OR
is free from intermixed
slag and similar matter.

Isfree Erom slaz, ‘

ete. Ingot iron. Ingot steel. | Cast-iron.
Contains slag or |
similar matter. | Wrought or Weld steel,

{ Weld iron.
|

Highly carbureted non-siliciferous non-malleable cast-
ings are to-day rendered malleable by semi-decarburi-
zation and are ‘then called steel castings ; this is just ¢/
they resemble castings of similar composition and initially
malleable more closely than they resemble cast-iron ; their
malleableness, freedom from slag, etc., and their power of
being hardened then entitle them to be called steel. Ordi-
nary malleable-iron castings can hardly be embraced in
this scheme, but form a separate division.

The attempt to call mitis castings ‘‘ wrought-iron,” is
to be deprecated ; it can only more hopelessly confuse
matters. They are clearly ingot-iron.

Steel is cross-classified in many ways ; for example, after
the element which gives the iron its increased hardness, as
carbon,—tungsten,—chromium-steel, etc. ; according to the
hardness or degree of carburization, as mild steel, hard
steel, ete.; aceording to the mode of manufacture, as open-
hearth, crucible steel, ete., and otherwise.

§ 2. THE CONSTITUTION OF STEEL is somewhat obscure.
The former view that nitrogen or other gases played an
essential partin its nature has, probably, no important
supporters.
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METALLURGY OF STEEL.

1 conceive it to consist (A)of a matrix of iron which is
sometimes (as in ingot-iron and annealed steel), compar-
atively, or even quite pure, and sometimes (as in hardened
steel, manganese steel, etc.) chemically combined with
a portion, or even the whole of the other elements which
are present, probably in indefinite ratios, its mechanical
properties being greatly affected by them; and (B) of a
number of independent entities which we may style
“minerals,’”’ chemical compounds of the elements present,
including iron, which crystallize within the matrix, and
by their mechanical properties, shape, size, and mode of
distribution, also profoundly affect the mechanical prop-
erties of the composite mass, though probably less pro-
foundedly than do changes of corresponding magnitude
in the composition of the matrix. This conception is based
on the following phienomena and analogies.

When a crystalline rock, consisting let us say of a
mixture of quartz, mica, and feldspar is fused, its con-
stituents which, prior to fusion, had existed as separate
entities, coalesce, and form, apparently, one homogeneous
magma. Just as an ordinary aqueous solution may be
regarded as a single complex chemical combination, each
element of which is directly combined with every other
one present, so such a fused magma may be regarded
as a sinzle polybasic silicate of iron, lime, magnesia, etc.

[In the common, narrow view, solutions are not chemical
combinations, because the most familiar chemical unions
(1) oceur in definite proportions, (2) are attended with
thermal or electric phenomena, and (3) yield a product
whose physical properties differ widely from those of its
components, while solutions occur in all ratios, usnally
without marked thermal and electric phenomena, and
yield products whose properties are intermediate between
those of their components. Many philosophic chemists,
however, believing with Hegel that the identification of |
different substances with the formation of a new one is the
essence of chemical union, and that the three common
characteristics I have mentioned are simply accidents of
certain familinr chemical unions, consider solntions as
true chemical unions, though less stable than many of the
typical ones. They believe that in solutions, though the
chemical force is not the overwhelming one, though it
does not dominate the purely physical forees, such as co-
hesion, as completely as in the more stable chemical
unions, yet it is always present. They point out that
many solutions exhibit some one at least of the three

(2) Many solutions do exhibit marked thermal phe-
nomena ; witness the evolution of heat on mixing sul-
phuric acid and water ; its absorption when sal-ammoniac
is dissolved.

(3) Itis the fact of the unlikeness of the compound to the
mean of its components, not the degree of that unlikeness,
which should be regarded as the prominent characteristic
of chemical compounds. But many solutions are strik-
ingly unlike the mean of their components. Thus the
specific gravity of many saline solutions is far greater
than the mean specific gravity of salt and dissolving
water ; some salts indeed dissolve without at all increas-
ing the volume of the water. In other cases, dilution
causes vivid chromatic changes; for example, brown
cupric chloride forms with a little water an emerald green
liquor ; with more water, it turns blue. If these solutions
be admitted to be chemical unions, how can we bar out
the rest, which certainly are true identifications of differ-
ent substances, and which may, on close examination,
prove to possess the familiar but non-essential character-
istics of the stronger compounds? If we admit solutions,
how can we exclude fused alloys, slags, molten rocks
when homogeneons ? That each contains distinct separable
entities when solidified, does not show that it does when
molten. |

When snch a fused magma as I have described solidi-
fies, its properties will depend very greatly on the condi-
tions under which solidification occurs, and probably on
other conditions now unguessed. These properties are in-
| fluenced not alone by the mineral species which form dur-
ing solidification, but by the shape and size of the indi-
vidual erystals, by the degree of cohesion between the adja-
cent crystals of dissimilar minerals, and by the manner in
which they are interlaced ; in short, by structure. Now, not
only does the structure, but the very nature of the minerals
themselves depend on unknown conditions. We cannot tell,
for instance, whether a given lot of Ca0O, Al,O;, Na,0, and
8i0,, will form oligocase or a mechanical mixture of anor-
thite and quartz (the composition of some oligoclase differs
from that of some anorthite only in having a little more
silica); whether a givenlot of CaO, MgO, and SiO,, will form
hornblend, or pyroxene (they are often of identical com-
position). Many other cases could be cited of minerals of
identical composition, but different physical properties :
opal and quartz, calcite and aragonite, and the olefines,

characteristics of the common stable chemical unions to so
marked a degree as to lead us to believe that on further|
examination most and perhaps all solutions will be found |
to exhibit some of them ; and that the apparent absolute
homogeneousness of solutions in itself suffices to distin-
guish them from mixtures, for apparently absolutely no
concentration by gravity occurs in them.

(1) Thus, though solutions occur in many ratios, they
probably do not in all, since some solutions, if diluted

which, though of identical composition, inclnde very dis-
similar compounds, (1) the wax-like ozocerite, (2) the lignid
pittolinns, and (3), olefiant gas itself. It is, moreover,
impossible to predict what changes in the mineral species
which composea crystalline rock, and in the form and ar-
rangement of their crystals, will be effected, into what
new minerals its component elements will be induced to
rearrange themselves, by a given change in its ultimate
composition.

The ultimate composition of a crystalline rock may in-

beyond a certain degree, cease to be homogeneous, separ-
ation by gravity oceurs, they become mixtures. More-
over, if we regard all the components of a single crystal
as mutually combined, then many strong undoubted typi-l
cal ehemical combinations occur in continuously varying
indefinite ratios, as in the co-crystallization of antimony
and zine, of ferrous and eupric sulphates, of gold and tin, |
in homogeneous well-defined crystals. |

deed give us a rongh idea of its physical properties. A
highly siliceous rock will be specifically light and prob-
able hard and vitreous; a rock containing much lead, no
matter what the state of combination of that lead may be,
will ordinarily be heavy. The addition of magnesia and
ferric oxide might be shown by experience to change the
hard feldspar to the soft cleaving mica. But it is elear that
any attempt at an accurate prediction of the physical
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properties of a erystalline rock from its ultimate composi-
tion must be futile. They must either be ascertained by
direct test, or inferred from a study of its proximate com-
position, which must be determined by whatever means
are available, and of the arrangement of its component
minerals, the size, etc., of their individual erystals, ete.

In the present state of onr knowledge it seems probable
that the conditions in a solidifying steel ingot, and per-
haps in many other alloys and similar compounds, resem-
ble those in a solidifying crystalline rock. Ifor we find
that the chemical condition of the components of the
solidified steel and the size and probably the shape and
arrangement of its individnal erystals are affected accord-
ing to now unknown laws by changes in its ultimate
composition, and by the conditions which precede and
accompany its solidification and cooling.

The influence of the conditions of coolum on the chemical
condition of the components of the solid stee] is well exem-
1)11ﬁe(1 by the case of carbon. Ifa highly carbureted steel
islong expesed to ahigh temperature while cooling, gmph-
ite crystallizes out as a distinct, readily recognized ‘‘ mine-
ral,”’ if I may so speak ; if the molteu steel be cooled with
snﬂicwut rapidity, no graphite is formed, but the whole of
the carbon passes into a condition in w hlch it renders the
metal brittle. If we cool the stecl slowly from a red heat,
most of the carbon forms a carbide, probably of definite
composition, Fe;C, which, distributed uriformiy in mi-
nute crystals through the matrix of iron, strengthens and
hardens the mass, but mueh less than does the carbon
when in the condition induced by sudden cooling.

These variations in the condition of earbon are accom-
panied by closely corresponding variations inits chemical
behavior on the application of solvents. So too, if we may
judge from marked differences in its behavior under the

composition may indnce dlspropoxtmnate changes in the
proximate composition of the mineral species making np
the solid steel, and through them its mechanieal proper-
ties, is readily seen on l'eﬂectlon. If between the elements
of the molten mass there exists a certain balance which
just permits the formation of certain compounds during
soiidification, the introduction of a minute quantity of a
certain element, say manganese, might just upset this bal-
ance and give rise to the form'mon of quite a different set
of compounds, which might have radically different effects
on the properties of the metal. Wohile, were the original
'composition somewhat and perhaps but slightly different,
then the addition of the same guantity of manganese
might not in the least alter the kind or proportion of the
different mineral species which make np the solid mass.
If, pointingout that 02 per cent phosphorus sensibly
‘alters the ductility of steel, you ask how this effect
can be due to so minute a quantity of a simply inter-
mmd]ed mineral, I answer: (1) That we have just
seen. how minute changes in ultimate composition
lmay profoundly alter the proximate composition. One
per cent of- salt distributed through gneiss would de-
stroy its weather resisting powers; 5 per cent of mica
would give it strong (‘le‘wftge; so b, or even 1 per cent
lofa,mineml whose presence in steel might be due to an
addition of say ‘02 per cent of phosphorns, might pro-
fonndly alter its properties. We note among the hydro-
carbons compounds whose physical pmpertles differ
greatly, yet whose nltimate composition is very similar,
nay even identical. (2) That if 00002 per cent of iodine
gives starch liquor a perceptible color it is not surprising
that 100 times as large a quantity of phosphorus should
perceptibly affect the properties of the iron matrix with
which we may fancy that it directly combines. (3) That

action of solvents and from apparently closely correspond- even so minute a quantity of phosphorus as ‘02 per cent
ing differences in the mechanical properties of the metal may so affect the conditions of solidification, for example
which contains it, not only is the chemical condition of by altering the fluidity of the matrix at some critical
phosphorus different in different steels, but that of differ- temperature at which erystallization occurs, as to greatly

ent portions of phosphorus in the same piece of steel
differs greatly. Similar differences probably exist with
the other elements found in steel.

The influence of the conditions of cooling on the struct-

!aﬁect the size, shape and mode of arrangement of the
|erystals of some of the minerals present, and of the
matrix itself.

If now it is asked why, if these so-called minerals form

ure of steel is readily recognized. Slow, nndisturbed in steel during solidification, we never see them, I reply
cooling indunces coarse crystallization ; if the metal be (1), that the component minerals of many crystalline rocks
vigorously hammered during slow cooling, the structure |are only discernible under the microscope, and even then
becomes much finer ; if the cooling be sndden, extremely |only because they happen to be more or less transparent,
fine strueture results. That other and now unguessed to differ from each other in color, and to have erystalline
conditions profoundly alter both the mineral species and forms which have been accurately determined by the
the structure of steel, and that changes in ultimate com- ‘study of large crystals; (2) that we have hardly begun to
position modify both species and structure of steel, as of |look for them in steel ; (3), that under favorable circum-
erystalline rock, in most complex ways, is indicated by |stances, we do find what appear to be distinet minerals in
the utterly anomalous relations between the ultimate com- [steel (graphite, Fe;C, TiC in definite crystals) and to so
position and the mechanical properties of steel. This|greatan extent as to render it probable that these or simi-
anomalousness, which has puszled so many, is readily larmineralsusually exist, but that being opaque, so nearly
explained by the close resemblance between the conditions |alike in color, and in such minute and uniformly dis-
of the formation of rock and of ingot, which not only |tributed particles, they escape observation. In considering
shows us why we Go not discover these relations, but that 'segregation, we shall see that when steel contains con-
in all probability e never can from ultimate composition. |siderable quantities of manganese, phosphorus, sulphur,
The lithologist who attempted to-day to deduce the me. etc., what are probably distinet minerals, perhaps even ot
chanical properties of a granite from its ultimate composi- | definite chemical composition, form, now coucentrating
tion wounld be laughed at. Are our metallurgical chemists in the center of the ingot, now lignating from its exterior
in a much more reasonable position ? according to the existing conditions.

The complex way in which slight changes in ultimate! If these views be correct, then, no matter how accurate
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and extended our knowledge of ultimate composition, and |all gases were fully known he would probably sigh for exact
how vast the statistics on which our inferences are based, determinations of some millionths of osmium, boron, or
if we attempt to predict mechanical properties from rubidium. Certain he is that chemistry can explain all if
them accurately we become metallurgical Wigginses. For |you will only give him time. 8o it may, but not the
while we may predict that siliceous rocks will usually be chemistry that he knows; ultimate analysis never will ;
vitreons, July hot, April rainy, and phosphoric steel proximate analysis may, but by methods which are not
brittle, yet when we go farther and predict accurately, we | yet even gnessed at, and in the face of fearful obstacles.
state what is not inferable from our premises. It may,| How often do we look for the coming of the master
and sometimes does, snow in July; Christmas may be mind which can decipher our undecipherable results and
warmer than Easter ; the more siliceous may be less vit- | solve our insoluble equations, while if we will but rub our
reous than the less siliceous rock; and the more phosphoric  own dull eyes and glance from the petty details of our phe-
steel tougher than the less phosphoric one. nomena to their great outlines their meaning stands forth
And here it may be observed that the intimate knowl- unmistakably ; they tell us that we have followed false
edge which the public and many non-metallurgical engi- | clues, and paths which lead but to terminal morasses. In
neers attribute to metallurgists as to the effects of com- vain do we flounder in the slougl:is and quagmires at the
position on physical properties has, I believe, no existence foot of the rugged mountain of knowledge seeking a royal
in fact. Many steel-metallnrgists persunade themselves:road to its summit. If we are to climb, it must be by
from wholly insufficient data that they have discovered'the precipitous paths of proximate analysis, and the
the specific quantitative effects of this or that element ; in ' sooner we are armed and shod for the ascent, the sooner
other, and T trust few cases, in metallurgy as in medi- | we devise weapouns for this arduous task, the better.
cine, the charlatan feigns profound knowledge, dread-| By what methods ultimate composition is to be deter-
ing the effect on his client of acknowledged though una- mined is for the chemist rather than the metallurgist to
voidable ignorance. Many an experienced steel-maker' liscover. But, if we may take a leaf from lithology, if
has confidently assured me of such and such specific ef- we can sufficiently comminute our metal (ay, there's the
fects, producing when challenged a few analyses uncon- %rub !), by observing differences in specific gravity (asin
sciously culled from those which opposed his view, and ore dressing), in rate of solubility under rigidly fixed
shown, on comparison with a larger number, to be with- |conditions, in degree of attraction by the magnet, in
ont special significance. cleavage, luster, and erystalline form under the micro-
When we confront him with cases which upset his|scope, in readiness of oxidation by mixtures of gases in
theory, he calmly replies that if we had only determined |rigidly fixed proportions and at fixed temperatures, we
the sulphur as well, all would have been clear ; if by bad |may learn much.
luck this, too, is known, he thinks, probably, that nitrogen| Will the game be worth the candle? Given the proxi-
or carbonic oxide may affect matters; or possibly he|mate composition, will not the mechanical properties of
attaches great weight to oxygen, which he can always fall |the metal be so greatly influenced by slight and undeter-
back on, triumphantly remarking that when we can deter- | minab’e changes in the crystalline form, size, and arrange-
mine this element the problem will be solved. ment of the component minerals, so dependent on trifling
Again, it it is our ignorance of the effects of the rare met- {variations in manufacture, as to be still only roughly
als, titanium, vanadium, or what not. And if all these and | deducible ?

CHAPTER 1I1.

CARBON AND InoN.—HARDENING, TEMPERING, AND ANNEALING. .

§ 8. Iron combines with carbon in all proportions up to] Carbon has a remarkable power of diffusing itself
about seven per cent, absorbing it readily when in contact | through iron, tending to become uniformly distributed,
at or above a red heat with carbonaceous matter, such as not only through the different portions of a given piece of
charcoal, graphite, and even diamond, or with cast-iron, [iron, but between separate pieces of iron which are in
or steel. About 46 per cent of carbon appears sufficient |contact with each other. Thus Bell® raised the percent-
to saturate pure iron.* age of carbon contained in wrought-iron from 004 to 0-39

The presence of manganese raises the point of satura-|by heating it in contact with cast-iron. Abel, ¢ by heat-
tion of carbon in iron, while silicon lowersit. Sulphur is|ing steel disks 0°01 inch thick between wronght-iron plates
thought to lower the saturation point for molten iron, but|reduced their carbon from about 1 per cent to 0-1. This
rather to raise that for solid iron—i.e., to diminish the |diffusing power of carbon is not confined to iron. Mars-
total carbon which iron can take up, bnt to increase the |den? states that amorphous carbon in impalpable powder
proportion of that total carbon which during cooling re- |in contact with porcelain at a temperature above redness
mains chemically combined, in both these ways opposing | gradually diffuses into the porcelain and ultimately per-
the formation of graphite. meates it thronghout. These facts, of course, elear up

8 Rammelsberg (Metallurgical Review, L., p. 176) is said to have found in| P *‘ Principles of the Manufacture of Iron and Steel,” p. 160.
Wootz 7867 per cent carbon wholly combined, 0°136 silicon, and 0°002 sulphur. | ¢ Iron, 1888, L., p. 76.
But this is surely an error. dJour, Iron and Steel Inst., 1881, 1., p. 233,
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the mysteries which formerly hung about the cementation
of steel.

§ 4. Tur Toran Causox, or Safuration Point jor
Carbon.—The quantity of carben with which molten iron
can combine (= combined - graphitic carbon of the
solidified iron), depends chiefly on the percentage of silicon,
sulphur, and manganese which it contains.  The former
two elements lower the saturation point for carbon, while
manganese raises it.

Chemically pure iron can app arently only combine with
about 4:C3 per cent of carbon. Thus E. Riley * exposed
pure iron imbedded in charcoal for two days to
a steel-melting temperature. It absorbed only a little
more than 4 per cent carbon; 463 was the highest per-
centage of ecarbon that either Dick or IIochstitter®
obtained by melting sometimes pure, sometimes nearly
pure-iron, with an excess of carbon in Percy’s laboratory.
That this is about the point of saturation with almost
pure iron is suggested by the fact that when in these ex-
periments the iron contained this amount, its npyrer sur-
face was covered with graphite apparently extruded be-
fore solidification, even when the iron was rapidly cooled.

§ 5. MANGANESE raises the point of saturationfor carbon
—that is, permits higher total carbon. Thus ferro-man-
ganese (see Table 20) often contains above 55 per cent, and
occasionally 7 per cent. I.edebur® considers that, with
inereasing manganese, the saturation point for carbon
rises as follows :

S I i S oo op o D Y 10 to 20
(Clorresponding saturation point for carbon....... 5

§ 6. Sinicox probably lowers the saturation point for
carbon. Thus, in Fig. 1 we note that the total carbon for
those irons which are apparently saturated with it (. e.
those which have the highest ¢ total carbon’ spots for
given silicon) closely follow the broken line C + 32 Si = 6.

As 12 and 23 are the atomic weights of carbon and
silicon, we may believe with Stéckman? that silicon ordi-
narily displaces carbon atomically fromirons already satur-
ated with it. Yet the above formula does not represent
absolute saturation, since we find that in Nos. 28 and 29 in
Table 1, the value C + 1% Sirises to 7-08 and 7-39. In No.
11, in Table 20, this value reaches 7-02.

Thus sulphur and manganese oppose each other, the one
lowering, the other raising the saturation point for carbon,
Thisisillustrated by Nos. 20, 25, £4 and 26, Table 1, which
though rich in manganese have only 3 per cent ..rbon or
less, while in nen-siliciferous ferro-manganese the carbon
usually runs up to 4, 5 or even 6 per cent.

§ 7. SoLrunur in large quantity appears to lower the
saturation point for earbon. Thus Weston® adding small
quantities of FeS to graphitic cast-iron with 45 per cent
C, obtained irons whose carbon, always much less than in
the initial iron, fell as their sulphur rose, thus:

B B . % < . < c %o s eee #o e e e e disntasiaasan sovans 2:12 1-68
e teinrele . 0« &5iaio e o0 oo anbasssssans sosonsens 317 300

50

35 80 90
55 6

85
63 .78

1-313(?)
360

That the sulphur by its presence actually expelled car-
bon is indieated by the fact that graphite separated from
the iron apparently while molten, in certain cases floating
on its surface.

a Jour. Iron and Steel Inst., 1877, 1., p. 162,

b Percy : ““Iron and Steel,” p. 113-114,

¢ ' Handbuch der Eisenhuttenkunde,” p. 233,

d Stahl und Eisen, 1883, IV ; 3 Jour. Iron and St. Inst., 1883, pp. 415, 7C0.
e Percy : ““lron and Steel,” p, 135,

That moderate amountsof snlphur (045 per cent), donot
necessarily lower the saturation point for earbon, is shown
by Karsten’s experiment. Melting gray iron (with 331 of
graphite and 625 combined = 3:94 total C andl ‘03 percent S)
with sulphur, part of the iron united with the snlphur to
form a sulphide which did not coalesce with the remainder
of the iron: the carbon of the latter, by the elimination
of part of its iron, rose to 5488 C (wholly combired),
though its sulphur had risen to 045 per cent. 1t is not
probable that the high carbon content of this iron wes due
to the presence of a large quantity of manganese, for the
carbon of the initial iron was almost wholly graphitic;
had it been manganiferous its carbon would have been
combined. It appears that therefore 0°45 per cent S had
actually raised the saturation point for C. (For the effect
of sulphur on the condition of carbon see § 20.)

§ 8. Tie CoxDITION OF CARBON IN Irox.—Carbon may
exist in iron (A) mechanically mixed with it as graphite,
or (B) in chemical combination with the iron, cr (C) in
chemical combination with some third element contained
in the iron, or (D) in solution, if we admit that solution
differs from combination.

A. GrarPmrE occurs most characteristically in highly
carburized cast-iron, long exposed to a temperature ap-
proaching fusion. As its tenacity is very low, it haslittle
influence on the physical properties of the iron beyond
destroying its continuity, thus lowering its tensile and
compressive strength and ductility.

B. CurmicALLY ComBINED WITH IrRON.—Carbon exists
in combination with the iron in at least two perfectly
distinct modifications.  Let us first review the evidence
which shows that they are really distinct.

Evidence of Two Conditions of Combination of Carbon
and Iron.

§ 9. CieMicAL EvipeEvoe.—Faraday in 1822 first showed
that steel, which, when suddenly cooled, dissolved com-
| pletely in hydrochloric acid, when annealed left a car-
| bonaceous residue when thus dissolved.f

Caron obtained like results. Rinman, in 1¢65, observ-
ing that the quantity of carbon remaining nndissolved
when one and the same steel wasattacked by cold HCl dif-
fered greatly, being greatest in nnworked steel, and small-
est in hardened steel (which sometimes yielded little or
no carbonaceous residue) named the carbon which dis-
solved hardening carbon, because chiefly found in har-
dened steel, and that which did not cement carbon, because
he found it chiefly in cement or blister steel.

Karsten® recognized that, in addition to the condition
of graphite and that of combination seen in hardened steel,
carbon existed in a third state, which he regarded as
a polycarbide of unknown composition. From his de-
seription of its properties and the conditions nnder which
it was formed, it is probable that his polyecarbide was
identical with Rinman’s cement carbon.

Abel, whose results are by far the most valuable, by
dissolving different steels in a ‘‘chromic”’ soluticn (ob-
tained by adding sulphuric acid to an aqueous solution of
potassinm-bichromate)," whether after annealing, harden-
ing, or tempering, obtained varying quantities of a heavy,

f Percy : ‘“Iron and Steel.™
g Idem, p. 128.
h Iron, 18883, L., p. 76, and 1885, I,, p. 115,
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gray-black, spangly carbide of irem as a carbonaceous
insoluble residue, attracted by the magnet, and of nearly
counstant composition, closely approaching that of the
formula Fe,C. The steels examined were almost free from
graphite. The proportion of the total combined carbon
found in this insoluble carbide varied from 4-7 per cent in
hardened steel to 92-8 per cent in certain annealed steel,
i. e., in hardened steel nearly all the carbon was soluble
in his chromic solvent, in annealed steel hardly any of it
was. Unannealed steel yielded slightly less Fe,C than that
which had been annealed, while tempered steel yielded an
amount intermediate between that of hardened and that
of annealed steel, the proportion of carbide in tempered
steel being in general higher the more strongly and the
longer the steel had been heated before tempering.

The carbide, whose composition was similar, not only
in the same steel after different treatment (hardening,
annealing and tempering), but in different steels as well,
contained a small quantity of water (carbon-hydrate ?),
say 077 to 3'23 per cent, probably arising from the
partial decomposition of the carbide by the chromic sol-
vent.

The carbide Fe,C is dissolved by hot HCl nearly, or per-
haps quite completely. The impossibility of discrimin-
ating sharply between it and the smzall quantity of
graphite (?) with which it is mixed, together with the
slight decomposition of the carbide itself by the chromic
solvent by which it is separated from the mass of the iron,
are probably the chief causes of the slight variations
observed in its composition. When obtained by means
of a chromic solution whose strength was not so great as
to largely decompose the carbide itself, it contained from
6-39 C to 8'09 C, a varying proportion of which was proba-
bly graphite. Fe,C should contain 657 C.

Miiller, on dissolving Bessemer steel in dilute sulphuric
acid, obtained a carbide of iron as a pyrophoric residue
containing 6-01 to 738 per cent C, and thus closely resem-
bling Abel’s Fe,C.

Miiller’s carbide residue, however, only contained from
19 to 73 per cent of the total carbon of the steel, while
Abel’s had a much larger proportion, and differed from
Miiller’s in not being pyrophoric.®

To sum up, many investigators have distinguished two
modifications of combined carbon, a more and a less
readily soluble modification. Both clearly differ from
graphite in being soluble in boiling hydrochloric acid.
The less soluble of the two is insoluble or partly so in
dilute cold acids, sulphurie, hydrochloric, and according to
Woodcock, in nitric, as well as in Abel’s chromic solution.
The more readily soluble of the two dissolves completely
in these solvents. To fix our ideas, I shall, after Rinman,
provisionally call the more soluble Zardening carbon, as it
predominates in hardened steel, and the less soluble, ce-
ment carbon, and I shall speak of the combination between
cement carbon and iron as Abel’s carbide, Fe;C. In adopt-
ing these names as those best known, I recognize fully
that each of these modifications may actually comprise
several yet undistinguished varieties, and that the less
readily solnble portions obtained by different experiment-
ers and by different solvents may not be identical. Still,
each of these two modifications has strongly distinctive

a Iron, 1885, L., p. 116, and Zeit.-Ver. Deutsch. Ingen., XXII., 385, 1878,
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characteristies, and, if it be subdivisible into varieties, the
varieties of each species possess in common a similar
chemical behavior, and similar effects on the properties of
the iron which contains them.

So, teo, I adopt the formula Fe,C provisionally, recog-
nizing that the cement carbon which it contains may not
exist in the iron as IFe;C, but merely in a condition which
on solution yields Fe,(, but that none the less it differs
in this respect, as in its comparative insolubility, from
hardening carbon.

§ 10. Microscopric EvipExce.—With a power of €50
linear, Sorby,’ a very trustworthy observer, finds in
unhardened steel a mass of erystals, say 0.001 inch in
diameter, with their faces covered with fine strise, say
sodee inch apart, dune to the fact that each crystal is
composed of minute parallel layers of two wholly dif-
ferent substances, a softer one in layers about 4yiqy
inch thick, and a very hard, brittle one, in layers
about ;lyy inch thick, interstratified with the first : and
he has apparently completely satisfied himself by very
prolonged investigation that the materials which compose
these alternate layers are of widely different physical
properties. His very brief paper does not give his evidence
in detail, but he says (apparently as a sample of it) ‘“in
partially decarbonized white cast-iron” these ‘¢ plates
are sufficiently thick to show perfectly well that the
hard plates are continuous with portions of the original
hard white constituent, and the soft plates continuous
with the soft malleable iron free from carbon, prodnced
by decarbonization. These two substances differ greatly.”

The soft layers he regards as composed of soft car-
bonless iron: we may provisionally regard the hard
ones as composed of Fe,C; and for brevity, I shall refer
to them by this name, recognizing that they have not
yvet been directly proved to be Fe,C. He finds that at a
very high temperature these components unite to form
an intermediate compound (/. ., the C becomes hardening
C?), which by long exposure to a lower but still high
temperature (annealing) splits up again into the former
parallel layers, or if exposed long enough to this tem-
perature they ¢ segregate into comparatively thick and
irregular plates” (of Fe,C?) ¢ and aggregations of pure
Fe;” while if suddenly cooled (as in hardening) from a
very high temperature, the intermediate compound appar-
ently has not time to split up, at least he finds no evi-
dence that it has, and no trace of what I have supposed
to be Fe;C. Apparently this intermediate compound,
formed at a high temperature, split up at a lower
one, but retained undecomposed by sufficiently rapid
cooling, is Fe united with hardening C. The hard plates
(FesC) are absent from practically carbonless iron, and
increase in quantity under like conditions as the com
bined carbon increases.

§ 11. Accorp oF CuEMICAL, Microscoric, AND PHYSI-
cAL PrENoMENA.—Microscopic and chemical evidence
here agree in detecting a substance (Fe;C) absent from
wrought and ingot-iron and hardened steel, found in
greatest quantity in annealed steel, clearly differing from
pure Fe, from the Fe and C of hardened steel, and from
graphite. Considering now steel of say 1 per cent total
combined earbon in its hardened, tempered, and annealed

| b Journal of the Iron and Steel Institute, 1886, p. 142,
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states, together with ingot iron, we may condense the re-
sults of observations into the following table -

Chemical analysis shows ”Microswpe shows|Physical tests
Propucr, o binat o | show hard«i
h i ombination o e ‘ ¢ ness an
Fe,C. with hardening C. Fo;,(,?‘Ot,her g strength.
Fe. C. " | Snma
Hardened steel.| 00 |99 1 100 0 100 highest
Tempered ‘* .| 75+ |92 (0357 925 |1 .... 6a0000 next highest
Annealed .| 150+ |85 0 85 || 88x 67+ much lower
Tosotiron - f|{ amost 9995 | 005 (100 || 0 | 100 |Iowest
{

These four products—(1) hardened, (2) tempered, (3) an-
nealed steel, and (4) ingot iron, are composed of four ele-
ments, sometimes singly present, sometimes mixed, viz.:

1. Pure carbonless iron, very soft.

2. FeyC, reported by Sorby as very hard and brittle.

3, A compound of I'e with hardening C in the ratio of
about 99 : 1, almost the sole component of hardened steel,
naturally supposed to be very hard and strong.

4. A similar compound with the ratio 92 Fe : 05 ¢ =
99°45 Fe : 054 C. Having only about half the hardening C
which the preceding eompound has, it is naturally sup-
posed to be much less hard and strong.

Now IIARDENED STEEL, composed almost solely of com-
pound 3, should be, as it is, extremely hard and stronz.
TEMPERED STEEL, a mixtnre of 925 per cent of the much
softer and weaker substance, No. 4, as matrix with 75 per
cent of the hard brittle substance, No. 2, should be, as itis,
much less strong and hard, the presence of only 75 per
cent of the hard Fe;C by no means compensating for the
reduced strength and hardness of the matrix.

ANNEALED STEEL, consisting of a matrix of soft carbon-
less iron, which constitutes 85 per cent of the mass, with
15 per cent of the hard brittle Fe,C crystallized within it,
should be, as it is, still mnch softer and weaker, as even
15 per cent of Fe,C mechanically interspersed, no matter
how hard we may snppose it, could not be expected to
bring up the strength and hardness of ingot iron to that
of tempered steel. Fifteen percent of qnartz disseminated
through steatite can not bring the hardness of the whole
up to that of feldspar, though it certainly will raise it,
as a comparatively small amount of tough hornblende in
granite raises the tonghness of the mass sensibly.

SOFT INGOT IRON, finally, should be, as it is, the softest
and weakest of all, for it consists almost solely of sub-
stance 1, pure carbonless iron. This remarkable accord
between the results of chemical, microscopie, and physical
examination ; the wonderful difference between the physi-
cal properties of hardened and unhardened stcel, corre-
sponding as it does to such marked differences in the
characters of their respective components as revealed by

simply mechanically mixed with the remainder of the iron
is wholly compatible with the malleableness of the whole ;
we have a parallel case in a copper ingot which Perey de-
scribes,® which was malleable, though it contained 22 per
cent of tungsten, which he states was certainly simply
mechanically diffused through the copper.

§ 12. EVIDENCE or Orukr COMBINATIONS OF CAKBON
witi  IroN.—Dudley® in certain cast-irons distin-
guishes Dbesides graphite two forms of carbon, one
combined with iron to form a gray carbide, the other
.apparently quite distinet from this ecarbide. To the
latter he gives the name strength ecarbon. Unfortu-
nately he has neither determined the quantity nor
the composition of this carbide. Whether either of the
forms of combined carbon which he distinguishes are
identical with those distinguished by Abel in steel is un-
certain. As they have not been recognized in steel, they
are not of especial moment for our present purpose.

The endeavors of several investigators to prove the ex-
istence of other definite combinations of iron and earbon
have not been supported by sufficient evidence to com-
mand general acquiescence. Tunner(Ledebur, Handbuch,
p. 240), regarded the combined carbon as in the econdi-
tion of Fe,C, which in iron with but little carbon was
mixed with pure iron. Gurlt regarded gray cast-iron as

an octocarbide mixed with graphite, and white cast-iron
| as a tetracarbide, formed at a low heat and reso.ved at a
higher one into octocarbide and graphite.

§ 18. CompounDps oF C wITit ELEMENTS OTIIER THAN
IroN.—S. A. Ford on dissolving cast-iron in boiling H(I
in an atmosphere of CO, obtains a flocculent yellowish
residue,® decomposed by hot potash solution with separa-

tion of a black varnishlike mass (separated carbon?). He
| regards it as a compound of carbon and silicon.

Shimer,* on dissolving cast-iron in HCl, finds in the
residue minute non-magnetic cubes, usnally perfect, ;4 to
7oss inch thick ; Sp. Gr. 5°1 ; soluble in HN Og ; unaffected
by HC], (apparently) by strong boiling caustic potassa, and
by prolonged heating at bright redness in H ; and consist-
ing of TiC, with 12 per cent of apparently mechanically
mixed foreign matter.

§ 14. THERMAL RELATIONS oF TiE COMPOUNDS OF CAR-

| BON AND IRON.—Osmund’s © results indicate that when

iron and carbon unite heat isevolved, asin the formation of
so many other chemical compounds. They suggest, thongh
equivocally, that more heat is evolved when carbon com-

| bines with iron in the cement state than when it unites

with it in the hardening state. Troost and Hautefenille’s*
results appear to directly contradict these, and indicate
that the combination of iron and carbon is attended by

: : f i : i ation of explosive com-
the microscope, and in the chemical behavior of their com- | absorption of heat, as in the formation of explo

bined C; the correspondence between the intermediate
strength of tempered steel and the chemical behavior of
its combined C; the chemical and the almost certain
microscopic isolation of a definite compound of Fe with
C found copiounsly in annealed steel, but practicall y absent
from hardened stezl and soft iron ; these, taken together,
leave in my mind no shadow of a doubt that we have in
steel at least two distinct states of combination of earbon
which exercise widely different effects on the properties
of the metal. The supposition that the brittle Fe,C is

3 This is the sum of the hardening carbon plus the iron united with it, and
xcludes the Fe,C,

pounds. The matter appears to need further investiga-

tion. Osmund’s results are as follows :
RISE OF TEMPERATURE, ON DISSOLVING IRON,

Percentage of carbon. 0°17 10°54 |1-17 toolsteel. 410 { t‘:‘z;};i»t?ron

Absoluterise of tem- { |Annealed..... | 2151/ 2°111/1-895 1.419
perature in deA% Cold-forged ..| 2247, 2207 2'()18 ......
grees centigrade. . { (Hardened....|...... 2:2222:056 1-632

Rise of temperature ( |Annealed ..... il 1 g 1
relative to that of < [Cold-forged . ' 1045/ 1°045(1°065 {......
the annealed state, { |Hardened ...|...... 1:052/1084 11-150

a Journal of the Iron and Steel Institute, 1885, Vol, L., p. 84,
b Trans. Am. Inst. Mining Engineers, XIV ., 1888, p. 798,

¢ Idem, XIV,, 1886, p. 939,

a Idem, 1887, XV,

e Comples Rendus, C., 1885, pp. 1228, 1231.
£ Metallurgical Review, Vol. L., p. 177, ,
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Both in annealed and hardened steel the higher the car-
bon the less heat is evolved when the metal is dissolved
in a calorimeter, hence it is inferred that splitting up the
union between iron and carbon causes an absorption of
heat, and consequently that their union had been accom-
panied by evolution of heat.

In each case the hardened metal, with its carbon largely
in the hardening state, gives out more heat than when
annealed, and with its carbon chiefly in the cement condi-
tion. This might be thought to imply that the passage of
carbon from the cement to the hardening state was accom-
panied by absorption of heat, were it not (1) that the heat
evolved by cold-forged steel exceeds that evolved by
annealed steel almost as much asthat evolved by hardened
steel does ; and Abel has shown that cold-forging does not
cause carbon to pass to the hardening state: and (2) that
the excess of heat evolved from hardened over that
evolved from annealed steel is far from being pro-
portional to the percentage of carbon. In case of cold-
forged steel this excess is the same whether 017 or 0-54
per cent C is present, and in the case of hardened steel it
is only 60 per cent greater with 1 17 than with 0-54 per
cent C. These anomalies suggest that the variations in
the evolution of heat caused by hardening, annealing,
etc., are due to some other effect than the variations in
the condition of carbon.

Troost and Hautefenille found that carburetted iron
evolved more heat when dissolved than iron nearly free
from carbon.

8 15. Tug DISTRIBUTION OoF THE CARBON between the
graphitic, ccment, and hardening conditions, 7. ¢., the pro-
portion of the total C found in each state, depends chiefly,
1, on the total amount of carbon present ; 2, on the con-
ditions under which the iron has been exposed to a high
temperature and subsequently cooled ; 3, on the presence
of certain other elements, notably sulphur, silicon, and
manganese; 4, perhaps on other imperfectly understood con-
ditions. Akerman, Caron and Barba consider that pressure
causes carbon to pass from the cement to the hardening
condition even at low temperatures ; but this conclusion is
not warranted by their evidence, and is strongly opposed by
Abel’s® demonstration that in ordinary cold-rolled steel
almost all the carbon is in the cement state in spite of the
enormous pressure which arises in cold rolling. (See § 56.)

IN GENERAL the formation of graphite is favored by a
high total percentage of tarbon, by long exposure to a
very high temperature (say 1,500° C.), and by the pres-
ence of silicon; and it is opposed by the presence of
sulphurand manganese. The formation of cement carbon
is favored by slow cooling, and that of hardening car-
bon by rapid cooling, from a red heat.

CeEMENT vs. HARDENING CarBoN.—The conditions
under which carbon passes from the cement to the harden-
ing condition and back are so complex that the influence
of the total percentage of carbon on the proportion of
the combined carbon which passes into the cement
and the hardening state respectively is masked by the
influence of other variables. Itprobably cannot be traced
without further experimental evidence. The softness of
graphitic cast-iron suggests that, when the total carbon
is very high, the combined carbon passes rather into the
cement than the hardering state. The graphite indeed
lessens the strength and hardness of the iron as a whole,
but we can hardly ascribe tc it the softness of the indi-
vidual crystals which we observe ; these it simply encom-
passes. But the occurrence of the carbon in such iron in
the cement state may be due to other causes than the
total percentage of carbon; for example, {o the presence
of silicon, slow cooling, etc.

§ 17. EFrecTs OF SILICON, SULPHUR AND MANGANESE
ON THE PROPORTION 0F GRAPHITE TO ToTAL COMBINED
CarBo~N.—In general, silicon forces carbon ont of combina-
tion and into the graphitic state ; manganese and sulphur
(and perhaps phosphorus) have the opposite effect, favoring
the retention in the combined state of all the carbon which
the iron contains.

§ 18. S1LicoN appears not only to oppose the union of
carbon with molten iron, but (at least when present in
quantities exceeding 137 per cent) to oppose to a still
higher degree its union with solid iron, to force the carbon
ont of combination and into the graphitic state. Graphitie
cast-irons generally contain much silicon; if this be re-
moved they become white, and their graphite is converted
into combined carbon. Thus, in the Bell-Krupp purifying
process (pig washing), if a highly graphitic iron be melted
and brought in contact with iron-oxide, nearly the whole
of its silicon is oxidized before any considerable percent-
age of carbon has been. If the iron be removed and
allowed to solidify after but a brief contact with the oxide,
it is found to have become perfectly white.

In the old finery process the same conversion of gray
into white iron occurs. It may be observed in the Bessemer
process, in which the iron, after it has been blown but a
few minutes, during which mnch of its silicon but very
little of its earbon is removed, becomes white. A spiegel
with 539 per cent Mn and 0-37 8i, which Percy melted
ina clay crucible, took up 2:91 per cent Si from the cru-
cible and became gray.®

If we examins cast-irons which are tolerably well satu-
rated with carbon and silicon we find that, as the silicon
rises the total carbon (which is the percentage with which
the iron combines when molten) falls, while the combined

§16. ErFrFECT OF ToTAL PERCENTAGE oF CARBON.—|carbon (the percentage which the iron is able to retain in

GrAPHITE Vs, CoMBINED CarBoN. Under like conditions,
the more carbon is present the larger apparently is the
proportion of the total which escapes from combination
and becomes graphitic. Witness the readiness with which
under favorable conditions 70 per cent, and even ocea-
sionally 90 per cent of the total carbon becomes graphitic
in highly carburetted cast-iron. In steel with say 1 per
cent carbon we can still find graphite, but the amount is
small, while the separation of graphite from ingot iron
would probably be difficult if not impossible.

“a Trans. Institution Mechanical Engineers, 1881, p. 696,

|combination after solidifying) falls still more rapidly, at
{least when the silicon exceeds 1'37 per cent.

Hence the
\ratio of graphite to combined carbon rises rapidly with the
rising silicon, so rapidly indeed that, for a while, the ab-
| solute percentage of graphite actually rises, in spite of the
decline in the total carbon, though later the graphite in
'turn declines. Some of these effects may be traced in
'Table 1 and Fig. 1. We may consider them under two
heads, (A) Turner’s results and (B) the others. Consider-
ing the latter first, we note that passing in Table 1 from

b Akerman ;'Engine‘ering and Mc‘ni‘@ Journal, 1., 1875, p.‘:388.



INFLULNCE OF OTHER ELEMENTS ON THE CONDITION OF CARBON. 9
TABLE 1.—SI1LicON AND CARBONX.
a ¢ a a ‘ a | e a ! c ¢ a d a h
gl el 7l 8 9 [0 |13l oae a4 b | a8
Combined earbon ...... . 1°90|. ... 1-85| 171 056 068 080)...... - 020|...... 0:37| 0779
Graphite. ceeve.enee.. . 010 .. 024 050 162 119 I45..... ot e 66| 259
Total CArbON. ... «evernennenn.. 98 2:00| 569 2:09| 291 218/ 187 223 468/ 455 201 365 203 3-38
SIHEON +evvenreneeneniennenns ‘19 045/ 087 096 137 196/ 251 2‘96‘ 330 3-35/ 392 4'58 4-74| 513
MADGANESC. e vvenenre coernernne cuee -1’ 0:21/70:C6 9:26/..... 0:60| 0-77| 70 44:C4 4820/ 0'8427:13 095 077
PROSPHOTUS .+ +vsereesennenennes ) e NP 34|, c-33.....| 033 0-3(\ 028 0RG| 034 ..... |...... 033l,.....| 030] 112
< e A R L 5 ono 5a 0 0850 oot bt B3 LR ool 0. 60877 | 004 (L o-ozxi Q/GZ]R G10aR=ETE 903 ".....| 005 017
[ n| oo s [Ege AR Ml e el s g | g
w7 P18 | i9 | 80 | & 82 | 48| 24 | 25| 2 | 27 | 28 | 29 | 80 | 81
T I 1o 071 000 058 ey s ] Y= 000/
R RTEVUGEIES. ot orere o ols ofs o = oslslole oo (o[eTo o \fole ol sfoTs)s 05050054050 2:68| 2:88| 2:38...... 120 | ¥ g | oG ot ot W
Total carbon 339l 285l 2961 3'01] 1:881 2421 213/ 272! 1-94
o A T L AR 518 547 592| 672| 7:33| 838 881 919] 950
MADEATESO .z v enevnrnnnnnrnn. cerrernnsasensensae oisones 055 134! 1-€9|2570| 1:56| 2-11'28:€324-3G 120
i UL A ..| 112 060 014|. .... 029...... l .......... 011
Sulphur 0-23 0-04[ 0:03|...... 003, ... heeeiliiaes, 002

a. T. Turner, Jowr, Iron and St. Inst., 1886, L., p. 174 ; b, Zaboudsky, Idem, 1884, L.,

p. 298 ; e, Idem, 1883, IL, p. 780 ; d, Stﬁckman, Idem, 1883, I.. p. 415 ;

e, Percy, Idem, 1877, 1., p. 164 ; f, Lawrence Smith, fdem, 1880, 1., p. 8325 ¢, K. Riey, Idan, 1882, L., p. 121 ; &, E. Hart, Am. Inst. Min. Engrs., V., p. 164,

left to right, the silicon gradually increases ; the combined
carbon diminishes ; the total carbon diminishes after the
silicon reaches 6 per cent ; the graphite at first increases
as the combined carben diminishes, but later on as the
total carbon in turn diminishes the graphite declines.

The effects thus caused by increasing silicon do not ap-
pear here with perfect regularity, since they are in some
cases obscured by those of manganese and other variables
which will shortly be referred to. In IFig. 1 these results
are graphically shown. In each instance in which both
total and combined ecarbon are given, I have joined their
spots with a line, whose length indicates the percentage of
graphite present; this, in irons approximately saturated
with carbon and silicon probably reachesa maximum with
about 4 to 5 per cent Si. In Fig. 1 the graphite evidently
declines as the silicon rises above 6 per cent.

o * FIG. 1. INFLUENCE OF SILICON ON THE SATURATION POINT FOR CARBON.
. o 1 The total carbon Is indicated by the dots (<) and by the npper ends of the vertical lines:
,L < combined ¢ “ Wgrossen (m) ¢4 4 U Jower '+ & O« “
e ¢ graphite, the difference between the total and the combined carbon; 1s indiested by
& L the length of the vertical lines,
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TorNer’s Resvrrs.—By melting together in various pro-
portions cast-irons whose compositions (including total C)
were closely alike, excepting that one was rich in silicon,
while the other had but little,® Turner obtained a series
of irons in which silicon was practically the only variable.
Unlike the other results here given, Turner’s throw no
light on the effect of silicon on the total quantity of carbon
which iron will take np, since his irons were far from satu-
rated with carbon ; but they show the effect of varying
percentages of silicon on the distribution of carbon be-
tween the graphitic and combined states in irons whose
thtal carbon is practically constant.

&J ur. Iron and Steel Inst., 1886, 1., 1; 174,

The curve® in I'ig. 1 shows his results, which indicate
that as silicon rises from 0 to 1 per cent the percentage of
carbon leld in combination rises; but that as silicon rises
from 1 per cent to about § per cent it causes the carbon to
become more and more largely graphitic ; and finally, that
as it rises from about § per cent to about 10 per cent the
proportion of carbon remaining in combination again in-
creases ; but as this final apparentrise of combined carbon
is due wholly, or nearly so, to a single instance (No. 27),
little weight should beattached to it, especially as we find
that the total carbon in the other instances continues to de-
cline regularly as the Si risesfrom § per cent to 10 per cent.

Had Turner added silicon to an iron initially saturated
with carbon, even the smallest addition would probably
have diminished the total carbon and have caused the for-
mation of graphite, His results are, however, valuable as
showing that when the total carbon is far below the point
of saturation the addition of moderate quantities of silicon
may actually increase the proportion of thatcarbon which
remains in combination ; the silicon may rise from -19 to
‘06 per cent witliout increasing the proportion of carbon
which becomes graplhitie.

§ 19. MANGANESE promotes the nnion of carbon with
iron both in the molten and solid states. Thus we find
that highly manganiferous cast-irons (spiegel and ferro-
manganese) not only contain ranch more carbon than
others, but that their carbon is ordinarily almost wholly
in combination. Thus silicon and manganese oppose each
other ; the former lowers, the latter raises the saturation
point, for carbon in molteniron, (7. e., the maximum attain-
able total (), as well as the saturation point in solid iron,
i. e., the proportion of carbon which can remain combined
during solidification and cooling. Whether nnder given
conditions a cast-iron of given total carbon becomes graph
itic or white on solidification depends greatly on the relative
proportions of earbon, silicon, and manganese which it
contains. Thus Pourcel obtained cast-iron with 15 per
cent Mn, but actually gray (7. e., graphitic), owing to the
presence of a large percentage of silicon, though had
the silicon been absent a much smaller percentage of
manganese would have sufficed to make the iron perfectly
white (/. e., to have lield all the carbon in combination).

Conversely Ledebur® affirms that with 60 per cent

b This is a * first derived curve” which I have ebtained from Turner's results
by taking them in greups of three {(1st, 2d, 3d, then 2d, 3d, 4th, etc.), and plet-
ting the ceuter of gravity of each group.

¢ “ ITandbuch der Eisenhiittenkunde,” p. 236.
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Mn, iron may contain about 5 per cent C, wholly in
combination, even in the presence of more than 25 per
cent 8i, a quantity which but for the manganese wonld
render the greater part of the carbon graphitie.

§ 20. SvLrnur, though it appears like silicon to lower
the saturation point for carbon in molten iron, and thus
to lower the total carbon, yet like manganese prevents
the formation of graphite ; from which we may infer that,
while silicon lessens the power of carbon to unite with
iron even more in the solid than in the molten state, so
that part of the carbon taken up by the molten iron is
separated out as graphite on the solidification of silicifer-
ous irons, sulphur limits the power of molten quite as much
as of solid iron to combine with carbon, so that the whole
of the earbon taken up by a sulphurous iron when molten
is retained in combination during solidification.

The effect of sulphnr in preventing the formation of
graphite is illustrated by the common observation that
while white cast-iron has often more than 0 3 per cent S,
we rarely find more than 0°15 per cent 8 in gray iron, and
it is stated that the sulphur in No. 1* Bessemer cast-iron
cannot exceed 05 to ‘07 per cent. I have, however, anal-
yses of No. 1 iron with 0-12, 013, 0-14, and even 018
per cent S.

Since the high blast-furnace temperature and the refract-
ory calcareous slags which accompany the formation of
graphitic cast-iron at once increase (by temperature)
the amount of silicon and diminish (by basicity of slag)
the amount of sulphur which passes into the cast iron,
and since the presence and absence of a considerable
amount of silicon in gray and white irons respectively
suffice to account for the separation of graphite from the
one and the retention of the carbon in combination in the
other, it might be thought that sulphur did not directly
prevent the carbon of white iron from becoming graphitic,
but that the presence of sulphur and the freedom from
graphite of white iron merely resuited from a common
cause, namely, the condition of the blast-furnace. But
that sulphur may directly prevent the formation of
graphite and cause the retention of all the carbon in the
combined state is indicated by experiments of Karsten,
and of Smith and Weston in Percy’s laboratory, in which
adding sulphur to graphitic gray iron turned it white,
the carbon in general passing wholly into combination.
In one case the iron contained 5°49 per cent of combined
carbon, together with 0'446 per cent S. The presence of
silicon of course limits the power of sulphur to retain
carbon in the state of combination.

§ 21. Puosruorcs is thought to prevent the separa-
tion of graphite, but to a much less degree than sulphur
and manganese,

§ 22. CEMENT vs. HARDENING CARBON.—It is not yet
possible to distinguish the effects of silicon, manganese,
sulphur, and phosphorus on the proportion of the com-
hined carbon which passes into the cement and the har-
dening conditions respectively ; indeed, it is net unlikely
that, when these elements are present in considerable
quantity, they form ternary or even more complex com-
pounds with part of the iron and carbon, so that part, or
possibly all; of the carbon is neither in the cement nor
tle hardening condition as now understood.

§ 23. Tnr Errrcr oF TEMPERATURE oN Tl Con.

“aRiley: Jour. Iron and St. Inst., 1874, L., p. 107,

prrioN or CaArBoN.—The graphite-forming tendencies
appear to reach a maximum at a temperature approaching
whiteness, the tendencies to form cement carbon at a
temperature near dull redness ; while where these tenden-
cies fall to their minima, the tendencies to form harden-
ing carbon seem to reach two corresponding distinet
maxima, one at or above a white lieat, and a second at a
rather low yellow heat, the W of Brinnell. They appear
to l.e complementary to the graphite-forming tendencies
at very high temperatures, and to the cement-forming ten-
dencies at lower ones. The existence of these two maxima
suggests that what we call hardening carbon may really
comprise two or more distinct compounds, all considerably
harder than pure iron, and Lence not easily distinguished
from each other. FEach of the supposed maxima of ten-
dencies to form hardening caron may be simply the
maximum tendency to form sone one of these as yet undis-
tinguished compounds.

The accompanying attempt to sketch the relative
strengtll of the tendencies to formm graphite, hardening
and cement carbon at different temperatures, far from at-
tempting accuracy, is necessarily conjectural. It may
serve to elucidate a working hypothesis which places the
facts thus far observed in an easily remembered scheme.

g

CEMENT CARBON FE 3 Co

PERCENTAGE OF
THE TOTAL CARBON,

P

STRAW

X

buLL coLp

RED

Low
YELLDW

Fig. 2.—Supposed influence of temperature on the relative strength of the
tendencies to form graphite, hardening, and cement carbon.

In melted iron all the carbon must be present in solu-
tion or combination, or partly in each condition. Were
any of it present as graphite it would rise to the surface on
account of its lower specific gravity, and would be found
concentrated there on solidification ; whereas it is nearly
uniformly distributed through the iron after solidifying,
showing that the graphite is formed after solidification has
set in. This appears to be often imperfectly understood,
since we hear metallurgists speaking of the oxidation of
graphite, as distinguished from combined carbon, in the
Bessemer process. Itisutterly inconceivable that graphite
should exist as such in molten iron ; indeed, it would be
hard to frame definitions of chemical combination and solu-
tion which would not between them necessarily includeall
the carbon in molten iron ; and carbon in either combina-
tion or solution can be no more properly spoken of as
graphite than can the carbon in beef. If further evidence
be needed, witness the way in which graphite separates
from molten iron when it is supersaturated with carbon
(as by the introduction of silicon) ; the graphite here rises
to the surface of the molten metal as “‘kish.”

§ 24. Tur TENDENCY TO THE FORMATION OF GRAPIITE
appears to reach a maximum at a temperature N slightly
below fusion. Witness the formation of graphite when
highly carbureted cast-iron is slowly cooled ; that is, when
it occupies a long time in passing through the range of
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temperature most favorable to the formation of graphite,
and the conversion of white into graphitic gray cast-iron
by prolonged exposure to a temperature slightly below
fusion.

[Karsten indeed states that white cast-iron can only be
rendered graphitic by superheating far above its melting
point, with subsequent slow cooling. This is, however,
opposed to common experience and to the statements of
many distinguished observers. Forquignon, ® by expos-
ing white iron, whose carbon was wholly combined, to a
temperature of about 1000 degrees C. in vacuo for several
days, converted the greater part of its earbon into graphite,
the total percentage of carbon being nnaltered. Bell,® by
heating white iron in a hot-blast oven for thirteen days
raised its graphite from 0-374 to 1-79 per cent, the total
carbon being nearly unchanged. ]

The net tendency to form graphite rather than com-
bined carbon appears to be stronger at this temperature
N than at either higher or lower ones,® since by either
raising or lowering the temperature, part of the graphite
formed at temperature N may nnite chemically with the
iron. Thus if, after rendering cast-iron highly graphitic
by prolonged exposure to a temperature somewhat below
fusion, we further raise its temperature, the graphite re-
combines, so that by the time it is melted the carbon is
again wholly combined. Whether the recombination oc-
curs snddenly when a certain temperature is reached, or
whether every increment of temperature is accompanied
by a corresponding degree of recombination of carbon, is
not known ; but analogy points to the latter as the more
probable supposition.

That this recombination occurs, at least in part, before
fusion, is shown by the fact that graphitic cast-iron with
but little combined carbon (the combined C in No. 1 gray
iron is occasionally as low as 0°30 per cent) has a vastly
lower melting point than graphiteless steel with the same
percentage of combined carbon. The melting point of the
iron can not be lowered by the carbon while graphitic
(graphite, infusible itself, is an inert foreign body), but
only on its passing into combination and thus increasing
the percentage of combined carbon, which must evidently

a Journal of the Iron and Steel Inst., 1884, p. 626,

b ¢t Principles of the Manufacture of Iron and Steel,” p. 159,

¢ According toihis view, if graphitic cast-iron, saturated with graphite by
long exposure to temperature N, were suddenly cooled from N by immersion in
water, it shonld be more graphitic than if woe allowed it to cool slowly from this
point, since the sudden cooling should preserve the chemical constitution and pre-
vent the subsequent recombination of graphite., This at first seems opposed to
experience, since suddenly cooling graphitic iron from even a temperature as low
as Nis known to lower its grade, to make it more close grained. But this objec-
tion is more apparent than real. From Bell’s researches it is probable that sudden
cooling from N, while it makes the grain of the cast-iron closer and makes it look
less graphitic, does not diminish the amount of graphite it contains seriously, if
at all.

The grade of iron is not dependent solely on its composition, but also on its rate
of cooling. Witness Bell’s experiment +f allowing a large mass of iron to cool
slowly. The interior which cooled very slowly was mottled, the edges white,
while certain portions were gray ; yet the percentage of both combined and graph-
itic carbon was practically constant throughout the block. Indeed, white iron has
occasionally more graphite than No, 1 gray iron ; thus Bell reports instances in
which white iron bad 2'2 per cent graphite, while No. 1 iron had omly 210 per
cent.

In the second place, under ordinary conditions the cast-iron cools so rapidly
from the melting point to N that sufficient time is not given for the graphite-form-
ing tendencies to completely assert themselves, so that by the time tke irom is
codled down to N it is far from being saturated with graphite. Hence, in ordi-
pary slow cooling below N, say from N to O, graphite wonld continue forming to
a considerable further extent withont reaching the somewhat lower percentage
corresponding to saturation at O; while this further separation of graphite weuld
he checked if the iron were very suddenly cooled from N

commence, in the case of a comparatively fusible cast-iron,
with initially only 0-30 combined (', at a temperature far
below the melting point corresponding to this degree of
carburization.

On the other hand, if an iron, saturated with graphite
by long exposure to temperature N, be long exposed to a
somewhat lower temperature, say O, part of its graphite
is apparently changed into combined carbon.? Indeed
wronght-iron may be carburized by long heating in contact
with cast-iron or even steel, which play the role of the
charcoal of the cementation furnace.

The passage of earbon from the graphitic to the com-
bined state, and the reverse, comparatively rapid atelevated.
temperatures, becomes much slower as the temperature
descends towards redness ; and it is stated that it can not
take place below a red heat,® at least in case of east-iron.

Superheating beyond the melting point indirectly favors
the formation of graphite during solidification, since the
superheated metal, in cooling in the mold down to the
melting point, raises tle temperature of its walls so that
the metal after solidification cools more slowly than it
otherwise would, that is, it remains for a longer time at
temperatures near N. A high Dblast-fnrnace temperature
also indirectly favors the formation of graphite during
solidification by increasing the percentage of silicon in
the cast-iron, and usually by diminishing that of sulphur.
Whether at a temperature far above the melting point the
chemical condition of the carbon becomes altered in a way
that directly increases its readiness to become graphitic
during solidification, 7. e., whether an iron melting at
1600 degrees, superheated to 2000 degrees, and again
cooled to 1700 degrees before pouring into its mold,
would become more graphitic on solidification than it
would had it been initially cast into that same mold at
1700 degrees without previous superheating, is not clear,
though it is clear from Bell's® experiments that this su-
perheating in certain cases permanently raises the grade of
the irvon. He superheated white cast-iron far beyond its
melting point : itbecame gray. On remelting and rapidly
cooling it still remained gray.

§25. EFFECT OF TEMPERATURE ON THE RELATIVE PRo-
PORTIONS OF CEMENT AND HARDENING CarBoN. —Wemay
obtain considerable information as to the distribution of
carbon between the cement and hardening states at dif-
ferent temperatures by examining iron which has been
cooled from those temperatures so suddenly as to give
little time for change of chemical condition ; 7. e., by pre-
serving the chemical status quo.

In Table 2 I have condensed Abel’s more important
results bearing on this question. It gives the percentage
of the total carbon found as Fe,C (plus an insignificant
quantity of graphite) in different steels after different
treatment.

We here note that in annealed steel practically all the
carbon is in the cement state, while in hardened steel
hardly any of it is, from which we infer that it is in the
hardening state. In tempered steel an intermediate pro-

dPercy: ‘‘Iron and Steel,” p. 127.

e Akerman : Journal ¢f the Iron and Steel Inst., 1879, p. 508.

t Journal of the Iron and Steel Inst., 1871, p. 297. Bell, however, goes too
far in inferring that the quantity of graphite and combined carbon do nat affect
the grade of iron. They clearly do not exclusively control jt, but it is exceedingly
probahble that they affect it ; that is, the grade is a function of composition jointly

with other variables. (Bell : * Manufacture of Iron and Steel,” p. 158.)
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TABLE 2.—CARBON FOUND AS Fg,C PER 100 OoF TOTAL CARBON PRESENT.

(C, 091 to 094; Si,
0-006, Mn, 0°009.)

Dannemora blister stee].’ P
CONDITION OF STEEL. e stee}..lg()c P

74 to 928 8

Annealed......coecieieniecnee 75
Unpannealed.......covoovueeiaces 815 to 95°8
Previously hardened steel tem-

pered at a blue heat.......... 16°1 to 319

Do, after 15 minutes exposure

toablue heat....coooiieeienr] covniniiniiinniiennien 154 to 220 o
Do.. after 6 hours exposure to a }aver{t RO
T I = e e o OO I . 3l IO, S8 BHR.00 .05 0 GG 3007 0.0 419 to 429

Do., tempered at a straw heat..
Do., after 15 minutes exposure
to a straw heat.. . ..........
Do., after 6 hours exposure to a
straw heat...................
Hardened steel......... coeeeees

30°3 to 825 {avm ~
342 t0 36°0 )
47

portion is in the cement state, and on the whole rather
more in blue than in straw-tempered steel, which har-
monizes with the greater softness of the former. Further,
after prolonged exposure to a tempering heat, whether
blne or straw, we find more cement carbon than after brief
exposure, which indicates that the passage of carbon from
the hardening to the cement state is not instantaneous at
these temperatures.

In melted iron and steel the carbon is probably in a
state closely related to hardening carbon, since on sudden
cooling from fusion we find it chiefly in the hardening
state.

At temperatures below fusion the tendency to form
hardening carbon rapidly diminishes, as shown by the
formation of graphite ; but we infer that it again increases
as the temperature falls below O (Fig. 2), reaching a max-
imum at W, again diminishing as the temperature descends
to V, and below this remaining nearly constant. That
it rises as the temperature falls from N to O, we
infer from the gradual recombination of part of
the graphite formed at N, if the iron be long ex-
posed to O. That it reaches a maximum at W and
again diminishes, we infer from the fact that steel
hardened at W has all or nearly all of its earbon in the
hardening state, but that if after exposing steel to a red
heat we cool it to any temperature T, at or below V, so
slowly that the carbon has ample time to distribute itself
between the hardening and cement states in the propor-
tions corresponding to equilibrium for T, and then suddenly
eool it from T, we find its carbon in the cement state (as
inferred from the fact that the steel is then almost as soft
as if thoroughly annealed), no matter how violent the
cooling be.

Conversely, if we quench previously annealed steel
bars of identical physical properties from successively
higher temperatures we find that they do not (as Chernoft
hasshown), become materially harder than when annealed,
until a temperature V is reached ; but as the quenching
temperature rises above V, the resulting hardness in-
creases abruptly, quickly reaching a maximum.

T have verified this statement experimentally by heat-
ing one end of a previously annealed steel bar to dull red-
ness, the remainder being heated by conduction from the
hot end. Tt was exposed for abont four hours to practi-
cally uniform conditions, as all but the hot end, which
was kept by a constant flame at constant temperature, was
buried in lime. The bar was then quenched in a very rapid
stream of water. Examining the hardness by the method

THHE METALLURGY OF STEEL.

been visibly r(;d-hot were not appreciably harder than

the cool end, which had not been materially heated (it
hardly felt warm in the hand), and which was therefore
still annealed

Now if, at any temperature materially below redness,
any important proportion of the carbon tended to pass
into the hardening state, it wounld clearly have done so in
some portion of my bar, since each successive portion of
the bar was, immediately before quenching, exposed for
hours to a temperature practically constant for each such
portion, but progressively diminishing as we pass from
portion to portion, and from the hot towards the cool end
of the bar, and embracing every degree of temperature be-
tween redness and 70° F.  On quenching, I should have
found some portion of my bar harder than the anunealed
end; as 1 did not, I infer that there is no such ten-
dency.

Slightly varying the experiment, I leisurely heated one
end of a steel bar to whiteness, the remainder being
heated by conduction. On quenching it, and determining
its hardness by indentation, I found that where the tem-
perature had been below V. (which is in the neighborhood
of dull redness), the steel was not measurably harder
than when annealed ; but that as the quenching tempera-
ture rose above V, the hardness increased very abruptly,
quickly reaching glass hardness, so that I was unable to
effect any indentation with an exceedingly hard knife-
edge. By carrying the pressure high enough, the glass-
hard steel bar would fly violently in pieces, but without
being visibly indented; the knife edge was not visibly
affected.

Other phenomena indicate an important chemical change
at a temperature between W and V. Iron nndergoes a very
sudden expansion at or in the neighborhood of thisrange,
and its thermo-electric behavior is abnormal ; moreover,
““the temporary magnetism of saturated iron at this tem-
perature suddenly vanishes from a foregoing very large
value.” ®

Am T asked to reconcile the hypothesis that the carbon
tends throughout the range of temperature between A%
(Fig. 2) and X fo pass with equal completeness into the
cement state with the fact that blue-tempered is softer
than straw-tempered steel ? I reply that, though the ten-
dency exists throughout this range, it is held in check by
what we may term chemical inertia or viscosity ; that at
60 degrees this tendency is as completely checked as is
the tendency of hydrogen and oxygen to combine ; that
when we raise the temperature and relax this viscosity the
carbon does actually pass into the cement state, and the
more fully the more completely we relax it; <. e., the
higher we raise the temperature. When we reach a straw
heat, viscosity is so far relaxed that a considerable portion
of the carbon previously imprisoned in the hardening
state is able to pass into the cement state, and our steel is
greatly softened. At a blue heat still more of the carl:on
is able to overcome chemical inertia, and our steel is still
farther softened, while just below visible reduess this
viscosity appears to completely depart and the carbon
passes wholly into the cement state. This hypothesis

aBarus and Strouhal, * Bulletin U. 8. Geological Survey,” No. 14, p. 99;
Tait, Trans. Roy. Soc. Edinburgh, XXVIL., 1872-3, p. 125 ; Gore, Phil. Mug.,
XXXVIL, p. 59, 1869 ; Ibid., XL, p. 170, 1870 ; Baur, Wie. Ann., X1, p. 408,

of indentation, T found that the portions which had not ! 1sso.
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harmonizes with the fac’ that though hardened steel is
softened by heating to temperatures below redness, and
the more so the higher this temperature be (provided it
does not exceed V.), yet annealed steel is not hardened by
such heating, whether followed by sudden or slow cooling.
For the softening of hardened steel by this heating means
that its carbon passes into the cement state ; the fact that
annealed stecl is not hardened Dy this treatment means
that carbon in the cement state remains there : both point
to the cement state as the one towards which the carbon
tends at these temperatures.

That the transfer of carbon from the hardening to the
cement state may occur at very low temperatures is sug-
gested by the reported fact that table knives® gradnally
lose their hardness if they are habitnally washed in hot
water. It is the experience of many that razors used
cold last for a greater number of years than those which
are habitually heated forsbaving, though for other reasons
the razor while hot may cut better than when cold.

The views I have given harmonize with Jarolimek’s
observation that steel may be somewhat hardened by
quenching from a red heat in molten zine, which melts at
762 degrees F., but not as much as if quenched in water ;
while steel thus hardened is again annealed by prolonged
immersion in melted zinc.

After exposing steel to temperature W, and allowing its
carbon to pass completely into the hardening state, if we
could cool it absolutely instantaneously we would retain
all its carbon in that state; the steel would acquire its
maximum theoretical hardness. Cooling can never be
instantaneous; more or less carbon will pass into the
cement state, towards which it tends at temperatures
below V, the steel will lose something-of its maximum
theoretical hardness, and it will lose the more, roughly
speaking, the slower this cooling be. Cooled in water,
whieh, thanks to its low boiling point, high specific heat,
conduetivity, and mobility, cools the steel very suddenly,
it loses very little, it acquires mearly its maximum theo-
retical hardness. Cooled in air it loses much, for the air,
thanks to ifs low specific gravity, specific heat and con-
ductivity, cools it but slowly. Momentarily immersed
in molten zinc and immediately withdrawn, and its cooling
finished in air, it cools with intermediate rapidity, and
hence has, when cold, an intermediate degree of hardness,
because the zine, thanks to its high specific gravity and
high thermal conductivity, for an instant, though hot,
withdraws heat very rapidly—more rapidly than air—
from the steel, which is so much hotter.
mersion in molten zine, however (i.c., prolonged exposure
to a temperature nearV), enables the carbon to pass largely
to the cement state ; the steel becomes softer than after

Prolonged im-|

the previous momentary immersion followed by air eool- |

ing ; it is softened by the very medium which had partially
hardened it.

§ 26. ErFeEcts oF CARBON ON THE MECHANICAL|variables, do we find concordant results.

ProrerTIES OF IRON.
tion between the percentages of graphitic, cement, and
hardening carbon, as the carbon increases the tensile
strength, elastic limit, elastic ratio, and compressive
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and the welding power diminish, apparently without
limit. The modulus of elasticity . appears nearly
independent of the percentage of carbon, at least within
the limits carbon zero to carbon 200 per cent.

Forreasons given in § 2, it is not to be expected that mere
equality in the carbon content wonld, even were the
composition otherwise identical, insure like mechanical
properties, nor that like changes in composition weuld
entail like changes in these properties. Yet we might
reasonably hope that, since carbon influences them so
greatly, the innumerable published observations might
have enabled us to determine accurately its average
effects. Unfortnnately this is far from being the case. Its
average effects have been determined independently by
many observers, some of whom have deduced them from
very extended data. Their results are dishearteningly dis-
cordant.

§ 27. TENsiLE STRENGTH.—Though we have more in-
formation on the effects of carbon on tensile strength than
on the other properties, yet even here our results are very
conflicting.

The views of several writers are summed up in the

following table :
TABLE 3.—EFFECT OF CARBON ON TENSILE STRENGTH.®

Writer, Kind of steel, ‘ Tensile strength. Lbs. per sq. inch.
Deshayesd ...... Unannealed steel ...... T = 42,668 + 25,601 C + 51,202 C3,
Thurstona ...... Uuannealed ¢ f.,.,.... T = 60,000 + 70,000 C.

b veeees| Annealed ¢ f.,....|T = 50,000 + 60,000 C.
Bauschinger a....| Bessemer ¢¢ ..,..... T = 61,870 (1 + C2).
Weyraucha..... Minimum values. ...... T = 52,625 (1 + C).

Salom?b ......... Ordinary ol 0 Sl T = 45,000 + 100,000 C.
Gatewoode,.... When carbon is from..|10to 2] ‘2to 3| ‘8to*4, 4 to*hH
It increases tensile "
strength at the rateof| 65,000 | 70,000| 76,000| 83,00C
When carbon is frecm..| Sto6| 6to7 | “7to 8| Bto-9
It increases tensile
strength atthe rateof, 91,000 | 100,000 | 109,000 | 117,00G
When carbon is from..| *9tol*} 1to1°1 (1'1to1-2
It increases tensile

strength at the rate of 117,000 | 100,000

a Thurston : ** Materials of Engineering,” II., p. 420-1. © Trans. American
Inst. Mining Engineers, XIV., p. 127. ¢ Asst. Naval Constructor R. Gatewood,
private communication. @ Annales des Mines, 1879, p. 339, ¢ C = the percent-
age of carbon present. fMinimum values.

60,000

These formnle, as may be seen in Fig. 8, where their
curves are plotted, are very discordant. Comparing them
with each other, and with about 1500 cases, which I
have plotted (many of which are given in Fig. 3), and
which are gathered from many sources, the more firmly
rivets the conviction that ultimate composition can no more
in steel than in lithology or organic chemistry be an accu-
rate and trustworthy index of physical properties, since
in the one asin the others we find identical ultimate com-
position with very different properties.

Thus I find that with the same, or nearly the same
carbon, the tensile strength varies in one case from 47,000 to
137,000 pounds per square inch ; in another from 48,000 to
135,000, and in a third from 79,000 to 170,000 ; nor do 1
find any difference in the other variables sufficient to
account for these enormous. discrepancies. Nor, if we
go a step farther and almost completely eliminate other
Thus Gatewood®

In GENERAL.—For given propor- | reports three sets of most valuable results, whose salient

features I have grouped in the following table.
In eacliof these three sets of tests the conditions appear
to have been fairly constant, the only important variable

strength increase within limits ; the fusibility, hardness, | being the carbon. The compositions were in otherrespects
and hardening power increase, perhaps without limit ; nearly constant, if we except the variations in manganese
while the malleableness and duetility, both hot and cold, | (which I shall endeavor to show has probably little effect

a Ledebur ; *¢ Haudbucﬁer Eisenﬂiitténi{unde,” p. 646,

b Op cit.
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TABLE 4.—SUMMARY OF GATEWOOD'S CARBON RESULTS. Thus the effect of carbon on tensile strength indicated
o " A a ot =l _l ——— | by the Cambria results is 50 per cent greater, and that in-
Carbon.| Manganese. |Phosphorus.| Physical properties. dicated by the Chester tests over 200 per cent greater than
g Svaias Tuyare i TP thz}t of the l?orway; its efffect on elongation 1s.nearly
g crease (—) per 1 .per cent| twice as great in the Cambria and more than five times as
iy B lElg|E|E] s Py~ —~—1— ——— | great in the Chester as in the Norway steel. I hold that
2 = ensl e . . .
.g g E g Eld g strength,| Elongation. |these results indicate either a degree of carelessness and
o [ . . 13 .
CRERERK |§ 5 3 ;‘:}’a‘;‘gin‘ﬁf‘ Percent. |ignorance in the conduct of thesez tests hardly credible in
ghejr‘: 150 Ig% 10 .731.‘;,2 .gg 0 . 12?’333 —&23 these well a‘(a,nd. ;lr; two (i;asefs ta}iimlmbly) ?lrdgretdlvla.stabhsh-
orway..| 389 |31 |11 |64 |17/ - + =0 ments ar apparen i o in-
Cambria..| 120 24|09 90/-18)-45+| 085 + | + 65500 | —133 SR Wi hed L e I R et 1
—_— spectors ; or, more probably, in view of like differences in
on the tensile strength), as were the methods of testing and | the effects of carbon deduced from the enormous mass of
of preparing the test pieces. The inferences from these sets | results published by other observers, that the effects of
of observations, among the most valuable ever presented |carbon are not quantitatively constant.
in view of their number and the constancy of their con-| In Fig. 4 Gatewood’s results are graphically repre-
sented. While between the Cambriaand the sinuous Nor-

ditions, should be concordant ; they are utterly discordant.
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way curve, whose sinuosities have been artificially reduced 'similar cases, if we extend our observations they over-

by derivation, there is an approach to parallelism, both
are abruptly crossed by the Chester curve. Aseach of these

throw our apparently well established conclusions ; these,
then, should be considered authoritative only when based

latter curves represents a greater number of heats than on an enormous number of observations, on steel from

the Cambria, they rudely shake our faith in it. Curve 4,
which I have derived from the results obtained at Chester
after a change of personnel had removed apparent causes
of discrepancy, is more nearly parallel with the others than
the original Chester curve, but it implies an increment of
73,812 pounds tensile strength per square inch per in-
crease of ome per cent carbon, or nearly twice as much as
is implied by the Norway curve.

The most important lesson of these results is that we
maust use the most extreme caution in drawing inferences
even from extended data as to the effects of composition
on physical properties.

The Cambria curve is so smooth that, representing as it
does 130 results, even the experienced observer would be
tempted to rely on its teachings. Yet here, as in so many

4

many sources and made under different conditions, since
coincidences between composition and properties often re-
sult, not from the causal relation between them, but from
some common nnsuspected cause, whose effects may be
eliminated by comparing steel produced by different
methods and under different conditions.

In Fig. 3 we note that the spots lie in a band which
rises and rapidly widens as the carbon rises till it reaches,
say, 1per cent. The comparatively few cases whose carbon
is between 1 and 1-5 per cent indicate that the tensile
strength reaches its maximum with carbon about 1 per
cent, which accords with common observation. The for-
mulze of Thurston, Gatewood and Salom run fairly through
the most thickly dotted region, Thurston’s being too high
for low carbon steel (ingot iron), while Salom’s is too low
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for carbon below 0-10. Troilius’ fignres are rather high,
and those of Weyrauch and Bauschinger much too low
except for low carbon stecl.

While we cannot accurately qnantify the effects of car-
bon, I believe that for ordinary unhardened merchantable
steel, the tensile strength is likely to lie between the fol-
lowing pretty wide limits :

TABLE 5.—EFFECTS oF CARBON ON TENSILE STRENGTH.

1:30

Carbon. Lercent) 05 | 010 015 | 0-20 030 | 040 | 050 0'6) © 050 | 1:00

Upper

Limit. .. (66,000|70,000 75,000]80,000 90,000‘100,000 110,000)120,000 11')0,000!170,000115,(‘:00

Lower

Limit.. . (50,000 90,000

Lbs. per sq. in.

50,00055,000 5,000{ 80,000, 90,006/ 99,000

l Tensile strength

60,000!065,00. 70,000

§ 28. DreriLity.—The effects of the percentage of car-
bon on the elongation, for our purposes the mostavailable
measure of ductility because the most frequently re-
corded, are obscured by other variables even more strik-
ingly than are its effects on tensile strength. Thus we find
that in exceptional cases the elongation varies from 23 to
32 per cent with constant carbon ; in another case from 0°

to 29-3 per cent ; nor, if we turn from exceptional cases to

ing when C is below 05 per cent; (B) when it is be-
tween 05 per cent and 1 per cent. Above 1 per cent
the elongation diminishes very slowly. The following
table gives the upper and lower limits which, judging
from these instances, we are lilkkely to meet :

TABLE 6.—EFFECT OF CARBON ON ELONGATION.

CarBON.

0-10] 0:20; 0-3(] 040, 050 0'60i 0+50] 080

i;y formula, .... ...... 264 | 24:6 [ 216 | 174 | 12° G-4S; 504 408

" | Elongation. .. < {Usual upper limit,...... 290 | 262 | 230} 210 {...... 100 5| 60
[Usunlilowed: +*ST080. B 175 | 150 125 ]} S 75 g%sn 25] 13

Deshayes, from study of an enormous number of Euro-
pean steels, proposes the formulee "—

Elongation = 85 — 30 C, and

Elongation = 42 — 36 C, (here C = the percentage of
carbomn), for the percentage of elongation measured in 7-8
and 39 inches respectively. _
There is little in the resnlts I have plotted, either as to
elongation or tensile strength, to support the popular be-
lief that the properties of Bessemer steel correspond with
those of open-hearth steel of lower carburization, which
I incline to regard as a superstition, thongh without more
prolonged study of our statistics, we can not wholly dis-
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ordinary omes, do we find a closer approach to uniformity
in elongation than in tensile strength. Thus in the Chester,
Norway, and Cambria lots of steel investigated by Gate.
wood, and already referred to under tensile strength, we
find that the loss of elongation per increase of ‘01 per cent
carbon is '425, -078 and 0°133 per cent respectively. (See
Table 4.) T have plotted the resnlts of overa thousand de-
terminations with elongation as crdinate, carbon as ab-
scissa, as shown in Fig. 5. We note that the thickly
dotted region lies in a broad band, gradually declining as
the carbon increases, its width showing that, where carbon
is below 0°5, the elongation for given carbon in common
merchantable steel often varies by 20 per cent of the initial
length. With increasing carbon the elongation at first
declines slowly, say from C0* to C 02 per cent, then more
rapidly till the carbon reaches say 05 per cent, and after
this it again declines more slowly. I find that the empirical
formulae (A): E =33 —60(C? 4 0°1); and
(B):E =12 —119* YT —05
(In which E = per cent elongation in 8” and € = per cent carbon)

give curves plotted in the diagram and running well

through the most thickly dotted region, (A) apply-

credit it. The many cases in whicl the elongation and ten-
sile strength of crucible steel fall, the one above, the other
below the limits usual in Bessemer and open-hearth steel
for given carbon, give color to the less often expressed
belief that the properties of crncible steel of given
carburization correspond to those of Bessemer and
open-hearth steel of lower carburization. I also notice a
fact which has not heretofore been brought to my atten-
tion, that the elongation and tensile strength of steel
castings of given carbon, like those of crncible steel, cor-
respond with those of Bessemer and open-heartl steel of
lower carbon. While this may be due to plotting an
insnfficient number of cases, it occurs to me that this
similar behavior of crucible steel and of steel castings may
be due to their both containing more silicon than Besse-
mer and open-hearth steel, silicon opposing the effects of
carbon.® The greater freedom from phosphorus of eruci-
ble steel and often of steel castings is another possible
explanation.
a Annales des Mines, 1879, p. 339,

b Miiller, J. I. and S. L., 1882, 1., p. 374, concludes that Si has an effect
opposite to that here suggested, raising the tensile strength,
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§ 28A. ELoNGaTION AND TENSILE STRENGTU.—I here
insert a table showing the usual upper and lower limits of
tensile strength for given elongation in steel :

TABLE 6A.—TENSILE STRENGH AND Enoxaums.

]< longation, per cent . ..., .. ..., 4 6 S| 12 | 16

Usnal limits of tenslle § [ Upper|150,000{13S OOOIJSO 000 2' 000]115,000/108,000,102,000{93, 000
strength. Lbs. persq.in.} |Loweri110,000 10‘2.000 94,000 %000 80,600/ u000 72.00C 54,000

Llongation, percent ......... ... 1., ) 22 | 24 | 20 28 30 32

Usual limits of tenaﬂo strongth { lUppor 9; 000 83,000 SO 00()' 77,000| 74,000 71.000, 70,000
" Lbs. persq. In. Lawer.| 59, 000l 560000 52,0000 51.000] 51’000t 50000 50.000

§ 29. MopuLus or Ewnastrcrry.—The effect of carbon
on the modulus is probably very slight. Deshayes,* from
an analysis of a great number of cases, conclhuded that the
modulus was constant for all steel, under identical condi-
tions of previous mechanical treatment, etc.

In Table 7 I have condensed the results of many obser-
rations and of the values given by different aunthorities for
the modulus. While apparently only based on 52 cases
it really represents a much greater number, since in cer-
tain cases a given unit of the 52 represents the average of
many results.

Omitting one apparently abnormal case (reported by
Cloud 45,000,000 pounds) wefind that the average modulus
is practically the same for each of the groups arbitrarily
made.

(ertain writers believe that the modulus rises slightly
as the carbon increases from 0, reaching a maximum with
carbon 0-30 to 0°35, and again declining as the carbon rises
above 0°35 ; but if there is any such variation it is so slight
as to be of no importance.

‘When the carbon passes some point now unknown the
modulus begins to decline, since we find it much lower in
cast-iron than in steel.

TABLE 7.—MobULUS 0F ELASTICITY OF INGOT METAL AS AFFECTED RY-TUE PERCENTAGE OF

CARBON.
C 010015 |C0-15t00:25/C 025 o 0:35/C 0°35t0 0°75/C 075 to 1:00,C1:00to 126
No, of cases... 14 12 T 4 6 ! 8
Lbs. per Lbs. per |Lbs. persq in. Lbs por Lbs. persq. in.| Lbs. per
8q. in. sq. in. 8q. 1 | sq.in
(45.000,000 #) &

Maximum.. .| 30,135,000 | 27,300,000 | 30,750,000 b | 31,859,340 | 21,223,000 81,839,650
Minimumn .. .| 22,000,000 | 24,576,000 (‘25\?_3((;300 9 23,555,000 | 23,000,000 25,266,000
32,762, )a
Average 27,407,000 | 25,327,000 | 25.653,000 b 27,500,000 | 26.,011.000 28,292,500

a, mclndinrv onc abnormal ease. b, omitting one abnormal case.

Abbot gives the modulus and other physical properties®
of 10 steel castings. If we may infer their carbon from
either their tensile strength or elongation, the very consider-
able variations in the modulus are but famtly influenced
by the degree of carburization. If we number them accord-
ing to theirmoduli, No. 1 having the highest, then, taken
in the order of tensile strength, they stand thus: 3, 1, 2,
10, 4, 7, 5, 6, 9, 8 the modulus being on the whole
rather hlgher in those with highest tensile strength.
arranged in the order of elongation, the first having the
highest elongation, they stand thus: 5, 3, 1, 9, 4, 10, 2, 7,
6, 8. Those with the highest modulus have on the whole the
highest elougation, yet,the highest modulus but one ac-
compauies an elongation of only 2 per cent. Arranged in
order of their elastic limit they stand thus: 3,1, 2 4, 7,
6, 10, , 8, 9.

§ 80. The OMPRESSIVE STRENGTII rises with increusing
carbon within limits at present unknown. From Kirk-
aldy’s data, I have calculated (Table 7A) the effect of
increments of carbon on elastic and ultimate compressive
strength. The results are so harmonious as to inspire

e —

confidence, though the data are so scanty that inferences
from them can not be considered conclusive.

(1.) While the compressive strength increases constantly
for all lengths as the carbon rises to 1-2, it increases most
rapidly with the rise from C 03 to C 0-6 per cent. Insome

cases the compressive strength is but little greater, and in
one case actually less with C 1-2 than with C 09 per cent.

(2.) The longer the piece (i. e., the greater the ratio of
length to diameter) the greater in general is the gain of
|ultimate compressive strength with increasing carbon ;
while the gain of elastic compressive strength seems to be
about the same for one length as for another.

TABLE 7A.—COMPRESSIVE STRENGTH AS INFLUENCED BY CARBON.

Pergentagt;_ofvmexc:s; of SR
compressive  strength stg(l)]m&ressni%s
over that of steel of 0'3 S .
carbon. HEr 8.0,
- ) St} v
DESCRIPTION. i E ng | § i 5 =1 -
o = °E> a9 2% |29 “g ] ';:)
g g ks | %S | BHE | ul| g 2%
-E |88 |82 =8| g2 | BE e
& 580133 | 3% | 3° | 82 | J¢
Z S [er ct.lPr ¢t.[Pr ct.|Pr ct.| ¥ | 3%
L..|ma s : 12 ¢ 5|  [oer
2BE3 [ Uwmac 135155 1| 163 195,207
3.8 3 pom. e 06 29 | 29 | 79 84,827
z x;,wg' guo. 03 0 0 0 47,513
o e
P — l
4.. 988 : 12 64 | 51 | 62 | 52 | 64,0000 61,666
mol|gEBg | aste  Jloe| 61 | 40 | 43 | 44 | 62,666| 58000
6. (g B§ | compresive 1lo6 54 | 37 | 30 | 31| 60,000 52,666
= 3 o3l ol ol o 0 | 39,000/ 40,866

§ 81. TnE HARDNESS of steel, as measured by its 1'es1st-
ance to abrasion or by the indentation made by given
pressure on given indenting knife edge, etc., rises with
rising carbon, and especially as the percentage of carbon in
the hardening state increases ; it certainly continues to in-
crease beyond that degree of carburization which cor-
r. sponds with the maximum tensile strength and prob-
ably beyond that corresponding with maximum com-
pressive strength, as measured by the resistance of
columns to bulging, buckling and skewing. Steel
wire-dies of 17 per cent C wear, according to Metcalf,®
much more rapidly than those of 2:37 or 2'8) per cent C,
while tensile strength appears to reach its maximum with

labout 1 per cent C.

I know of no data which enable us to quantify the
effects of carbon on hardness.

" §32. THE FUSIBILITY increases with the carbon, probably
without limit. It is generally stated that graphitic iron
has a higher melting point? than graphiteless iron of
otherwise identical composition, and identical total car-
bon. It is probably more accurate to say that graphitic

If |

iron melts at the same temperature, but more slowly, as at
the melting point of graphiteless iron the graphite of
graphitic iron probably gradaally completely combines,
so that theiron eventually becomes graphiteless and melts.
HARDENING, TEMPERING, AND ANNEALING.

§ 83. DEFINITIONS.—1. STEEL IS HARDENED (in the spe-
cific sense of the word) by sudden cooling from a high tem-
perature, usually at or above redness, e. g., by plunging
it in water, oil, ete.

9. To temper (to qualify, to soften) in its specitic sense
means to mitigate, to partly remove, to moderate the ef-
fects of previous hardening. It is usually performed by
gently reheating the previously hardened steel, but to a

& Annales dvs Mines. 1879, p. 342,
Lrans, Am, Inst, Mining Engineers, X1V., p. 253, 1886,

¢ Trans. Am Inst. Mining Engineers, 1X., p. 549,

d Ledebur ** Handbuch,” p. 240.
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TABLE 8.—PrrceNTAGE OF EXCEsS (++) ok Dericit (—) oF ELASTIO AND ULTIMATE TENSILE BTRENGTII AXD OF Eroxatox or UNANNEALED Axp or HARDENED lroN AN StEEL
FORGINGS ABovE THOSE OF THE SAME lRoN WIIEN ANNEALED,

Per cent of excess of ultimate P, c. exvess of elastic]  Properties of tho
tensile strength, Per cent. of exeess of clongation, | tensile strength. annealed steel,
g S e v A VIL VUL 1 Ix, [Txe XL XIL SOE ST XV RV LS VILS VI S S N
'E"J §§ §§ When hard- 8
y ¢ ER] When hardened in s When hardencd in = ened fa 5%
g : DescrieTioN. 19 2% 3% C— g% %E’
£ nenchin < i
:E: ] tempors-g -8 Coal | Tal- e Coal | Tal- & Tensile |5 £ | Elastio
v [ ture, 25 Iwnter| tar. |low. | Oil |8 [Water| tar. | Jow. | Oil. | " |Water| Oil. [strength/z | Iimit,
05 | iL M .. |Norway wrought-iron. .. ...|Full redness -’)4."290 228
1 8 ..|Charcoal-hearth iron. .|Redness . 47,.;:).3
2 S C b " s 44,877 179
3 S i < 8¢ . Y LI PP B TN DS | IR DRI O Ol — (11 bt e simaollbaaoanlon s o 44,603 ‘19
£ 2 { Average of 3 Bessemer steels| Not stated..| + 2 [ 76 |......[ .....[...... —58 [—=56 {......]......0...... Lk IS 0 52,510 32 21 25,134
5 I '15 gg 41 (0)? Open-hesarth steel. ......... Red hest... =208 %50 A AN 58,510 |26-5
Ji@| 0 0@ -
6 D { '23@ 04@ '10@ 02 }Average 2 open-hearth steels|Not stated. . 49,«_4'_16 33 20,306
T £ -20 Mealsbal s Puddled iron.............. Redness. . .. 46,730
10@| 03@| ‘15 |
5 r % '30@ gg '27@ ‘08 |Average of 5 Bessemer stecls| Not stated. . 54,244 31-6] 26,123
9 | 141302 08] N e © “ & - 59,214 [20-9 28,116
17 02 14
IR LR g g L “ 2 open-hearth * oo el e B A S 1% [ Refio1 | SSONS 55,096 (32+1] 26,554
1 8 LA | | B | D Bessemer steel....... ..... Redness. .. 51,259 119
High....
ff1
12 ..|Homogeneaus metnl.obm,% -
13 79,520 |11-9] 46,144
14 17,000
145 312
15
16 7
17 7%
18 lg
19 Al
20 5:9
21 27
£2 78
24 -
23 12°5
26 118
27 g ig g
28 [ s 12°5f .
Redness....
29 Strongly
Meptad.. s, 2. ok o I ETerms| v e S5 3 oo Beoo | ool B 3 ol B8 dlkod oo | Poenn 5o o

Notx.—For references, see eud of Table 10.

very much lower temperature than that employed in har-
dening, and then cooling generally suddenly, but some-
times slowly. Ishall use the word exclusively in this sense,
though if is often and not incorrectly employed generic-
ally to designate any sudden cooling, whether from an
excessively high or a moderate temperature.

3. Annealing.—While tempering somewhat moderates
the effects of previous hardening, annealing aims to
nearly completely eliminate them, as well as te remove the
stresses caused by previous cold working. It is ordi-
narily effected by slow cooling from a high temperature,
at or above redness. Thus steel is in its hardest and most
brittle state when hardened, in its softest and toughest
when annealed, and in an intermediate condition when
tempered.

4. Quenching may be employed to designate generic-
ally any sudden cooling.

I will describe first for those who run the methods and

effects of quenching and annealing, and then seek the
rationale of these operations for those who think.

§34. Merizops AND Errrcts —HARDENING.—The general
effect of hardening is to increase the hardness, to raise the
elasticlimit, to diminish the duetility and specific gravity,
and, if the cooling be not extremely sudden, to raise the
tensile strength, It is said to raise the modulus of elas-
ticity.

The degree to which these properties are affected de-
pends chiefly (4) on the temperature from which cooling
occurs, (B) on the composition of the steel, and (C) on the
rapidity of cooling, which in turn depends chiefly (%), on
the shape and size of the piece, and (C;) on the medium
employed for hardening.

APPARENT EXCEPTIONS to the statement of the effects
of hardening just madeare found in quenching previously
cold-rolled and cold-drawn steel, and previously unforged
and unannealed steel-castings.

AppeNprs To TABLE 8.—Percentage of excess, ctc., of tensile strength, cte., of apen-hearth fire-box plate steel of five sixteenths inch thickness, when unu_pnonlod nnd,\yhon hn_rdened over these of
the same mectal when nnnealed.  Carbon, (*,2 per cent; angnnese, 0 36 per cent; silicon, 0008 per cent; phosphorus, 0°035 per cent ; sulphur, 0°017 per cent. Test strips were all from one

plate of open-hearth fire-box steel, all 134 inch wide by 80 inches long, one end extending nninjured sbove testing machine grips, which were subsequently bent.

Percentage of excess of tenslle Percentage of excess of elonga- | P. ¢. excess of elastic Properties of the
strength. ~ tion. tensile strength. annealed steel.
T I TTE. fleEVet|s Vel VT VIL VIL | 1X.| X. XL XII. XHI|XIV.| XV.XVL XVIL XVIII-| XIX.| XX, XXIL| XXII, | XXIIL | XXIV
= 5 g L :
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5|5 DESCRIPTION, P S P *
R Quenching | =3 =9 32 2 g
g 3 tempera- | © S Coal -3 Coal g Tensile | § Elastio
Z ) C | SL [ Mn| P ture. S5 Water|Brine.| tar. | Oil. | 55 {Water Brine.| tar. } Oil. | £7 |ywater| Ol |strength) &= limit.
—_ - | —iie e b { P
C e R ..|Calculafed  from  A. E.!Dark orange| —10 4 [0 Rl el e T A —18 | —1 9 [ 62,308 | 30-4 | 326
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TABLE NO. 9.

PERCENTAGE OF EXCESS OF TENSILE STRENGTH, ETC.

OF UNANNEALED AND OF OIL HARDENED UNFORGED CASTINGS OVER THOSE OF THE SAME CASTINGS
WHEN ANNEALXD,
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The net result of highly heating them (say to a cherry | most raises it very slightly (case 76, in which it is raised

red), with subsequent quenching is usually to soften and
tonghen them, often with a great increase of tensile
strength. (Thus the numbers in column X. of Table 9 are
invariably algebraically larger than the corresponding
numbers in col. VIIL.: those in col. XIII. are algebra-
ically larger than the corresponding ones in col. XI., with
three exceptions, doubtless due to experimental errors,
or to heterogeneousness of the steel). But this is because
the coarse strncture of the castings and the brittleness
which cold-working givesiron and other metals depart when
the metal is heated ; and the brittleness which quenching
causes is less intense than that which previously existed.

InTables 8, 9, 10, 11, and 16A T have analyzed the results
of many experiments on hardening; this enables me to
present its specific quantitative effects more fully I believe
than has heretofore been done.* '

A. TENSILE STRENGTH.—In general, moderately rapid
cooling raises the tensile strength. Violent cooling may
lower it, especially in the case of high-carbon steel and
when the quenching temperature is high.

a. WATER-HARDENING cools steel very rapidly. With
lov-carbon steel (say with carbon below 05 per cent)
water-hardening from a moderate temperature raises the
tensile strength greatly (see cases 1 to 14, and 71; in these
13 cases the tensile strength is raised on an average 47
per cent). Water-hardening low-carbon steel from a high
temperature, however, in the only case I have met (No. 12)
lowers the tensile strength (by 19 per cent).

Water-hardening high-carbon steel (with C above, say,
075 per cent), whether from a high or low temperature,
either lowers the tensile strength (see cases 16, 23, and 75,

in which it is lowered by from 25 to 58 per cent) ; or at
& Seo also addendum to Table 8,

by 2 per cent).”

(b) O1L mMARDENING almost invariably raises the tensile
strength, even when the quenching-temperature and the
carbon are both high, sometimes more than doubling it.

In 62 cases of oil-hardening which I have analyzed the
tensile strength is raised on the average 55%, and is low-
ered in only one of them (No. 76) ; in this a high-carbon
steel (1:127% C) is quenched from a very high temperature.

1f both the carbon and the quenching temperature be
low, water-hardening may give slightly higher tensile
strength than oil-hardening. (See case 5.) But in the
great majority of cases oil-hardening gives much higher
tensile strength than water-hardening. In 4 cases (Nos.
12, 16, 19, and 29) in which the same steel is oil-hardened
from both high and low temperatures, I find that where
the carbon is moderately low the high quenching-tem-
perature gives the greatest tensile strength ; where the
carbon is high (1-22%) low-temperature quenching gives
the highest tensile strength.

Coal tar and tallow in cases 17, 18, and 19 raise the ten-
sile strength less than oil.

These facts appear to point to the conclusion that to get
the highest tensile strength with very low-carbon steel we
must cool rapidly, quenching in water from a high temper-
ature ; for steel of say 04 C we must harden more moder-
ately, using oil, but still a rather high quenching temper-
atnre ; for high-carbon steel (say 1:25%) we must cool
gently, from a low temperature and in oil.

"o This sta:t(e-r;x;\nﬂrefe;s—;ﬁly to the cases which I have met. I do uct mean to
imply that water-hardening never greatly increases the tensile strength of high-
carbon steel ; indecd, it would probably largely increase the tensile strength of
pieces of large cross-section, cven if their caron were decidedly high, and es-
pecially if the quenching temperature were low, since they cool comparatively
slowly cven in cold water. The following paragraphs are written iu the same
spirit.
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(B) ELongATION.—Analyzing 81 recorded cases (some
water, some oil-hardened), I find that 60 of them lose 25%
or more of their elongation on hardening, 35 lose 50% or
more, and 13 of them lose 90% or more. In each of 19
cases of water-hardening the elongation is considerably
lowered, the mean loss being 63% (of the original elonga-
tion). In 52 outof 56 cases of oil-hardening the elongation
is lowered, but on the whole considerably less than by
water-hardening ; the mean loss of elongation by ocil-
hardeningis 45%. Inonly oneout of seven casesin which
the effect of both water and oil-hardening on the same steel
i3 given does the oil-hardening reduce the elongation more
than water-hardening. The elongation of steel high in
carbon is on the whole reduced by hardening rather more
than that of steel low in carbon. But in the cases which 1
have collected the loss of dnetility by high-carbonsteel on
hardening exceeds the loss which low-carbon steel under-
goes much less than is generally supposed. Thus in 84
cases in which the C is 040% or below, the mean loss of
elongation by hardeningis 41% ; in 47 cases whose C is be-
tween 047 and 1167 the mean loss of elongation by
hardening is 407.

Cases 2, 3, 4, 6, 8, 9, 10, and £0, whose C does not ex-
ceed 0°30%, each lose 407% or more of their elongation on
liardening. Case 2, with only 0-07% C, loses 79% of its
elongation.

Hardening from a high temperature generally, though
not invariably, lowers the elongation more than low-tem-
perature quenching.

(C) Tne Erastic Limit is almost invariably raised by
hardening, and usnally more than the tensile strength is.
In examining 44 recorded cases I do not find one in which
the elastic limit is lowered by hardening, and but one in
which it is not raised. In these 44 cases the effect of
hardening on the tensile strength is also determined. In
29 of them the elastic limit is raised more than the tensile
strength, being raised on the average by 47% while the

tensile strength in the same cases is raised on the average
by only 324.
On the whole hardening appears to raise the elastic
limit of high rather more than that of low carbon steel,
though by no means invariably. Thus in 20 cases whose
C is 0'4 % or less the mean elevation of clastic limit is 42% ;
in 24 cases with C above 040, the mean elevation is 507 ;
yet cases 59 and 60, with C 0'1% and 0-15%respectively,
have their elastic limit raised by oil-hardening €37 and 81%.
D. Harpwrss.—While we have little gquantitative in-
formation as to the effects of hardening cn the hardness
of steel, we may say roughly that the higher the initial
temperature, the more rapid the cooling and the higher
the percentage.of carbon, the harder does the steel be-
come. The effect of varying temperatures is illustrated
by Metealf's experiment.®* One end of a steel bar is
heated to dazzling whiteness, the remainder being heated
by conduction from the hot end. If it be quenched in
water with its different portions thus at different temper-
atures, we find that the part which had been scintillatingly
hot will now scratch glass, and has a coarse, very lustrous,
yellowish fracture. That which was simply white-hot is
nearly as hard as glass, with a coarse but less yellow
fracture. Those which had been at a high yellow, an
orange, and a high red-heat are successively softer and
tongher, with successively finer fractures, which are in all
three fiery. That which had been at a cherry-red heat is
very strong and much less brittle than the preceding, with
the finest fracture of all; it is well hardened, e. g., for
cutting tools, though, of course, requiring subsequent
tempering. That which had shown a low-red color is
tougher and softer yet, but still hard enough for tap-
teeth ; its edges show a very fine fracture, its center is
somewhat coarser. The portion which had not been visi-
bly red-hot is not materially hardened, and is conse-
quently softer than any of the others, and has the same

& Metallurgical Review, 1., p. 246,
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fractnre as the unhardened steel, which is decidedly
coarser than that of the portion quenched from cherry-
redness.

Lxtending Metcalf's experimont to lower temperatures
and quantitatively determining the hardness of the differ-
ent portions of the bar by the method of indentation, 1
found that the hardness was not measurably above that
of the annealed steel until the quenching-temperature
reached a point in the neighborhood of a dull red, but that
passing above this point the hardness very suddenly in-
creased, soon reaching an apparent maximum.

\Vhlle the duetility and tensile strength are somewhat
more affected by a given quenching in high than in low-
carbon steel, the hardness proper is incomparably more
affected in the former than in the latter. Indeed, a
quenching which in high-carbon steel replaces decided
tonghness with glass-hardness, does not sensibly increase
the hardness proper of ingot and weld iron.

Thus on quenching wrought-iron from a white heat I

was unable to detect quantitatively by the method of in-
dentation any increase of hardness, though its dnetility
was somewhat impaired, and though, as we see in Table
8, its tensile strength may be affected by quenching nearly
as much as that of high carbon steel.

§ 35. ConpITIOoNS OF ITARDENINO. A. TEMPERATURE.—
The specific effecets of different quenching-temperatures
on the properties of steel have already been indicated. It
is thought that, at least in the case of tool steels, the
best general results are obtained Dy employing the low-
est quenching-temperatnre which suffices to give the re-
guired hardening, as mneedlessly high temperatures
impart a coarseness of structure and consequent brittle-
ness which can not be wholly effaced by subsequent treat-
ment, while no compensating advantage accrues. In
general, the hardness proper is not increased unless the
quenching-temperature be at least as high as a dull

cherry-red heat; and it is stated that the lower the car-

bon the higher must the quenching-temperature be to,
produce dec1ded hardening. Thus tool steels with say 1%
C often require only a low red-heat for quenching ; gun-

time in very narrow rectangular vertieal furnaces, in which
a single tube stands on end. One side of the furnace is
hinged so that the tube may be very rapidly removed
sidewise, to be iimuediately plunged in a deep tank of oil.

C. Rarmorry AND MEDIA or CooLING.—In general the
more rapid the cooling the harder and more brittle is the
steel ; rapidity of cooling up to a certain point increases
the tensile strength, but if the cooling e exceedingly
rapid the tensile strength may be very greatly lowerad,
and the steel may even be broken by the hardening itself.
Apparently the lower the carbon the more rapid and
violent should the cooling be to give the highest tensile
strength.

The hardness and brittleness of hardened steel are influ-
enced far more by the rapidity with which the steel cools
from a cherry-red heat to 400° C. than by the rapidity of
cooling below 400°C., though the latter is not without
influence on the resulting hardness. Thus red-hot steel is
somewhat hardened by brief immersion in melted zine
(zinc melts at 412° C.), followed by moderately rapid cool-
ing in the air, while if the steel be left immersed in the
zine the hardness thus acquired is again lost.

Mercury cools ste=l with the greatest rapidity ; water,
rapeseed oil, tallow and coal-tar follow in the order here
given. Urine and brine are said to cool steel more rapidly,
and soapy water less rapidly than pure water. A thin
layer of oil on the surface of the wator retards the cooling.
Oil-hardening almost always gives both higher tensile
strength and higher elongation than water-hardening.
But it must be remembered that even oil hardened steel
has almost, if not quite, invariably lower elongation than
the same steel when annealed, and in an overwhelming
majority of cases even lower elongation than when unan-
nealed.

For castings and most forgings of steel with less than
0-76% C, such as guns, marinz shafts, and armor plate,
tensile strength is more important than hardness, hence
they are h‘lbltumlly hardened in oil. For cutting tools,
| hardness is more important than strength, hence they are
ordinarily hardened in water. Once hethed the pieces

steels with say 0'4% C are said to acquire the most ad-|shouid be promptly quenched ; there should be plenty of
vantageous hardening by quenching from a salmon or even | the cooling medium, so that its temperature may not be
a strong yellow heat. (Cf. Pp. 175, 191, bottom.) ,(‘onﬂdembly raised by the heat it receives from the steel ;
Qnenching from lower temperatures, however, probably the piece should be moved about in the bath. This not
affects the tensile strength and apparently diminishes the only hastens the cooling by exposing the steel to fresh
ductility, though much less than high-temperature quench-  portions of the bath, and by mechanically removing the
ing. |steam from the surface, but also equalizes the rate of cool-
B. Heatine For ITARDENING.—The method used iag of the different portions of the piece. Forlarge pieces
should depend largely on the shape, size and number of: a running stream may be needed for these ends, and Jaro-
the pieces to be heated. The smith’s forge, though largely |limek advises a spray of water for hardening, as giving
used, is far from advantageous. Molten lead appears to|the greatest hardness with the smallest consumption of
afford the most uniform heating, but its use is insalubri-| water. ~ When large pieces (gnn tubes, castings, etc.)
ous. Small pieces may be heated in a reverberatory fur-|are to be cooled in oil, the oil may be cooled by worms
nace, by contact with hot iron of appropriate shape, in a|or water jackets, through which cold water circulates, as
gas flame, etc. Where many small pieces are to be| arunning stream of oil might be inconvenient.
hardened they may be inclosed in an iron pipe, box or pan‘ Clearly, under otherwisz like conditions, a more rapidly
filled with charcoal dust, and placed in a smith's forge, | cooling medinm will bs needed to producea given rapidity
a reveberatory furnace, etc.. A pan or open box offers the | of coohnrr in thick than in thin pleces For instance,
advantage that the pieces can be stirred about and thus|while to attain given stiffness, thin springs (e. g., those of
heated uniformly. locks), are hardened by quenching in oil from a cherry-
Large pieces must of course be heated in reverberatory |red, thick springs are given a similar stiffness and hard-
furnaces, often of shapes specially adapted to the pieces ness by water-hardening, as water abstracts heat far more
to be heated ; e¢. g., long gun tubes are heated one at alrapidly than oil; while those of intermediate thickness
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are given like qualities by quenching in water covered with ‘

a film of oil, which abstracts heat with a rapidity inter-
mediate between that of oil and water.

§ 86. Precavrions.—If we plunge a red-hot cylinder

of steel into water, the exterior at first cools much more |

rapidly than the interior: the onter shell is in the
position of a thin, highly heated eylinder slipped over a
cold inner cylinder, which it is barely able to contain
while hot. The outer cylinder is strained and may be burst
by its own contraction, resisted by the interior which it is
unable to compress. If we have a square rod, instead of
a cylindrical ,one, the resistance of the interior, which
cools and contracts comparatively slowly, to the initially
rapid contraction of the exterior, may cause the exterior
to bulge, to become convex to approach the cylindricdl
shape, in which the ratio of surface to volume reaches the
minimum.
eccentric), the more rapid early cooling of the outside may
warp it out of shape.

In these cases cracking, convexing and warping are due
to the fact that, immediately after immersion, the exterior |
cools more rapidly than the interior. With pieces of other|
shapes similar eracks, distortions, warpings may arise
from the endeavor of the more slowly cooling portions to
cooland contract after the more rapidly cooling ones have
already become cool and rigid. In short, we must endeavor
to avoid dissimilar rates of cooling and contraction in differ-
ent portions of the piece. These may be partially or even
wholly guarded against by the following expedients :

A. BY ACCELERATING TILE COOLING OF TIIE MORESLOWLY
COOLING PARTS; e. ¢g., we may dish, panel, or perforate the
central portions of thick flat pieces ; and we may perforate
cylindrical and prismatic pieces longitudinally, or cut
longitudinal furrows on their surfaces, in each case aiming
to hasten the cooling of the central portion of the piece.
When one portion of the piece is much thicker, and hence
tends to cool more slowly than the rest, we may dip that
portion into the cooling medinm first.

B. BY RETARDING THE CUOLING OF TIIE MORE RAPIDLY
COOLING PARTS: e. ¢., to the periphery of flat pieces, and
to other portions which tend to cool too fast, we may,
before hardening, fit picees of irom, or even wire gauze ;
the scale from rolling or fcrzing purposely left on such
picces has a similar but of course milder effect. When,
as in eccentrics, hoies occur in the periphery of flat pieces,
there is great liability to cracking, since the onter rim is
then in the condition of a band shrunk upon a eylinder
and nearly filed through at one point; the contractility
of the band is here resisted by such a small area of
cross-section that fracture is likely to oceur. So, too,
when sharp re-entering angles ocenr on the exterior of
a piece, it is apt to crack, just as a piece of cloth
tears across where notched, So, too, where holes
occur near the inner border of annular and similar
pieces, or'where re-entering angles (key-seats, ete.) occur
on their inner border, fracture is likely to occur. Such
holes, notches, re-entering angles, ete., should be avoided
as far as possible, and where they occur it is important to

retard the cooling of the metal immediately surronnding|

them, as by inserting in the hole or nick a piece of hot
fire-clay or iron, by wrapping wire in the corners of key-
seats, ete., before hardening, ete.

C. By Varyine INITIAL TeEMPERATURES.—In certain

If we have an unsymmetrical piece (e. g., an

cases, such as taps, we may heat the more rapidly cooling
portion (here the exterior) to a somewhat higher tempera-
ture than the interior, to partially equalize their tempera-
tures during cooling. And in general the more slowly
cooling portions should certainly not be initially hotter
than the more rapidly cooling parts, as this would exag-
gerate the contraction which they undergo after the lat-
ter have become cold and rigid. Per contra, we must
carefully avoid overheating and burning the corners and
thin portions of the piece, as the steel may thus be readily
and irreparably injured.

Ix Partiar DirpiNG, where only a portion of the piece
is to be hardened, it should be moved np and down in the
water. Otherwise, an aggravated case of eliochronous
cooling arises, as we have a sharp line of demarcation at the
water’s surface between the immersed and rapidly cooling
parts and the non-immersed and slowly cooling ones.

DirecTioNn oF ImMERrRsioN.—Long and narrow or thin
pieces should be immersed lengthwise; otherwise the
aeliochronous contraction will warp the piece; e. g.,
'if a thick rod be immersed not lengthwise, but sidewise,
the side first immersed cooling and contracting first will
become concave for the instant; the upper side cooling
and contracting after the first has become cold, will not
exactly compensate for thisinitial curvature, and the piece
when cold will still be somewhat curved.

§ 38. TemperING.—Hardened steel is too brittle for
most purposes ; hence it is generally somewhat toughened
by tempering, by slightly re-heating it. The higher the
temperature to which the steel is heated in tempering the
tougher does it become, with a corresponding loss of hard-
ness, but, at least in certain eases, with considerable gain
in tensile strength. Steel when tempered, though much
more ductile than when hardened, is far less duectile than
when annealed.

TABLE 11 —-EFFECTS OF T)-‘MPERING

|

Open-hearth steel Cast st:eel of 100
of 015Ca | %C
Tensile ' Tensile
strength.| Elonga- strength.| Elonga-
Lbs. per| tion# Lbs. per tion.
sq. in, sq. in. |
: g 72,760@| 25'@ 5
Hardened in watei's.....coounuennn. 8= 5‘ 76,690 | 25775 90,049, 0
Tempered at raw hedt <. ... S oateran. . 66,385 2 ‘ 100,983 O
<% Spring. tamper heatMemetl . sas, o5 ., e 104 888 07
€ 6 Dlue BeRb..eerirennceeenns o k0| o= 112,119| 07
=
T Bl i et Al S St { seids0 | (365 |121716) 70

a A, E. Hunt, in Transaeticns Am. Inst. Mining Engineers, X1I, p. 311.
b Kirkaldy experiments on wronght-iron and steel, p. 165.

§ 39. Heatiye For TeEMPERING.—The hardened steel
must be re-heated uniformly. If slowly heated the steel
is said to become tougher than if rapidly heated, without
corresponding loss of strength and hardness. Though the
smith’s forge is largely used for heating steel for temper-
ing it is utterly unfitted for this purpose. According to
the size and shape of the piece to be tempered we may heat
it by contact with hot iron bars, plates, rings, ete., or by
radiation from them ; ox the surface of melted lead or
other fusible mnetal ; in hot sand,* in burning charcoal, in
reverberatory furnaces, etc. When, as in the case of drills,
only the point is hardened and tempered, after hardening
the still hot shank heats the point by conduction.

In all these cases the temperature of the steel is indi-

|

Tal Ede: thei‘r@atmeut of _Ste—el-, Miller, Metealf & Parkin, p. 69.
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cated, with suflicient acenracy for, practical purposes, by
the color® of the film of oxide which forms on the surface
of the steel (see Table 12), which on this account must be
brightened before it is re-heated, and the steel must be
withdrawn Irom the heat the instant the desired tint ap-

pears, lest it become too hot and hence too soft.
TABLE 12.—TEMPERATURES, ETC., FOR TEMPERING STEEL.

(=g

S g g8

Tempera- 1 i A
: . d Appearance of |Corresponding uses of| £ . .
Oxlie dat. g o1l bath.b the tewpered steel. :-g & i
. =

Ceat.| Fah. {i
b o B8 S oo0og| scodn s Bacn . 00obdoad ‘sotrcd Tuugslen stecl.c Tungs-

HARDEST. teu steel

Pale yellow....... WO} U ABLE 0 .... Lancets,

ATV o) oo o ole oo 80| 446 [................. Razors, surgical in-
struments, engrav_
ings,b taps,b dies bl
cuttersb ........... .| 1-5%c

232 | 450 |First smoke.

Golden yellow....| 213 | 469 2 N . R Ra2zors, penknives,
bhammers,d  bvaps.
reamersand dies, for
wrought and cast-
iron, copper, brass,
etc..d cold chisels for
cutting steeld .. .... 1-3%¢

Brown.....oo.... R85 | 491 |...inuiinn vve.cee.jCold chisels, shears,
scissors, hatchets.

260 | 500 (Strongdarksmoke
Brown, dappled
with purple..... 2650 B09-(... Axes, planes, lathe
tools for copper.d
276 | 530 [Abuudant black
smoke.

BuLnles . oo 2771 531 |...ii.ieveeienee..[Table knives, large|
shears, wood turu-
iLg and cutting
tools,d cold ch'sels
for soft cast iron.d

R T YeTere T %0 (o0, o 5o Nl ore’Teles o 0% ore an veves ... Cold chisels for brass.d| Q-9e

Bright blue...... el T P o el Swords, coiled springs.

il blue’. > 0. . ... 3 NG S 2 SR R Fine saws, augers, ete.

804 | 580 |Can be lighted,
but does not con-
tinuae to burn.. |.......... 2 .} 08

Dark blue ....... 316 | 600 |...... .... .. ...[Hand and pitsaws,cold
chisels for wronght-
iron and copper.d

Ligbts spontane-
Just visibly red iu eusly...% . 5. . ,Si)iral springs.b
the dark.. ..... Jogecd | o Burns rapidly....|Clockmakers’ pur-
[ poses.b SOFTEST.

b Ede : Treatmeut of Steel, Miller, Metcalf and Parkin. ¢ Béker : Journ. lron
a3|)1d Steel Iust., 1€86, I., p. 334. d Thurston : Materials of Engincerieg, II., p.
326,

When many pieces are to be similarly tempered they
are advantageously heated in oIl or tallow, the behavior
of the oil then roughly indicaling the temperature (see
Table 12).

Thus I'de recommends that springs of =all kinds,
immersed in oil or smeared with it, be heated till the oil
burns on them with a white flame, when they are imme-
diately quenched in cool eil. If they are heated in the
oil, it is necessary to remove them from it to ascertain
whether they are hot enough to permit the oil to burn
persistently on their surfaces, 7. ¢, to *‘ blaze.”

The temperatures appropriate for tempering for various
purposes, and the indications by which they are recog-
nized are given in Table 12. They vary considerably witDh
different steels, in a way imperfcetly understood. The ox-
ide tints too are said to differ with different steels, ar:d it
is not unlikely that a long exposure to a given tempera
ture produces a deeper tint than a brief one; ¢c. ¢., a
golden-yellow may indicate either a brief exposure to 243°

lcooled in water or oil.

C., or a lenger expesure to say 230°. But this too is prob-
ably of little practical moment, as the tonghening effect of

aIf steel be heated in vacns, these colered films do not form, which indicates
that they are of oxide. (Roberts: Traus. Inst. Mechanical Engineers, 1881, p. ’
710.)

a given temperature appears to increase with the length
of exposure to that temperature.

If the tempered piece be too hard, that is, if it has not
been heated strongly en<ugh, it may be further softened
by re-heating to a slightly higher temperaturc, and with-
out repeating the hardening proper. If, however, it be too
soft, that is, if it has been toe highly heated in tempering,
it must be hardened again by suddea cooling from a high
temperature (¢ g., a cherry-red heat).

§ 40. CooriNG.—Ede® states that the properties of steel
are the same whether rapidly or stowly ccoled after heat-
ing for tempering, 7. e., the tempering is due to the
reheating, net to the subsequent cooling ; but as a matter
of convenience the tempered steel is usually promptly
My preliminary experiments indi-
cate that steel slowly cooled from a blue heat is slightly
tougher than if suddenly cooled. Drills, etc., whese peints
are heated for tempering by conduction frem the hct
shank of the drill, must of course be plunged in water the
moment that their peint shows the desired temper, as
otherwise the point would become overheated by conduc-
tion.

§41. OtnErR METIODS OF HAEKDENING AND TEMPER-
ING.—Tke ordinary method here described may seem ir-
rational in that it first gives the steel undesirable hard-
ness and brittleness, part of which has to be subsequently
removed. Itsadvantage is that it employs readily recog-
nized and regulated temperatures and rates of cooling, so
that the degree of hardness obtained is fairly nnder con-
trol. By the oxide tints the temperature reaciied in tem-
pering may be very closely controlled, and if the temper-
ature from which the steel isinitially hardened can not be
so clesely recognized, this is of slight importance, since
the effect of considerable variations in this temperature is
slight. Two of its disadvantages are (A) that the violent
cooling employed in hardening often cracks costly pieces,
and (B) the subsequent tempering chiefly siftens the ex-
terior, which in the case of cutting tools needs the greatest
hardness. Hence plans for dispensing with subsequent
tempering by directly hitting the desired degree of hard-
ness by the hardening eperation itself, which gives the ex-
terior the greatest hardness, leaving the interier somewhat
tougher, have been proposed.

They all appear to have two serious disadvantages. 1st,
the degree of hardness cannot be so nicely regulated by a
single operation as by hardering combined with subse-
quent tempering. 2nd, we apparently obtain a higher
combination of strength with ductility by hardening fol-
lowed by tempering than is attainable with a single opera-
tion, since the tempering dees not appear to lessen the
tensile strength and hardness imparted by the preceding
hardening as much as it restores the ductility which the
havdening had removed. On account of these drawbacks
they have met with little favor even for cutting teols;
while for softer steels, e. ¢., for ordnance, armer plate,
castings, etc., they seem still lessfitted, since here their
advantage of giving the exterior greater hardness than the
interior counts for naught.

A. Caron® recommended hardening net in cold but
in warm water, which would cool the steel more slowly,
and harden it less violently. But this does net appear to

b Treatment of Steel, Miller, Metcalf & Parkin, p. 69,
¢ Metallurgical Review, 1., p. 158.
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give uniform results, as the degree of hardness acquired is | cylinder of irom, while the other end is cooled by a ring

influenced by the size and shape of the piece, the rapidity
with which it is moved under the water and by other
variables little under control, more than by the tempera-
ture of the water.

B. INTERRUPTED CooLING is recommended by Jaroli-
mek.* Observing that the degree of hardness depends
chiefly on the rapidity with which the steel passes from a
red heat to one slightly below redness, while tempering
depends on exposure to a much lower" temperature, le
would harden by immersing the red-hot steel in the com-
paratively dense center of a spray of water till the red color
disappeared, then allow it to cool at a comparatively slow
but (as he claims) controllable rate, by removing it to the
outer and rarer portions of the spray, orititbe very small
and would cool very rapidly, by removing it completely,
so that it may cool in the air.

0. OuDINARY HAERDENING WITHOUT SUBSEQUENT TEM-
PERING is employed for uses which demand great hardness
but for which toughness is not needed, e. g., where friction
alone is to be resisted. Thus hardened steel bushings, ®
rings, collars, plug gauges as well as lathe tools® for cut-
ting very hard cast-iron and unannealed steel may be used
untempered.

In other cases where great stiffness is required, as in
some spiral springs which must sustain a heavy load but
which require but little play, the desired hardness and
stiffness may be attained by hardening alone withont sub-
sequent tempering, by employing a steel lower in car-
bon than would be suitable were it to be tempered after
hardening.

§ 42. Guv ToBEes and jackets are generally oil-hardened,
though it is said that Krupp’sfare not. The quenching tem-
perature varies from a blood-red (W oolwich®), to a strong
yellow Leat (Terre-Noire®), a salmon heat being employed
in the best American practice. The higher the carbon and
the more the piece has been forged before hardening the
lower should the quenching temperature be. In the Rus-
sianf practice it is said that the piece is left but from 10|

of water, which is gradually raised as the cooling pro-
ceeds. This is done, lest both ends of the jacket should
simultaneously cool and grip the tube, since then its
subsequent contraction would subject the jacket to
abnormal longitudinal tensile stress.

The initial oil-quenching of gnn tubes, etc., is frequently
spoken of as tempering or even toughening. but as in the
cases which I have observed, the tensile strength is raised
and the elongation is lowered by this quenching, it ap-
pears to me a true hardening and not a tempering. (See
Cases 13, 65, 66, and 67, Tables 8, 9, 10.) The tempera-
ture at which the hardened tube or jacket is tempered is
usually governed by an examination of its physical proper-
ties. 1f, after hardening, it appears abnormally hard, the
tempering temperature is raised higher than would other-
wise be desirable. If it appears unexpectedly soft it is less
strongly reheated for tempering. The reheated piece is at
some works again suddenly cooled (e. g., Terre-Noire,
where it is reimmersed in oil, in which it is allowed to
cool). In others it cools slowly, which naturally renders
it somewhat softer and tensilely weaker than when sud-
denly cooled.

§ 43. HARDENING SPECIAL STEELs.—Mushet’s ‘“spe-
cial” (tungsten) steel, Park Bro. & Co.’s ‘‘imperial”’
steel, Miller, Metcalf & Parkin’s ‘‘ hardened’’ steel, and
Hadfield’s ““manganese’’ steel are used for cut!ing-tools
without previous quenching of any kind. The steel is
forged at a strong red heat to the desired shape and then
allowed to cool slowly in the air; after grinding on an
emery wheel (it is hardly cut by a file) it is ready for
use. Chrome steel is quenched in water from dull red-
ness. See furthcr §§ 86, 188 and 139,

§ 45. ANNEALING effaces more or less completely the
effects of previous hardening; it iucreases the duectility
and specific gravity, and it generally lowers the elastic
limit. As gentle hardening rais:s the tensile strength
while violent hardening may lower it, so annealing, while
it generally lowers the tensile strength, may raise it, if it

to 15 minutes in the oil ; at Terre-Noire, and I believe at|hasbeen previously lowered by violent hardening or other-

Woolwich, and in the best American practice it is allowed | wise.

tocoolin the oil, which is sometimes cooled by circulation.
Usually the hardened tube or jacket is next tempered

Anrealing removes hardness and br 1tt]ene9s arising
from cold v.‘orking' and aeliochronous® contraction (as in
steel castings) as effectually as those caused by quenching.

by heating it to a temperature which varies from 500° Irnportnnt steel castings are generally thoroughly annealed

Fahr. (W 001W1c]1), to a cherry-red (Terre-Noire), the
tempering temperature being generally highest where the
hardening temperature has been highest, 7. e., where the
carbon is lowest. At Woolwich the jackets are tempered
in the act of ghrinking them upon the tube, and it is said
that the tubes are not tempered, except in as far as they
are heated by the contact with the hot jackets. To re-
move the brittleness due to hardening, the piece is almost
invariably either subsequently annealed or iempered.

In shrinking the coils upon the tubesat Woolwich ¢ the
jacket is, according to Maitland, heated to 500° or 600° F.,

in this country. It issometimes specified that steel marine.
boiler and ship plates shall be annealed. The most careful
of marine boilermakers (e. ¢ , Cramp & Sons) anneal boiler
plates after severe, but not after light flanging, ete. Loco-
motive and stationary boiler plates are not annealed in
this country, even after the most severe punishment, e. g.,
flanging, punching, drifting, ete. In European ship-yards
steel was formerly very largely annealed after undergoing
any trying work. Annealing appears to be much less
frequently resorted to to-day. (Cf. p.179.)

HEeATING FOorR ANNEALING.—The steel should be heated

and slipped over the tube, the shrinkage in the case of | uniformly, and to this end without direct contact with

12" guns varying from 0 to ;{7 of the diameter.
upper end of the ]aclxet is kept hot by a ring of gas or a hot |

a Metallurgical Rev1ew, I, p. 158,
b Iide, Op. cit.
¢ Thurston : Materials of Engineering, II, p. 326.
d Maitland: Jonr. Iron and Steel Inst., 1881, II., pp. 432-6,
e Pourcel: Op. Cit. P., 1882, IL, p. 518,
Benét: Proceedings U, S, Naval Inst,, X., p. 561,

| bright cherry-red, or for tool steels (with say 1%

The | the {lames.

TEMPERATURE FOR ANNEALING.—The most advanta-
geous temperature for all kinds of steel appears to be a
C) per-

g T suzgect the adjective aeliochronous or aeliotachie to express the fact that the
cooling and contraction, even if equal in amount, occur at differcnt rates in dif-
ferent portions of the piece.
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haps a slightly lower one. If the steel be long exposed
to 2 much higher temperature (say a light rved or orange
heat) it assumes a coarsely crystalline structure, which it
retains on cooling, and its toughness and strength are
greatly impaired. Iligh-carbon steels (e. g., tool steel)
appear toassume this erystalline strneture at a much lower
temperatnre than steels with less carbon.

Coorine.—The more slowly the steel is cooled, within
reasonable limits, the softer and tougher does it in general
become. Bnt slow cooling from a cherry-red to a tem-
peratnre slightly below visible 1redness increases the
tonghness and softness far more than slowness of cooling
from this temperatnre down. Hence for many purposes
which do not demand extreme tonghness it suffices to cool
the steel slowly till the red color disappears and then
quench it in water. Indeed low-carbon steel which has
been rendered hard and brittle (e. g., by cold-rolling or
drawing, by punching, shearing, etc ), and steel castings,
may be rendered far less hard and brittle by simply heat-
ing to redness’and quenching, especially if oil-quenched.
but still nsually less ductile than if slowly cooled.

It is, however, probable that phosphoriferous steels
acquire their greatest ductility by only moderately slow
cooling. Thus Styfle* gives an instance in which weld
iron, with 0-26% P, is much tougher as well as somewhat
stronger after quenching in water than even after ordi-
narily slow cooling, in the former case having a tensile
strength of €6,769 1bs., and an elongation of 257, against
a tensile strength of 61,758 1bs., and an elongation of only
6-56% after ordinary cooling.

A thorough annealing may be obtained by cooling the
heated steel in ashes, lime, or other slow conductor of
heat, or by permitting it to cool slowly in the furnace in
which if is heated, by drawing its fire and closing all aper-
tures. Many important steel castings are thus annealed.
At many American works, however, boiler and ship-
plates, etc., are anncaled (?) by heating them (often under
conditions which insure irregular heating) to a red heat,
then allowing them to cool on the mill floor, exposed to
draughts, and often in contact with cold iron plates ; in
view of this the incrednlity of many engineers about the
benefits of annealing is hardly surprising. Indeed, un-
less to remove really violent stresses (e."g., after punch-
ing and shearing very thick pieces with rather high car-
bon) annealing should not be resorted to, unless it can
be periormed carefully, as it may simply exaggerate the
effects of previous rapid cooling and cool-rolling which it
aims to remove : (e. ¢., in case 21 of Table 16 the tensile
strength is actually higher and the elongation lower after
the annealing than before; yet on carefully annealing
steel of the same kind, case No. 20, idem, it became
softer and tougher.

§46. QUANTITATIVE EFFECTS OF ANNEALING. A.
ITarDENED STEEL.—The effects of annealing hardened
steel are almost exactly the reverse of those of hardening
annealed steel ; and as most of the quantitative effects of
hardening, detailed above, refer to the difference between
the tensile strength and ductility in the hardened and an-
nealed states respectively, it is not necessary to repeat
them here. The reader is referred to the preceding para-
graphs, and to Tables 8 and 9.

B. UxnmarpeNyep Srekrn —The rolling and hammering

a Iron and Steel, p. 132, No, 34 ; and p. 136, Nos. 33 to 85, A

of steel is often finished at so low a temperature as to
considerably raise its tensile strength and diminish its
ductility, and these effects are often reinforced by the
comparatively rapid cooling which it undergoes after
leaving the rolls or hammer, under exposure to dranghts
of air and often in contact with cold plates. These effects
are largely removed by annealing, which thus increases
the dnetility and diminishes the tensile strength of ordi-
nary commercial steel like those of hardened steel, but to
amuch lower degree, which varies greatly, depending as
it does not alone on the efficiency of the annealing, but
more especially on the degree to which these properties
had previously been affected by cool forging and rapid
cooling.

The efficiency of the annealing depends chiefly (13, on
the annealing temperature, and (2) on the rapidity of
cooling, and hence on the cooling medium. "The effect of
cool-forging and rapid cooling depends chiefly on (3) the
cross section of the steel, since thin pieces not only are
finished at a lower temperatnre bnt cool more rapidly
after leaving the rolls than thick picces, and (4) on the
percentage of carbon.

1. ANNEALING-TEMPERATURE.—The higher the anneal-
ing temperature, if it be not so high as to give rise to
crystalline structure, the more efficient it is. Thus in
Table 14, annealing the same steel from a bright cherry-red
affects the ultimate and elastic tensile strength about 50¢
more, and the ductility abont twice as much as annealing
from a dark cherry-red. Steels of 1 per cent and of 12
per cent carbon appear to acquire their highest duectility
when annealed from Dbright cherry-redness and from an
crange color respectively. ith higher anuealing tem-
peratures both tensile strength and duectility decline : if
even ingot iron be slowly cooled from scintillating white-
ness its duectility may be almost wholly destroyed.

2. RaripITY OF CooniNGg.—In the same table we note
that lime-cooling affects the tensile strength and elastic
limit much more, and the ductility on the whole some-
what more than cooling in oil, which is a much better
conductor of heat than lime, and cools the steel faster.
The intrinsic value of the steel, if we may measure it by
the product of the tensile strength into the elongation, is
somewhat greater after the slower lime-annealing than
after oil-cooling, thongh this might not hold true with
pieces of other cross-sections and of different carbon.

3. Cross SrotioN.—Since thin steel becomes colder
while being forged and cools more rapidly after forging
than thicker steel, we should naturally expect to find that
the stresses set up by cool forging and rapid cooling would
be greater in thin than in thick steel, and hence that the
former wonld be more aftected by annealing. And as re-
gards tensile strength, this is apparently the case. Thus,
comparing together Cases 1 with 6, 2 with 7, 3 with 8, and 4
with 9, in Table 16, we note that the tensile strength of
the former of each pair (representing 2-inch square bars)
is diminished by annealing more than that of the latter
(whach represents the average of 2-inch square and of
larger bars).

So too in Table 15 we see that, with a rough approach
tonniformity, the smaller the cross-section of the finished
piece the more the tensile strength is-lowered by anneal-
ing. Dut as regards ductility we find the very opposite.
Thus in Table 15 eolumns C and D we see that the thicker
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TABLE 14.

INFLUENCE OF THE TEMPERATURE OF ANNEALING.

INCREASE (+) OR DECREASE (—) OF TENSILE STRENGTH, ETC., CAUSED BY ANNEALING,

PER 100 OF ORIGINAL.

3

Initial (unannealed).
Tensile strength.| Elastic limit. | Flongation Reduction of area.
bs. per sq. in. | Lbs. persq. in. | Per cent. | Per cent.
StRal(0f 10730 Por conb/CATDAR L veo. - -« me . e N e . Lo s 74,950 | 43,320 20 | 35
Percentage of increase on anncaling.
Annealed from black heat.. ..ecodeoenonssasen. — 6 — 6 + 15 . +—- 9
Calculated from A. F. Hill's data...... ...... *  dark cherx‘y-red — 16 — 18 + 40 + 26
- ¢ bright — R — 29 + 80 + 51
LFFECT OF DIFFERENT ANNEALING MEDIA,
Initial (unannealed).
Tensile strength. Elastic limit. |Elongation, | Reduction of area. | Efficiency.
Lbs. persq. in. | Lbs. persq. in. | Per cent. Per cent. Number.
Carbon 0°40....... T o o et pia SIS ML N, TN B W 3 BNt PRl oo A A s 93,200 50,180 153 30 1,425,960
Percentage of increass on annealing.
- — 2 25
Calculated from A. F. Hill’s data, annealed from dark cherry-red, in 42 I(‘)'i]me """ . 1‘ % - lg 1 ig i 38 1 lr;
TABLE 15.

EFFECTS OF ANNEALING A3 INFLUENCED DY VARYING CROSS SECTION,

CALCULATED FROM KIREALDY’S DATA, ‘ EXPERIMENTS ON FAGERSTA STEEL,” SERIES C! C?

€2, AND B! B2 B® AND B*
Increaoe (+) cr decrease (—) cf tensﬂe strength clongation, etc., caused by annealing ordmm'y Bessemer steel bars, per 100 of the ongmal

o 28 -t

A B D

No. Size of Bars. Tensile Strength. Elastic Limit. Elongation. Reduction of Area. Eﬁiciency Number.

H R H R H R R 16T R
1 X ) " x 157 —15°1 —1R- —16° + 27 O + 95 + 9 | — 168°
P) Mean of results cbiainel with e — 8% — 8 —19- A 4l1d — e + 29 BESNC O W
3 steel of 1°0, 0°5, and 0°15 per 1347 x 134” — 35 =g —19- + 65 + 40° + 78 + 59 + 89
4 | centC. 27 x 2" — 27 | — & =14 + 75 | + 60 + ¢4 + 7R 4 2P
b6 R x 147 — 76 | — 8 —18° +111° +160 +289° +107° +153-
6 37 %8/ — 29 | — 4 —15° +188* + 97 +164- +184° + 87
7 R x 2 e ARSI, (T [N . + 45° + B7* + 32°
8 Mean of results obtained with 3" %8 G < ] J S S + 64° + 96° + b4-
9 steel cf 08, 0°6, 04, and 0-24 47 x 4 ST ] R e + 38 + 43 + 34
10 | per cent C. B x bl =TT | 5 b 28 + 46 4 160
Lk 6" x 6" =0:8__ _"onll L ey + 189-a +169a +109.a

Norr. —The percentages of increase of elongation and f reduction cf area, cols C and D are per 100 of elongation, etc., of the unannealed steel, and not per 1C0

of ils length etc.
= 1{Zes0 ﬁgures oTo c*:aggerated by oxe ckrerrcl recult

the steel, the more does annealing increase its elongation
and contraction. Since then, thick pieces have their ten-
sile strength diminished less and their ductility increased
more by annealing than thin ones, our data suggest that
annealing benefits thick more than thin pieces, an impor-
tant conclusion, which I have not hitherto seen set forth.
The effect of annealing on the elastie limit appears to be
independent of the cross section.

4. CarBoN.—Under apparently like conditions, the ten-
sile strength is sometimes Jowered more in high than in
low-carbon steel, while as often the low-carbon steel is
the most affected. Thus, in Cases 1 to 10 of Table 16, the
high-carbon steel is the most. affected. In Cases 11 to 18,
the low-carbon steel i3 rather more affected than the high,
while in Cases 22 to 26 the low-carbon steel has its tensile
strength and elastic limit in every case affected more than
high-carbon steel. But, almost withount exception, under
like conditions, the higher the carbon the more the ductility
is increased by annealing, the effect of the annealing on
the ductility generally rising very rapidly with increasing
carbon. Thus, in Table 16, the higher is the C, under like
conditions the higher algebraically are the numbers in
columns 6 and 7. Since, then, with increasing carbon
the effect of annealing in raising the ductility rises more
rapidly and constantly than does its effect in lowering the
tensile strength, it f.llows that, if we may measure the
intrinsic value of steel by the product of its tensile strength
into its elongation, the higher the carbon the more bene-
ficial in general is annealing. Iam not aware that this

R = rolled.

deduction has heretofore being pointed out. Thus,
in all the comparable cases in Table 16, with one
exception, due in turn to a single abnormal observation,
the higher the carbon the greater algebraically is the per-
centage of increase of the efficiency number.?

The few cases given in columns IX. and XIV. of Table
8 throw little light on these questions, as the other varia-
bles vary so much as to mask the effects of varying C,
while in each set of cases in Table 16 we have practically
constant conditions.

5. HamMERING VS. RoLLiNG —Comparing in Table 16
the figures of cases 11 to 14 (hammered) with the corre-
sponding ones of cases 15 to 18 (rolled steel), we note that
in the majority of cases the hammered steel isaffected by
annealing more than the rolled steel. But this is no doubt
chiefly, perhaps wholly due to the fact that this particu-
lar hammer worked more slowly than these particular
rolls, hence finished the piece at a lower temperature, and
thus induce to a greater degree those effects which an-
nealing removes. This does not necessarily indicate that
hammered steel is in general more affected by annealing
than rolled steel, except in so far as hammers in general
may work more slowly than rolls. It points to no oc-
cult difference between the effects of the hammer and the
rolls.

§ 47. UnForGED STEEL CaAsTINGS.~—The cases before us
show how the coarse structure and the stresses which
exist in unannealed castings weaken them, besides very

elongatlon x tensile strength, pounds per square inch,

H = hammered.

a Lfficiency numher =
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TABLE 16.—EFFECTS OF ANNEALING AS INFLUENCED BY THE PERCENTAGE OF CARCCI,

Increase (+) or decrease (—) of tensile strength, etc., caused by anneal- Propertics of the steel before annealing.
ing, per 100 of tho original.
DESCRIPTION OF STEEL. J Teasile Elonga-| Recuc
No.| Fer cent Tensile | Elastie Elonga- | Reduetion | Efficiency | strength, Llastic tion. ti n.
‘| Carbon, | strength.| limit. tion, of area. number, Lbs. per limit, Pe: Per
tq. 1o, cent. | cent,
1 ke —127 —R9- + 120 +1833° +110° 03,024 66,500 22 32
Two-inch equare Fagersta Bessemer steel bars 2 60 — 62 — 2'9 + 25 + 63 <=l iy 97,687 47,700 102 284
hammered irom G-mnch square ingots a, 3 40 — b6 — 70 + G + 9‘§ + 9'4 75,013 39,200 179 605
) 4 20 gt | GRS CHsh ) o LY — 73 59,940 85,200 225 | 6138
Average of the four preceding........ .. . p b S I A By — 76 —112 [+ 45 + 576 =
Avcrage of rosults from 6-inch square ingots 6 80 — 71 —23 |+ %0 + 70° .
aud bars b iu., 4 in., 3 in., and 21ia, squaro 7 ‘€0 — 15 — 44 + 1104 +166-d
h:n:imered from them, Fagersta Besse:nerl g ég — g% — gé + ,‘12(13 g ig
e U R N = Sk — 8 + ’ + ;
Average of the four preceding .......... o Lodoch TONEEL ¥l &0 B3| 5 T R S | SRR b 050 4
Average of rezults from bars 3 in., 24 in., 2 (| 11 1-00 — 33 —236 + 88 + B0 +189- 99,22§ 3,383 & 62
in., 114 in., 1 in,, and 14 in. square, ham- " Il (5E — 69 | —204 |+ 13 + 28 + 29 81,207 48,850 13-1 38
mered from Fayersta Bessemer steel ingotsa. (| 13| 0°15 —11-6 —29°5 + b + 21 - 2 60,834 40,633 20° 652
Averago of the three preceding............ ..... AN — 7R —245 ...l . I 5 e 80,421 54,289 11.9 | 214
Average of results from bars similar to the last ( | 15 160 — 50 —283 + B8 + 75 +140° 105,784 67,900 31 67
set (Nos. 11 to 14), butrolled instead of being< | 16 | 0°E0 — 387 | —86 |+ 3 + 69 + 15° 79,470 39,283 115 | £06
lmasTered &80 W LR SRR, e 171 015 — 68 | —109 |+ 3 + 20° — 2 56,843 28,817 262 | 5C4
Average of the three preceding.........u...... oo | B [ 40 SRR E N — 50 T3] [ UL R L 80,699 45,187 136 279
Five lots ¢f Chester cpen-hearth ( Maximum..| 190 0145 | — 742 q
steel plates, 0°48 and 074 inches< Minimum .. 19| 0145 | — 1'58
thick. Gatewood, p. 151b...... Average....| 19| 0°145 | — 517
Three care’ully arnealed open-hearth steel {|£0| 018to| — 4-7to
splaltses.1 Idem, p. 165b...é(.) ....... LB 23| 0”6 — 85
tcel plates representing per cent of 25| o © 5.
casts, annealed earelesslyb..oioieniaan. { ;3‘ g;gi ¥ Z i e iy oLl v BA-50A b
Steel bars 1-5x0°5x12 irches, ecalculated from ! 53 1y Fe-j B BRI Sy g i e - ) ’ i d LT
AT Hillsdatac.i..... oo, { 51| 080 |—me | TR |T BN [nmooi] I Temeo | aace | AL |
3 2 2 d 3 52| [y
S b, proviony st Ly heurio 351 938 | T | 8| TR A ]
B ot o o - S o 95 ( ‘080 | +38: | 44y e o [TUIUIINNIIIUNT  eaave | snemd |oaie (I
Steel bars, previously hardened Ly cold ha?r-_s ,2‘% 828 S ‘1) :18 tlg?g 2ol SOl adiagd oo o gé’g};g ‘(73}1’?38 ,817)
il T SRR L R S gl TR Ty R T i - N - TR N P o 85,380 | 68,720 BHdl tiriet .

Note.—The percentaco of inereaso of elongation and of reduction of area, columns 6 and '7, are per 100 of the elongation, etc., of the unannealed stecl, and no$ per

100 of its length, TLeso resuiis are calculated by the author from the data given b,
wood, ““ Report of the Na.v%l

noers, XI., p. 248, 1883,
gone no treatment after leaviny the rolls or hammer.

Advisory Board on Mild Steel,” U. 8. Navy Departme

these two results are exaggerated by one abnormal case,

y the following writers : 2 Kirkaldy, * Experiments on_Fagersta Stecl.” b Ga.c-
nt, 1886, ¢ A, F. Hill, Transactions of the American Institute of Mining Lngi-
Except where specified the steel was iu the ordinary condition, and had under-

greatly diminishing the duetility. Thus in columns
VII1., XI., and XIV. of Table 9 we see that the elonga-
tion of the unannealed casting is always, and its elas-
tic limit and tensile strength are almost always below
those of the same casting when annealed.

Moreover, we observe that as the carbon increases (i. e.,
as we pass down the columns) there is on the whole a;
decided decrease in the algebraic value of the numbers
in colnmns VIIL and XI.; <. e., the higher the carbon the
more are both tensile strength and elongation increased
by annealing, which means that in castings as in forgings
annealing is the more beneficial the higher is the carbon.

Punciiep AND Suearep STEEL.—The stresses in
punched, sheared and flanged boiler-plate steel are
greatly relieved by simply heating to redness and quench-
ing in oil or boiling water,® but perhaps less than by slow
cooling. Cases?25and 26, Table 16, show a greater increase
of efficiency nnmber on annealing ‘50 carbon than -30
carbon steel. This agrees with the observation made con-
cerning the effect of annealing on other high vs. low-carbon
steel. The effects of annealing on punched and sheared
steel will be diseussed with the effects of punching, ete.

ErrFecr oF ANNEALING ON TneE Moprivs or ELas-
TIc1TY.—The indications are at present not only meager,
but contradictory. On the one hand, it is stated that
hardening raises the modulus, which would imply that
annealing should lower it; and analyzing Kirkaldy’s re-
sults on 10 plates of 0-15 C we find that annealing lowers
it from 37,300,000 to 32,260,000 1bs., or by say 14%. Onthe
other hand, from an examination of results obtained
with Cambria steel (C -09@-24) Gatewood® concludes that

a Barnaby: Jour, Iron and Steel Iust., 1882, 1., p. 208-9.

the modulus of thissteel, in the condition in which it or-
dinarily leaves the rolls, is raised by about 1,000,000 Ibs.
by annealing.

§ 48. NgT EFFEcT or HARDENING PLIS ANNE.L-
iNG.—Though annealing counteracts the effects of harden-
ing it does not necessarily obliterate them, and, while
giving the metal even greater dnectility than it had before
hardening, it may not completely remove the increase of
tensile strength conferred by hardening, so that by
judiciously managing these two operations we may
simultaneously increase both tensile strength and ductility.
Thisisillustrated in Table 16 A. Here in one instance we
have a simultaneous gain of 33% in tensile strength, 25 %
in elongation and 77 % inrednction. The cases here given
all represent steel forgings. Steel castings, whose tensile
strength and ductility are lowered by coarse structure and
internal stress, might undergo a still greater simultaneous
gain of tensile strength and duetility when hardened and
subsequently annealed.

Tir: RATIONALE oF HARDENING AND ANNEALING.

§ 49. IN 1uE PREVALENT VIEW sudden cooling affects
the plysical properties of steel by preserving the chemi-
cal econdition which existed at a red heat.

The following discussion recognizes in addiiion certain
purely physical effects of sudden cooling, to which in com-
mon witlt its chemical features it aseribes the changes in
the properties of the metal. The changes in hardness
proper it ascribes mainly to chemical, those in tensile
strength and ductility jointly to chemical and ph- sical
origin. Let him pass it by who seeks easy reading ; my
feeble light can bnt faintly illumine these obsenre
depths.

b Rept. U. S. Naval Advisory Bd. on Mild Steel, 1886, p. 136.

I recognize three distinet proximate effects of sudden
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TABLE 16 A.—GAIN (+) OR Loss (—) oF TENSILE STRENGTNH, ETC,, DUE TO HARDENING PLUS ANNEALING PER 100 OF THOSE OF THE STEEL BEFORE
HARDENING.

h — 12 [+ 99— 16 |+11- [+ 2 [+18° |+16 [+10° [+88: (+86° [+16° [+ 7' |+ 8 |+ 8 [+20° |+ 13"
gg}ﬂ gggf(ﬁf:,l:tﬁ:u.g.t... + 47 |+ 35 [+ bR +44° |+ 95 [+11° |+88° +§2' +825° |—28 |— 4 [+ 10* |+ 1?' + B |+ 8 |+ 80
Gain of reduction of arca + 1183 [+ 102° |+ 163 +82° |+145° |[+88 [|+86° |[+71° i+ {7 =21 |+83 [+ 8 |+ g.l' + 47 |+ 44 + ]58'
Gain of cficiency number + 46 |+ 47 |+ 49 +60° |+ 99° +"o +47° | +45. t(\ﬁr‘ﬂ -1l 1+11 |4+ 1§' +_~5' + 13 |—24° |+ 47
Original tensile %trength 82,7C9 74,722 82,068| 76,129/ 89,555 78,144 83.850) 82,709 a9‘o-»8 8] L8111 97,539 100._.,- 50 95,068 94,100 89 000 86,13%
Original elongation. . . 165 18* 17 165 115 l‘) 17 [/ 155 : 255 ‘] 7 e ]u-~ 125 195 185 11%
Original reduction ofmea. B 2256, 2361 1959 25'30] 16°83 21°8p] 20:56] 24-81| 22-86| .37‘5.‘3 2672 L2973 130 8200 270 126

Proc. U. S. Naval Inst., No. 40, 1887, pp. 62 aud 118,

Gain and lcss of elongation and of reduction of area are per 100 of the elongation and reduction of the uuhar-

dened steel, and not per 100 of its dimensions.

cooling.  Others, Neptune-like, may perturb our phe-
nomerna. Superimposed they produce resultant effects on
each mechanical property, and the ratio which the re-
sultant for one (e. g., tensile strength) bears to that for
another (e. g., hardness®), under different corditions dif-
fers very greatly, not merely in amount but actually in
sign. Our present data do not permit us to determine the
value of each proximate effect quantitatively; I merely
seek their signs and, where possible, a rough estimation
of their relative values.

ITardening differs from annealing essentially in being a
more rapid cooling. A rapid cooling may affect the physi-
cal properties of steel,

(1.) By maintaining in the cooled steel the chemical
condition of the metal, and especially that of its carbon,
which existed at a high temperature ; this should increase
its hardness and tensile strength but lower its dnetility.

(2.) By causing the outside to cool much faster than the
inside, which may act in two ways:

(A.) By setting np stresses which if moderate increase
the tensile strength, but if intense lower it, and,
whether slight or severe, lower the ductility.
By compressing the exterior they may increase
the superficial density and hardness.

(B.) By causing a pressing or kneading together of
the different layers, somewhat resembling that
of forging, which should increase both the
tensile strength and ductility.

(3.) By preventing the coarse crystallization which
occurs when the metal is long exposed to a high tempera-
ture, and perhaps by breaking it up in some measure if
already acquired. In this way both tensile strength and
ductility should be increased.

The following table sums these effects up, - indicating
that a property is increased, — that it is diminished by
sudden, as compared with slow cooling :

EFFECTS OF SUDDEN COOLING,

Ultlmate effects on the physical

PROXIMATE EFFECTS PP 60y ¢ mesel,

stTrggZ}t]g. IDuotility‘ Hardness,
1. It preserves the chemical status quo........ + — +
2. It causes dissimilar rates of coutraction :
A. These set up Stresses.....veeevee venennns + _— +
B. They knead the particles together........ + + + 2
3. 1t prevents coarse cryctalhzatmn. Sododotery + + T

Annealing, 7 e., slow cooling, by offering the opposite
set of conditions, effaces more or less completely all the
effects of sudden cooling, except (2 B.) those due to the
kneading together of the particles, which it is probably
powerless to remove.

2 In this discussion I nse hardness in its strictest sense of power to resist indenta-
tion, which, though usually accompanied by rigidity and brittleness, stands in no
fixed relation to them

None of the proximate effects diminishes hardness ;
hence steel is always harder when quickly than when
slowly cooled. But the signs in the ductility and ten-
sile strength columns are sometimes -, sometimes —;
hence, sudden cooling renders steel stronger or weaker,
tougher or more brittle, according to the special con-
ditions of the case. It is certain that the relation be-
tween the effects of sudden cooling on tensile strength,
ductility and hardness respectively differ greatly with
the special conditions of cooling, 7. e., the shape and
size of the piece, its percentage of carbon, the tempera-
ture from which quenching occurs, the cooling medium,
etc. Hence, while the usnal effect of sndden cooling is
to make steel stronger and more brittle, it may, under
exceptional conditions, render it at once weaker and
more brittle, and mnder others at once stronger and
tougher than if slowly cooled. And while slow cooling
usually renders steel tougherand tensilely weaker, it may,
under exceptional conditions, render it both weaker
and more brittle, and under others both tougher and
stronger.

Let us now consider in detail these proximate effects
of sudden cooling and their relations to its ultimate
effects.

§ 50. SUDDEN COOLING AFFECTS THE MECHANICAL
ProPERIIES OoF STEEL BY PRESERVING TnE CIEMICAL
STATUS QUO.

In §§ 23-25 1 gave reasons for believing th‘lt at or about
cherry-redness the carbon of steel passes almost wholly
into the hardening state, combining with the whole of the
matrix of iron present to form a compound which, when
cold, is intensely hard and much stronger and more brittle
than pure iron, and which is preserved by sudden cooling.
Hence quenching from redness hardens, strengthens
makes brittle. That at a lower temperature, V, it tends
to pass into the cement state, erystallizing within the
matrix of iron as a definite carbide, Fe,C, giving the
composite mass a degree of hardness, strength and brittle-
ness intermediate between those of hardened steel and of
pure iron ; hence slow cooling, implyiag long exposure to
tempemtures near V, softens, touovhens, weakens, That
at temperatures below V this tendency remains, but that,
if by sudden cooling the carbon has been imprisoned in
the hardening state, it is prevented by chemical inertia
from escaping into the cement state as long as the meta.
remains cold ; yet that this inertia is gradually relaxed, the
change to the cement state gradually occurs, and the
hardness, strength and brittleness due to quenching from
redness are gradually more and more completely removed
as the suddenly cooled steel is reheated, till, when V
is reached, their removal is complete. Chemistry
thus explains much, but, as I shall now try to show, not
all,
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§ 51. SupDEN COOLING AFFECTS TIIE P1IYSICAL PROPER-
T1ES OF STEEL BY CAUSING DIssiMILAR RATEs oF CoN-
TRACTION.

I. Turovaiu CAUSING INTERNAL STRESSES.—Let us con-
sider these stresses and their effects on (A) specific
gravity, (B) tensile strength, (C) duetility, and (D) hard-
ness.

A. EFFrcT oNX SPECIFIC (FRAVITY.—Consider a round
bar while being quenclied. The exterior first cools, con-
tracts, becomes rigid, its dimensions being determined by
the size of the still comparatively hot, expanded, mobile
interior. The resistance of the interior t{o the return of
the exterior to the dime~nsions which it had before heat-
ing act3 on that exterior precisely as a tensile stress
does on a body at constant temperature. If very power-
ful it strains it beyond its elastic limit, it takes a per-
manent set, it is permanently distended. The stress may
exceed the ultimate strengtlh of the outer layers, whick|
then crack, the piece breaks in hardening. The interior
continues to contract ; its adhesion to the now rigid dis-
tended exterior prevents its own complete return to its
initial dimensions ; it may, in its struggle to reach them,
somewhat compress the exterior, but not enough to efface
the distention previously caused. The piece, as a whole,
remains somewhat enlarged, its specific gravity is lowered.

The final state of external compression and internal
tension is readily verified by slitting a hardened steel bar
in two, lengthwise, in a planing machine ; each half be-
comes curved, concave on the planed side.*

That the low specific gravity of hardened steel, while
perhaps in part due to the preservation by sudden cooling
of chemical combinations, which are lighter than the com-
posite mass of iron plus the carbide Fe;C of whiclh an-
nealed steel mainly consists, is largely due to mechanical
distention, is further indicated by the experiments of
Barus and Stronhal. On progressively removing annular
layer after layer from the exterior of a hardened steel
bar, 8 cm. in diameter, whose sp. gr. after hardening was
77744, the sp. gr. of the residual core increased with sur-
prising regularity, as, by the removal of more and more
of the shell it was permitted to contract furtlier and fur-
ther, until, when its diameter had. fallen to 1'38 cm., or a
little less than half its initial size, its sp. gr. had risen to
7-8009, or approximately half way towards that which it
had before hardening, which had been 7-8337."

After the cooling has progressed slightly and the out-|
side has contracted more than the still comparatively |
slowly cooling and disproportionally distended interior, it
isno longer able to contain it and at the same time to pre-
serve its original shape. It is therefore shortened and
bulged,© thus slightly approaching the spherical shape, in

& Use of Steel, Barba, Holiey, p. 10. I have verified this experimentally.
The internal distortion and consequent stresses set up in large steel castings by
the difference in the rates of cooling and contraction of their different portions (a

difterence which, thanks to the high melting-point of the metal, and the compara-
tively low temperature of the mould, may be very great), are sometimes so ex-
treme that the particles cf the metal, even with the mobility which they acquire at
a {ull red heat, may not be able to travel and to flow far encugh to completely |
efface them. A large casting from which much cutting hastobedo_e, even if care- |
folly annealed before the cutting begins, will often spring much out of shape when
part of tha metal has been cut away, proving the existence even after annealing of
internal stresses, whose equilibrium is destroyed by cutting away a portion of the
metal which had sustained them. IIz2nce fhe importance of annealing such pieces
alter rough machining.

b Am. Jour. of Science XXXI., p. 386 ; Jour, Iron and St. Inst., 1886, I.,
p. 372,

¢ Journal Iron and Steel Inst., 1879, IL, p. 428, Carcn, Barba, op. cit., p. 10.

which the minimum of exterior holds the maximum of
interior ; and this distortion is not wholly effaced by the
subsequent contraction of the interior. I have elsewhere
offered, with confirmatory experiments, this explanation
of the shortening and the increase in diameter of ronund
bars on sudden cooling.?

B. Errror oN TENSILE S1RENGTI.—Studying the effect
of sudden cooling on the tensile strength of a round bar,
we may, for our present purpose, consider it as composed
of a nest of concentric eylindrical spiral springs, firmly,
but not abzolutely rigidly attached to each other at many
points along their length. If to an annealed bar, which
in this view would consist of such a nest of springs initi-
tizlly free from internal stress, we apply a powerfnl longi-
tudinal tensile stress, grasping as usual the skin of the
ar (4. e., the outermost spring), owing to the pliancy of
the interstratal connections the outer spring must clearly
bear an undue proportion of the stress, and indeed each
spring will bear a slightly greater proportion than the one
next within it. This will cause the system to break down
pieceineal under a stress which would be impotent if uni-
formly resisted by all the springs. This effect is more
readily grasped if we conceive a very thick sliort bar, e. g.,
a disk 6 feet in diameter and 6 inches long, subjecied to
stress parallel with its axis and applied to its circumfer-
ence.

A suddenly cooled bar in this view consists of such a set
of springs, but with the outer ones in initial compression,
the inner ones in tension, owing to the residunal stress due
to contraction at dissimilar rates. Extranccus tensile
stress applied by grasping the outer spring (as happens
wlhen such a baris pulled apart in the testing machine), is
not resisted by the outer springs until they have elongated
by as much as they were initially compressed, the inner
springs meanwhile supporting the whole extraneous stress
in addition to their initial residual stress. This condition,
the opposite of that in the annealed bar, tends to favor
the outer springs at the expense of the inner ones. Resi-
dual stress, then, if moderate, should increase the tensile
strength of the system, by tending to equalize the stress
borne by the several springs, through counteracting
the effects of interstratal yielding ; and when it becomes
just intense enongh to exactly balance them, the tensile
strength should reach its maximum, again declining as
with still more sndden cooling the still more powerful
residunal stress throws an excessive proportion of stress on
the inner springs.

C. Errect oN DuctiLiTy.—While the effect of stress
on dunetility may not be so readily traced, yet the simile of
the springs may at least partially explain it. When
extraneous tensile stress is applied to the outermost of such
anest of connected concentric springs initially free from
stress, and thus resembling an annealed bar, the outer
spring first reaches its elastic limit, undergoes permanent
elongation, breaks ; the particles which connect it with
the next inner spring similarly permanentiy elongate, then
break, then the next spring elongates and breaks, etec.
After the outer spring breaks (and it may break at many
points in its length), its broken fragments, still transmit-
ting the stress to the intact springs within it, are, owing
to the elongation which each of these uindergoes both before
and after its individunal ruptnre, progressively drawn apart
" d Trars. Am, Inst. Mining Engineers, X1V., p. 400.
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more and more up to the instant when the final parting of
the last spring oceurs, so that part of the elongation of
each spring is superadded to that of those outside it, and
the system, as a whole, is greatly elongated.

So, too, as the fragments of each broken spring are
drawn apart longitudinally, the remaining area of
cross-section of the system is simply that of the still
unbroken inner springs, and we get great reduction of
area.

If, however, as in the case of a bar of hardened steel,
the inner springs are under such initial tensile stress
that they break simultaneously with the outer ones, we
have none of the cumulative action, the superadding of
the elongation of one layer to that of the next which
occurs with our annealed bar; we get but little elonga-
tion, and, since the final area is not diminished by
the drawing asunder of successive outer layers, but little
reduction of area. Nor, if the initial stresses be so severe
that the inner springs break before the outer ones, will
the elongation of the system be increased by the addi-
tion of the elongation of one spring to that of another,
such as arises when the onter spring breaks first, as is
clear on reflection. If the tensile stress were applied
through the inner spring, then as the fracture gradually
extended outward from spring to spring the two fragments
of each broken spring wounld continue to transmit the ten-
sile stress to the spring next outside them, and, being
always under tensile stress, they might be continually
drawn farther and farther apart, and the final fracture
might be deeply cup-shaped. DBut as the stress is trans-
mitted along the outer spring, there is nothing to draw
apart the fragments of the successively broken inner
ones ; their elongation is not superadded to that of the
outer one, and the total elongation of the piece is sim-
ply that of the outer spring, which breaks last.

A simile pushed too far always misleads. This one
may, I hope, portray certain features of what occurs dur-
ing rupture, not, of course, with complete accuracy, yet
closely enough to facilitate our present study. Dissatis-
fied with it, I offer it for lack of a better.

D. Errrcer oN Harpnuss.—The state of violent com-
pression in which the exterior of a quenched bar is left may
be expected to force its particles more closely together, and
thus to partially account for the hardness of the external
layers. The powerfnl compression which steel undergoes
in cold-forging does actually harden its exterior.

To test this I had one portion of an unhardened steel
bar of 1}’ diameter reduced to 4" diameter when cold, by
a single draught through a die (Billings cold-drawing pro-
cess). A portion of the same bar which had not been thus
treated, was accurately turned to the same diameter. The
hardness of the cold-drawn portion, as measured by inden-
tation, was very perceptibly greater than that of the
turned portion. I doubt whether the difference could be
detected by the file.

II. DissiMILAR RATES oF CONTRACTION PRODUCE A
KxeapING EFFrECT.—The different rates at which the con-
centric layers of a steel bar contract during sudden cooling,
owing to their different rates of cooling, must occasion
more or less insterstratal motion, rubbing together, inter-
lacing, pressure, tension; and since we find that such
internal motion, whether as in kneading dough, putty or
clay, arising chiefly from compression ; or, as in forging

metals, from both compression and tension;® or,as in pulling
molasses candy, chiefiy from tension, appears to increase
the interniolecular cohesion, to raise both tensile strength
and tonghness, we may reasonably ascribe to this feature
of sudden cooling a strengthening and toughening effect.
And if by more thorough interlacing it increases the inter-
molecular cohesion, the resistance to displacement, we
may suppose that this increases the hardness as measured
by indentation.

§ 52. SuDDEN CooLING VS. COARSE CRYSTALLIZATION.
Though as explained in § 243, p. 172, as we heatsteel far-
ther and farther above W its grain grows coarser and
‘coarser, yet on heating it to W itself pre-existing crystal-
lization is broken up, and the grain becomes very fine or
even porcelanic. Duringslow cooling from W, however, a
certain amount of crystallization occurs. So, too, forging
breaks up crystallization more or less completely : but if
forging cease while the temperature is considerably above
W, crystallization again sets in, and tends to become the
coarser the higher the temperature. Sudden cooling,
whether after heating to W or after-forging, in that it
shortens the exposure to temperatures at which crystal-
lization ocecurs, limits crystallization, and crystallization
clearly lessens both strength and ductility, the more so
the coarser it becomes. This effect of sudden cooling is
especially marked where the crystallizing tendency is
strongest, e. g. in large masses and in phosphorie iron.
In some phosphoric irons the tendency to coarse erystal-
lization is so strong that they are actually tougher after
sndden than after slow cooling. (See §§ 45 and 126.) In
sudden cooling interstratal movements must arise, since
neighboring layers must cool and contract at very differ-
ent rates, and forging must cause similar interstratal
movements. These, like the agitation of any solidifying
crystallizing mass, should not only prevent the formation
of large crystals with extended surfaces of weak cohesion,
but even break them up when once formed.

§ 53. ErFrors oF TEMPERING AND ANNEALING.—Leb
ns now consider how the effects of sudden cooling which
have just been discussed are removed or weakened by
tempering and annealing, and how the latter operation
removes the effects of cold-working.

1. CueMICAL AcTioN.—As explained in §§ 23 and 50, the
heating which occurs in tempering and annealing relaxes
chemical inertia so as to permit the carbon to pass from the
hardening state, in which it has been previously imprisoned
by sudden cooling, to the cement state, to a degree which,
within limits, increases with the temperature reached ;
hence, the higher this heating the softer the steel becomes.

2. REMOVAL or T EFFEcTs oF CONTRACTION AT D1s-
SIMILAR RATES.—We have seen that contraction at dis-
similar rates, owing to sudden cooling, should produce
two quite distinet mechanical effects, (A)internal stresses,
(B) a kneading or forcing together of the particles of the
metal. There is both reason to expect that cold-forging,
punching, ete., should, and evidence that they do, pro-
duce both these effects, though not in the same relative
proportion. Cold-working in moderation, as in cold-roll-
ing and wire-drawing, increases the tensile strength very

s That forging aets very largely by tension_is suggested Ly tho faet that cold-
torglng makes iron lighter and not denser. Langlcs' found that repeated cold-
hammering lowered the specifie gravity of a steel bar from 7828 to 7'817 and then to
7780. (“The Treatment of Steel,” p. 42.) So, too, in a ease reported by D’ercy
(Journ. Iron and St. 1nst., 1886, I., p. 63), eold-drawing appears to have lowered tho
speclfic gravity of wire from 7'8402+ to 78142, 3
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greatly while lowering the duetility.
punching and shearing, it lowers botli tensile strength and
ductility, sometimes wholly destroying the latter. As
shown in § 51, these are the results which should be ex-
pected from the stresses which sudden cooling should set
up, whichfromthe nature of the case should closely resemble
those of cold forging, which must leave the exterior in a
state of compression, the interior in one of tension.

A. REMOVAL oF INTERNAL STRESS.—The action of tem-
pering and annealing in removing internal stress ecan, I
think, be mostreadily grasped by regarding the metal not
as an ideal solid, but merely as an extremely viscous liquid,
approaching the condition of lead or of molasses candy.
A remembrance of the readiness with which cold steel
flows under the action of car wheels, of the punch, ete.,
may help us to grasp this idea. If the particles of the
metal be subjected, even when cold, to sufficient stress,
they may yield to it and flow, and thus diminish the stress.
Just as in the case of molasses candy, this flow may con-
tinue until the stress is so far relieved that it just fails to
produce any further flow, when the particles gradually
come to rest in equilibrium under the maximum stress
which, with their existing viscosity, they can sustain
without {low ; or, if the stress and the flow which it induces
exceed a certain amount, the viscosity of the metal exceeds
its cohesion, and, unable to flow farther, it breaks. Evi-
dently, the more we heat either candy or steel the less
viscous does it become, the more readily does it yield to
stress, whether external, as that of hammering, ete., or
internal, as that induced by previous sndden cooling or
cold-forging. If hardened or cold-forged steel be heated
to a red or yellow heat (say 900° to 1100° C.) its viscosity
is so munch diminished, its particles become so mobile that
they flow under the stress which they had defied when
cold, and almost completely relieve and efface it. If we
would avoid setting up new stresses in place of those
which we have dispelled we must allow our steel to cool
so slowly that its different portions will contract practi-
cally uniformly : our steel becomes annealed : but it is
clear that the true annealing, the relief of stress, was ef-
fected by the heating, and that the slow cooling is merely
to avoid undoing the annealing already accomplished.

I the hardened or cold-worked steel be heated, not to a
red but merely to a straw-heat (say 230° C.), its particles
are rendered mobile, but far less so than by the much
higher heating employed for annealing : if heated a little
higher than a straw-heat, say to blneness (290° C.), they
become still somewhat more mobile. This increased
mobility relieves previously induced stresses, and the
brittleness which they had caused is thus removed to a
greater or less degree as the temperature reached be higher
or lower: the steel is tempered. The temperature to
whicl. steel is heated for tempering, though it suffices to
relieve the more intense stresses, is so low, and hence the
contraction which occurs when the tempered steel is again
cooled is so slight, that, even if the steel be suddenly
cocled no serions stresses are likely to arise.® Hence
rapid cooling is usually employed for convenience.

a Thatslight stress may arise even in quenching from 100° C. is indicated by an
experiment of Langley’s. (The Treatment of Steel, p. 42.) A cold-hammered
steel bar- was heated to 100° C. and slowly coolel ; its sp. gr. then was 7 816.
When again heated to 100 and quenched in cold water its sp. gr. fell to 7-790, but
it rose again to 7'817 on ngain heating to 100, and cooling slowly. Other trinls
gave closely similar results,

In excess, as in'

As  heating hardened steel softens and toughens
it by transferring earbon to the cement state, it may
appear superﬂuous to call in the relief of stress simul
taneously cffected to help explain annealing; but
in § 54 cogent reasons are given for believing that hoth
the chemical effect of sudden cooling and its physical
effect in cansing stress give strength and brittleness. And
the same reasoning indicates that both the chemical and
physical effects of reheating contribute powerfully to its
weakening and toughening effect.

B. RemovAL or THEErFrecT or 111 KNEADING ACTION,
—As shown in § 54, the effect of the kneading action due
to dissimilar rates of contraction is probably not wholly,
if at all, removed by subsequent annealing.

3. REmovAL or THE EFFECT 0F HARDENING ON CRYSTAL-
LIZAT10N.—See § H2.

4. THE TEMPERATCRE AT WIIICII ANNEALING BEGINS.—
Annealing appears to begin at surprisingly low tempera-
tures. The gradual deterioration of cutlery even at tem-
peratures below 100° C is referred to in § 25. So, too, the
thermo-electric power,® which appears to increase so con-
stantly as stress diminishes that it has been regarded as
an index of stress (indeed, they may stand in the causal
relaticn), inereascs even when steel is exposed to a tem-
perature no higher than 66° C., though very gradually.
During three honrs of exposure to this temperature tle
rise of the thermo-electric power continues at an almest
constant rate. At 100° C. it rises more rapidly, rising as
much in ten minutes at this temperature as it increases in
three hours at 66°. At 185° C. the rise is still more abrupt,
and at 330° it rises so abruptly as to seem to jump instantly
to its maximum. At each temperature there is a maxi-
mum, or normal thermo-electric power, and hence, prob-
ably, a maximum degree to which stress is relieved, which
during continned exposure to that temperature are ap-
proached asymptotically. The higher the temperature
the higher is the normal (maximum) thermo-electric power,
the lower is the corresponding normal state of stress which
is thus approached, and the more rapidly are they ap-
proached, <. e., the faster azd more fully is stress effaced.

The stresses due to suddcn cooling appear (as already
explained) to lower the density. Langley found that the
density of steel, slightly lowered by quenching from 100°
C., was restored by re-exposure to 100° with subsequent
slow cooling. *

Similar changes occur in other metals at low tempera-
tures ; thus Matthiessen and Barus and Strouhal© found
that the conductivity of hard-drawn silver and German
silver was changed, from which it is inferred that the
stress due to hard-drawing was diminished, by continued
boiling in water.

It is not certain how far the changes effected at these
low temperatures are due to relief of stress and how far
to the escape of part of the carbon from the hardening to
the cement state.

Abel’s results show that at a straw heat the condition of
carbon changes quite rapidly. But the changes which
ocenr at 100° C. we naturally ascribe to the rellef of stress,
because it is easy to understand how stress should be re-
lieved at this low temperature, especially since we find

b Barus and Stroubal: Bulletin of the U. S, Geological Survey, No. 14, pp.
54-55
¢ Idem, pp. 93-4.
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similar changes occurring at 160° in silver and in German
silver, while a change in the condition of carben at such
low temperatures would certainly be mere unexpected.

§ 54. ACTUAL INFLUENCE OF THE SEVERAL PROXIMATE
LErrrcTs oF HARDENING, TEMPERING AND ANNEALING.—
Let us now consider how far the changes in each of the
physical properties of steel are due to each of the
proximate effects of these operations.

I. TeNsILE STRENGTH AND Dremniry.—T1 believe that
the changes in these properties are chiefly due to corre-
sponding changes in the condition of carbon, not only
because of the fair correspondence between them but
because the changes in tensile strength and ductility are
the more marked the higher the percentage of carbon is.
But this indication is slightly equiveeal, for, owing to the
high elastic limit of high-carbon steel its particles come to
rest under stress which would be impossible in low-car-
bon steel, because the particles of this metal would flow
when exposed to it : it is therefore possible, though I think
lighly improbable, that high-carbon steel gains more
strength and ductility whea hardened than that which
contains less earbon, solely because it is capable of retain-
ing more intense residual stresses. Be this as it may,
several facts conspire to show that change in the chemical
condition of carbon is not the sole cause of these changes
in tensile strength and duetility.

A. The tensile strength of almost carbonless iron may be
much increased by sudden cooling. (See Tables 8, 9, and
10, § 34.) The tensile strength of Cases 2 and 3, in Table
8, is increased 41 and 40 % respectively, and their elonga-
tion is lowered by 79 and 47 % by water-quenching, though
they contain but ‘07 and ‘03 % of carbon respectively.

I heated to whiteness two pieces of wrought-iron cut
from the same bar: ome was slowly cooled, the other
quenched in cold water. The slowly cooled bar had 47,-
600 1bs. tensile strength, 25 % elongation in 2 inches, and
15 % reduction of area, against 42,700 1bs.; 6 % and 3 % for
the quenched bar. Now if a change in the condition of
carbon (from which the bar was almost free) sufficient to
account for this great change in the properties of the iron
was induced by sudden cooling, that change would have
simultaneously greatly affected the hardness, which is so
closely dependent on the condition of carbon: but I was
unable to detect, by the method of indentation, any differ-
ence in hardness.

B. Though the changes in the condition of carbon and
in tensile strength and duectility at first appear to follow
similar laws, yet closer observation appears to reveal
marked discrepancies. Thus for given quenching tem-

_perature, known to be high enongh to transfer the carbon
to the hardening state, the more sudden and violent the
cooling the more completely doubtless is the earbon re-
tained in that state. But the tensile strength seems to
follow quite another law, reaching a maximum with
moderately sudden cooling, and again rapidly declining if
vhe cooling becomes more sndden. This occurs even in
steel with comparatively little carbon. (See cases 12, 14,
and 16, Table 8.) Still again, since on quenching the ex-

erior of a bar cools more suddenly than the interior, the
carbon in it should be the more completely retained in
the hardening state: yet, as shown by the experiment
which I will shorily describe the interior of a hardened
baris sometimes vastly stronger tensilely than the outside.

My experiments indicate, though not conclusively, that
quenching from temperatures which are not quite high
enough to transfer carbon to the hardening state, while it
does not affect the hardness may strongly influence tensile
strength and ductility. Should further investigation cor-
roborate this, it would still further illustrate the discrepan-
cies between the behavior of carbon and the changes in
these properties.

I believe that the tensile strength and ductility are
greatly influenced by the stresses set up by sudden cool-
ing and relieved by subsequent heating (as set forth in
§61, I, B and C), for the following reasons. If these
stresses act in the manner which I have supposed,
then, if we cut a hardened steel bar into a series of
concentric cylinders and thereby partially relieve these
stresses, the sum of the tensile strength of the detached
cylinders should differ materially from that of the undi-
vided bar.

Let I” = the tensile strength per square inch of the undi-

vided bar.

A = the area of its cross-section.

p' = the tensile strength per square inch of the cen-
tral core after dividing the bar.

p? = that of the cylinder adjoining this core.

2%, pY, ete. = those of the other eylinders.

aty, @ @ etc. = the areas of their cross-sections.

Then, if my hypothesis is true, 2 X A would not
usually equal = p X @. The same hypothesis implies
that for given conditions a stress of one certain degree of
intensity, S, should produce the maximum tensile strength
for the undivided bar, greater than that produced by
either more or less intense stress: and hence that if the
stress in the undivided bar were greater than S, since sub-
dividing it into eylinders would, by lessening thz stress,
bring it nearer to S, = p X a wouldbe greater than P X 4.
Were the stress in the hardened bar less than S then
spXa<PxA. Furthermore, if, even after subdi-
viding the bar the stresses still residual in the detached
annuli were greater than S, then, since the strosses in the
comparatively slowly cooling central core should be less
intense than in the exterior layers, p' should be greater
than 2% p* greater than p® ete. If my hypothesis were
false, and if the gain of strength by hardening were wholly
due to some chemical feature of hardening, as, for in-
stance, to its preserving the sfafus quo or to some
chemical change caused by the sudden change cf tem-
perature or by the accompanying stress, then such subdi-
vision of the bar should not be expected to alter the chem-
ical condition of its members, and in this case we should
find that = p X @ = P X A. Moreover, since this chemi-
cal feature should be more marked in the rapidly cooling
exterior than in the comparatively slowly cooling core, we
should usually find that pt < p% p°® < p° ete. If, for in-
stance, the increase of tensile strength were wholly due to
its retaining carbon in the hardening state, since this re-
tention would evidently be more complete in the exterior
of the bar than in the interior the outside should be the
strongest, as it actnally is the hardest.

To test the matter, I cut a -inch round steel bar (No.
145 in Table 8), containing 0-39% carben, into five equal
picces. All were heated nearly to whiteness in a mufile,
under identical conditions. One was slowly cooled, the
others quenched very rapidly by agitation in cold water.
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This quenching appeared so violent as to set np stresses “but little stress.

much greater than S, and the steel became so hard that it
could be machined only with extreme difiiculty. One
of the hardened bars received no further treatment. A
second had its exterior turned down in a lathe to a diameter
of 0565 inches; a third was in the same way reduced to
a diameter of 0°259 inches; while a fonrth haditsinterior
removed by drilling holes across it radially, and then filing
their sides away till only thin segments of the exterior
remained. This was done at two points in the length of
the piece, enabling e to determine the strength of the
exterior twice. The following results were obtained :®
Tensile strength, Elonga-

bs. per sq in. tion z In

The annealed bar, 07847 diameter....sveens.eeee 92,900 312 44

The hardened bar, 074" diameter......... ...... 118,000 08 4

Core of the hardened bar, 0565 diameter. ..... 141,000 00 20

Core of the hardened bar, 0-259” diameter....... 248,000 30 05"

Segments of the exterior shell \ 1<t experiment... 165,000 A | Lok,
of the hardened bar....-... 2d experiment... 167, 1000 o0

Thus the sum of the tensile strength of the seveml
detached portions greatly exceeds that of the undivided
bar, and the strength rises as we approach the center ; or,
algebraically, = p x a > P x A: p* > p*; p* > p° ete.
These facts, taken in conjunction with Abel’s discovery
that pressure applied to cold steel does not change the
condition of its carbon, almost amount to a mathematical
demonstration that the tensile strength of hardened steel
is powerfully affected by factors other than chemical con-
dition. And while they do not demonstrate the truth of
my hypothesis, since they may be shown to accord with
other suppositions, yet as they are in themselves surpris-
ing, hitherto unsuspected so far as I know, incompatible
with the other explanations offered, but experimentally
verified corollaries to it, they certainly support it power-
fully. So does the fact, predictable from it, that while
moderately sudden cooling raises the tensile strength,
violently sudden cooling lowers it. So does the fact that
cold working, which may be expected to set up stresses
like those ascribed to sudden cooling, produces closely
similar results, alwayslowering ductility, and, if moderate
(as in ordinary cold-rolling), raising the tensile strength,
but if violent (as in punching and shearing) actually
lowering it. So does the observation, so far as it is com-
plete, that sndden cooling strengthens and renders brittle
only those metals in which it is eapable of setting up
severe stresses. These it can only create in metals which,
with at least moderately high coeflicient of expansion,
combine low thermal conduetivity with high modulus of
elasticity and high elastic limit. Metals with high ther-
mal conductivity cool and hence contract at an almost
uniform rate throughout their cross-section: this
removes the cause of stress. If the modulus be low, given
distortion from dissimilar rates of contraction produces

aThe strength of the inner core, 248,000 pounds per square inch, is indeed ex-
traordinary, and I should discredit it if I saw any possihility of error. But as I
tested the steel myself and have carefully verified my calculations, I am forced to
believe that we here have stress of a degree of intensity especially favorable to
high tensile strength, such asexistsin hard-drawn wire, whose tensile strength
rises to 432,000 pounds per square inch (Percy: Journ. Iron and Steel Inst., 1886,
L, p. 70). Wire with 0°S28¢% carhon isreported with 344,960 pounds tensile strength
(idem), and thin hardened stecl plates are qnoted with 314,800 pounds tensile
strength. (Emery : Report of U. 8. Senate Select Committee on Ordnanceand War
Ships, 1886, p. 468). The fact here brought out that the tensile strength of a steel
bar may be less than half that of a test piece cut from its center, and may be much
less than the meau tensile strength of test pieces cut from various portions of it,
may be of practical importauce in ascertaining the tensile strength of large
hardened pieces, such as gun hoops. It may be demonstrated, but it shonld not be
assumed, that the annealing to which such pieces are generally submitted after
bardening removes this sonrcoe of error,

!

If the elastic limit be low severe stress
cannot exist, because the metal flows under the growing
stress and relieves it before it can become severe. Gold,
silver, copper and many of its alloys have very high ther-
mal conductivity with in general low modulus and low
elastic limit. Now, with repeated experiments, under-
talken to eiuncidate this point, I find that the rate of cool-
ing from dull cherry-redness does not appreciably affect
the tensile strength or ductility of silver, copper or brass,
nor the tensile strength of gold or German silver: and,
while I found the last two metals somewhat less ductile
after sudden than after slow cooling, the difference was
within the limits of experimental error.

I know of no direct evidence that the supposed knead-

,|ing effect of sudden cooling actually increases the tensile
'|strength and ductility. The progressive strengthening and

toughening cansed by repeated quenchings each followed
by an annealing indeed seem at first to point to such a
kneading effect, since most of the other effects of sudden
cooling should be removed by subsequent annealing, while
the kneading effect might be expected to persist throngh
reheating to a moderate temperature. This, however, is
far from conclusive. Reheating to W breaks up coarse
crystallization ; but Coffin finds that, in case of soft steel,
repeated reheatings to W may be needed to break it up
completely. Thus the beneficial action of our repeated
quenchings and annealings may be due to progressive
destruction of pre-existing coarse crystallization rather
than to our supposed kneading effect. (§ 245, p.
175.)

That in so far as sudden cooling checks a tendency to
coarse crystallization it tends to increase ductility is
rendered very probable by the fact that when, as in the
case of phosphoric iron, this tendency is very strong,
sudden cooling gives greater ductility than slow cooling.
It is extremely probable that it in the same way tends to
increase the tensile strength, though this is not easily shown
except in extreme cases. Bessemer,® by enabling a mass
of wholly decarburized molten ingot metal to cool so slowly
that after five or six days it was still very hot, found
when it was cold that it had resolved itself into cubical
crystals, some of them with edges over 0-25 inches long:
the individual erystals were highly malleable ; but the mass
as 2 whole was so incoherent that, holding it in the hand,
showers of detached crystals were readily broken off by
blows from a 2-1b. hammer—the slow cooling had destroyed
both strength and ductility.

Similar effects are probably producible in other metals.
Some inconclusive trials seemed to show that while, as al-
ready stated, if copper has been heated to a temperature not
above dull redness, its strength and ductility are almost in-
dependent of the rate at which it has then been cooled, and
while these properties are not seriously affected by heat-
ing it almost to its melting point (say 1,000° C.), provided
it be then suddenly cooled, yet that if it be slowly cooled
from 1,000° it becomes very wealk, brittle and coarsely
crystalhne. its strength, (lnctlhty and silky fracture are
completely restored by quenching from redness, its coarse
orystallization obliterated, perhaps, by interstratal motion
too slight to produce serious stress. Were this confirmed
we would refer these effects to coarse crystallization,
because it occurs, because it is a competent cause, and
T Journal of the Iron and Steel Institute, 1885, I., p. 200,
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because change of stress and of chemical condition (the
other recognized functions of the rate of cooling) can
hardly produce such effects in this metal.

Riche found that bronzes with 20% tin and 807% copper
were tougher after sudden than after slow cooling.*

II. The changes in hardness are probably almost wholly
due to corresponding changes in the chemical condition of
carbon. (A). The degree of hardness imparted by sudden
cooling, instead of rising gradually and uniformly with
the quenching temperature, remains practically nil till a
temperature approaching dnll redness is reached, when,
with slight fnrther increase in quenching temperature, it
leaps rapidly to a maximum, thus apparently closely fol-
lowing the changes in the chemical condition of carbon.
(B). Thin bars, cooling more suddenly than thick ones,
also, I believe, are hardened more by quenching. (C).
The increase of hardness cansed by quenching is roughly
proportional to the percentage of carbon in the metal,
being practically nil for practically carbonless iron. The
supposition that the latter fact is chiefly due to the more
intense stress, the more powerfnl kneading and the more
complete prevention of coarse crystallization caused by
sudden cooling in high- than in low-carbon steel appears
improbable, though these factors may intensify the effects
of the changes in the condition of earbon.

That the hardness caused by sudden cooling is not due
chiefly to the stresses which it sets up is very probable,
becanse both exterior and interior are hardened, though
under opposite kinds of stress: because thin bars, though
their stresses should be less severe, are, I believe, har-
dened more than thick ones: and because, though violent
stresses probably arise when practically carbonless iron is
quenched (as inferred from its loss of ductility) it is not
rendered appreciably harder, at least in certain cases.®

The protection from coarse crystallization afforded by
quenching hardly appears a competent cause of the hard-
ness simultaneously produced : and the facts that a cop-
per rod, which (as described in § 54, 1.), was so slowly
cooled as to become coarsely erystalline, weak and brittle,
did not differ in hardness from similar but quenched and
fine-grained ones, and that the coarse crystallization in-
duced in practically carbonless iron by slow cooling is.ac-
companied by no apparent change of hardness, go to show
that it is not the true cause.

§ 54. A. ArpPARENT ANOMALY.—I find manganese steel
very slightly softer (as measured by indeuntation), and it is
52id to be decidedly tougher, after sudden than after slow
cooling. We know as yet too little of its thermal con-
ductivity and modulus of elasticity to discern whether
this toughening is due mainly to the prevention of coarse
erystallization, or to the formation at a high temperature
of some clhiemical compound which, preserved by sudden
cooling, is tongher and softer than some other compounds
into which it is resolved at some lower temperature dur-
ing slow cooling : but we may conjecture that the soften-
ing due to sudden cooling arises in this latter way.

§65. OTHER EXPLANATIONS OF HARDENING. (Of. Pp. 187-9).

DravMonDp Tnreory.—This explanation, hardly compe-
tent to explain a single phenomenon of hardening and
ntterly incompatable with many of them, merits notice

those who should have gauged it better has given it fic-
titious value. DBriefly, sudden cooling has been sup-
posed to harden steel by converting its carbon into dia-
mond. It is certain that hardened steel does not con-
tain diamond, because none is found in the residue from
dissolving it even in dilute acids. The readiness with
which hardened steel of 0°4 carbon is cut by steel of
kigher carbon, which will not scratch stones which are
incomparably softer than diamond, hardly points to the
presence of the gem. Diamond powder imbedded in a
soft matrix should destroy the edge of the best steel tool.
A soluble snbstance cut by steel is not diamond.

Now, sudden cooling may triple the tensile strength of
steel whiclhh contains but 0:4% carbon, while wholly de-
stroying its great ductility. If it is conceivable that a
skeleton of diamond dust could produce these two
effects simultaneonsly on a matrix of soft ingot-iron, of
whose mass it formed but 0-47 (raising the tensile strength
perchance by preventing flow), can it, in view of the evi-
dence negativing the presence of diamond, be regarded as
a probable explanation, with such vere cause at hand
as the preceding sections have set forth? The evidence
supporting the diamond hypothesis is too inconeclusive to
merit reproduction.

OccLupED Gases.—It has been suggested that at a high
temperature, or during sudden cooling, steel expels oc-
cluded cases, gradually reabsorbing them as the temypera-
ture descends in slow cooling : that suddenly cooled steel
is hard because it has had no opportunity to reabsorb
the gases expelled when it was hot or during sudden
cooling, that slowly cooled steel is soft because it has had
this opportunity.

Roberts® has demolished this theory by héating steel wire
in vacuno, suddenly cooling part of it by immersion in
mercury, but slowly cooling the remainder. The suddenly
cooled part was glass-hard, the slowly cooled part soft.
No gases were expelled during the sudden cooling.
Clearly snddenness of cooling and not absorption and ex-
pulsion of gases cause the phenomena observed.

§ 56. AKERMAN’S TnEORY.%—Of a very different order is
the explanation learnedly and ingeniously expounded by
this illustrious metallurgist. Recognizing that residual
stress may lower tensile strength, lie appears to attribute
the changes in hardness, ductility and structure as well
as the chief changes in tensile strength cansed by sudden
cooling not to its maintaining by its suddenness the
chemical status quo, not to its giving no opportunity for
coarse crystallization, not to its kneading action which as
I believe increases intermolecular cohesion, prevents and
even breaks up coarse crystallization, but directly and, as
I understand him, solely to its compression as such, which,
in his view, forces carbon into the hardening state, there-
by increasing strength and hardness, but diminishing
ductility, and breaks up coarse structure.

Compression- would, I think, be guite incompetent to
explain the phenomena, even if it were known to have the
power of transferring carbon to the hardening state; and
what evidence there is indicates that it has this power to
buta slight extent if at all.

(1.) If compression causes the passage of carbon into
the hardening state and thus hardens steel, it must be

solely because its discussion and even commendation by

a Thurston : Materials of Engineering, II1., p. 4S5,
bSee my experiment described in § 54,1, A,

¢ Trans. Inst. Mechanical Engineers, 1881, p. 706 ; Engineering, 1881, p. 646.
d Journal of the Iron and Steel Institute, 1879, 1L, pp. 504-521.,
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compression at a rather higl: temperature, for no appreci-
able hardening is produced, no matter how suddenly the
steel is cooled, unless the quenching temperature be abovea
certainlimit, which we may provisionally call 500° C. Now
if the exterior were compressed at a temperature sensibly
above 500° it would be so plastic as to bulge or buckle: no
trace of buekling has ever been observed, so far as I am
aware, yet the exterior hardens more than any other portion.

(2.) Many cases suggest themselves in which no
compression can occur, yet in which steel is hardened. A
steel eylinder, aronnd which a fine steel wire is so tightly
stretched as to be in extreme tension, is heated and
quenched. The wire, as it cools so much faster than the
cylinder, must remain in tension at least as long as it is
above 500°. Doubtless it would still be hardened. Its
inner particles are doubtless compressed by the resistance
of the cylinder to its contraction: nevertheless its net
condition is tension: the tension to which it is exposed
vastly outweighs the compression. (3.) The exterior of a
steel bar during sudden cooling undergoes tension at a high
temperature, followed by compression at a lJower one : the
interior undergoes compression at a high temperature fol-
lowed by tension at a low one. Yet both interior and ex-
terior are rendered harder. Are we asked to believe that
both sets of conditions force carbon into the hardening
state? (4.) If we suppose that it is compression at some
critical temperature which forces carbon into the harden-
ing state, then it is clear that in a bar of certain propor-
tions there must be a region which at the critical tempera-
ture will be neither in compression nor tension: such a
region would not on this theory be hardened : actually
every portion is. (5.) The difference between the rates of
cooling and contraction of adjacent layers-during sudden
cooling would be greater, and consequently the pressure
would be greater, in thick than in thin bars: on Aker-
man’s theory the thick bar should be rendered harder
than the thin one, while actually the reverse is true,
which accords with the sfafus quo explanation, since the
thin bar must cool faster than the thick one, and hence
more perfectly preserve the chemical condition which
existed at redness.

So much for its competence to explain the phenomena.
Now for the evidence that compression forces carbon into
the hardening state. :

1. Caron found that hot iron hammered on an anvil
covered with charcoal powder became far more steely
on its face than if simply heated in contact with char-
coal. Since (1), the hammering may have promoted the
absorption of carbon by bringing the charcoal into more
intimate contact with the iron and not by pressure as such,
and sinece (2) if we admit that pressure does favor the ab-
sorption of carbon, it does not follow that it favors the
passage of previously combined carbon into the hardening
state, I attach little weight to this.

2. CAroN® found in blister steel in the state in which it
came from the cementing furnace somewhat less harden-
ing carbon than when hammered ; when rolled it had an
intermediate amount, and when hardened very much more.
This is inferred from the gquantities of (cement) carbon in-

soluble in dilute acid which he found, which were:

In unforged blister steel........... . i v ai ot o % SR o 1624
* the same hammered. R 00
¢¢ the same hardened....

& Comptes Rendus, LVL, p. 45,

It is inferred that the pressure of hammering deter-
mined the passage of carbon into the hardening state. It
appears much more probable that the slight excess
of hardening carbon in the hammered over that in the
unhammered and probably pretty well annealed blister
steel is due to the comparatively rapid cooling which the
hammered steel underwent because of its reduced cross-
section, and because of its contact with the eold faces of
hammer and anvil.®

Against this inconclusive evidence we have the greater
hardness of outside than inside, and of small than of
thick bars when quenched——i. e., the most thorough har-
dening where we have least compression : and further, the
fact that cold-forging does not transfer carbon to the har-
dening state. Thus Abel,® examining discs of the same
steel, some hardened, some annealed, and some cold-rolled
without subsequent treatment, found the carbon un-
attacked by chromic acid solution (cement ecarbon) as

follows :
Carhen unattacked by chromic

solution.
Per 100 of Per 100 of total
steel. carbon present.
In the cold-rolled steel.... ..ieeiveneans 7 1-039% 94
In the ammealed steel............... | S S | 0830 97 ¢
In the hardened steel......vvveieeeeeecancrncianeans 01789 174+ %

To show that quenching worlks by compression, Akerman
adduces the resemblance of the effects of quenching to
those of hot-forging in removing the coarseness of struct-
ure of burnt iron and the brittleness consequent to it, and
to those of cold-forging, in raising tensile strength and
elastic limit, in lowering duetility and in giving fine
structure, I find it easier to ascribe these resemblances
not to compression alone, nor, indeed, chiefly, but also to
the other features which these operations have in common,
kneading action, interstratal motion and residual stress.

§ 57. Raripiry oF CooLING EFFECTED BY DIFFERENT
MeprA.—In general, the greater the specific gravity,
specific heat, mobility, latent heat of gasification, coefficient
of expansion and thermal conductivity, and the lower the
boiling point and the initial temperature of the cooling
medium, the more suddenly will the immersed metal cool.
Mercury cools steel extremely rapidly because it is ex-
tremely heavy (i. ., the surface of the steel is exposed to
a great mass of it) and decidedly mobile: water cools it
rapidly because, while very mobile, it has high specific heat
and latent heat, of gasification and low boiling point. Oil
cools steel slowly because it is comparatively light and
viscid, and has low specific heat and high boiling point.
A low boiling point favors rapid cooling, for, as a liquid
cannot rise above its boiling point, if this be low it always
remains cool. If water contains soap, or is covered with
an oil fllm, it cools steel less energetically, the soap,we may
surmise, temporarily forming a coating on the steel as the

b Osmund’s observations, published since Akerman’s paper, might at first be
theught to accord with Akerman’s view (see § 14). He found that iron and
steel, when cold-forged, just as when hardened hy quenching, evolved when dis-
solved mere heat than the sanie steel after annealing : whence it might be inferred
that cold-forging preduced the same chemical results as quenching. Itishowever
on further examination very improbable, I think, that the simllar behavior of
cold-forged and quenched steel is due to similar condition of carbon. For we find
that cold-ferging increases the evolution of heat from steel with ouly 0°17% carbon
as much as it does that of steel with 0-54%, and nearly as much as when the carbon
is 1174 : and quenching too atfects the heat evolntion of steel bat slightly mere
when 1:17¢ carbon is present than when there is but0-54%. Now if the increased evo-
lution of heat on dissolving cold-forged steel were due to a change in the condition
of carbon cansed by cold-forging, then the increase should be thrice as great with
0544 carbon as when only 0°17% carbon is preseut.

¢ Trans. Institution Mechanical Engineers, 1881, p. 708,



36 THE

METALLURGY OF STEEL.

water which had dissolved it is gasified, the oil perhaps
adhering to the steel as a thin film when it is immersed.
The rapidity with which water cools steel is lessened by
the formation of a layer of steam between it and the steel,
which has low conductivity, specific heat and specific
gravity. Hence Jarolimek suggested that steel be dipped
slowly, so that the steam, forming only near the surface,
may escapereadily, and so that the steel, once it enters the

water, may cool the quicker. Forhardening certain pieces,
he advises a spray of water, through the interstices between
whose drops the steam may readily escape. These methods
appear to be of limited application and value ; they have
not come into extended use, at least in this country. He
further advises hardening in a stream of water, which
hastens cooling not only by exposing fresh surfaces of
water to the metal but also by dragging away the steam.¢

CHAPTER IIIL

IrRoN AND SILICON.

§ 60. SumMarY.—Silicon alloys with iron in all ratios,
at least up to 30%, being readily reduced from silica by
carbon in the presence of iron. It rarely, if ever, exists
in iron in the graphitoidal state. It diminishes the power
of iron to combine with carbon, not only when molten
(thus diminishing the total carbon content), but more espe-

cially at a white heat, thus favoring the formation of|

graphite during slow cooling. (See § 18.) It increases the
fusibility and fluidity of iron: it lessens the formation of
blowholes : by reducing iron oxide it apparently removes
one cause of redshortness: it hinders at high tempera-
tures the oxidation of iron and probably of the elements
combined with it. Its effect on the welding power of
steel is in dispute. If like carbon it confers the power of
hardening on sudden cooling it is to an unimportant
extent. It is thought by the majority to increase ten-
sile strength slightly, and to render steel brittle and
redshort: but it very often does not have this effect.
Silicon steels with 1 to 2, or even 2°5 silicon, sometimes
excellent for cutting hard steel, have been made.

§ 61. ABsorprTiON OF SiLIcON.—Iron absorbs silicon
greedily, uniting with it in all proportions at least up to
30%, and apparently the more readily the higher the tem-
perature, absorbing it even at a red heat when imbedded
in sand® and charcoal. Ferro-silicons of the following
compositions have been made :

Obtained by heating together.

No.|% Silicon.|Made by]|

1 308 Hahn, 'Ferrons_ chloride, salt, sodium and silico-fluoride of
ium, )
2 | 2171 |E. Riley. Iron oxide, quartz, charcoal in excess; steel-melting
eat, 48 hours.
8 [ 20°17 Hahn. |Ferrous chloride, salt, silicon, sodium, and fluorite.
4 1877 | Percy. |Sulphide of iron, silica, and charcoal.
b 18° steel-melting heat, 48

E. Riley.[Silicate of iron with charcoal :
| l hours.

1. Hahn, Ann, Chem. Pharm. CXXIX,, 1864. Exposed 2 hours to nickel-melting heat : light
bronze to gray : extraordinarily brittlo : fracture homogeneous, non-crystalline ; feebly attracted by
magnet s 8p. Gr, 6239, 2. E. Riley, Journ. Chem, Soc., 1872, XXV, p. 562, 8. Hahn, loc,
cit.: completely fused after 25 hnurs exposure to the strongest heat: extremely brittle. 4.
Percy, Iron and Steel, p. 83 : hard and brittle. 5. FE. Llley, loc, cit,

Though silica can neither be reduced by iron® alone nor
by carbon alone, it is readily reduced by carbon if iron be
present to alloy with the resulting silicon, which, under
these conditions, isreadily reduced even from the walls of
clay and graphite crucibles, from acid slags, and even from
basic onesif the temperature be excessively high. (Carbon
also rednces silica in presence of copper or silver.) Nor
is the presence of free carbon necessary, for the carbon
initially contained in iron reduees silicon® from the walls

a Karsten, Eisenhiittenkunde, I., p. 477; Eng. and Mining J1., 1875, 1., p. 287:

b Percy : Iron and Steel, p. 91.

¢ Comptes Rendus, LXXVI., p. 483 : Journ, Iron and St. Inst., 1885, L., pp,
290, 295, :

of clay and still more readily from those of graphite
crucibles,® the graphite of the latter donbtless contributing
towards the redncing action. The manganese of manga-
niferous irons also seems to reduce silicon® from the walls
of erucibles and even from those of cupola furnaces,® with
oxidation and scorification of the manganese. (Cf. §268D.)

Caron & melted cast-iron containing 0997 silicon in
crucibles, (A) alone and (B) with 6% metallic manganese.
Melted alone its silicon fell to 0-88, and on a second fusion
to 0:80. Melted with 6% manganese the silicon rose to
1-3% and on a second fusion withont further addition to
1-66%, with heavy loss of manganese. (See § 61.)

So readily is silicon reduced in presence of iron, that
Troost and Hautefeuille," melting cast-steel containing *10%
silicon and 1°54% carbon in a siliceous erucible, fonnd that,
after two hours fusion, it contained *80% silicon and only
“70% carbon. They also found that fused cast-iron in pro-
longed contact with porcelain lost carbon and gained
silicon, till the latter metalloid in some cases reached 8%.
Miiller,! melting white cast-iron in a graphite crucible
raised its silicon from 07 to 1-07%, and ifs carbon {rom
359 to 3'64% while its manganese fell from 2-04 to1-86%.

§ 62. REMOVAL oF SiLicoN.—Silicon may be oxidized,
according to Caron, by both carbonic acid and carbonic
oxide: it is removed from molten iron very rapidly by
atmospheric air and by simple contact with iron oxide,
magnesia, and other bases..

The oxidation of silicon in presence of carbon and man-
ganese will be specially considered later.

For every temperature and set of conditions a certain
balance between the oxidized and unoxidized silicon and
carbon corresponds to equilibrium: if the oxygen be not
distributed according to this balance, it will redistribute
itself till the balance is approached, provided the tempera-
ture be high enough to permit a transfer. (1) The higher
the temperature, (2) the more oxidized and the less un-
oxidized silicon be present, (3) the less oxidized and the
more unoxidized carbon be present, the more completely
will oxygen combine with carbon in preference to silicon :
the opposite conditions favor the union of oxygen with
silicon rather than with carbon. The presence of bases
strengthens, that of metallic iron wealkens the affinity of
silicon for oxygen. At temperatures even as low as the

d Metallurgical Review, L., p. 153.

¢ Eng. and Mining J1., 1888, 1L, p. 367.

f Ledebur : Handbuch, p. 241 ; Percy : Irou and Steel, p. 189,

& Comptes Rendus, 56, p. 328.

h Comptes Rendns, LXXVI., 1875, p. 483.

1 Stahl und Eisen, 1885, V., p. 181: Journ, Iron and St. Inst,, 1885, I., p. 294.
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melting point of steel with 1-7% carbon (say 1600° C.),
carbon may deoxidize silicon : at the highest temperature
of the Bessemer process, the affinity of carbon for oxygen
greatly outweighs that of silicon.

§ 63. THE CoNDITION OF S1LICON IN IRON.—Silicon, like
carbon and boron, exists in three states, viz , amorphous,
graphitoidal and diamond-like. It behaves towards alu-
minium and zinc as carbon does towards cast-iron, dissolv-
ing in these metals when melted, and separating out in a
crystalline form when they solidify. It was formerly
thought that silicon frequently occurred in the graphitoidal
state iniron : butrecent investigations show that it rarely,
if ever, does so under ordinary conditions. It is trne that
Percy, whose observations led him to believe that silicon
separates graphitically during the slow cooling of gray
iron, thought that he found unmistakable evidence of the
existence of separated silicon® in kish, <. e, the graphi-
tic mass which separates from cast-iron snpersaturated
with carbon. Sorby,® with a very high-power microscope,
finds beautiful triangles, rhombs and crosses in cast-iron,
sometimes ruby-red, sometimes dark, which he believes
are separated silicon : but no reasons are given to sup-
port this view. Richter® thonght that he had found sili-
con in defined crystals in cast-iron: Henry® thought he
had found it in crystals in the graphite of cast-iron : Blair®
asserts that kish is quite as frequently graphitoidal silicon
as graphite, without, however, adducing evidence. In
brief, I cannot find that graphitoidal silicon has ever been
unmistakably identified in iron. ,

Now Snelus, Jordan, Morton, and Turner have vainly
sought it, nor did Abel find it during a prolonged ex-
amination of cast-irons. Were it frequently present it
would hardly have been missed by all these investigators,
though we cannot infer that it may not form under excep-
tionally favorable conditions. But as iron has the power
of combining with much more silicon (30%) than cast-iron
proper ever contains, the separation of graphitoidal
silicon would be most surprising. The reason why graphite
separates so readily from cast-iron is thatiron, when man-
ganese is absent, is only able to unite chemically with a
small quantity of carbon.?

The occurrence of crusts and druses of silica and of
silicates on the exterior and in the vugs of cast-iron and
in the hearths of blast-furnaces is not, as has frequently
been supposed, prima facie evidence of the extrusion and

subsequent oxidation of graphitoidal silicon, since the|

silicon may have escaped from the iron in combination
with some other element and have become subsequently
oxidized. Passing by siliciuretted hydrogen and chloride
and fluoride of silicon, all volatile and possible though
improbable causes of the siliceous druses, sulphide of

aPercy : Iron and Steel, pp. 131, 511.

b Journ. Iron and St. Inst., 1886, L., p. 144,

¢ Idem., 1871, p. 36.

d Idem, 1886, 1., p. 82,

© Snelus, sifting the finer from the coarser portions of the borings of graphitic
cast-iron, found a larger proportion of the friable graphite in the fine than in the
coarse portions, but no similar concentration of silicon occurred, whence he
inferred that it was all chemically combined. (Journ. Iron and St. Inst., 1871,
p. 3+.) Turrcer and Jordan (ldem, 1886, 1., p. 172) vainly sought silicon in the
residue from dissolving siliceous cast-iron, nor were they able to separate it from
comminuted east-iron with the magnet. Morton (Idem, 1874, L., p. 102) examined
Ne. 1 Bessemer and white iren, each with nearly 5 % silicon, by several apparently
decisive chemical methods, but was unable to detect free silicon, though he spe-
cially sought it.

£ Journ. Iron and St. Inst., 1886, 1., pp. 82, 97, 98: 1871, I, p. 44: Trans. Am,
Inst. Mining Engineers X11., p. 642: Percy op. cit. p. 507.

silicon (SiS;) may be considered as a not unlikely cause.
According to Frémy® and Ledebur it is formed by the re-
action of sulphur, carbon and silica, at a white heat, or by
passing bisulphide of carbon over a mixture of carbon and
silica. Tt is velatile at a high temperature, and in moist
air is rapidly oxidized to silica, with formation of sulphur-
retted hydrogen. Colson® finds two volatile compounds of
silicon, SiS and SiSO, formed by passing bisulphide of
carbon over silicon at a high temperature. Sulphide and
silicide of iron may not, however, directly react upon each
other, since Percy' on melting them together obtained two
distinet and almost nnaltered layers. Crusts of silicates
(not silica) are probably, in my opinion, often due to the
liquation of silicides from the sclidifying cast-iron and
their subsequent oxidation.

Silica and silicates mechanically intermixed and arising
from the oxidation of silicon previously combined with
iron citen exist in ingot metal : readily mistaken for sili-
con, their effects have been attributed to it. Pourcel,’
volatilizing theiron in certain steel castings with chlorine,
obtains ‘“a network of silicate of iron preserving the origi-
nal form of the pieces.” A cloud of siliceous dust escaped
when steel, prepared by Turner by adding ferro-silicon
to unrecarburized basic Bessemer steel, was broken in
the testing machine: its fracture revealed many small
pipes partly filled with a whitish siliceous powder: dis-
solved in acids it yielded white flakes of silica unlike the
ordinary gelatinous variety.*

§ 64. EFFECT OF SI1LICON ON TENSILE STRENGTH AND
DuctiLiry.—It is generally thought to increase tensile
strength,! though slightly : the prevalent views as to its
|effects on ductility, usually ill-founded, differ widely.
Probably a large majority of metallurgists think that it
diminishes ductility, especially wnder shock, and far
more for given increase of tensile strength than carbon
does,™ and that its effect is the stronger the more carbon
is present. Interested patentees have proclaimed that
even "02% of silicon seriously affects ductility, and have
deceived many of narrow experience. Others think that
up to "5 or even 7% it increases tenmsile strength without
at all diminishing ductility® and is highly beneficial.
Many insist that it makes steel very redshort, many that
it can only be tolerated when accompanied by much man-
ganese : both views are contradicted by others.

§ 65. DETAILED EVIDENCE AS To TIIE EFFECTS OF SILI-
coN oN DucTinity AND KFouGEABLENESS.—I here offer
examples of siliceous steels which are dnetile and non-red-

& Comptes Rendus, 1852: Ledebur, Handbuch, p. 243.

h Comptes Rendus, Vol. 94, p. 1526: Ledebur loe. cit.

1 1ren and Steel, p. 95.

J Journ. Iron and St. Inst., 1877, 1., p. 44.

k Journ. Chem. Soec., 1887, p. 142,

I Deshayes (Private communication, April 13, 1887, nnd Classement et emploi
des aciers) considers that *01¢ silicon raises the tensile strength hy 142 pounds
per square inch,

m Sypelus (Journ, Iron and St. Inst., 1871, L., p. 24) says that about -1% silicon
makcs Bessemer steel hard and brittle when cold: in ** Chemistry Applied to the
Arts and Manufactures,” he says that it makes steel both redshort and coldshort
especially if carbon be present, so that while ‘6% silicon may not make steel par-
ticularly brittle when less than °1% earkon is present, yet with *4 to "5% carbon
{ even *2¢ silicon produces decided redshortness and coldshortness, and 5% wou'd be
dangerous. Hackney (Inst. Civ. Engrs., XLIL, p. 35) considers that for given
increase of hardness silicon increases brittleness so much more than carbon that
more than ‘1 or *2¢is unsafe in railsteel. Akerman (Journ. Iron and St. Inst., 1878,
1L, p. 379) considers the belicf that silicon dimiriches resistance to shock cqm-
pletely confirmed. Deshayes believes that ‘01% silicon diminishes the e]ongatlon_
in 3°0 inches by ‘06%.

n Miiller : Journ, Iron and St. Imst., 1882, 1., p. 874.




38 THE

METALLURGY OF STEEL.

short (A to G): results of statistical examinations, indi-
cating that silicon does not affect ductility (H to J): facts
implying that it does (K to M) : an attempt to reconcile
them (N to Q): and a résumé (R)

(A) Stnicon STEEL.—In Table 19, § 66, good steels with
from ‘54 to 2:07 and even 7°4% silicon are quoted: at
many points within these limits, then, silicon is not in-
compatible with good quality.

(B) CruciBLe STEEL will be admitted to be excellent
steel, certainly better than ordinary Bessemer and open-
hearth steel and ordinarily more ductile for given ten-
sile strength : yet it generally contains far more silicon
than they do. Taking 35 examples of tool steel, tested
by D. Smith,* we {ind the silicon between -07 and 1-28,
and in many cases above -20%. Arranging them in the
order of merit for cutting tools the percentages of silicon
are as follows: Best 17 and 1-28: ‘14 and *19: -29: 10
and -13: 31: ‘21 and "23: 37: ‘20: 09: -10: 19 : ‘14 :
‘10 and 25: 27: ‘07 and ‘11—worst. This should finally
dispose of the notion that silicon is only tolerable when
carbon is very low, since none of these steels have less
than 070%, and most of them have over 1% carbon.

(C) STEEL cAsTINGS, when annealed, considering their
disadvantage in not having been forged, compare very
favorably with forgings in tensile strength and duectility ;
vet their silicon is much higher than that of ordinary
forgings, running usually from 0:20 to 0-55, or even 0°67%,
and that, too, with carbon as high as ‘967 (see Table 9).
It is often said that silicon may do for castings, but cer-
tainly not for forgings: and that, moreover, we cannot
usunally anneal forgings, while these castings have to be

annealed to give them toughness. The annealing is needed| _

not to counteract the effects of silicon, but those of irregu-
lar contraction and coarse structure : and the proof of this
is that if we forge one of these castings it remains tough,
even withont annealing. (See Table 17 A.)

(D) ExaMpPLES oF (FooD SILICEOUS STEELS are given
in Table 17, all sufficiently forgeable to be rolled into rails,
sufficiently tough to endure in the track in some cases re-
markaply well, in all at least well enough to escape at-
tention, and how much better we know not.

Did silicon always increase brittleness and redshortness
as much as it is thought to, neither 12 nor 18 (with but
22. manganese to counteract redshortness) could have
been rolled, and they and others would have broken under
the straightening press. You who hold that high silicon
is only permissible with certain percentages of certain
other elements, mark well how in Tables 17 and 19 the
carbon is now high, now low, now nil ; and how, be
it high orlow, it is now joined to high, now to low manga-
nese: mark too No. 12, with high silicon carbon and
phosphorns.

TABLE 17 —ﬂumrnxons RAILS OF AT Lmsr TOLEBABLE QUALITY.

1 23l4|5 A T (=8 9 124 18" IST6 5 1t 18

Lo R AR IR Tis (T f f f f f f c d 0
Carhon..... | 50 | 45| 76 | 24 |29 | 23 | 17 | 52 | 70 | 45 {..... 36 | +48 |under ‘10
Silicon ..... {62 | 84| 53 | 52 | 51 | 79 [ 84 | -S7 | 59 [ 76 | 88| -47 | -48 *83
Sulphnr....| *025) 06/ -01 | 02 | 06 06 02 {05 [ -02 | 0619 | ..l..... 04
Phosphoras| 038 <111 -056] 09 | 10 | <18 | 08 | -11 | -06 | <18 | 10 | “19 | 68 07
Manganose. {150 {1-48(1°85 | 78 | *76 «.n 1°14 2°08 (184 | “T5 (161 | 57 | 18 ]

o = redshort. e = extmordinnrily good rall. I‘.:W. Munt, Tmns. Am. Inst. Mining Enginecers,
IX., p. 536. d = tongh good rail. Dudley, 1dem, p. 841, e = very tough rail, Snolus, Journ-
Iron and Qt lnst 1882, 11, p. 5383. f = private notes.

MULLFR" states that at one German works the com-

a Thurston Materials of Engineering, II., pp. 434-6.
b Glaser’s Annalen, X, Nos, 9and 10. Journ, Irou and St. Inst., 1882, I, p. 374.

posmon of steel rails lay for over three years between the
following limits :

Carbon. Silicon. Manganese.  Phosphorus.
010 to 0°15 0°3 to 06 06 to 1°0 0°12 to 0°15

He qunotes the mechanical properties of 64 excellent
rails, whose composition apparently lies between the
limits just given as follows :

Sulpbur. Copper.
her.  “Cogza

40 ) Had tensile ( 71,111 to 78,225 ) Lhs. 3had from 344 to 40 anany
g strength ’78 225 :“ 83 337+ per ‘;0 "‘ ) % 450 % et
5 b 3 D 13 ] i
15 from 85,337 92,483 } sq. in, 1Z = ks %(()) 2 %?) arsal

IIe quotes steel with carbon 0-14, silicon 0°435,
manganese 0828, and phosphorus 0°15, which combines
100,000 pounds tensile strength with 244 elongation. Such
ductility in steel with 015 phosphorus is rather snrpris-
ing : hence if silicon has affected its ductility at all it has
probably inereased it.

Table 18 gives many siliceous steels which combine high
tensile strength and duectility.

(E) Sprecian  Exrerience.—The open-hearth steel,
justly famed for its excellence, made at an eastern U. S.
mill, is often decidedly siliceons, the spring grade nsnally
containing from 10 to *30% silicon. Indeed, certain
customers, on receiving steel with less than the usnal per-
centage of silicon, complain of brittleness, though igno-
rant of its composition.

(F) Gu~xy SteEL, surely, for given tensile strength,
should have the highest attainable resistance to shock : yet
it is often purposely siliceous (Table 19). The decision
of the Swedish ordnance commission, apparently reached
after thorough study, that gun-barrel steel should have
25 to -40% silicon is of weight.®

TABLE 17A.—SiL1e1FEROUS GUN STEELS.

Tensﬂeh‘ lnlnsltlo El Rodit
\Inn a-| Phos- |g | strengt mit, onga-
No. | Carhon.| Silieon. | nes&é phorus. Snlphnr|Copper. Lbs. per|Lbs. per| tion. | tl::)eaot
{ 8q. In. | 8q. in. ‘ | .
o 12 | 23 58 | a1 3,000 | 42,668 | 187 | 483
2. 47 44 41 03 6,759 | 86,000 | 18°8 47
8.. '45 '85 54 04 .| 83,000 | 82,713 | 21° o1*
4, *61 04 83,800 86 000 | 22° 50°2
cagao 85@ 4@6 | ‘06 or

25@ 10
19 ‘

| less
|tr

60 l ‘18

1. Gun harrels for Rnssian army, forged. 2. Gun harrels for Swedish Government, from
Wiltten-upon-Ruhr: considerel admirable, 3 and §. Bofors open-hearth steel for guns. 5.
Composltion eonsidered hest snited for gun harrels hy Swedish Ordnance Commission. The pre-
ceding from Gantler, Journal Iron and Steel Inst., 1381, T1., p. 452. 6. Krupp gun steel, Kern,
Metallurgieal Revlew, I1., p. 519,

(G) Mrazex conclnded that the redshortness attributed
to silicon was due to silicate mixed with the iron : he found
that metallic silicon added in certain proportions to iron
did not alter its properties (in any respeect %).2

(H) RaymonD,® analyzing by the method of least
squares Dudley’s data of the composition and wearing
power of 64 rails, finds that silicon increases the wearing
power, thus having.an effect opposite to that of carbon
and phosphorus.

(I) P. G. SaLowm, analyzing Dudley’s data by the same
method, finds that phosphorus and carbon greatly di-
minish elongation while inereasing tensile strength, but
that silicon increases both tensile strength and ductility.

(J) SrarisTicAL ExAMINATION.—The results of an
analysis of 354 sets of observations of tensile strength and
ductility, drawn from many sources with no selection be-
yond the rejection of tungsten and chrome steels, are

¢ Journ. Iron and St. Inst., 1881, IL., p. 459.
d Gautier : Journ. Iron and St. Inst., 1877, 1., p. 43,
¢ Trans, Am, Inst. Mining Epngineers, IX,, p. 607.
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given in Table 18, and graphically in Fig. 6,* with
silicon as ordinate, tensile strength and elongation
as abscisse. I first divide the cases into groups of
nearly constant carbon, each of which has a separate dia-
gram : and these again into sub-groups of nearly constant
silicon. Each curve in Fig. 6 and each horizontal line in
Table 18 represent one primary group with (nearly) con-
stant carbon but varying silicon : each spot on the curves
and each number in the table represent one sub-group
with carbon and silicon both nearly constant.

This method, while not quantitatively accurate,
would, when applied to so many cases whose silicon varies
so widely, reveal the effects of silicon qualitatively, were
they weighty, constant and cumulative, just as it unmis-
takably reveals those of carbon. Passing in any line
from left to right tensile strength rises almost uninter-
ruptedly till carbon passes 1-00, when it declines: elon-
gation falls almost continuously.” But no constant effect
can be traced to silicon : passing down some columns ten-
sile strength rises and elongation falls, both slightly : but
in as many the reverse occurs. The curves too, gene-
rally nearly vertical, turn as often to left as right.

This result indicates, not that silicon never injures duc-
tility but that, if it does, it also promotes it as often and as
much. An analysis of more extended data is desirable.

aThe curves are derived by plotting a curve for each column of Table 18, at-
taching to each spot a weight proportional to the nnmber of cases it represents,
finding the center of gravity of each group of three consecutive spots (Ist, 2d, 3d,
then 24, 3d, 4th, etc.), and drawing new curves through these centers of
gravity.

Slight discrepancies exist between the curves for carbon 70 to -SO and ‘60 to
70, and the corresponding numbers in Table 1S, due to my incorporating ad-
ditional matter into the table after these curves had been engraved.

b This method of analysis applied to steels with varying phosphorus reveals the
effects of this element on ductility very clearly (Table 27 and Fig. 8, § 123).

Now for the evidence that silicon makes iron brittle and
redshort. :

(K) For Horrey’s® conclusion, that silicon injures
wrought-iron, I find little warrant in his data, the results
obtained by the U. S. Board for Testing Metals. True, the
worst of his irons has the highest silicon, but then it also
has almost the highest phosphorus: he has several excel-
lent irons with high silicon, which is therefore compatible
with excellence. Arranged "in order of elongation their
silicon percentages are—Gureatest elongation, 0-10: 07:
IR 516 16 RS0 ST T 16 i 148 1550 Grene D=
lowest elongation.

(L) TurNER’s EXPERIMENTS® do not in my opinion
justify his conclusions that silicon increases redshortness
and tensile stremgth but diminishes static ductility.
Adding varying quantities of ferro-silicon to apparently
different lots of unrecarburized basic Bessemer steel, he
obtained steels with from *009 to 4% silicon, almost free from
other elements, and in certain cases very redshort. In
view of our almost complete ignorance of the composition
of the redshort ones, and of the facts that some of them
received less ferro-silicon than some of the non-redshort
ones, and that much larger percentages of silicon do not,
in normal manufacture, cause redshortness, the observed
variations in redshortness are more naturally ascribed to
variations in the percentage of oxygen in the unrecar-
burized steel than to variations in the silicon of the recar-
burized metal. Further, the non-coalescing, mnon-rising
silicates which, thanks to the almost total lack of mangan-
ese, should and apparently did form, are more probable

¢ Trans. Am. Inst. Mining Engineers, VL., p. 101,
d Journ. Chem. Soc., 1887, p. 129.
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causes of redshortness than is silicon.* His testing machine
results, if more numerous, might indicate that silicon

raises tensile strength : but they are too scanty and dis-

cordant® to even faintly snggest that it lowers static duc-
tility. :

(M) Tae PreEvALENT BELIEF of Anglo-Saxon steel
makers, voiced by Snelus who says ‘“all steel makers are
aware that if the silicon rises to over ‘2% the carbon must
be kept down to about 83%, or the rail will ordinarily be
brittle’’¢ cannot be so easily dismissed : yet, as it is at
least largely based not on systematic but casual observa-
tion, it may prove a superstition.

Now toreconcile this belief with the facts I have detailed.

(N) Sinicon A CoNcOMITANT, NOT A CAUSE OF BRITTLE-
NEsSS AND Repsuorrness.—Forsyth (I know no more
competent observer), informs me thatin the Bessemer pro-
cess a considerable percentage of silicon introduced with
the recarburizing additions affects the ductility and forge-
ableness of the steel but slightly, while the same percent-
age of silicon if residual, 7. e. if remaining in the blown
steel from that initially in the cast-iron, would be fatal.
This indicates that the residual silicon does not canse the
brittleness, but that both spring from a common source:
this may be the high temperature which almost necessarily
accompanies high residual silicon. Many steel makers
report that ingots crack in rolling if cast unduly hot, but
that if the steel be cooled before casting it rolls soundly,
even if unduly hot when blown.

(O) Direct AND INDIRECT EFFECTS OF SILICON.—AS
the indirect effect of silicon in increasing soundness and
continuity (§ 67) should increase tensile strength and duec-
tility, and as our statistics indicate that its net effect on
these properties is nil, it may be that it directly dimin-
ishes them, masking its indirect effect. But that if this
be its direct effect it is either not constant and cumulative
or slight, is shown by the excellence of many of the sili-
ciferous steels quoted.

(P) Sitica is often mistaken for silicon: who knows
how far it is responsible for this metalloid’s bad name ?

(Q) CnemioaL CoxpiTroN.—Finally, I suspect that
silicon enters into different combinations in steel, some
promoting, some injuring ductility and {forgeableness.
Its passage into one or another of these states may follow,
in an obscure and complex way (to be revealed by proxi-
mate rather than ultimate analysis), even trivial changes
in nltimate composition and treatment.

Riisumf.—We have on the one hand the widespread
dread of silicon among the most competent judges: on
the other the belief of many high authorities in its harm-
lessness, the failure of statistical examination to show
that it causes brittleness, and the numberless instances of
good and often admirable siliceous steels, the percentages
of whose carbon and manganese vary within very wide
limits, and apparently withont law. Making all reasonable
allowance for the discrepancies between static ductility
as revealed by the testing machine and the power to resist
shock, no doubt can remain that very many highly sili-
ceous steels are in every sense ductile.

a That at least some of the steel held silica or silicates is shown by the escape of
a cloud of siliczous dust on breaking one piece.

b Numbered in order of silicou content, 1 having the least, and arranged in
order of elongation, they stand 1 (highest), 3, 6, 8, 5, 2, 4, 7 (lowest). Arranged
in order of reduction of area, they stand 1 (highest), 3, 6, 8, 2, 5, 4, 7 (lowest).

¢ Jour, Iron and Steel Inst., 1882, 1., p. 584.

Let each one reconcile these factsin his own way. While
we can hardly with our present light reach final con-
clusions, yet, after making all reasonable allowance for
the belief that silicon is often considered a cause when it
is merely a concomitant of brittleness and redshortness
and for its being a scapegoat for the sins of silica, in view
of the profonnd and widespread belief in its hurtfulness,
I believe it on the whole probable that it often and under
certain conditions canses brittleness, especially under
shock, and perhaps also redshortness : but that in many
and probably in the great majority of cases it is harmless,
and that it may sometimes even increase ductility, be it
directly, be it indirectly by promoting soundness and con-
tinnity. If only ocecasionally injurious it could readily
acquire a bad name. I regard its influence as dependent
on its chemical condition, on which we have no light : it
is very probable that it more often injures high- than low-
carbon steel, and that the presence of an abundance of
manganese counteracts its tendency to cause redshort-
ness. .

In brief, the presence of silicon does not prove but sug-
gests brittleness, and calls for unasunally rigorous tests.

It probably slightly increases tensile strength, chiefly

by increasing the continuity.
TABLE 19.—SiLicox STEELS.
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1. Mrazek, Journ. Tron and St. Inst., 1577, 1., p. 45 : Proc. Inst. Civ. Eng., 1576, XLIV,, p.
$76. Made Dy fusing iron wire, sodium, silica, and flnorite in llessian erucible. Exceedingly
brittle cold, hardens slightly nn quenching from reduess: eontains little or no manganeso.
2. Snelus, Journ, Chem. Soe., 1SS7, p. 132, 3. Riley, ldem. 1872, XXV, p.562: Journ, Iron
and St. Inst., 1572, T, pp. 274-T. 4. Hupfeld, coldshort, malleable with difficulty : Joorn. Iron
and St. 1nst., 1852, I, p. 876. _&. Mrazek, Idem, 1577. I.. p. 44. #. lladfields: Weeks, Trans.
Am. Inst. Mining Engrs , XIV., p. 983, 7. Ifardisty, Steel for Guns and Prajectiles, p. 6.
«. Nushet's * titanium " steel, quite free from titanimmn. Riley, Journ. Chem. Soe., 1572,
XXV., p. 562. 9. Thorston; Matls. of Engineering, 1L, p. 436. 10. Mrazek, DProc. Inst. Civ.
Eng., 1876, XL1V., p. 816. 11. 1dem, soft and tongh cold, forges at both red and white, welds
easily, thongh free from manganese.

§ 66. SILICON STEEL, in one case with over 7% silicon,
has been made by several metallurgists. 1t is reporied
that hard steel with 1 to 2% silicon is or has been made
on a commercial scale in Sheffield. Riley®reports steel with
2:07% silicon, which endured well when used for turning
the skin from cast-steel wheels, a most trying task, forged
admirably with particularly sharp edges, and was decid-
edly tough, as shown by the edge of the tool turning up
slightly. Other instances are given in Table 19, of which
the most remarkable is Mrazek’s with 747 silicon, which
forged readily and welded perfectly ! Silicon steel is said
to have an adhesive scale, and a fine or indeed, if the sili-
con be very high, an earthy fracture.®

While it is too early to speak positively, silicon steel
does not appear to promise as well as tungsten, chromium
and manganese steels, though it may prove advantageous

d Jonrn. Chem. Soc., 1872, XXV., p. 562 : Journ. Iron aud St. Inst,, 1872, L,
p. 274-7.
e Miiller ; Journ. Iron and St. Inst,, 1882, L, p. 376,
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to add silicon to them for certain purposes. For several
years iron was puddled in this country with so-called
“codorus ” or “silicon’’ ore, which had no other effect
than to afford a bulky slag in the puddling furnace. The
venders of the ore impudently called this puddled iron
‘“ silicon steel,”” though both free from silicon (the average
silicon in six samples which I took was, by Wuth’s deter-
mination, 0°07%) and clearly no more steel than any other
pnddled iron is. I had the good fortnne to investigate
this swindling manufacture twice and to expose it to two

prominent consumers. Holley sang of it—
* There was an old man of Coddrns, who said he took out the phosphorus,
So the iron he puddled, and with chemicals mnddled,
But the puddling took ount the phosphdrus.”

§ 67. Errect or SILICON ON SOUNDNESss.—Silicon pro-
motes soundness in ingots and other castings by restrain-
ing the formation of blowholes, and by reducing iron oxide,
and it thus indirectly restrains redshortness. Indeed,
Sandberg® considers that 0-10% silicon is the smallest
amount permissible for rolling rails, angles, etc., as with
less the steel eracksin rolling, astriking example of how
the most experienced may be deceived : for in mmany Ameri-
can works the silicon in rail steel habitnally lies between 02
and -05%, yvet the proportion of second qnality rails does
not rise above 3% and is frequently below 1% for months.

Investigating® the question of silicon in soft steel I find
that in ordinary American Bessemer practice it rarely rises
over 0027, and is occasionally as low as 0:004 (these ex-
tremely small amounts are rarely acenrately determined).
Yet this steel, practically free from silicon, with only say
‘09 to "12% carbon and with manganese ‘30 to *40% is rolled
intv plates as thin as No. 12 W. ., in certain cases with-
out edging passes, and withont serious cracking. Silicon
therefore is not essential to sonnd rolling.. It was for-
merly thought that silicon prevented blowholes in steel
by restraining the formation of carbonic oxide, silicon
being vxidized in preference to carbon. Bnt since Miiller
has shown that blowholes are due to nitrogen and hydro-
gen, we must infer that silicon acts by increasing the solu-
bility of these gases in the solid steel, so that it is able to
retain in solution while solidifying the gas which it had
dissolved while molten. Silicon eliminates iron oxide
from steel by reducing part of it and itself forming silica
which combines with the remainder of the oxide, to form
a silicate which escapes by rising to the snrface more or
less completely according to its condition of aggregation
(cf. effects of manganese on sonndness).

§ 69. FusiBiniTy.—Silicon appears to increase the fnsi-
bility of iron, thongh, at least when abnndantly present,
less than the same percentage of carbon does. Thus Mrazek
found that iron with 7-4% silicon was intermediate in fusi-
bility between steel of 0-75% carbon and cast-iron of 5%
carbon. Itis probable that it lowers the melting point of
steel also, since the experieuce of -the makers of open-
hearth steel (say with silicon 0'15 to 0-40), is that
siliciferous steel cannot in forging be safely exposed to so
high a temperature as that which has bnt little silicon, all
other conditions being alike. Further investigation may,
however, show that this is merely a snperstition.

Fruipity.—Silicon is said to give very great flnidity:
hence the highly siliciferons Scotch irons are greatly
prized for making fine sharp castings, and are used even

* aTrans. Am. Inst. Mining Engineers, X., p. 469.
b Trans, Am, Inst, Mining Engineers, XV, to appear.

for the mannfactnre of elaborate cast-iron jewelry, chains,
brooches, ete.°

OxipaTioN. —Silicon appears to indirect,y retard the
oxidation of iron at high temperatures and of the other
elements combined with it. Thus Akerman? points ont
that in the Bessemer process the more silicon the iron con-
tains the less completely is the oxygen of the air consnmed.
So too siliciferous cast-irons do not sparkle while running,
while if, as in Krapp’s process (pig-washing) the cast-iron
be almost completely deprived of itssilicon, it effervesces in
the airas it runs from the fnrnace with extreme brilliancy,
which is perhaps enhanced by the reaction of small sus-
pended particles of iron-oxide on the carbon present.

This effect of silicon is probably an indirect one: when
present, by absorbing part of the oxygen to which the iron
is exposed, it diminishes pro fanto the oxidation of carbon,
restraining the formation of carbonic oxide and carbonic
acid and the ebullition which their escape caunses and which
in itself hastens oxidation by increasing the surface
exposure. Its inflnence on the solubility of carbonic
oxide in iron may contribute to these phenomena.

§ 70. Tize WELDING POWER of iron and steel does not
appear to be lessened more, if indeed as much, by silicon
as by carbon. In addition to Mrazek’s steel with 7-47 sili-
con and Iladfield’s with over 1'5% silicon, both said to
weld perfectly, we have the results obtained by the U. S.
Testing Board which, in my opinion, do not indicate that
silicon affects the welding power of weld iron. Of 13irons
examined, one with 016 silicon (the highest in silicon bnt
4) welded the second best.  On the other hand three of
the irons highest in silicon welded worst. Placing them
in the order of the excellence of welding their silicon was
as follows: Best welding,*—0-14: *16: *07: *16: "14: “17:
‘15: *16: *10: *16: 20: -17: -27—worst welding.

§71. Errecr oF SiLicoN oN Casr-IRoN.—Silicon affects
the properties of cast-iron in two ways, by forcing car-
bon ont of combination and into the graphitic state, and
by its own direct specific effects. The latter may be
traced in the changes in the properties of the metal which
accompany variations in the percentage of silicon when
this element does not reach an amount high enongh to af-
fect the condition of the carbon present. Under these con-
ditions Turner's results’ indicate that silicon makes
casl-iron softer, and increases its tensile and crushing
strength while lowering its specific gravity. They are as
follows :

|Rela- | Tensile ‘ 3
tivo | streugth. | ModnIUS | cyuching | Total |Graph- Com- |
Sp.gr. hard-| Lbs. per 1 gf-t strength. | carbon.{ ite. c;’_{')g‘li] Stlicon.
ness, | 5q. jnch, | clasticity. l -
TR TR 2?2,720 25,790,000 | 168,700 198 038 1'60 019
767 | 52| 27.580 | 28,670,000 | 204,800 | 2:00 0°10 1 90 045
763 | 42'| 28,490 | 31,180,000 | 207,300 [ 209 0 '.‘3‘4 1°85 096
747 | .... | 31,440 | 23,500,000 | 183,900 | 2-21 050 171 | 187

As the silicon rises beyond 1-4 the percentage of graphite
at first increases rapidly, then falls off slowly : while ten-
sile and compressive strength both decline uninterrnpt-
edly. While experience shows that no one set of observa-
tions on the effects of foreign elements on iron is conclusive,
Turner's results are so harmonious as to inspire confi-

dence.

¢ Abel, Jour. Iron and Steel Inst., 18886, 1., p. 197.
d Engineering and Mining Journal, 1875, 1., p. 311.
¢ Trans. Am. Inst. Mining Engineers, VL., p. 116.

t Journ, Iron and St. Inst,, 1886, L., p. 174,
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CHAPTER 1IV.

IRON AND MANGANESE.

§ 75. SuMMARY.—Manganese alloys with iron in all
ratios, being reduced from its oxides by carbon at a white
heat, and the more readily the more metallic iron is pres-
ent to combine with it. It is easily removed from iron
by oxidation, being oxidized even by silica, and
partly in this way partly in others it restrains the
oxidation of the iron, while sometimes restraining
sometimes permitting the oxidation of the other ele-
ments combined with it. It 1is also apparently
removed from iron by volatilization. Its presence
increases the power of carbon to combine with iron at
very high temperatures (say 1400° C.), and restrains its
separation as graphite at lower ones. (See carbon.) By
preventing ebullition during solidification and the forma-
tion of blowholes, by reducing or removing oxide and
silicate of iron, by bodily removing sulphur from cast-iron
and probably from steel, by counteracting the effects of
the sulphur which remains as well as of iron-oxide, phos-
phorus, copper, silica and silicates, and perhaps in other
ways, it prevents hot-shortness, both red and yellow. (It
does not however counteract the coldshortness cansed by
phosphorus.) These effects are so valuable that it is to-
day well nigh indispensable, thongh admirable steel was
made before its use was introduced by Josiah Marshall
Heath.?

It is thought to increase tensile strength slightly, hard-
ness proper, and finidity, to raise the elastic limit, and, at
least when present in considerable quantity, to diminish
fusibility. 1t is generally thought to diminish duetility :
evidence will be offered tending to show that its effects in
this respect have been exaggerated. While 15 to 2-5% of
manganese is nearly universally admitted to cause brittle-
ness, steel with 8% of manganese is astonishingly duectile:
with further increase of manganese the ductility again di-
minishes. Steel with 8 to 10% manganese, though ex-
tremely tongh, is so hard as to be employed without
quenching for cutting-tools. It is denied and asserted
with equal positiveness that manganese confers the power
of becoming harder when suddenly cooled, but itis gener-
ally thought to make steel erack when quenched.

Ox1pE of manganese gives slags a strong characteristic
green color and considerable fluidity, and makes them so
strongly corrosive that their effect on the linings of open-
hearth, cupola and other melting furnaces mnst be
guarded against.

§ 76. ComBINING Powgr.—There appears to be no
limit to the extent to which manganese can combine with
iron : the higher the percentage of manganese in the alloy
the higher is the temperature needed in the blast-furnace
for its production. These alloys contain considerable
carbon, but are often almost completely free from silicon,
of which they sometimes contain but 0:06%. Ferro-man-
ganese containing more than 90% manganese often crum-
bles to powder in the air.

The analyses of several siliciferous ferro-manganeses
are given in Table 1. Most of the compositions in Table
20 are normal.

§ 77. VoLATILITY.—Manganese appears to volatilize
with considerable rapidity at a white heat. Thus Jordan®
states that at a Irench blast-furnace 10% of the manga-
nese charged could not be accounted for by the contents
of metal, slag and dnst. The funmes, white at first, tnrned
red on burning. Much reddish gas escaped from the tap
hole. Further, ferromanganese of 84:9% manganese lost
49 of its manganese on being exposed to the heat of a
wind furnace for 24 honrs in a brasqued crncible, in which
scorification can hardly have ocenrred.

§ 78. Errect oN FusisiLiry.—A large percentage of
manganese, as in ferromanganese, raises the melting
point of iron : but smaller percentages may lower it, for
a small addition of a less to a more fusible body (e. g., of
lead to tin, or silver to lead, or bisilicate of magnesia to
that of lime) often produces one more fnsible than either.

§ 79. MANGANESE AND BrowrnoLes.—Be it by increas-
ing the solubility of gases in steel, so that it retains while
solidifying the gas which it dissolved when molten, be it
by preventing the oxidation of carbon and the formation
of carbonic oxide, manganese like silicon, though proba-
bly less thoroughly, hinders the formation of blowholes.
Ingots containing but *005¢% of silicon and which but for
manganese would be exceedingly porons, are rendered by
it comparatively solid.

§ 80. MANGANESE AND OXIDATION.—As the oxidation
and deoxidation of manganese in the presence of carbon
and silicon will be fully discussed in alater chapter, [ here
confine myself chiefly to a few generalizations.

While manganese is reduced from its oxides by carbon
at a white heat even in the absence of iron, thus revealing
an affinity for oxygen weaker than that of silicon: yet,
be it because its affinity for iron is weaker than that of
silicon, be it becanse acid slags seize and hold its oxide,
when both are combined with iron manganese is often
more readily oxidized than silicon, especially in the
presence of acid slags, and often canses the reduction of
silicon from the walls of enpola furnaces and of crueibles.

Manganese added to molten oxygenated iron removesits
oxygen as oxide or silicate of manganese. Itnotonly thns
cures but may even prevent oxygenation: in certain
cases when added to molten iron it is thonght to permit
the oxidation of carbon and silicon while preventing that
of iron, or at least preventing the redshortness which we
attribute to oxygenation. So too the presence of manga-
nese in solidified steel appears to hinder its oxygenation
in heating and “forging: hence an otherwise needlessly
large amount of manganese (say '5%) is often purposely
left in soft steel which is liable to fall into careless hands.

Manganese appears to act upon oxygenated iron in two
distinet ways, (1) by reducing iron oxide, (2) by forming
a readily separating donble silicate of iron and manga-
nese : it may act in both ways simultaneonsly.

(1) While iron oxide if present in molten steel remains
diffused or dissolved through the mass of the metal and
renders it redshort, behaving as cuprous oxide does
towards metallic copper, silicate and probably oxide of

aPercy: Iron and Steel, p. 840,

b Metallurgical Review, 1., p. 455. Rev. Indust., July 3, 1878,
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manganese escape from the iron by rising to the surface
of the molten mass. Ilence, as in the Bessemer and open-
hearth processes of making steel the metal under ordinary
conditions becomes slightly oxygenated, manganese is
usually added at the completion of these processes, in the
form of a manganiferous cast-iron (spiegeleisen, ferrc-
manganese) ; it reduces the iron oxide and is itself oxi-
dized and scorified. Ithas been assnmed that thisreaction
between the manganese and iron oxide is expressed
accurately by the formunla—
Fe,0, + Mn = MnO +- 3FeO.

and ?Ford supports this view by showing that, assum-
ing the unrecarburized steel to contain 0247 oxygen as
magnetic oxide, in the practice at the Edgar Thomson
Steel Works the amount of manganese, 0-18%, removed
from the metal corresponds closely to this formula. But
this coincidence is purely accidental. Indeed, from his
statement it is not clear that his assumption that the steel
contained -24% oxygen, on which the whole rests, is any
thing more than guess. It is highly probable that in the
presence of so vast an excess of metallic iron the oxygen
exists as ferrous rather than as magnetic oxide : more-
over the quantity of manganese which is removed by the
reaction varies very greatly, as will be shown by examples
in due time. Further still, its removal is largely and
probably chiefly due to the action, not of iron oxide con-
tained in the metal, but of the supernatant slag. This is
shown by an experiment at an American Bessemer mill,
in which simply preventing the metal from coming into
contact with the slag after the addition of the ferro-man-
ganese greatly diminished the loss of manganese. In their
ordinary practice on adding 1% of 80% ferromanganese
to the blown steel in the ladle, 587 of the manganese
thus added was removed : but in a special charge made
under otherwise like conditions the steel was separated
from the slag before adding the ferromanganese, by
pouring it from the ladle through the nozzle in its bot-
tom into a second ladle, in which 1% of ferromanganese
was added, and from which the steel was subsequently
teemed into molds in the ordinary way. In this case
only 21% of the manganese added was removed from the
steel. I here summarize these results:

Ferromanganese
of 804 Mn added L:g:)i":,’mso Composition of steel,
to blown steel. .
] —_ F .
JEB | 253 Sl i ,
L @ G 3 £ . a _ P
&% 8 g |=&s g a - 2
AES|5SS| 5= [s23| 2 | 2 | &8 | &
T8 [ASs | ~ g 8 = B @
Single ponring .......... 1- | o0 | 083 | 53 | -oiv | 336 | -ou1 | -062
Donble ponring......... 1 080 | 012 | 21 *060 ’ *638 -016 062

Miller found that 0-354% manganese was removed in a
spiegel reaction of the acid Bessemer process in which slag

was present : that in the basic Bessemer process 0-389%
manganese was eliminated when slag was present, but that,
when the slag was wholly removed before recarburizing,
only from 0 to 0:064% of manganese was expelled.?

(2) Manganese appears to free molten steel from minunte
mechanically suspended particles of slag which cause red-
shortness, by forming a double silicate of manganese and
iron, which, by coalescing more readily than the simple sili-
cate of iron, rises more completely to the surface. Thus
Pourcel,® volatilizing by chlorine the iron of two pieces of
steel, to the first of which when molten he had added silicon
alone, to the second both silicon and manganese, obtains
from the first a residnal network of silicate of iron, while
the second volatilizes completely, leaving no residuum.

This is usually confusedly explained by saying that
the double silicate is more fusible than the simple one.
But the simple silicates of iron, such as would form under
these conditions, fuse at temperatures vastly below that of
the molten steel, and if they were not melted they wonld
still rise to the surface just as quickly as if they were.
Does cork rise less rapidly through water because it is a
solid? What the manganese does is either to make a sil-
icate which is specifically lighter than the simple silicate
of iron, or more probably one which more readily coalesces
into globules so large that their upward motion is but
little impeded by the friction of the surrounding steel.

§ 81. MANGANESE 2s. SULPHUR.—Manganese not only
counteracts the redshortness caused by sulphur but in
some cases actually removes this metalloid from iron,
sometimes (probably because sulphide of manganese like
sulphide of calcium is less soluble in metallic iron than
sulphide of iron is) by forming some compound rich in
sulphur and manganese which liquates or separates by
gravity, and perhaps sometimes by carrying oxygen to the
sulphur. Thus Akerman® quotes a manganiferous slag
from a Swedish blast-furnace with 1-4% sulphnr, while the
accompanying cast-iron had but some hundredths of one
per cent of sulphur. Parry® found 2% sulphur in manga-
niferous blast-furnace slags: when the slags were less
manganiferous they contained less sulphur, while the cast-
iron contained more.

Here sulphide of manganese appears to enter the slag
like sulphide of lime, and like sulphide of iron, which Le
Play* found in considerable guantities in ferruginous cop-
per-smelting slags. Other sulphides, especially that of zinc,
dissolve in slags. Akerman considers that manganese
drags sulphur into the blast-furnace slag even more power-
fully than calcium does.

b Stahl und Eisen, 1883, pp. 446453 : idemn, 1884, p. 71. Zeit. Vereins Dentsc.
Ing., XXII., p. 385.

¢ Journ. Iron and St. Inst., 1877, L., p. 44.

4 Eng. and Mining Jl., 1875, 2, p. 214.

e Percy, Iron and Steel, p. 39.

t Déscription des Procédés Mctallurgiques employeés dans le Pays de Galles, p.

212,

a8 Trans, Am. Inst Mining Engineers, IX., p. 396.
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In three sets of experiments (1) on phosphoric, (2) on
sulphurous and (3) on siliceous ecast-iron respectively,
each melted (A) alone and (B) with metallic manganese,
Caron found that the addition of manganese energetically
expelled snlphur, increased the percentage of silicon (by
reducing it from the walls of the crucible) but had little
effect on. phosphorus. His results follow :*

Phosphoric || Sulphurons Siliceous
east-iron, | east-iron, cast-iron.
il g g g
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8..|The initial iron melted with 104 ferrie oxide and ! '
6% mctallic manganese.... . ... .. ‘... ... 074 1-57 0°07 1-22/( 0387 252
9..{No. 7 remeclted a second time with 104 ferrie |
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10..(No. 8 remelted a second time with 104 ferrie
oxide (no further addition of manganese)......| ..o <o Jloao Jooiil 0+18; 1-10

a This figure is given ip the originalns 1:15: but this is evidently nmisprint, as Caron remarks :
‘“ We see from theseresuits that by a simple fusion n a crucible with nccess of nir mnanganese
removes more than 7-10ths of the sulphur which the enst-iron contalns (on voit, A'apres ees
résultats que, par une simple fuslon daas nn crenset o I'air & aeeés, le manganese enléve i la
foate plus des 7-10 du sonfre q’clle contlent).” Nevertheless the orlginal figure is copied,
blindly it seems, in most text-books. The iron after fusion with mangancse must have had less
than v'84 of sulphur, which is 3-10ths of that initially present.

E. Riley,® on melfing a cast-iron which contained 2079
sulphur with 10% of feiromanganese found, that the sul-
phur fell to 0:035%. Percy® considers thatthe manganese,
in Caron’s experiments, expelled sulphur by carrying oxy-
gen to it.: while I venerate his opinions, the facts that
just about enough manganese was lost to form the sul-
phide, MnS, with the expelled sulphur, that manganese has
the power of dragging sulphur into blast-furnace slags,
apparently as sulphide of manganese, very much as iron
and calcium do, and that manganese and sulphur so often
appear to segregate together in iron, coupled with Wal-
rand’s results incline me to believe that in Caron’s case
also much at least of the sulphur escaped in combination
with manganese.

Walrand, after melting 300 parts of sulphurous cast-
iron in one crucible and 24 parts of spiegeleisen of 16%
manganese under lime in another, poured the cast-iron
into the spiegel, and stirred the mixture for a minute,
when an insnpportable odor of sulphurous acid arose from
the supernatant slag: the sulphur of the cast-iron fell
from 0 50 to 0°06.¢ Themanganese could not have carried
oxygen to the sulphur so rapidly as to have caused the
almost instantaneous expulsion of the latter which appears
to have occurred: sulphur and manganese probably com-
bined and rose to the surface together, when, exposed to
the air, the sulphnr became rapidly oxidized.

Under favorable conditions drop-like masses separate
from liquid cast-iron and float on its surface: in these
Ledebur® finds much more sulphur and manganese than in
the mass of the iron.

Oxygen,
Carbon.  Silicon. Phosphorus, Sulphur, Mnnganese. lron. (Diﬂgrenee)
Segregation..... ... 8818 1569 0475 0223 5188 £7 099 1-328
Mother metal. ......3463 EC) i 0°056 2620

When steels which contain any considerable quantity
ﬂ_Comp_tes_ﬁehdus, LVL., p. 8.‘58‘, 1863. ? <
b Journal of the Iron and Steel 1nstitute, 1877, 1., 105.
e Iron and Steel, p. 137.
d Revue Universelle, X., 1881, 2, p. 407.
¢ Handbuch der Eisenhiittenkunde, p. 257.

of snlphur also contain so munch manganese that this
metal segregates to an extent which can be detected, the
segregated portion is in general, in the many cases which
I have examined, richer alsc in sulphur than the mother
metal, indicating that a compound containing both
sulphur and manganese has segregated.

Besides bodily removing snlphur from iron, manganese
counteracts the effects of that which remains. This it may
do by giving the particles’of the metal greater mobility
and plasticity at forging heats: or by combining directly
with the sulphur to form a sulphide of manganese, which
would only affect the iron as an intermixed foreign sub-
stance. The fact that sanlphurous irons are ordinarily
far more malleable at a yellow than at a red heat favors
the former view: but both explanations may be true, and
the readiness with which snlphide of manganese segre-
gates from iron under favorable circunstances lends
probability to the second explanation. We may suppose
that sulphide of manganese (with perhaps also other
metals) forms, which, owing to its small guantity and
to the viscosity of the inclosing steel does not aggregate
into masses sufficiently large to be readily recognized
except under the most favorable conditions.

§ €2. INFLUENOE OF MANGANESE oN THE EFFECTS OF
Puosprorcs, CoPPER AND SiLicoN.—The special variety
of hot-shortness thought to be dne to phosphorns, like

|that caused by sulphur, is counteracted by manganese,

but probably rather by its making the steel plastic and
thus counteracting the tendency to crystallize which phos-
phorus causes, than by its forming phospbide of mangan-
ese and thus preventing the direct action of phosphorns
on the matrix of iron: for, were the latter the case, then,
since phosphorns tends strongly to segregate in steel, we
should find manganese accompanying it in its segregations,
just as it accompanies sulphur: but, examining many
cases of segregation in cast-iron and in steel which is both
phosphoric and manganiferous, I find little to suggest
cosegregation of phosphorus and manganese. In Caron’s
experiment just cited manganese expelled sulphur bnt
not phosphorus.

The redshortness due to copper and the hot-shortness
thought to be due to silicon are also remedied by the pres-
ence of manganese. As the tendency of iron to crystallize
becomes very strong as it approaches the melting point,
as it is at this temperature that phosphorus seems to render
steel non-malleable, and as phosphorus lowers the melting
point and increases the tendency to crystallize at all tem-
peratures, ithas been thonght that its hot-shortening effect
was due to its lowering the melting point, and that man-
ganese counteracted. its effects by raising the melting point.
As sulphurous irons are malleable at a’high but brittle
at a low (red) heat while phosphoric irons are malleable at
a red but brittle at a high heat, and as manganese counter-
acts the effects of both, and as it moreover counteracts
hot-shortness no matter at what temperature and from
what cause it may arise, whether from phosphorus, sul-
phur, copper, silicon, iron oxide, suspended silicate of
iron or blowholes, we may ascribe its effects to its directly
increasing the plasticity of the steel at all temperatures at
and above redness, to its even increasing the range of tem-
perature through which plasticity prevails, on the one
hand raising the melting point, on the other lowering the
point at which plasticity gives way to rigidity.
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§&3. QuaNTITATIVE E¥ructs or MANGANESE oN Hot- |that No. 7, with less than 1th as much manganese but
siORTNESS.—Most of the manganese that is added to with more than twice as much phosphorus can be rolled
steel passes immediately into the slag. If the metal con- at all? If you answer that No. 7 has not enough carbon
tains sulphur or phosphorus in important amount it is to vitalize its phosphorus, how can we meet the fact that
desirable that a considerable quantity of metallic manga-|No.12 with only 1-8rd as much manganese but with more
nese should remain unscorified to counteract their effects : | phosphorus and thrice as much carbon, and No. 22 with
and even in metal practically free from sulphur and phos- about half as much manganese but with more phosphorus
phorus the presence of a little residual manganese is im- and twice as much carbon as No. 48 can be rolled at all ?
portant, but whether through any direct action or merely ' If it be answered that silicon is so extremely hurtful an
becaunse it is a gnarantee that all oxide of iron has been |impurity that Nos. 7, 12 and 22 are enabled to roll by
reduced is not clear: I incline to the latter view, because | having slightly less of it than No. 48, how is it that No.
admirable non-redshort iron was made before the employ-|28 (Table 21) with four times as much of this terrible
ment of manganese. silicon, with twice as much phosphorus and 30% more car-

It is at present impossible to state the quantities of man-|bon can be rolled with only 80% of the manganese which
ganese required to counteract the effects of given quanti-|No, 43 is known to require? How can No. 12 (in Table
ties of sulphur and phosphorus. In order to completely [17) with more carbon, with 9 times as much silicon, with
reduce iron oxide once formed in steel it is probably|twice as much phosphorus, and with more sulphur be
necessary to add so much manganese that the quantity |rolled with less manganese than No. 48 (Table 21) re-
which remains after the reduction of the iron oxide isin | quires? How can No. 16 (Table 21), an extraordinarily
many cases far more than is needed to counteract the sul-l good rail, with the same carbon, with 6 times as much
phur and phosphorus present. Thus at an American Bes- silicon, with 50% more phosphorus be rolled with only
semer works steel with carbon 07, sulphur ‘05, phosphorus | 70% as much manganese as No. 48 demands ? The problem
‘05 and manganese about ‘35%, was regularly made. One is at present insoluble.
charge was allowed to remain in the converter long after| Wendel®* proposed the formula—
being blown and after the addition of ferromanganese, Mn = ‘8(C +4- 0-5Si) + 4P.
till ebullition had nearly ceased. It was then poured|(in which the figures refer to percentages)as giving the
and formed sound non-redshort ingots, which had only | quantity of residual manganese needed to insure sound
0-18% manganese. It is so extremely difficult to decide rolling. This formula, doubtless useful for Wendel’'s
how far the quantity of manganese which we find it neces- | special conditious, is not of general application. Here
sary to leave in the steel in any particular case is merely | steel with but a fraction of the manganese which it calls
residual from the excess which we have to add to com- for rolls admirably : there steel Wlth twice as much man-
pletely reduce iron oxide or remove iron silicate as in the |  ganese as it prescribes rolls badly.
case just described, how far it issimply a guarantee that re-| Thus in Table 21 we find many cases of apparently well-
oxidation has not oceurred, how far it isneeded to counter- | rolling steel with less than half, and others with but 1-4th
act sulphur, phosphorus, silicon and copper and toprevent | (2 cases), 1-7th (4 cases), 1-9th, and even 1-20th, and in
blowholes, nay even how faritis simply suspended oxide or Table 29 (No. 48) 1-17th of the manganese which this
silicate of manganese (of which the last portions may re- | formula demands, while among the badly-rolliug ones are
move themselves by gravity but slowly), than an attempt to | several with much more and three with actually twice as
quantify its effects in any of these respects must with our | much manganese as it requires. Nor does the formulafit
present data be fruitless, except perhaps in the case of | the facts much better if we apply it only to steels com-
steel containing so much sulphur or phosphorus that the| paratively free from sulphur and phosphorus, for which
quantity of residual manganese needed to counteract them | it was particularly designed. Indeed it is the practice
is clearly more than is needed for other purposes.|at some admirable works to diminish the manganese as
The difficulty of such an attempt is shown by a study|the carbon increases instead of increasing it as Wendel’s
of Table 21. Not to needlessly multiply cases, how can|formula demands. As we have neither a scientific basis
we reconcile the fact that steel of composition 48] for calculating the quantity of residual manganese needed
in repeated trials rolled badly, at least at one time,|to prevent h hot shortness under given conditions, nor even
nnless its manganese was above 0807, with the faotl aTrans. Am. Inst. Mining Engmogre IV.,p. 364.
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Chemlistry of Iron, J. Beck-Gnerhard, Juur Iron and Stecl Inst,, 1886, 1, p, 204, His statementsare so extraordinary as that T distrust them.
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TABLE 22.—MAXGANFSK AND SULPHUR IN STEEL KNOWN OR BELIRVED T0 HAVE FORGED AT LEAST TOLERARLY WELL.
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A. Bell, Manufacture of Tron and Steel, pp. 414415 : Bessemer rails B. Private notes.
G. Rolled admirably. I, U. 8, open-hearth,

of Engincering, p. 434. N. Morrell, Metallurgieal Review, 1L., p. 193.

A C, Dritish
1. Metealf, Trans, Am. Inst. Mining Engincers, IX., p. 549. J. Cruciblesteel. K. Cammel’s armor plate. L. Boiler plate, M. Thurston, Matls.

D. Bessemer, Western U. S.  E. Besscmer, Eastern U. 8, F. Somewhat redshort,

trustworthy empirical formule, the steel maker has to
proceed tentatively when wundcr unusunal conditions.
The examples of well and ill-rolling steels in Table 21, ar-
ranged in the order of their manganese contents, may
serve as rough guides: other examples occur in Tables
17, 22, 28, 29 and 30. :

Table 22 gives the compositions of many steels with sul-
phur from 0 to 022%. They are selected from a vast
number at hand, primarily to show how small a quantity
of manganese may suffice to restrain the redshortness con-
ferred by sulphur, at least so fully as under favorable
conditions to permit the rolling of T rails with thin flanges.
We may infer~from this table that for this purpose it is
only necessary that the manganese should equal say 45
times the sulphur present, even when the latter rises to
0'16%. But the percentage of manganese required for
other reasons may greatly exceed that which the sulphur
present calls for. Moreover as the sulphur rises, even if
the manganese rises proportionally, the redshortness and
the difficulty of forging increase. But, after seeing so
many apparently trustworthy empirical formulae prove
worthless under altered conditions, it would be rash to
conclude that 45 parts of manganese are always needed
or always suffice to counteract one part of snlphur.

§ 84. INFLUENCE OF MANGANESE ON TENSILE STRENGTIH
AND DuctiniTy.—Manganese may affect these properties
in iron both indirectly, by restraining the formation of
blowholes, and directly by entering into chemical union
with the metal. Moreover, the manganese present may
not all be directly alloyed with iron but may exist in vari-
able proportions as oxide, silicate, or sulphide, of un-
known and inconstant composition, and the effect of each
of these substances on iron doubtless not only differs from
those of the others but also itself varies with varying con-
ditions. We should therefore hardly expect careful
scrutiny to support the popular belief that the effects of
manganese are constant and cumulative, and I for one
should expect its influence to vary greatly under varying,
and perhaps but slightly varying, conditions : and the evi-
dence at hand indicates, 1 think, that it does thus vary.

In so far as it prevents blowholes it doubtless increases
both tensile strength and ductility. But few discriminate
between its direct and indirect effects: still less have its
different direct effects been distinguished from each other :
the opinions held chiefly regard its net effect. Some day
we may make these discriminations clearly : to-day it is
impossible. Butit is of practical moment to learn whether
its net effect is on the average good or bad : or, failing
this, whether it is usually or often so strongly marked
that it should be taken into account.

Formerly regarded by nearly all as merely a necessary
evil, it has largely lived down its bad repute. In 1872 four
distinguished steel metallurgists gave me the figures °5,

b, *76 and 1% respectively as the highest amount of man-
3 e t=)

z

ganese which should be tolerated in Bessemer rail steel
under any conditions whatsoever. To-day rail steel oc-
casionally contains as much as 2-1% manganese and fre-
quently as muchas 1-55%. In 1872 Holley thought manga-
nese could not safely rise above 5% : in 1878 he reported
the admirable qualities of steel castings with ‘94% manga-
nese. Not a few now regard manganese in moderation as
harmless or even beneficial : very many have been pre-
judiced against it, often unconsciously, by their personal
interest in the standing of open-hearth steel, which is
ordinarily less manganiferous than Bessemer steel. But,
making all allowances for prejudice, many intelligent and
unbiassed metallurgists dread it and echo Siemens’s illog-
ical complaint that it is but a cloak for impurities.

I now present evidence as to its effects on tensile
strength and ductility.

A. Savom,* analyzing by the method of least squares
Dudley’s data as to the composition, tensile strength and
duetility of 64 rails, finds that manganese increases both
tensile strength and ductility, but by an insignificant
amount.

B. RavMonD,” similarly analyzing Dudley’s data as to
wear, finds that manganese has no effect.

C. Tunk Avutnor’s ANALYS1S.—It may justly be objected
to these deductions that they are based on utterly in-
sufficient data, the number of cases being very small, and
that the other variables vary so greatly as to mask the
effects of variations of manganese. Gatewood® has pre-
sented incomparably more valuable data, both numerous
and with but trifling variations in the variables other than
carbon and manganese. They indicate that manganese
has no important constant effect on either tensile strength
or ductility, at least within the limits manganese 0-20 to
0-60 and carbon 12 to *22%. Of these I have analyzed two
sets, the Chester steel, with 130 cases, with carbon be-
tween 0°10 and 022 (in 110 of these the carbon is between
‘12 and °17), the manganese varying from 20 to “73: and
the Norway, with no less than 369 heats, whose carbon
varies from -11 to *31 (in 355 of them it lies between 0-12
and 0-22) and whose manganese varies from 17 to ‘64.

An analysis of the first set indicated that between these
limits manganese raised the tensile strength at the rate of
16,430 pounds per square inch per 1% (or 164 Ibs. per
‘01% manganese), or about one fourth as much as the same
percentage of carbon does. The second set yields far more
valuable results, because its cases are far more numerous,
and because certain tedious precautions were employed in
its analysis which were omitted in the study of the first set.

I divide the 369 cases into primary groups, each with
constant carbon, and determine the average manganese
for each group. These are subdivided into secondary groups

aTrans. Am. Inst. Mining Engineers, XIIL, p. 157,
bIdem, IX., p. 607.
¢ Rept, Nav. Advisory Bd. on Mild Steel, 18886,
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each with constant manganese as well as carbon. Not-
ing the amounts by which the manganese and the tensile
strength of each group differ from those of the primary
group in which it lies, we assume that the deviations
of tensile strength are so far due to those of manganese
that, if we eliminate the effects of other variables by taking
the mean of alarge number of cases, we shall discover the
relation between manganese and tensile strength. To this
end I combine into tertiary groups all those secondary
groups whose manganese differs by like algebraic amount
from the average manganese of their primary groups, and
I find the average deviation of the tensile strength, ete., of
the members of each tertiary group from the average ten-
sile strength, ete., of their primary groups. If now within
the limits of manganese 0-17 and 64, and carbon ‘12 and
22, manganese has, as is generally believed, an effect which
1s largely independent of other variables, and which is
constant and cumnlative, taking such a large number of
cases of steel produced and tested under like conditions,
with all other variables reduced to their narrowest limits,
then the average deviations of the tensile strength, etc., of
these tertiary groups should bear a traceable relation to
the corresponding deviations of manganese, and plotting
them as I have done with deviations of tensile strength,
etc., as ordinates. deviations of manganese as abscissz, we
should obtain a curve of some degree of regularity. Actu-
ally the resulting zigzag for tensile strength is perfectly
hopeless: it does not even suggest that the effect of
manganese is on the whole either to increase or to dimin-
ish tensile strength.

Here and there a group shows much higher tensile
strength than its neighbors, but these excesses are not
referable to any simple principle, and they are probably

due to other causes than variation in manganese. Fig. 7,
: Increase (+) olr decrease (~) of -+ 500 kv
tensile strength (lbs. per sq. in.)
corresponding to excess (+)or de-
Bcit (—) of Manganese above and
below the average percentage.
A - 400 1bs.
—0.20% —O0.1 V +0.10% +0.207%
\- 1bs.
— 800 1bs.
Fig. 7.

which shows a curve derived from the tertiary groups by
combining them by fives into quaternary groups and plot-
ting the centers of gravity of the latter, indicates either
that the effects of manganese on tensile strength are not
constant, but sometimes positive sometimes negative, or
that they are so insignificant as to be completely masked
by trifling variations of other variables.

The indications as to the effects of manganese on duc-
tility (as measured by elongation) are more conclusive :

the elongation of each tertiary group so closely approxi-
mates the average of its primary group that, combining
the tertiary groups by fives, the elongation of the
quaternary groups thus produced in no case differs by
as much as 0-5% from the elongation of their primary
groups, suggesting that, if manganese does directly canse
brittleness, it is balanced by itsindirect effect of increasing
ductility by promoting continuity.

D. Drsuayrs from examination of the Terre-Noire steels
concludes that, when the manganese isin the neighborhood
of 0-5%, an increase of 0°1% of manganese raises the tensile
strength about 1-3rd as much as 014 of carbon does, or say
from 2560 to 2845 1bs. per sq. in.: that it raises the elas-
tic limit slightly more than the tensile strength; that
it diminishes the permanent elongation on rupture, but
by only about 1-6th or 1-7th as much as carbon does, an
increment of 01% manganese diminishing the elongation
by hardly 0-56%.*

The effects which he attributes to manganese are so
slight that they may easily be due to variations of other
variables: and as I have neither his data nor his method
of analyzing them I know not how much weight to attach
to his conclusions, They on the whole harmonize with the
results of our other evidence, in indicating that the net ef-
fects of manganese within moderate limits are compara-
tively unimportant as regards tensile strength, and insig-
nificant as regards elongation.

E. I have known the rails of a western Bessemer mill to
contains 2-1% manganese when the carbon was below *30% :
at another it frequently reaches 1-55% with *35% carbon.
Table 17 gives three cases in which the manganese varies
from 1-85% with *76% carbon to 2:08% with 527 carbon, in
rails.

F. An eminent but dogmatic authority states that
manganese in tool steel must not exceed 0°2%: yet very
good tool steel with 5® and even -78%° manganese is
recorded. I have a trustworthy analysis of Jessop’s best
saw steel with manganese 045, carbon 1°06, silicon 19 and
phosphorus *024.

G. Steel castings of admirable quality are often highly
manganiferous: e. g., No. 40, table 9, with 1-10 manganese,
‘45 carbon, and ‘35 silicon, with 105,080 lbs. tensile
strength and 17-5% elongation : the same table gives many
other tough and strong castings with from ‘94 to 1-087
manganese.

H. Excellent boiler plate steel which passes the rigorous
government tests often has more than *55, and occasionally
as much as *64% manganese.

1. Experienced makers of soft open-hearth steel report
that the addition of a moderate amount of manganese,
with simultaneous diminntion of carbon, greatly increases
the ductility of steel containing ‘24% carbon, and nearly
free from manganese.

Riisumi.—Let each reader reconcile these facts with the
prevalent dread of manganese as best he may : his conclu-
sions will not injure the facts: neither will mine, which
are as follows. The statistical examinations A to D indi-
cate that, on the average, the net effects of manganese on
tensile strength and dnetility are slight. G shows that if
‘9 to 1-1% manganese ever seriously injures static ductility,

a Annales des Mines, 1879, p. 549.
b Thurston, Materials of Engineering, I1., p. 435,
¢ Engineering and Mining Journal, 1875, II., p. 383,
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there are many eases in which it does not. The faet that rails
(E) with 1-55% manganese and *35 earbon very often sue-
cessfully pass the straightening press and that those with
over 2% manganese and *5.% earbon oceasionally do, indi-
cates that, if manganese renders steel brittle under shoek,
this effect is either slight or exceptional or non-cumula-
tive, while H indicates that it isslight. Findicates that, if
say -45% or less of manganese lessens the power of steel to
hold a cutting edge, this effect is net constant: and the
presence of -45% manganese in the erueible saw steel of a
maker whose product has and apparently deserves the
very highest reputation. indicates that if it tends to pro-
duce this effect this tendeney can be safely combated.

While the evidenee is too fragmentary to warrant final
conelusions, it certainly strongly suggests that the present
dread of manganese is largely a superstition: that while
1 or 2% of manganese is probably liable to cause decided
brittleness, its effects have been grossly exaggerated, and
that Dudley’s® conjeeture that 5 parts of manganese canse
as much brittleness as one part of -phosphorus is very wide
of the mark. :

§86. MANGANESE STEEL.—While the small amounts of
manganese in ordinary commereial steel increase its forge-
ableness and within certain limits its brittleness, yet when
so mueh manganese is present that its effects outweigh
those of carbon and that it forms a frne manganese steel,
the alloy becomes extraordinarily tough and difficultly
forgeable: it possesses a combination of hardness and
toughness-which should be of value for tools which cut by
impact, and which is not otherwise attainable so far as I
know, at least in any material available for the arts. Sev-
eral attempts to utilize its remarkable properties have
been made of late, and others are to be expected.

The extreme brittleness of tungsten steel often prevents
ns from availing ourselves of its intense hardness, which
equals that of any sieel within my knowledge : manganese,
which gives such toughness and hardness, holds ont prom-
ise as a means of remedying this defeet, and indeed tung-
sten steel often contains from 1 to 2:5% of manganese. But
as both tungsten and manganese steel are difficultly
forgeable, this defect would probably still restrict its use.

The open-hearth cutlery steel of a western United
States mill in two cases contained

Mangancse. Carbon. Silicon.
125 35 09
100 45 ‘09

But this can hardly be classed as a true manganese steel.
N. Washburn, at Allston, Mass., is reported to have made

railway car wheels of steel containing 7% manganese and
0°6% earbon, and to have suspended his manufacture solely
for legal considerations.

Far better known is Hadfield's ® manganese steel, which
contains from 7 to 80% manganese. The following speci-
mens of his steel have been deseribed :

1.®* Manganese, 9.8 ; earbon, 0.72; silicon, 0:37; sulphur,
0 06 ; phosphorns, 0-08. Elongation in § inches, (1) 227, (2)
289%: tensile strength, (1) 106,490, (2) 119,054 Ibs. per
sq. in.

I1.® 9 to 10% manganese: can be machined, but with
difficnlty. With more manganese the steel can hardly
be cut by earbon steel.

IIT.c 12-5% manganese. Hard-drawn wire, tensile
strength 246,480 1bs. per sq. in. The samme annealed 107,-
520 lbs., with 20%+ elongation. Modulus of elasticity
23,890,000 1bs. per sq. in., or about 85% of that of earbon
steel.

IV.4 1759 manganese, 0'8% carbon. Hardly eut in a
lathe by earbon steel. When quenched in water it eould
be bent double without cracking.

V.? 18% manganese. Could be forged, but with diffi-
culty.

I found a speecimen of manganese steel readily forge-
able between dull and light redness: at a yellow
or very dull red heat it was tender, and below the latter
temperature extremely so. Cold-forging raises its ten-
sile strength but makes it brittle. Its toughness is re-
stored by heating it. I find itslightly softer and it is said
to be mueh tougher after sudden than after slow cooling.

Its eleetric conductivity is very low, 124 of that of iron
(1-8% of that of copper?) aceording to Barrett.® It is but
very slightly magnetie: Bottomley® found that, after
being submitted to the most powerfnl magnetizing foree,
its permanent magnetism was but 0'027 of that of ordi-
nary steel, while Barrett found that its indueed magneti-
zation in a uniform field was but 0:3% of that of iron :
but for the high cost of manganese this property would
commend this steel for the plating of iron vessels, whieh,
if built of this wonderful material, would have little devi-
ation of the compass. ]

It is stated by interested persons to be execeedingly
fluid, to solidify with but little contraetion, and without
blowholes, and to be, even without forging, ¢ harder,
stronger, denser and tougher’’ than most forged steel.

Brustlein® states that it welds with great faeility.

Concerning manganese steel see further Appendix I.

CHAPTER V.

JRON AND

§ 90. SuMMARY.—Sulphur unites with iron probably in
all proportions up to 53-37%, being readily absorbed from
many sources. 1t may however be prevented from com-
bining with iron and even expelled from it by many
agents (¢. g., basic slags, earbon, silicon, manganese, oxy-
gen, water, ferric oxide). Certain of these in the blast fur-
nace prevent the sulphur present from combining with the
cast-iron, and in the conversion of cast-iron into malleable

2 Trans, Am, Iust.- Mining Epgineers, 1§79, VIL, p. 197,

SULPHUR.

iron, whether by puddling, by pig-washing or by the basic
process much of the sulphur of the cast-iron is expelled.
It causes east-iron to retain its earbon in the combined state.
Carbon and sulphur and perhaps also silicon and sulphur
are mutually exclusive within limits. Sulphur makes mal-

b Weeks., Trans. Am. Inst. Mining Engineers, XIIL, p. 233 ; also XV,
¢ The Electrician, Jan. 7, 1887.

a S, Wellman, private communication.

e The Electrician, loc. cit.

t Journal Iron and St. Inst., 1886, IL, p, 775..
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leable iron redshort and interferes with its welding, but
these effects are largely effaced by the presence of manga-
nese. It is thought to make malleable iron slightly
tougher and softer when cold, but to make east-iron hard-
er, though this latter effect is at least in part due to its
causing it to retain the carbon in the combined state. It
increases the fusibility of cast-iron but makes it thick and
singgish when molten and gives rise to blowholes during
its solidifieation.

§ 91. CoMBINATION.—Sulphur unites readily with iron
in many proportions (the sulphides Fe,S, Fe,S, ¥eS, Fe,S;,
Fe.S; and FeS, = Fe 46-7%, S 53:3% are recognized), being
greedily absorbed by it, as the following paragraphsshow,
from sulphurous fuel and even from sulphurous gases,
from the sulphates of baryta and lime, and probably from
other sulphates. Ferrous sulphide (FeS with 36-367 sul-
phur) appears to dissolve in non-earburetted iron or to
unite with it in the igneous way in all proportions:
Percy,® melting ferrous sulphide and iron together in
various proportions, obtained completely fused and
apparently homogeneous produets.

Willis states that in the open-hearth process 30% of the
sulphur eontained as sulphate of baryta in some ore that
was added was absorbed by the steel.® Iinkener found
that when metallic iron and lime sulphate were exposed
to a white heat ¢n vacuo the mass was fused, an oxide and
sulphide formed (whether any iron sulphide formedisnot
stated).© This indieates that, in the presenee of an aeid
slag, e. ¢., in the open-hearth proeess, metallic iron would
talkke np sulphur from lime sulphate.

Odelstjerna and Forsberg? found that steel in the open-
hearth furnaee absorbed from 0:015 (0-157?) to 0:3% sul-
phur from the produeer gas, as proved by repeated experi-
ments, and crucially by desulphurizing this gas by adding
in the gas-produeers 7 parts of erushed lime to 100 of eoal,
when the absorption of sulphur by the steel ceased.
Hardisty® states that he has often found 01 to *02% more
sulphur in open-hearth steel than eould be accounted for
by the iron echarged.

Finkener,* heating iron in an atmosphere of sulphurous
acid found that the iron absorbed sulphur, and was in part
simultaneously oxidized.

M. White informs me that repeated investigations at the
Bethlehem Iron Works have shown more sulphur in the
Bessemer ingots than is eontained'in the cast-iron when it
runs into the eonvertor ; this excess, amounting to say
0°008%, is probably absorbed by the steel from the sides
of the ladles, whieh in turn probably absorb bisulphide of
carbon from the produeer gas with which they are heated.

§92. Tue CoNDITIUN OF SULPHUR IN IRoN.—Several
faets suggest that in solid iron sulphur, at least in part
and under favorable eonditions, exists not in simple uni-
form eombination with the matrix of metal, but as a sul-
phide, probably of indefinite composition, dissolved or
suspended in particles usually so minute as to eseape
deteetion. It tends strongly to segregate or even to liquate
from east-iron: it is often very irregularly distributed

a Percy, Iron and Steel, p. 33.

b Journal Iron and St. Inst., 1880, L., p. 91.

¢ Wedding, Basische Bessemer oder Thomas Process, p. 155.

d Journal Irop and St. Inst., 1886, I, pp. 125, 337 ; Iron Age, April 8, 1886
p-11.

¢ Journ. Iron and St. Inst., 1886, L., p. 128,

f Wedding, Der basische Bessemer- oder Thomas-process, p, 155,

thirough sulphurous steel. £nelus, sifting the borings of
cast-iron, found the finer and more graphitic portions
unduly sulphurous.® When east-iron is dissolved in lyydro-
chloric acid ¢ even after all the iron is dissolved and the
solution boiled for some time, sulphuretted hydrogen is
still given off ”’—especially in ease of silieeous cast-iron.?

§93. ReMovarn or Svurnrnuvr.—Fortunately sulphur is
readily removed from iron by many reagents, lime, mag-
nesia, the alkalies (and their basic silieates), earbon, sili-
con and manganese, which all probably remove it assul-
phide, since their sulphides, unlike that of iron, are but
slightly soluble in the metal: ferric oxide, atmospheric
oxygen, steam and alkaline nitrates, which oxidize and
expel it as sulphurous and sulphurie aeids: and heat
alone, which deeomposes sulphates ot iron (e. ¢., in roast-
ing iron ores) volatilizing the sulphur as sulphuric acid.
Further, manganese eounteracts the effects of moderate
amounts of sulphur retained by the iron.

A. CarBoN removes sulphur from ferrous sulphide and
apparently from east-iron and steel, probably in both
eases as bisulphide of earbon, CS,, which forms when sul-
phur and earbon meet at a red heat. Very inflammable,
it burns in the air to earbonie and sulphurous acids.
Hoehstiitter! in Perey’s laboratory, exposing sulphide of
iron (which had about 29% sulphur and was therefore
nearly ferrous sulphide) with eharcoal in eovered brasqued
crucibles to a white heat, expelled 21-13% of the sulphur
initially present, obtaining a sulphide with about 33 347 of
sulphur and a small quantity of highly silieiferous metal-
lic iron (iron 89+53, silicon 9-41). The expulsion of sulphur
is attributable to the carbon present.

That sulphur is expelled from east-iron by earbon is
indicated by Smith’s experiment in Perey’s laboratory.
Exposing white cast-iron to a steel-melting heat in a
graphite erueible with an excess of chareoal, eolleeting
and remelting the resulting buttons under chareoal, he
found that the sulphur which was initially 0-787% had
fallen t00°34%, and the iron had beeome mottled. Similarly
both Smith and Westonin Percy’s laboratory melted gray
cast-iron with ferrous sulphide in sueh small proportion
that it was wholly either decomposed or absorbed by the
cast-iron. A very considerable proportion of sulphur was
in general expelled.! Their results are here summarized.

TABLE 22 A.—Fusiox or CAsT-1roN WiTit FERROUS SULPUIDB.

|In the mixturo of]
cast-fron nnd FeS In the fused product.| Loss on
before fnsion. fusion,
Carbon. Grade of the produot,
5 - 1T 3] = ([ ol
el 4 | 2 12|22 (5|2
HIR = |8|58|5| 2 (2|5
No.|5| & 3 18|s|afa |S|a
1| 384 488 |... {....{8°17{2*13 |67 f‘Z"M‘;!White, no graphit. scparated.
2|2 4-16 2:23 [2°46/1°443°9 [1-68 |26 [0'55] ¢  graphite scparated.
3 |81 481 | 1924 |.. RER AT ITEAR T M . <t
4 = 4 39 070 eofeee 10072 7Ll )Ll (Mottled ¢ ~
5 .l 265 1S .11°90/ White i .
6 |5 18 34 *44(Mottled.
T8} .- o M | 1 ] Graphite separated.,
8 u:i 5 o [ A 113 *52White >

1 to 4 Inclusive, Non-sulphuarons graphitic cast-fron, prepared by heating sheet iron in chemifcally
puiro chnreoal, was melted with sulphido of fron eontalning 29:9% sulphur. 5. Gray east-iron melted
under plato glass fu elsy cruciblo with tho sano sulphide. The erucible was perfectly closed, so
that nothing can have fallen in : yet n eonsiderablo quantity of pulveruient gra}»hitlp mntter was
found between metal and slag.” €. Tho whito cast-iron produeed in 5 remelted in n graphite
eruethlo with 1 great execss of charcoal. 7. Another varlety of gray cast-iron was melted nnder
plato glass n a elay erucible with the samo sulphtde. A considerable quantity of graphitie matter
was found between metal and slag. 8. Gray iron, about No. 2 in ,r:.rfulc, wns melted inn clay
erueiblo under a plng of charcval with the samo sniphide: graphitic matter was found on tho
surface of the buttou,

g Journ. Iron and St. Inst., 1871, I, p. 40.

h E. Riley, Journ, Chem. Soc., 1872, XXV., p. 540.
1 Percy, Iron and Steel, p. 34.

{ Percy, Op. Cit., pp. 133 to 136,
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So too Riley obtained graphitic cast-iron free from sul-
phur by fusion in a highly snlphurous gas-carbon cruci-
ble, the excess of carbon present apparently either pre-
venting the absorption of sulphur from the crucible walls
or actually expelling it when absorbed.*

In cementation (carburization of malleable iron by pro-
longed heating in contact with charcoal) the sulphur
has been observed to fall from 577 (?) to -017°: from -055
to *019¢: from ‘04 to ‘02, and, in case of white cast-iron
heated for 35 days in charcoal from °101 to *036. Ledebur?
thinks that bisulphide of carbon is probably evolved
from solidifying sulphurous cast-iron.

In view of these facts Karsten’s® statement that sulphide
of iron with the minimum of sulphur remains unchanged
when exposed to carbon for an hour at the strongest
white heat, but takes up some carbon, is hard to explain.
The experiments of Percy’s laboratory are so conclusive
that we must conclude either that Karsten was mistaken
or that the special conditions of his experiments prevented
the expulsion of sulphur.

B. MuTtuAL EXCLUSIVENESS OF SULPHUR AND CAR-
BON.—The experiments of Table 22 A not only show that
carbon when present in excess, as in cementation and in
fusion in carbonaceous crucibles, expels sulphur, and that,
under favorable but little known conditions even the com-
paratively moderate quantity of carbon in gray cast-iron
may so completely expel sulphur that, as in case 7, it falls
from -00 to *03%, but also that, as noticed in § 20, sulphur
in turn expels carbon, probably in part by dragging it off
as bisulphide of carbon, partly by lowering the saturation
point of the iron for carbon. Indeed, No. 7 indicates that
even when so little as ‘09 per cent of sulphur remains
it may cause the graphitic separation from molten
gray iron of part of the carbon which it had previously
retained, or that it may at least prevent the reabsorption
of the graphite expelled before the sulphur had fallen to
so low a proportion. While part of the carbon thus
expelled probably escapes as bisulphide, itis clear that the
expulsmn of a part is due to the effect of sulphur in low-
ering the saturation point of the iron for carbon: for not
only is much more carbon expelled in every case than is
needed to form bisulphide with the sulphur simultaneously
eliminated, but in many cases a layer of graphite occurs on
the surface of the resulting button of iron, which itself is
perfectly white ; and moreover, asin No. 4 (and also No. 3?)
a heavy loss of carbon may occur even when no sulphuris
removed. The expelled carbon which in these experi-
ments remains as graphite, because protected by a layer
of glass, would doubtless be oxidized under ordinary con-
ditions.

We safely attribute these effects to the presence of sul-
phur, for when, in an experiment parallel with No. 8,
gray cast-iron was melted under glass in a clay crucible at
an excessively high temperature and under the same con-
ditions as prevailed in these experiments except that no
sulphide was added, the fracture of the iron remained
dark gray, and no indication of white iron arose.

In the experiments whicli we have been considering a
little sulphur is added to an excess of iron : both sulphur

a Journ. Iron and St. Inst., 1877, I, p. 162.

b Percy, Iron and Steel, p. 773.

¢ Ledebur, Handbuch der Eisenhiittenkunde, p. 954.

d Idem, p. 251.

¢ Percy, Op. Cit., p. 136 ;: Karsten, Eisenhiittenkunde, L, p. 429.

and carbon are partly expelled, but (if we exclude the
trifling quantity of graphite formed) a single prodiict
with a moderate amount of carbon and sulphur arises.
Under other and imperfectly defined econditions, e. g.
when a large quantity of sulphide comes into contact with
cast-iron at a high temperature, two products arise, sul-
phide of iron and metallic iron, which do not mix.

Thus, in Hochstétter's experiment above, siliciferous iron
did not mix with iron sulphide from which it had been
reduced by an excess of carbon: so too Karsten,” bringing
sulphur and cast-iron together, obtained two products,
sulphide of iron and a cast-iron containing but 0°446%. of
sulphur. In Karsten's experiment by successive additions
of sulplhur more and more of the iron was removed from
the cast-iron and converted into sulphide, and as the car-
bon was not proportionally removed the metal grew richer
in carbon till it became saturated (which appears to have
occurred when the carbon rose above 5:5%). After this the
excess of carbon separated as graphite, which collected
between the layers of metal and sulphide. Karsten’s
statement that the cast-iron thus obtained in presence of
5:5% carbon held -45% of sulphur harmonizes poorly with
the otherresults which I give above, and, so far as I know,
with common observation. As we know that very many
of the older determinations of snlphur, even by most
careful chemists, were excessively high, we may reason-
ably doubt whether this iron actually contained any-
thing like this quantity of sulphur.

From what has been said it appears (1) that iron which
is not highly carburetted unites with sulphuretted irons
and even with iron sulphides, and (2) that highly car-
buretted irons unite with sulphuretted irons when the
latter are distinetly metallic (a partial expulsion of sul-
phur or carbon or both usually occurring when the per-
centage of these elements exceeds a now unknown limit):
yet (3) highly carburetted irons do not, at least under cer-
tain conditions, unite with any large quantity iron sul-
phides so rich in sulphur as to be no longer metallic but
matte-like ; and cast-iron may even remain in contact
with such an iron matte without becoming exceedingly
rich in sulphur. The behavior of metallic iron toward its
sulphide here resemble that of metallic lead and copper
toward theirs.

C. SiLicon.—S8ilicon like carbon appears to expel sul-
phur from iron to a certain limited extent, though prob-
ably not enough to be of importance commercially, as a
high proportion of silicon may coexist with sufficient sul-
phur to ruin iron for most purposes.

Thus Hochstitters found, in Percy’s laboratory, that
though silica at a white heat had no effect on ferrous sul-
phide, yet if carbon were present to reduce the silica to
silicon (e. g. as when silica, ferrous sulphide and carbon
were raised to a white heat in a graphite crucible) the
ferrous sulphide was decomposed, its sulphur largely ex-
pelled (as sulphurous acid ?) and a ferro-silicon resulted,
whose composition in three cases was as follows:

Tron by Tosg:rl, v o eSS SRS LR s 8023 83-28 8153
Silicons. .4 mn .  Frd oSN N A 1877 1532 1676
Sulpher T s DR R e 1-00 140 171
Sulphur expelled per 100 of that initially present. .. 97-46 9628 9282

According to Turner sulphur and silicon appear to
mutually exclude each other much as sulphur and carbon

f Percy, Iron and Steel, p. 131.
€ Percy, Iron and Steel, p. 38.



DESULPHURIZATION. § 93. b1
do : e finds that the addition of sulphur to siliceous iron | containing only 1 to 2% of sulphur. Unfortunately Bell

canses the separation of graphitic matter containing sili-
con : the addition of silicon to an iron containing sulphur
causes the separation of graphitic matter rich in sulphur.®

D. Turz ALKALIES AND ALKALINE EARTHS, potash, soda,
lime, magnesia baryta (and alumina ?), rapidly and almost
completely remove sulphur from ferrous sulphide and
from cast-iron as alkaline or earthy sulphide: as these
sulphides are readily soluble in many silicates, while ap-
parently almost insoluble in metallic iron, the employment
in the blast-furnace ¢f basic slags (a portion of whose base
is readily taken up by the sulphur) almost completely
prevents sulphur from entering the cast-iron. Thisaction,
for which Ledebur suggests the general formula FeS -
Ca0 4 C = Fe + CaS 4 CO is so complete that at the
Clarence blast-furnaces only from 2-5 to 5% of the sulphur
in the materials charged enters the cast-iron.> The pres-
ence of free lime, etc., is not necessary to the removal of
saulphur, since basic silicates of lime, magnesia, etc., also
remove it: the more basic the slag and the more there is
of it the more thoroughly is the sulphur removed ; lime
appears to remove it farmore energetically than magnesia.
These facts are illustrated by experiments of Akerman and
Ledebur.® Akerman with otherwise identical conditions
obtained from the same ore iron with 09, ‘0 tand -01% sul-
phur by reducing it with addition of 157 silica, 5% carbonate
of lime and 20% carbonate of lime respectively. The readi-
ness with which sulphuris removed from cast-iron by basic

Akerman, oro smelted with chdcbnr; iron with 2:33¢ sulphur smelted with
200% of 200% o
200% of 'L 200 of
15¢ 5% 20% c:,l{;?:ﬁ"’:_s calearcous m‘:rm"es‘ﬁ magnesisn
quartz. [limestone. |limestone.| (o0 | bisilicate siligato bisilicato
slag. slag. slag. slag.
% sulphur in result- ,
HRLAIEOn . o oo - -5 09 ‘04 01 079 857 260 39
£ sulphur in result-
L T L ) e IRETC) 0 (T e 1°445 -681 1:069 26

slags is shown by Ledebur’s results obtained on melting
cast-iron containing 2'33% sulphur with different slags.
The singulosilicates (the more basic) took up far more sul-
phur than the bisilicate slags, and the calcareous far more
than the magnesian, the iron retaining ‘079% sulphur when
melted with the calcareouns singulo-and *357 with the cal-
careous bi-silicate: -26% with the magnesian singulo- and
‘39% with the magnesian bi-silicate. The greater desul-
phurizing power of lime than of magnesia is illustrated
by the Illinois blast-furnace practice, in which the substi-
tution of calcite for dolomite materially diminished the
percentage of sulphur contained in the cast-iron.

That the power of basic silicates to remove sulphur in-
creases with the temperature is suggested not alone by
the fact that, ceferis paribus, the hotter the blast-furnace
the freer the cast-iron from sulphur (here the larger pro-
portion of fuel and the more basic slags which ordinarily
accompany high temperature might be regarded as the
cause of the accompanying freedom from sulphur), but
by large scale experiments of Bell.? Fusing iron oxide
with soda waste (which contains 17% + sulphur with cal-
cium and lime) at a low temperature, his product had as
much as 32% sulphur with 4% oxygen: at a higher tem-
perature mnearly all the iron was recovered as cast-iron,

a Joura. Iron and St. Inst., 1856, 1., p. 184,

b Bell, Principles of the Manufacture of lron and Steel, p. 164,
‘¢ Ledebur, Handbuch der Eisenhiittenkunde, p. 249.

d Bell, loc, cit.

does not recite his conditions so fully as to make it clear
that the more complete expulsion of sulphur was due
directly to the higher temperature rather than to some
accompanying condition.

The presence of basic slags in cupola-furnace fusion
may in this way not only restrain the absorption of sul-
phur from the fuel, but even largely eliminate sulphur
from cast-iron.® Walrand,® melting sulphurous cast-iron
both in basic and in siliceous cupolas with from 10
to 20% of lime, found that in both the greater portion of
the sulphur was removed during the fusion. Rol-
lets reports that a simple fusion in a cupola-furnace with
basic slag removes &5 to 90% of the sulphur of but moder-
ately sulphurous cast-irons, and 90 to 95 and occasionally
98% of that of highly sulphurous ones, containing 0:5% of
sulphur or more. If the enpola be water-jacketed the
lining may, according to Rollet be either acid or basic:
but if unjacketed its lining must be basic. The slag
may contain as much as 2 % of silica.

Both Rollet and Walrand employ fluor-spar : it prob-
ably assists desulphurization by liquefying the slag: but
that it is not essential is shown by the fact that its almost
complete omission (line 3) did not interfere with desul-

pharization. Table 23 summarizes their results.
TABLE 23, —DesvLrnURIZATION IN CuporLA MrrTING,

o | ',.—l\ia;nga-

& 5 Additions per 100 of cast-iron (4Sulphur] neso | £ Phos- 3

f:; average, average.| average.| phorus, (#Csrbon.|% Silicon,

=2

No. |3 |3 %«; APE T | et

t . CH -1 - ]

2lag|s < o8| Sleo| S| ¢ 5 <

a[25 % S 5 s 5% lug(Bgluml B s | S| sl 5|«
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7z | O 2 &= © R 4@ |d ajd|lmaldlR]|<
1.. ..] 12 |Basie | 84+/15%¢ 69+ [10°8 | 62! -10
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£ idad 3 TRIEE Y ? |10 08 H3 § M . gl e ot
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{000 Q! 1°2@33 (2°4@4'8{13 < | -87| -Oljtr. [tr. | -85] -07|2 903 09/ -65 06
i | e 0 q l sl -521 mlzr. tr, (1795 -41]2 5.5'2 soi -45I ‘12

|

Nos. I to 84 Walrand ; 7 to 9, Rollet.

E. Ma~aANESE like the metals of the alkaline earths ap-
pears to have the power of removing sulphur as snlphide,
since manganiferous blast-furnace slags often contain a large
amount of sulphur. Thus Parry reports finding not less
than 2% sulphur in these slags when manganiferous, while
when less manganiferous they contained less sulphur and
the accompanying cast-iron had so much the more. Aker-
man" indeed considers that manganese removes sulphur
in this way even more powerfnlly than caleium does,
so that under like conditions the richer the slags are in
manganese the richer are they also in sulphur.

In other cases manganese causes the segregation and
liquation of compounds rich in manganese and sulphur
from cast-iron and steel. The addition of spiegeleisen to
molten sulphurous cast-iron causes an immediate removal
of sulphur. (See § 81.)

F. HxproaEeN does not, according to Percy,' decompose
ferrous sulphide : yet Boussinganlt! states that Bouis ob-
served a continuous evolution of sulphuretted hydrogen,
which persistently blackened acetate of lead paper, on

e Jour. Iron and St. Inst., 1880, L., p. 213.

£ Revue Universelle, X., p. 408, 1881.

g Stahl und Eisen, IIL., p. 303, 1883, From Bulletin de la Société de I'Industrie
Minérale.

h Ledebur, Handbuch de Eisenhiittenkunde, p. 258.

1 Iron and Steel, p. 33.

3 Comptes Rendus, 52, p. 1,009.



52

THE METALLURGY OF STEEL.

passing hydrogen over different steels at a red heat, which
indicates that hydrogen gradually removes sulphur from
steel. Either this action is very slight, or it is confined to
certain conditions of exposure, since not only does the at-
mospheric hydrogen ordinarily fail to remove any notable
quantity of sulplur in the Bessemer process, but Forsyth,*
blowing simply enormous volumes of steam along
with air in Bessemerizing cast-iron, found that no re-
moval of sulphur occurred : yet here hydrogen must have
been abundantly present, since the steam must have been
decomyposed by the molten iron.

G. StEAM energetically decomposes ferrous sulphide
with the formation of sulphuretted hydrogen and sul-
phurous acid as well as hydrogen, the latter being formed
perhaps directly, perhaps by the action of water on the
iron oxide previously formed (say 2FeS 4 4H,0 = 2 FeO
-+ SO, + H.S + 6H).

Itis stated that sulphur may be expelled from cast-iron by
steam, e.g. that when cast-iron which, when cast in pigs
has 0°05% sulphur, is granulated in water it is freed from
this element,® and that the steam from damp sand-molds
expels sulphur from cast-iron as sulpharetted hydrogen.¢
It is further stated that prolonged immersion in water even
at the ordinary temperature, and even simple exposure to
moist air for years partially removes sulphur from iron
Boussingaunlt® found that steam gradually removed sul-
phur from steel at a red heat. Exposing cast-steel (acier
fondu, not molten steel as Lenox Smith! translates it) in
a porcelain tube ata red heat to steam, a persistent odor of
sulphuretted hydrogen arose, which continued during
the whole course of the experiment (8 h. 50 min.) and
acetate of lead paper was persistently blackened by it.
So too Parry® stated that jets of steam blown upon the
cinder in the puddling furnace caused the removal of some
sulphur from the metal and of a great deal of sulphur
from the cinder. Evidently in case of cast-irons with but
little sulphur this action does not occur to an important
extent at high temperatures unless under special condi-
tions, since the employment of steam in the Bessemer pro-
cess does not remove sulphur.

In Parry’s case the steam may have caused the removal
of sulphur from the iron indirectly, by decomposing the
ferrous sulphide of the slag, and thus increasing the
power of that slag to take up fresh portions of sulphur
from the metal. This accords well with his statement that
much more sulphur was removed from slag than metal,
and with the familiar removal of sulphur from blast fur-
nace slags with the accompanying odor of sulphuretted
hydrogen by steam evolved from the moist ground over
which they flow. This suggests the possibility of increas-
ing the expulsion of sulphur in the basic Bessemer pro-
cess by the injection of steam along with the blast: by
desulphurizing the slag it might increase its desulphur-
izing power.

H. FERRIO OXIDE, FERROUS SULPHATE AND ATMOS-
PIERIC OXYGEN.—In the roasting of pyritous ores part of
their sulphur is volatilized without oxidation: part is

directly oxidized to sulphurous acid and thus volatilized,
be it by the atmospheric oxygen or by the ferric oxide of
the ore itself (FeS 4 3,0 = FeO 4 S0, and FeS -}
10Fe, 03 = 7Fe;0, + SO.): part, especially at low tem-
peratures, is converted into ferrous sulphate, which at
higher ones in part reacts on still undecomposed ferrous
sulphide with expulsion of sulphur as sulphurous acid
(say FeS 4 3FeSO, = 4FeO - 4S0., in this way sul-
phur may be completely expelled according to Berthier),
and is in part decomposed with complete expulsion of its
sulphur as sulphurons and sulphuric acids (2FeSO, =
Fe,S0s 4 80, and FeSOq = Fe,05 + SO4).

The sulphur of cast-iron may also be oxidized and ex-
pelled by ferric oxide, as is shown by its rapid expulsion
in pig-washing (the Bel-Krupp process), in the basic
open-hearth process and in puddling, in which say 60 to
90, 40 to 90 and 50 to 60% respectively of the sulphur may
be removed, partly at least as ferrous sulphide, since as
much as 7% of this substance ocenrs in puddling slags.

I. ALxALINE NITRATES as in the Heatou process (in
which molten cast-iron is broughtinto contact with nitrate
of soda) rapidly remove sulphur from cast-iron. Thus
Prof. Miller reports that by this process the sulphur was
reduced from 0-113 to -018%. Snelus® reports 1-225% *‘sul-
phuric acid”’ in the slag of the Heaton process. Gruner*
found that from 85 to 94% of the smlphur of cast-iron
containing 0-34% sulphur, and from 67 to 100% of that
contained in a cast-iron with «09% snlphur was expelled
by this process ; the slag had in one case 0°604 sulphur
and 0'70% sulphuric acid.

§94. REpsiorTNESS.—Sulphur has the specific effect of
makingiron exceedingly brittle at a red heat and of destroy-
ing its welding power. Its effects are in general most
marked at a dull-red heat, and irons which erack at this
temperature owing to the presence of a small percent-
age of sulphur may often be readily forged at higher tem-
peratures, while when cold they are as malleable and in-
deed often more malleable than non-sulphurous irons. If
however the percentage of sulphur is considerable, the iron
is no longer malleable even at temperatures above redness.
Manganese counteracts these effects of sulphur. (See
§81.) The redshortness imparted by a given percentage
of sulphur is probably independent of the percentage of
carbon which accompanies it: but more sulphur can
usually be tolerated in steel rich in carbon than in others
because such steel usually contains much manganese
also.

Eggertz™ found that at a red heat weld iron with 0:02%
sulphur cracked when punched through, and with 0:03%
sulphur cracked at the corners when being drawn out.
But I doubt if the effects of ‘03 per cent of sulphur
would ordinarily be serious: Bell® quotes iron rails,
whose manufacture calls for great malleableness, with
0-124 sulphur though without manganese. Their composi-
tion was, carbon -10, silicon trace, sulphur -124, phosphorus
‘363, manganese trace. Another had ‘08 sulphur with 11
manganese. '

a Trans, Am, Inst, Mining Engineers, XII., p. 269.

b Balling, Compendium der Metallurgischen Chemie, p. 52,
Steel, p. 33 ; Watts, Dictionary of Chemistry, III., p. 400.

¢ Akerman, Eng. and Mining J1., 1875, 1., p. 352,

d Ledebur, Op. Cit., p. 251.

¢ Comptes Rendus, 52, p. 1,008,

f Manufacture of Steel, Gruner, Smith, p. 76,

g Peicy, Op, Cit., p, 667

Percy, Iron and

h Balling, Op. Cit., p. 46.

i Percy, Op. Cit., p. 35.

J Balling, Op. Cit., pp. 3640.

k Journ. Iron and St. Inst., 1871, II., p. 186.

! Annales des Mines, 1869, XVI.

mEng. and Mining JL., 1875, 1., p. 458 : Jernkontorets Annalen, 1860, p. 15.

n Manufacture of Iron and Steel, p. 428, Journal Iron and St. Inst., 1877, II.,
p. 325, i
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The older determinations of sulphnr are not to be
trusted, since precautions to prevent its absorption from
the coal gas were too often omitted : they gave the sul-
phur in weld iron, even when apparently of good quality,
as high as 0°60 and even ‘757%. Rejecting these old
analyses and all other donbtful ones, I find that among 86
cases of weld iron, drawn from many sources, the maxi-
mum sulphur is 0:124% ; many are reported as quite free
from sulphur, while the average is only *017%: but as a
majority of the cases represent unusually good irons the
average here given is somewhat below that of com-
mercial irons. Eleven iron rails* given by Bell average
‘045 sulphur.

Ingot metal it is thought may contain a much larger per-
centage of sulphur than can be tolerated in weld metal,
be it because the sulphur in the former is less liable to
be locally concentrated, be it because it contains far more
manganese, whose presence counteracts sulphur. The
highest percentages of sulphur which I have met in rail
steel are given in Table 24.

TasrLr 24, —SvrPntvrovs RA1L STEEL.

Carhon. |Silicon. | Phosphorus. |Sulphnr, [Manganesc. |Slag. (Mpper,[

o[- 2787 “043 <099 ‘173 831 *024] 078 |Segregation .
2| 612 | 041 s a2 516 | -022{ 0TL |Mother metal }G"’“d il
8. 865 ‘041 12 217 915 *040F 07T [Segregation g My
4] 656 | 041 | 0SS ‘146 910 | -022l 075 |Mother metal f same rail 0
5 308 009 *240 143 *BST 0201 013 |Segregation 1 4, 1 rail
6..] <252 | -008 194 107 ‘604 | -020/ 011 [Mother wmetal § 4 P
(0 a8 fa. 09 ~22 97 595 «ees |French rait,
- '4? ‘10 ‘06 15 %'31 2
9 4 ‘14 05 15 46 - 1

10..| 52 03 05 17 104 5 Britlsh rails.

o..| 52 12 05 ‘15 101

317 o b 1) 14 ‘06 *16 69 Lo ‘04 Slightly redshort,

13} .26 14 04 20 50 S | R ' Very redshort.

14..| 81 07 ‘04 s 49 bt Nl | % Total wreek,

db. il 28 09 03 23 48 e 07 Fell in pieees.

16..| 48 07 12 *62 1-88 b

17..| 54 12 >4 1°56 c

18..| 43 07 13 *30 181

19..1 20 T 46

Nos. 1 to 4 Forsyth Western U, 8. rails, prlvato communicntion, ', Morrell, Metallnrgical
Review, 11, p. 193, 8 to 11, Bell, Manufactnre of Iron and Stecl, p.414. 12 to 15,
Wasum, Stahl und Elsen, 1852, p.192. R @ to * 9, R. W. Lodge, private communieation, Febh., 1557;
raiis made at an llinois mill. a, These analyses are {rom the opposite end of the rail from whieh
analyses 1 nnd 2 eome. b. This heat of steel yielded 607 of *‘lost’ (7. e., worthless) rails and 86y
of second quality rails: it was so redshort that some of the ingots fell to pleces in the blooming
roll-train. ¢, This hent ylelded 78% of first quality ralls, 1S of second quality and 9% of **lost
rails.

Some European rails appear to be much richer in sul-
phur than those made in this country: thus while W.
Richards® admits that 0-20% sulphur makes steel very red-
short, Thomas® states that this amount can be tolerated,
and E. Riley? has known rails with 027 sulphur to pass
the mechanical tests required. But with these high per-
centages of sulphur the steel is so redshort that it must
be rolled at a very high temperature. Instances in which
the sulphur in rails exceeds °18% are so rare that they
might be thought to represent, not the average composi-
tion of the whole rail, but merely that of some segre-
gated spot. I am, liowever, convinced that analyses 7,
16, 17, 18 and 19, with from 22 to -62% of sulphur, rep-
resent the mother metal, since the observers privately in-
form me that the borings were taken from the upper por-
tion of the head of the rail, while segregations, if present,
occur at the junction of head and web, 7.e., near what
has been the center of cross-section of the ingot. (These
analyses are from thin-flanged T rails.)

Sandberg,® whose opportunities for observation are ex-
cellent, states that, in about 800 instances, rail steel (pre-
sumably largely British) contained usually from -03to 064

& Manufacture of Iron and Steel, p. 428,

b Journ. Iron and St. Inst,, 1880, L, p. 100,

¢ Idem, p. 110.

dIdem., p. 197.

e Trans. Am. Inst. Min, Eng., X., p. 410, 1882: Journ. Iron and St. Inst.,
1882, 1., p. 258. .

sulphur: 20% of the cases had less than *03% snlphur and
24% of them had more than -06%. The rail steel of our
Eastern mills has nusually from 03 to 06%sulphur: that of
our Western mills has usually somewhat more, occasion-
ally as much as *10, ‘12 and even exceptionally ‘14%. When
sulphur is under -08 its effects are probably almost com-
pletely effaced by the presence of *87% manganese, since
with this composition the redshortness is so slight that T
rails, the formation of whose thin flanges necessitates
great malleableness, can be rolled with so little cracking
that at some mills only 0°4% of the rails made are of sec-
ond quality (i. e. have cracked flanges).

In some of the western mills however, especially when
high phosphorus accompanies high sulphur, as much as
10%, and at one mill occasionally even 15% of the rails have
been of second quality. From the evidence I judge that
if the sulphur often rises above 008 a considerable per-
centage (say 2 to 4%) of second quality rails is liable to
be made, if above 0-11% the number of second qnality
rails is liable to be excessive, and if it be as high as 0-18%
the number is likely to be rninous.

Pieces of a shape which can be produced without ne-
cessitating such extreme malleableness as the formation
of the thin flanges of T rails requires may contain more
sulphur: and we may suspect that the rails quoted by
Riley as containing 0274 of sulphur were not of the
thin flanged T, but of the comparatively easily rolled
double-headed pattern. But it is rare to find more than
0°12 sulphur in any steel. Crucible tool steel has ordi-
narily less than 0°01% (thongh Metcalf quotes wire dies
with 0°09%).f Nail plate has usually from 0-05 to 0-10,
boiler plate from 0-02 to 0°084.

Manganese counteracts the effects of sulphur, as de-
seribed in § 81, where it is stated that in many cases 45
parts by weight of manganese so far counteract the effects
of 1part of sulphur as to permit the rolling of flanged T
rails.

§95. WExLDING.—Sulphur also interferes with the welding
power of iron; but we have little quantitative information
as toits effeet in this respect. The U. 8. testing board found
that -0469 sulphur in wrought-iron (the highest percentage
which they encountered) did not affect its welding.* Her-
bord reports basic open-hearth steel with carbon ‘13, sul-
phur 125 and manganese ‘51% and another lot with car-
bon °16, sulphur 20 and manganese *78% which welded
perfectly ; this is most surprising, even if we make great
allowance for the elastic sense in which ¢ perfect welding’’
is often used.® :

§ 96. TENSILE STRENGTH AND DvucTiLity.—The red-
shortness caused by sulphurmay diminish tensile strength
and duectility by breaking up the continuity through
cracks, perhaps internal and beyond detection. But
apart from this let us consider its direct effects. In
moderate quantity snlphur malkes weld-iron tougher, and
it is generally thought to have the same effect on ingot
metal: though the evidence is neither decisive in kind
nor in amount, it favors this view. Many American ex-
perts with preconceived and tenacionsly held belief that
manganese like phosphorus makes steel brittle, yet find-
ing in western rails percentages of manganese with

£ Trans. Am. Inst. Mining Engineers, IX., p. 549.
g Holley, Trans. Am. Inst. Mining Engineers, VI., p.' 111.

h Journ. Iron and St. Inst., 1886, 11., pp. 701-703 and 725,
— ~
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phosphorns which, in their view, should make them so
brittle that they should break under the straightening
press, explain their dunetility by supposing that the sul-
phur, which is often high in western rails, makes steel
tough, counteracting the manganese and phosphorus. But
unfortunately this, like other explanations based on
limited knowledge, will not stund the least scrutiny : for
we find many western rails with abnormally high man-
ganese and phosphorus, with high carbon yet with very
little sulphur, which are still tough. So here the ex-
plainers must fall back on hydrogen or ozone or what-
ever they can think of which is undeterminable. In
Table 25 are collected a few cases of rails whose com-
position should, if the ordinary views be correct, be ex-
tremely brittle, whose sulphur is low, in many eases ex-
tremely low, yet which at least are not extremely brittle :
indeed, some of them are extremely tough.

TAnLE 25.—Goop» RAILs wimit 1161 P11oSPIIORUS AND MANGANESE BUT LOW SULPHUR.

* Jafefs|a]sfefr| s|o 10 [1n]|1|1s]n
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& UTEONERSSR A cesdo ot “04| <03 -06] 07| <05 06| 04 <06 | 05 | ‘58 | “ST| 60 | ‘03,49
Mangancse.... «.oo[1°63[1 50/1°2311°451°58(1°58(1-3S(1 57 |1-39 {185 [2-03/1°84 1'87"74
PHEBphorus .. w'ee .o feed “15) 14| c14f 15| -14) 12| -13| <12 { -13 { 06 | *11| ‘06 ‘24|'144
Sulphur.. oo ctao s 07| 07| “04] 05 06 'OGI 08 'OQS.l 028§ -043| 05| <018 '07|'055
Nos. 1 to 9 inclusive, rails from U. 8. ores rolled at n western U. 8. mill. Nos. 10 to 18 rails
rolled from imported blooms at another western mill. Private commnnications. 14, Miiller,

Journ, Iron and St. Inst., 1882, 1., p. 375.

Important light might have been thrown on the effect
of sulphur on strength, ductility and wearing power had
Dudley and Beck-Guerhard, in their investigations into
the relations befween composition and the physical
properties of rail steel, determined the sulphur in the
rails observed : this they unfortunately neglected to do,
pleading that sulphur is so very objectionable to the rail-
maker that the consummer need not trouble himself

about it, as if it were not extremely possible that varia-
tions of sulphur below the maximum which the rail-
maker can permit might not affect the wearing power,:
both directly and indirectly, and help to explain the
inconsistencies in their resnlts. A high percentage of
sulphur may indirectly have a most potent effect on wear;
by necessitating finishing the rail at an excessively high
temperature.

Morrell,* when comparing by his wearing-test appa-

ratus steel No. 7 of Table 24 with Cambria steel with much
less sulphur but of otherwise closely similar composition
(viz, earbon -44, manganese ‘53, phosphorns ‘079, sul-
phur -02), found that the rail rich in sulphur lost weight
much more rapidly than the other, in one case 80% faster.
As far as this goes it indicates that snlphur makes steel
softer, but it throws no strong light on toughness and
tensile strength, because one swallow makes no summer,
and because, though toughness usually accompanies soft-
ness and low tensile strength, there is no necessary relation
between theni. Kerpely® from prolonged examination
considers that sulphur softens steel : E. Williams ¢ con-
siders that it toughens it: Parry ®is unequivocally of
the opinion that it strengthens it: Adamson® thinks
that it renders it brittle, but he appears to have some-
thing like a monopoly of this opinion.
. §97. SurLpHUR IN CAst-IRON.—Sulphur is generally
thought to make cast-iron hard and brittle. The Fin-
spong (Swedish) gun cast-iron has from 0°10 to 015% of
sulphur intentionally imparted to it by the addition of
pyrites. But whether the hardness is directly caused by
the presence of the sulphur is doubtful, for it is well
known that sulphur has the specific effect of causing car-
bon to be retained in the combined state, which in itself
of course greatly increases the hardness of the iron.”

CHAPTER VI.

IRON AND PiuosPHORUS.

§100. SUMMARY.—PHOSPHORUS, the steelmaker’s bane,
unites with iron probably in all proportions at least up to
26¢%, being readily absorbed by it, especially at high femper-
atures and when under deoxidizing conditions, from acid
phosphates and silico-phosphates. Fortunately itjis readily
removed from iron, especially under strongly oxidizing
conditions, by contact with strong bases (oxides of iron
and manganese, the alkalies and alkaline earths) and by
basic silicates and even silico-phosphates, by alkaline car-
bonates and nitrates and by fluor spar. It is volatilized
under many conditions, e. g., when phosplates are heated
with earbon (the presence of metallic iron more or less
completely prevents this volatilization) : and when molten
phosphoric cast-iron is brought in contact with alkaline
nitrates or (probably) with fluor spar. In the blast-
furnace, however, phosphorus is not effectively volatilized,
for any which volatilizes immediately recondenses. Hence
in the blast-furnace nearly all the phosphorus passes into
the metal, though a little is found in the slag if the deox-
idizing conditions be weak, In puddling 907, and in the
basic Bessemer process 96 to 99% or even more of the phos-
phorus initially present. may be removed under favorable
conditions.

Phosphorus probably has little effect on tensile strength
under gently applied load : but phosphoric iron is readily
broken by jerky, shock-like or vibratory stresses, some-
times when quite trifling:—itis treacherous. It some-
times affectsiron but slightly, sometimes under apparently
like conditions profoundly :—it is capricious. It usually
increases the elastic limit, thus raising the elastic ratio,
an index of brittleness. It diminishes also the elongation
and contraction on rupture, two other measures of
ductility, affecting this property like tensile strength
much more under shock than under quiescent stress. Car-
bon greatly intensifies these effects of phosphorus, and
silicon may intensify them, but certainly to a very mnch
smaller degree if at all. Low temperature is thought to
intensify them, but 1 find no evidence to support this
opinion, 4. e. to show that there is more difference between
the ductility of phosphoric and that of non-phosphoric

8 Metallurgical Review, IL., p. 193.

b Idem, I1., p. 521. .

¢ Journ, Iron and Steel Inst., 1880, 1., p. 199,

dIdem, p. 198.

e Idem, p. 197. .

f Akerman, Eng. and Mining J1., 1875, L., p. 458 : Turner, Jour. Iron and St.
Inst., 1886, 1., p. 184 : Ledebur, Handbuch, p. 251,
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steel at very low temperatures than at 70° F.  Rapid cool-
ing and forging during cooling, by preventing the coarse
crystallization to which phosphoric iron strongly inclines,
oppose the effects of phosphorus on ductility. It is cer-
tain that phosphorus does not always diminish the hot-
malleableness of iron, at least at moderate temperatures ;
bnt, by increasing the tendency to coarse crystallization,
it probably diminishes malleableness at very high tem-
peratures, and especially when the iron has slowly cooled
without forging from a very high temperature to a some-
what lower though still high one, as this seems to be the
condition most favorable to coarse crystallization. It is
thought to increase the welding power and toslightly lower
the modulus of elasticity : what evidence I find opposes
the latter view.

§ 101. Tur CoNDITION OF Prosrmorus IN IroN.—In
ingot metal phosphorus exists chiefly if not exclusively
as phosphide : but in weld metal it probably exists both
as phosphide and as phosphate, 7. e. as part of the me-
chanically intermixed slag, in which condition it is reason-
able to suppose that its effect on the mechanical properties
of the metal should be comparatively slight. Many, and
perhaps an indefinite number of phosphides of indefinite
composition may exist in iron, for we find wide differences
between the chemical behavior of different portions of
phosphorus even in one and the same piece of iron, and
apparently equally wide discrepancies between the effect
of a given quantity of phospliornus on the plhysical
properties of different irons. The differences in the chem-
ical behavior of phosphorus are exemplified by the fact
that, on dissolving some steels in chlorhydric acid, part of
the phosphorus escapes as phosphoretted hydrogen, part
is found as phosphoric acid, part apparently as some
lower oxygen acid, while still another part is insoluble.

The existence in solid iron of a definite phosphide of
iron, Fe;P, and probably that of a definite phosphide of
manganese, Mn,P;, is well established. Hvoslef,* onmelt-
ing the non-magnetic phosphide Fe,P under borax, ob-
tained the magnetic phosphide Fe;P, while Percy, by di-
gesting in cupric chloride a phosphide prepared by the
action of lumps of phosphorus on red-hot iron, obtained a
crystalline plhiosphide with 85% iron, corresponding closely
to Fe,P, which should contain 84°4% phosphorus. These
facts suggest, that iron and phosphorus preferentially com-
bine in this particular ratio. Shimer’s® investigations in-
dicated the presence of such a phosphide in cast-iron,
though, as he had been unable to completely free it from
titanium carbide, he had not definitely determined its com-
position.

Less than a month later L. Schnelderc described the
phosphide Fe;P, which he isolated from eight different
samples of cast-iron by digestion in cupric chloride, as a
crystalline, dark gray, strongly magnetic, friable sub-
stance, with metallic lustre, almost insoluble in dilute
acids, rapidly dissolved by nitric acid and by aqua regia,
and dissolved by hot concentrated chlorhydric acid with
evolution of phosphoretted hydrogen. Three of the
cast-irons examined contained a considerable amount of
manganese : one of these yielded a slightly manganifer-
ous magnetic phosphide, the others yielded highly manga-

s Journ, Prakt. Chemie, LXX., p. 149.

b ¢“ Titanium Carbide in Pig-Iron,” read in October, 1886 before the Am. Inst.

Mining Engineers.
¢ Qesterreichb. Zeitschrift, 1886, p. 735, No. 45.

niferous and non-magnetic pliosphides. These three man-
ganiferous phosphides corlespoudcd very closely to the
formula xFe;P,yMn,P,.

The composition of these eight phosphides is surpris-
ingly close to the calculated composition, especially as
other substances insoluble in cupric chloride would be ex-
pected to accompany the phosphide. I here summarize
Schneider’s results.

Purosriinpes OBTAINED BY SCHNEIDER ON DIGESTING CAsT-IRON 1N CUPRIC CHLORIDE,

}_2_ 8. 4. 5. G.|7.|S‘

..... 0 07| 433 15°15/25.7
145 0')3 1-48| 0-94 2-01| 84| 038
...................... 5T 1 52:8 1514
18°2 185 200|3AA)55

0°25) 0°05] 0 09 0-60{ 0°10

Manganese...........

In the cast-] lron% I’ho%phorus §ooos

In the phosphide per 100 ot‘% \[:mnan(ec

iron in it. thphorm 186 |15°6 | 152
Discrepanoy hetween phosphorus found i

and caleulated . 0°15 0 15| 0°25

02
25

The presence of phosphates in weld iron, long reason-
ably suspected because the metal contains a consider-
able quantity of the slag which accompanies its preduc-
tion and which ordinarily contains phosphates, and
because the properties of weld metalare often but slightly
affected by the presence of a considerable quantity of
phosphorus, is shown to be exceedingly probable by the
fact that when weld metal is volatilized with chlorine a
large proportion of its phosphorus remains in the non-
volatile residue.

There is however little reason to expect the presence
of an important quantity of phosphate in ingot metal, ex-
cepting perhaps that made by the basic process, (A) bc-
cause the slag which accompanies its production is ordi-
narily nearly or quite free from both phosphates and
phosphides ; (B) because the metal itself ordinarily con-
tains but a trifling quantity of such slag, often less than
0°02%; (C) because the slag which accompanies the pro-
duction of the metal is ordinarily acid, and we find that
metallic iron greedily reduces and absorbs the phosphorus
from acid slags; and (D) because if phosphorus were
present as phosphate, 7. e. as a simply mechanically inter-
mixed foreign substance, we should reasonably expect
that it would gradually separate from the molten ingot
metal by gravity : while in fact phosphoric steel may lie
for hours in tranquil fusion in the open-hearth furnace ap-
parently without the loss of the smallest trace of phospho-
rus. Butin spiteof these obstacles Dudley would explain
the difference (of whose existence I endeavor to show
in § 129 there is no evidence) between the forging proper-
ties of Bessemer steel made (4) in the Clapp-Griffiths and
(B)in the common converter by the existence of plos-
phorus as phosphate in the former. But as he offers no
evidence we may dismiss his plea. Cheever would ex-
plain the different chemical behavior of different portions
of phosphorus in the same piece of steel, and the differ-
ent effects of phosphorus on the physical properties. of
different steels, by the existence of both phosphates and
phosphides, though these differences are as fully and
more simply explained by the existence of different phos-
phides. He argues that,® because certain definite phos-
phides of iron are difficultly soluble while certain
phosphates dissolve remdlly, and because part of the phos-
phorus found in ingot iron and steel is readily soluble,
therefore this portion exists as phosphate, a conclusion
certainly not warranted by the premises. The fact that
certain phosphides dissolve with difficulty does not prove

d Trans. Am. Inst. Mining Engineers, XIV., 1886, p. 938,
e Op. Cit., XV, 1887, to appear,
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that none dissolve readily. Indeed, a phosphide of manga-
nese, Mn,P., whose presence is far more probable than that
of a phosphate, is thought to be readily soluble. To clear
the matter up he volatilizes several irons with chlorine,
and examines the non-volatile residue for phosphorus,
at the same time treating other portions of the same
irons with several weak solvents, cupric sulphate, ferric
chloride, cold dilute chlorhydvic acid, ete. I here sum-
marize the more important features of his results :*

I;hosphorus existing as phosphato per 100 of total
phosphorus,

As indicated by ignition'As indicated by weak
in ehlorine. [ solvents.

Metal.

Castefron .oeoiveiicencnes conraens coiooeenns 0 50 +
L T g S I S b o SO IO600 06050 e 00 90 & to 100 ]
Blown and unreearburized Bessemer steel

(Clapp-Grifliths vessels).........cceveeen.ns 2+ 63 +
Do, ordinary vessels Lo Eriw oo 26 + ST +
RBessemer steel (Clapp-Griftiths eonverters). .. 5@15 + SI@91 =
Bessemer steel, ordinary converters.......... 14@20 + B+

When the many necessary precautions are observed and
when we know that oxygen is wholly absent, phosphorus
found in the residue from igunition in chlorine may be held
to have existed in the metal as phosphate. The liability
to errin this method is, however, very great, and here sev-
eral facts raise suspicion of error. (1) The proportion of
the total phosphorus apparently existing as phosphate is
often very much lower in unrecarburized than in recarbur-
ized metal: (2) all or mnearly all the phosphorus of weld
metal appears as phosphate : and (3) the indications af-
forded by the weak solvents are largely directly opposed
to those of the chlorine treatment. The solvents indicate
that much or most of the phosphorus of the cast-iron is
phosphate, chlorine shows that none of it is: the solvents
indicate that nearly all the phosphorus of the decarburized
metals, of the steels and of the weld irons is phosphate,
chlorine indicates that little of it is. To abandon the orig-
inal ground and assume that it is the phosphides that dis-
solve readily and the phosphates that resist, helps little:
for then the solvents would show that say half the phos-
phorus of the cast-iron is phosphate, while chlorine shows
that noneis. Cheever’s results diminish the improbabil-
ity of the existence of important quantities of phosphate
in ingot metal: in my opinion evidence less tainted with
suspicion is needed to convert it into a probability. Note
that a smaller proportion of the phosphorus of Clapp-
Griffiths than of other Bessemer steel appears as phos-
phate.

SEGREGATION.—Phosphorus has a strong tendeney to
segregate in phosphoric steel ; this may give rise to errone-
ous determinations unless special precautions are taken.
I append a few cases observed by Forsyth.

SEGREGATION OF PHOSPHORUS,

AgyiaeIn BRIEII = L T e L e ey Ty
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EMioons s ..., Fopd i eaH 09 +09 ikt 2 ‘03 03 *01 01
Phosphorus............ 29 Ll *35 07 23 ‘14 24 19
Manganese............. 79 *68 1°22 97 ‘85 " -39 60

A = Segregation. B = Mother metal,
Private communication Jan. 27, 1886,

§ 162, Uxtoxn or Pmosriiorus AND IRON—DIRECT
CoMBINATION.—Phosphorus, when dropped on red-hot
iron, is greedily absorbed : but Percy® was unable in this
way to make iron take up more than 8-47% phosphorus,
forming a beautifully crystalline substance, approaching
the composition FegP.

a Private communication, Feb, 22, June 27, 1887,
b Percy, Iron and Steel, p, 60,

CoMBINATION UNDER DEoXIDIZING CoND1TIONS.—Under
strongly deoxidiziag conditions iron can take up a large
percentage of phosphorus, certainly 26/. Thus Brackels-
berg, melting lime phosphate with ferric oxide and coal
in a carbonaceous crucible, obtained iron phosphide with
26-36% phosphorns. This was the highest percentage
which he succeeded in obtaining, even though a great
excess of phosphate was present and though the con-
ditions were strongly deoxidizing.

In the blast-furnace ivon readily absorbs a large per-
centage of phosphorus. Lord® qiotes cast-iron made in
Ohio with 4'9% phosphorus, though a high percentage of
phosphorus does not appear to have been aimed at.

At Hoerde in Westphalia ferro-phosphorus with 20%
phosphorus is made in the blast-furnace from apatite
and slag of the basic Bessemer process.?

§ 103. Actiox oF Srpags (Phosphates and Silicates).—
Under certain conditions metallic iron takes up phosphorus
from the phosphates of lime, iron, etc., and from their silico-
phosphates, especially in presence of carbon, silicon and
manganese : under other conditions these compounds re-
move phosphorus from metallic iron.

Which of these actions will occur and the extent to
whicl it will cecur depends primarily on the basicity of
these phosphates and silicates and on the strength of the
existing oxidizing or deoxidizing conditions, (I include
the presence of carbon, silicon and manganese in the iron
itself as a deoxidizing condition), and secondarily on the
temperature, on the percentage of phosphorus which the
iron contains, and on the proportion of iron oxide to
lime, ete., among the bases, ferruginous slags probably
removing phosphorus more energetically than calcareous
ones of like basicity. Ingeneral, intimate mixture with a
highly basic and preferably ferruginous slag under strong
oxidizing conditions and at a relatively low temperatu:c
favors the removal of phosphorns from iron: the opposite
conditions opposeit. These factors mustall be taken into
account to fully comprehend the phenomena of the absor)-
tion of phosphorus by iron and its removal. Carbon,
manganese and silicon in iron oppose the removal of phos-
phorus by being preferentially oxidized, and by reducing
the phosphoric acid formed by its oxidation. Yetin pud-
dling, in pig-washing and in the basic Bessemer process
we see that dephosphorization sometimes progresses to a
considerable extent while the iron still contains much
manganese, silicon and carbon: indeed in pig washing
93% of the initial phosphorus may be removed while the
iron yet retains 907 of its initial carbon.

§104. Basiciry oF SLac.—The influence of this factor
is most clearly seen by comparing cases in which all other
conditions are nearly alike, of which the most striking
are found in the Bessemer process. In the acid lined
converter the necessarily siliceous slags almost complete-
ly prevent the removal of phosphorns. Bell,® overblow-
ing a charge of phosphoric cast-iron in an acid converter
converted about 25% of its iron into oxide, yet the phos-
phorus in the metal increased (owing to the elimination
of part of the iron and the concentration of the whole of
the phosphorus in the remainder) from 1-33 to 1667, sim-
ply because, even after scorifying so much iron, his slag

¢ Trans. Am. Inst. Mining Engineers, XIL.. p. 506.
d Journal Iron and St. Inst., 1880, II,, p. 754.
e Jour, Iron and St, Inst., 1877, L, p. 117,
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remained acid, having 45-38silica (the oxygen ratio of base
to acid being 1:1°94, a bisilicate). In the basic Bessemer
process, however, all other condlitions remain almost pre-
cisely the same, except that a basic slag is substituted for
an acid one, which permits us to dephosphorize the metal
practically completely. Berthier ® taught that by the use
of lime in the blast-furnace phosphorus may be prevented
from uniting with the cast-iron—‘ because this earth tends
to remove phosphorus from the iron—to form phosphate
of lime.”

The perspicacious Gruner is credited with being the
first to point out that, since phosphorus can in general
only be eliminated from iron in econtact with a basic slag,
the necessarily acid slag of the ordinary Bessemer con-
verter bars its removal: this he stated in 1857, re-
peating in 1869° that ¢ when the slags contain 407
silica the bases no longer retain phosphorie acid: phos-
phide of iron is continuously regenerated’’ and in 1879¢
““the proportion of silica should not exceed 30%, for be-
yond this the iron phosphate is decomposed anew by the
carbon.”’®

While slag with over 60% of silica may retain small
quantities of phosphoric acid though in contact with
metallic iron, and while a considerable proportion of phos-
phorus may be removed from iron which is in contact with
slags holding over 30% of silica together with even as much
as 6% of phosphoric acid (e. g. slag 47 in Table 26), yet it
is probably true that nothing approachmg complete de-
phosphorization can be accomplished in presence of slags
containing as much as 30% silica. W. Richards® states
that phosphorns will not leave iron rapidly in the basic
Bessemer process unless the silica in the slag be below
20%, and that the most complete dephosphorization is ob-
tained when it is below 15%: Gilchrist corroborates this,

aTraits de la Voie Seche, IL., p. 276.

b Bulletiu de I’ Industrie Minerale, II., p. 199 : Journ. Iron and St. Inst., 1883,
11., p. 661.

¢ Annales des Mines, 1869, XVI., p. 200.

d 1dem, 1879.

© It has been stated that he considered temperature as serious an obstacle to de-
phosphorization as acidity of slag : but a perusal of his writings leaves no doubt
in my mind that he regarded a basic slag as the first requisite, and considered tem-
perature as an important elemeut chiefly because of the difficulty of maintaining
basic linings at high temperatures. (Idem, 1869, p. 272).

as do the many published analyses of metal and slag of
this process.

As the silica of the slag falls below 30% the complete-
ness with which phosphorus can be removed from the iron
rapidly increases. Among a host of recorded cases of the
treatment of iron containing a considerable portion of
phosphorns, the following are the most complete instances
which I have met of dephosphorization ior given silica in
the accompanying slag :

Process. Basle. |Puddling.| Bssic, |Puddling.| Basic. Basle,
Percentage of slliea in slag ...| 3817 27177 24" 2027 16-60 105
Percentage of phnsphoric acid

ind QIR S BT oo B e e aite o 593 219 856 5P 1394 205
Percentage of phosphorus in-

tislly in metaY ........... SER [ 1-27 M| e e .
Percentago of phasphorus in

metal accompanying this

slag... 064 29 015 07 ‘02 ‘003
Oxygen ratio of base: acid....| 1:1-19 1:0:88 1:0:88 1:075 |1:088 1:031
Oxygen ratio of total bases :

oxide of iron. ... ........ 1:025 [1:078 [(1:018 [1:083 |1:014 [1:070
Number in Table 26... ...... 47 32 30 21 31 2

Nos, 39, 44, 45, 46, 48, 50, 52, 53 and 54 Table 26 further illustrate the fact that slags containing
from 30 to- 44% of silica mn{' yet hold phesphoric acid in the presence of metallic jron, which in certain
cases cootains considerable carbon ; e. g., No. 52 (basic lsessemer slag), in which the slag has 44-S¢
silica with 2°8% phosphoric acid, though 1u contact with metal lolding 8% of carbon, Further, cer-
tain of them illustrate the removal of phosphorus from iron when in contact with slags holdiog
more thaa 30% of silics

§ 105. BasiciTy OF SILICATES COMPARED WITH THAT OF
ProsPHATES.—In comparing the influence of the basicity
of phosphates on their dephosphorizing power with that
of silicates, we may either select phosphates and silicates
of like percentage of acid, e. g., comparing phosphates of
30% phosphoric acid with silicates of 30% silica: or those
of like atomic ratio of base to acid, e. g., comparing trical-
cic phosphate with tricaleic silicate :, or finally those with
like oxygen ratio of base to acid, e. g., comparing the
metallurgical bi-silicate of lime with what may by analogy
be called the bi-phosphate, 2:5-Ca0, P,0s;.

Our scanty data do not permit accurate comparisons :
yet, whatever standard we employ, phosphates appear
to have much greater dephosphorizing power than sili-
cates of like basicity.

Hilgenstock found that apparently practically earbon-
less iron absorbed phosphorus abundantly from tricalcic
phosphate, and that it even took up a little from tetracal-
cic phosphate: Finkener observed that it took up none from
triferrous phosphate, but that it absorbed a little from
phosphates which were but slightly more acid, even from

1 Journal Iron and St. Inst., 1879, L, pp. 159-201. one with 2:9 equivalents of base to one of acid. Buta
TanrLe 25 A.—CoMPOBITION, ETC., OF PURE PHOSPHATES AND SILICATES,
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.................................. .. |Sesquisilicate ** ., ...[4Ca0, 88i04 Ca.;SiSOM 4453 | 5546 1:
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A. Bell, Journ. Iron and St, Inst,, 1877, 1., p. 117. Aecld Bessemer process.
nnd St. Inst., 1880, 11., p. 475. Basic Bessemer. . Wedding, 1dem, p. 552,

61, Basic Bessemer. €. Engineering nnd Mining 1., 1883, If., p. 17. Basic Bessemer.
Broecss, 1st tapping.  X. Bell, Journ. Iron and St. lnst., 1877, I, p. 112, Slemens direet process.
uch der Kisenhiittenkunde, pp. 798, $00. L. Snelus, Jour. Iron and St. 1nst., 1872, 1., p. 259, Puddiing. . Perc;

Eng. Krupp'spig washing. = ©. Bell, Principles Manuf. Iron and Steel,
Inst., 1879, 1., p.222. Puddling. N. Snelus, idem, 1879, 1.,
Stahl nnd Eisen, 1880, 10, p. 637. Basic Bessemer.
Grundriss der Eisenhiittenknnde, p. 167. Blast furnace.

a. Exeluding alumina, b, Metal aceompanying similar slag,
process, B.f. Blast farnace., P.w, Pig washing.

894. Refinery.
asic Bessemer.

. 244, 140, B T,

Y. llarbord, FLoe. eit.

A.B. Acid Bessemer. B.B.

B. Ditto, Principles of the Manufacture of Iron and Steel, p. 409. Basic Bessemer.
Basic Bessemer, JB. Thomas and Gilehrist, idem, 1879, 1., p. 123.
M. Iron Age, Aug. 6th, 1885, p. 37. Eel. Tuaner, Mectallurg. Review, 1., p. 578,
P. Ditte, pp, 354, 359.

V. llarbord, Journ, Iron and St. Inst., 1886, I1., p. T00. Basic opco-hearth.

€, Massenez, Jonr. lron

Basie Bessemer. K. Pink, idem, Sl
Sicmens direct
K. Schilling, puddling, Ledecbur, 1land-
¥€ Iron and Steel, p. 665, PuddHog. N. liolley, Trans. Am. Inst. Min,

efinerv. Q. Ditto, p. 360. Puddline. JR. Louis, Jour. Iron aad St.
Finkener, Ledebur, 1Tandbuch der Elsenhiittenkunde, p. 924, Bagsie Bessemer. . Ehrenwerth,

W. Ledcbur, Handbnch, pp. 797, S00, Pudd ing. X. Kerl,
B.o. Basic open-hearth. Pud. Puddling, Ref. Refinery. S.d. Siemens direct

J. Siemens, idem, p.857. Siemens dircet process,

Basic Bessemer,

slag which is to actively absorb phosphorus must be con-
siderably more basic than one which is barely able to hold
in the presence of non-carburetted iron the phosphorus
which it already has. Hence we may infer that about 3'5
atomic equivalents of ferrous oxide or 4'5 of lime to one
of phosphoric acid are needed to permit complete dephos-
phorization, and, at a rough guness, we may say that 275
equivalents of ferrous oxide or 3-5 of lime to one of phos-
phoric acid should permit dephosphorization to proceed
till the metal retains but 0-6 of phosphorus.

It is true that Stead found that almost pure carburetted
iron absorbed but 0-1% of phosphorus when melted between
layers of (tribasic?) lime phosphate in a lime-lined cru-
cible, which at first seems discordant with Hilgenstock’s
statements concerning the absorption of phosphorus. But
we do not know how much lime was absorbed by Stead’s
initial lime phosphate from the lime lining. In this way
his slag may easily have become even more basic than
tetracalcic phosphate. In this view there seems to be little
justification for Mathesius’ statement®* that Hilgenstock’s
results are directly contradicted by Stead’s, and by his
own, in which an extremely basic lime-phosphate ex-
tracted phosphorus from ferro-phosphorus, and that they
are therefore attributable to experimental error.

In Hilgenstock’s experiments metallic iron was melted
in contact with tricaleic phosphate and an excess of
earthy base: it invariably took up phosphorus, and con-
siderably more when this excess consisted of the com-
paratively inert magnesia than when an excess of lime
was employed.

a Stahl und Eisen, VI, p. 643, 1886, No. 10,

As, by the absorption of part of the basic excess
present, and by the reduction of part of their acid by the
metallic iron, the final composition of his phosphates was
doubtless more basic than their initial composition, his
results leave little doubt that, even in the absence of ear-
bon, metallic iron may absorb phosphorus from phos-
phate which is at least as basie as tricalcie phosphate and
probably more basic yet, and to a moderate degree from
slags at least as basic as tetra-phosphate. As Finkener's
experiments were performed in an iron boat in an atmnos-
phere of nitrogen it is probable that his ferrons-phos-
phates remained approximately of their initial basicity
in those cases in which the iron absorbed no phosphorus
from them, and at most became but slightly more basic,
by the substitution of iron oxide for phosphoric acid, in
those in which the metal absorbed phosphorus. Their re-
sults are summarized in Table 26 A : they will be again
referred to.

Turning now to the silieates, I have already stated that
slags with over 30% of silica do not in general permit ns
to reduce the phosphorus in iron below '60% + : such sili-
cates may then be ronghly likened to a 3-5-basic lime phos-
phate or a 2-75-basic ferrous phosphate in dephosphorizing
power. Slag 21 Table 26, already referred to, with25:% &
acid, of which 4-5ths are silica, and whose bases are chiefly
iron oxides, permits almost complete dephosphorization :
we may then roughly liken it to calcic phosphate with
45 equivalents of base to one of acid, or to ferrous phos-
phate with 3-5 equivalents of base to one of acid. This
is summarized in Table 26 B.

These figures snggest that, as regards influence on de-
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TanLr 26 A.—AnsorpTioN oF P'nosPnorvs rhoM Puosruates ny Mrrariie Inox, Ero.
Conditions of experlment. Resulting metal.
Number, Observer. Composition,
Kind of vesscl, cte, Time, |Temperature. Metal, ete., employed. Phosphate employed, Deseription.
Hours. P.g |Mng| Fex
.. |Hllgenstoek... [Lune-lined. . . . |Iron, apparently non-carburetted, ..|Tricalcie .
. o .. |Magnesla-lined 2 £ & YR &
- ke < B Y R Rl E R R T T L
4 «.|Lined with dolon: ©
e ..|With neutral lining... .. .|... ‘' with great ex-
cessof lime........... 0
() 6t _ LN b T ol ot ! oo RO A oM iR Gha Y, a0 o 00300 5043 Ll Tricalcic, with a small
{0y & * ..|Lined with tricalcic phos-| excessof lime. ........
phate meltod with lime. ., .|....... B Bk TN B P B o e s e ccaeeseseefTricaleio, previonsly
melted with lme., . ,.0 [ 027
B34 Stead.... ... |Lime-lined. . ....... .... g [WSihilte, - 5.5 5 g. of ferro-manganese of T1°5¢ Mn,...... 1*5g. of nangan ese-phos-|
PIMOS 5. o e e .| 100676
[ N O (C IR B 1 45 e 1 part ferro-mangauese. .. .cooevuee voverans 1 part tricalelo, the rnix-
ture covered with ex-
cess  of tricalelo ()
phosphate.... ... ... 1:00 | 636
LR | IFELED o4 || B L o % Jodboo s 1 ... ..|5g. of nearly puro carburetted Iron....... 2 l:lrérs of triealeic phos-
phate, enclosing the
g S L 4" RN B “The hutton showed an mb-
Ii..... Wilgenstock... [Basic-limed .. ...... .. ... ) o] ninena. Apparently non-carhuretted iron, contafn- sorption of only 0:1% of phos-
ng 0°04% of phosphorus................ Tetracaleie. . ... ........ 0088 phorus,™
1 5500 i N Ol oh e S Pure carburetted fron.......... o Aosaos LR o o-Rocte 0580
1378 b oo e TNy R JBerresmenginese ™ LW .. L Ll A O 705 ~ao00add 1'10 >
14. ...{Finkener..... 1ron host in atmosphere of]
ITORGIL. o oo 0w Bees ..|Apparently non-carburetted Irom, 1 part...|Triferrons, 1 part,
15 25, . L8 .|lron boat in atmosphere of] SFEO LSO e o105 % ] No iron phosphide formed,
Pitvogany. L AR ol oo 3 L be ¢ 2 parls, |Triferrous, 1 part, | Sintered.
Diferrous, 1 ¢
16. . ¥ T] T Iron boat {n atimosphere of] =120 PO PeO) 2. . 5 [ Frem] v i o] v Iron phosphide formed. Com-
110 4 Togogg0 J6%06t doae Magatic| ko g Sann s (& W ‘“ 4 ¢ [Triferrous 3 prrts pletely fused.
Diferrous_1 ¢ { Dflute sulpharic acld evolved
i P P el 35 Iron boat in atmosphere of] . = 275 FeO, P,05.. | hut little phospheretted
IHEOgOR % o aan s il - aa Stl BTG+ it ol spae <o [0 IeT5'e o olaTe teses cesircncssessasesiaitese o0 Triferrous 9 parts | | [..... e .|{4 hydrogen, 7. e., a littio
Diferrous 1 ¢ phosphorns  was reduced
=29 Fe0, P05 ... l_ by the iron, Sintered,
18, & ..|Atmosphere  of  carbonic
oxide, 5 n.w & . g White. ...... ENORDY-CEECErTY- At Fig.v: T o oo maNee Triferrons phosphate...{.....[.....|..... No Important action,
T . S Atmosphere of  nitrogen,
plicRel bont' . 0. . oo AT, e Sl A Cast-iron with 38 earbon ; just enough to
unite with the vxygen present as car-
ML, - . [Atmosphere of carbonic ox- TG ORI IR, “os, 7 0 e orei s Fe o 'ene Triferrous phosphate....| .. .[.....]..... Completely reduced to fron
ide, metallic boat....... {....... PR NP Ferrle 0Xidea. s o oaveelamseesssesrscecas & e n phosphide.
proportlon to yteld iron
with 8¢ phosphorus {f
wholly reduced.... ... et fod k4 .|Completely reduced to iron
21,....|Brackelsherg [Brasqued erucidlo......... 1 ST P 13 i noc Boage ot 4 fod oo N8 *otno. T eree]58 gﬂrts diferrous phos-| phosphide.
phate, 85°5 parts glrer-
rio phosphate, 104
parts ferric oxlde,, ...[24'55!..... 75°45/Completely reduced Llo iron
hosphide, phosphorus part-
=nt Y. d % S R o O sl rcc e o 836030 300 00ead0e BohE et E 2 4 5 g. tricalele (?) phosphate ly vo sti]hcg. No slag.
385 g, ferrie oxide....[24°50..... 75°82| Tho phosphide contained about
85% of the phosphorus in-
W = Carbonless crueible (8)......0....... SR g 2:5 g. very softfron wire.s.ooo .ot covennn. 47 g. tricalcic (?) phos- itially present.
DRMPIE i Ve = 10:820.1 .. $9.12|The red];nction of the phoa-
phorus mnst have becn
effeeted chiefly by the iron

iLerNsrock, Stahl und Eisen, V1., p. 525, 186 ; Rev. Univ., XX., 3, p. 661, 1SS6 ; Iron Age, Sept. 2, 1886, {r, 15. StEAD, Ehrenwerth, Oest. Zeit. finr Berg- und 1littenwesen, XX1X,, p 104,
1881. FixkeNer, Wedding, Der Basiache Bessemer-oder Thomas-Process, pp. 153—4. BrAcKELSEERG, Stahl und Eisen, V., pp. 535-548, 1585, 10.

TAsLE 26 B.
Basicity ratlos,
Silicates. Phosphates. Phosphate + Silicate, for
like dephosphorizing pewer.
Atomic Oxygen P Atomic 0 \
£ ratio, ratio 4 ratio xygen Percentage Atomie Oxygen
Base. Silica. brsc to buse to I’ho;c;{ugonc baso to ratho, tﬁse ratio, ratie. ratio,
neid. actd. 2 acid. Al
Most acld slag in whoso presenco phosphorua § Lime 80 25 1:08 42 35 | 1:1+48 1-40 1°40 1-79
can he reduced to 0-60%. Iron 30 1-944 1:1029 41-8 275 1:1°82 1+39 142 1= 7
Most reid slag in whose presenco phosphorus Lime 36 45 |t |
can be almost completc}?y removed, ron 25 2:49 1:088 86-6 35 1:148 1-44 1-41 1-60

phosphorizing power of slags, 1% of silica should be
counted as equal to 1-4+ of phosphoric acid: one atomic
equivalent of silica as 14+ o0f phosphoric acid : and that, if
we employ the oxygen ratio of base to acid, 1 of nxygen
in silica should count as 17+ in phosphoric acid. These
numbers, however, rest on a very doubtful basis, and can
at best serve as very rough and makeshift guides.
Ebhrenwerth * considers that to prevent absorption of
phosphorus by metal from slag (‘‘rephosphorization’’)
on recarburizing in the basic Bessemer process, it is only
necessary that the slag should contain enongh earthy base
to form subsilicate with the silica present and tribasic
phosphate with the phosphorie acid, but that rephosphor-
ization will occur unless this condition is satisfied : but
he seems to lose sight of the oxides of iron and manganese,
which, if we look beyond this single process to puddling
and the basic open-hearth, we find are at least as effi-
8 Oest., Zeitschrift, fir Berg- und Hiittenwesen, 13?31,_5. 10 2= [T RTEAN S |

cient in retaining phosphorus in the slag as are the
earthy bases. In the basic open-hearth process permanent
dephosphorization may be effected with slags which have
far from enough earthy base to satisfy Ehrenwerth’s for-
mula, e. g. a slag mentioned by Harboard which contains
12% of silica and 13-3 of phosphoric acid, yet only 15-2%
of lime with 5-75% of other earthy bases: but its 43-1%
of ferfous oxide permits it to almost completely dephos-
phorize the metal, the phosphorus having fallen from 3:56
to 0'07%. Here the conditions on recarburizing appear
to be identical with those of the basic Bessemer process.

§106. FERRUGINOUS VS. CALCAREOUS PIIOSPIIATES AND
SiLico-PrniospHATES.—As the removal of phosphorus from
metal to slag requires its oxidation and conversion into
vhosphorie aeid, ferruginous slags, themselves sources
and carriers of oxygen, dephosphorize iron much more
energetically than calcareous ones when, as in the pud-
dling, pig-washing and basic open-hearth processes, the
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oxidation of the phosphorus has to be effected by the slag
itself, and when there is but little contact between metal
and air. But how does their dephosphorizing power com-
pare when, as in the basic Bessemer process, intimate ad-
mixture of air permits rapid oxidation of phosphorus, so
that we do not have to rely on the slag for our oxygen
supply ? Let us compare first slags of like basicity, then
those of similar percentage composition.

The evidence which I have met indicates that pure phos-
phates of iron yield up their phosphorus to metallic iron
less readily, whence we infer that they absorb it from iron
more greedily, than pure lime phosphates of like basicity :
that is, that under like conditions an equilibrium between
the tendency of phosphorus to pass into slag and its oppo-
site tendency to pass into the metal is reached with iron
slags when they are more phosphoric and in general more
acid than is the case with lime slags. Hilgenstock’s ex-
periments just referred to indicate that the latter, when
tetrabasic with oxygen ratio of base to acid 1 : 125, and
perhaps even when more basic than this, still yield up a
little phosphorus to metallic iron: while Finkener’s re-
sults indicate that with iron phosphates an oxygen ratio
of 1:1-67, as in triferrous phosphate, barely suffices to
prevent the absorption of phosphorus by metal from slag.
(These statements may only hold true of the particular
conditions of the experiments on which they are based.)

For similar percentage composition lime slags are
more basic than iron slags, measuring basicity atomically
or by the oxygen ratio of base to acid. Thus ferrous-sili-
cate with 30% silica is a singulo-silicate, lime silicate
with the same percentage of silicaisbetween a singuloand a
subsilicate, their oxygen ratios being 1:1 and 1:0.8 respect-
ively. It might be inferred that lime slags would have
greater power of removing phosphorus from iron than
ferruginous slags of corresponding percentage composition,
and that a given degree of dephosphorization could be
attained with a higher percentage of silica in the accom-
panying slags when calcareous than when ferruginous.
But, assuggested by Table 26 B, the greater basicity of
lime slags appears to be approximately balanced by the
greater readiness with which phosphorus is removed by
metallic iron from lime than from iron phosphates of
like basicity. Atleast, in the study of a great number of
cases I have neither been able to convince myself that cal-
careous slags remove phosphorus from iron more fully
than ferruginous ones of like percentage composition or
the reverse. The slags of the basic Bessemer process,
sometimes almost free from iron oxide, and essentially
silico-phosphates of lime, permit extremely thorough de-
phosphorization : witness No. 23 of Table 26, which holds
23:05% of phosphoric acid though but 6-16% of iron oxide,
while the accompanying metal has but 0:04% of phos-
phorns. Among the six cases of maximum dephosphori-
zation for given silica lately quoted we find that three are
of ferruginons and three of calcareous slags. ‘‘Honors
are easy.”’

The preceding statement is not designed toapply to con-
ditions which are so strongly deoxidizing as to tend to
nearly completely reduce the phosphates—unless indeed
silica be present to relieve the phosphoric acid from duty.
When ferrous phosphates are heated with a deoxidizing
agent, as in experiments 19 to 20, Table 26 A, both iron
and phosphorns are completely reduced. But, though

lime phosphates, even in the absence of silica readily
yield a portion of their phosphorus to metallic iron, and
a very large portion to the joint inflnence of iron and car-
bon, their complete dephosphorization is doubtless far
more difficult than that of iron phosphates, unless indeed
an abundance of silica be present to displace phosphoric
acid from the lime phosphate : for the irreducible lime re-
tains its diminishing stock of acid with ever increasing
stubbornness, while the base of the iron phosphate is de-
oxized pari passw with its acid. But that a very large
proportion of the phosphorus of pure lime phosphates
may be reduced by iron and carbon jointly is shown by
experiment 22, Table 26 A, in which on heating (tri?) cal-
cic phosphate in a graphite crucible with ferric oxide and
carbon, about 8..% of its phosphorus appears to have been
reduced and to have entered the metallic iron formed.

§107. STRENGTH oF Ox1pIZING CoNDITIONS.—That the
intensity of the existing oxidizing or deoxidizing tendencies
plays as important a part as the basicity of the slag, is
shown by several independent considerations.

(A). Brast-FurnAcE. While under the strongly oxidiz-
ing conditions of the refinery, the puddling furnace and the
basic Bessemer converter part of the phosphorus may re-
main in the slags even if they be comparatively acid (ses-
qui-silicates), under the strongly deoxidizing conditions
of the blast-furnace the whole of the phosphorus may re-
main combined with the metallic iron even if the slags be
extremely basie (sub-silicates).

Thus in Table 26 the comparatively acid slags 44, 45 and
49 (refinery), 32 (puddling), 50 A (Siemens direct) and 46,
47, 48, 50 and 52 (basic Bessemer) all hold phosphoric
acid (e. g., 593 phosphoric acid with 317 silica) though
most of them are approximately sesqui-silicates. Yet in
the manufacture of ferro-manganese in the blast-furnace
the slags, though extremely basie, are reported as often
absolutely free from phosphorus, even in the extreme case
quoted by Pourcel® of a slag with only 18 silica; though
this slag is more basic even than a sub-silicate, (oxygen
ratio = 1:0'37 £), the whole of the phosplhorus unites
with the cast-iron. If it be objected that the compara-
tively low temperature of the refinery furnace favors the
scorification of phosphorus, we have in Table 26 the com-
paratively acid slags of the basic Bessemer process Nos.
50 and 47 with 388 silica (oxygen ratio- of base to acid
1: 152 = a sesqui-silicate) yet holding 1:13 phosphoric
acid, and with 317 silica (oxygen ratio = 1:1-19) holding
593 phosphoric acid.

It appears, moreover, that as long as the strength of the
redueing action of the blast-furnace is approximately con-
stant, (asinferred from constancy of the composition of the
charge and of the percentage of ferrous oxide in the slag),
practically constant amounts of phosphorus pass into
metal and slag respectively, even though the temperature
may alter considerably, as inferred from alteration in the
grade of the cast-iron produced, which, as Bell has shown,
appears to be primarily a function of the temperature and
only secondarily a function of the reduncing action. If,
however, the reducing action be weakened, as inferred
from the prodnction of ferruginous (scouring) slag, the
percentage of phosphorus in the slag rapidly increases, re-
maining ronghly proportional to the percentage of ferrous

a Journ. Iron and St. Inst., 1879, 1., p. 378.
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oxide whicli it contains.® This is illustrated by slag 60
with 63-2% silica, 5:12% ferrous oxide and 221 phosphoric
acid.

(B). PourceL’s ExpPERIMENT.—On melting cast-iron in
contact with basic phosphoric slags, A in a dolomite-lined
and Bin a carbon-lined crucible, Pourcel found that when
melted with carbon, but under conditions otherwise less
favorable to the absorption of phosphorus, the cast-iron
took up over six times as much phosphorus as when
melted without carbon. White cast-iron was melted

with phosphate of lime) each in a lime-lined crucible, and
inclosed all three in a large graphite crucible, surrounded
them with powdered lime, and heated them to whiteness
for an hour. "After fusion the ferromaunganese held in both
instances 1% of phosphorus, the initially nearly pure cast-
iron held but 014.

Certain Enropean writers go so far as to state dogmat-
ically, but without the least foundation in fact, that phos-
phiorus cannot be removed from iron in the basic Bessemer
process until the whole of the silicon and carbon have

Composition of resnlting Composition of
Thosphorus metal. accompanying slag.
Proeess, in init}ai ~ = =5 Sy
metal, 3 an- 08+ Su ospherie g
Carbon JRRIcOn- ganese, | phorus. phur. acid. Silica.
218 ST 15 | w0 | 22 05 312 36-30 |Wedding, Basische Bessemer, pp. 139, 141.
%%g ]gg g gg 11?3 §?; ,s};g ggg }A\Inssenez, Journ, Iren and St. Tast,, 1850, TI., py. 47848
................... 125 Tl S L *81 o7 72 25° Snelus, idem, 1879, 1., p. 244,
2:50 & 09 07 86 *12 15 £ x + .....iLecality withheld. DPrivate Notes,
1°48 -+ 2-21 tr 25 b (¢ *34 2528, 2269 |[Stahl nnd Eisen, VL., p. 637, 1886.
1°49 2-83 RO SRS 91 S (1 R | Fod | B ddooba Snelus, Op. Cit., 1872, 1, g 259,
135 8:25 o [ ¥ 089 01 . <veo.|Bell, #dem, 1877, IT . p 337,
0°74 8-82 02 06 QU 03 ..[1Tolley, Trans. Am. Inst. Min, Eng., VIII., p. 158,

during 2 hours with additions which yielded the following
substances :

Phosphorus
in metal. — Slag. N
Initial. Final. $i0g. PpOg. FeO. Ca0O. MgO. AleOg.
Fusien in earhon crucible. .... 06 64 10'9 173 177 43 78 40
b, doloinite) ¢ 06 ‘10 14-80 1044 ? 58+ 106 55+

Note.—With tho fusion in the carbon crueible the compositien which the siag had before fusien
ia given : with the fusien in the dolomite crucihie T give the final composition of tho slag, which
1a far mere jnstructive. The latter slag held initially 15% ef silica and 9°40% of phospheric acid.

The slag accompanying the fusion with carbon was one
which under otherwise like conditions wonld yield up its
phosphorus to iron much less readily than the other,
since, though initially slightly more acid, reckoning its
basicity from phosphoric acid and silica together, yet (A)
it contained so little silica as to be practically a strongly
dephosphorizing slag (see § 105) and (B) its final composi-
tion must have been far more basic than the slag in the
fusion without carbon, since its phosphoric acid was al-
most completely reduced by the iron.

§ 108. REpUCING AcTiON OF TUE CARBON, ETC., OF
THE IroN.—The carbon and still more powerfully the
manganese present in metalliciron increase its tendency
to absorb phosphorus from slag, and its power to resist
dephosphorizing influences. Thus Finkener found that
while apparently non-carburetted iron did not take up
phosphorus from triferrous phosphate when heated alone
with it in a stream of nitrogen, yet, when cast-iron with
3-8% carbon was heated with this phosphate under appar-
ently like conditions, in such proportions that the carbon
of the cast-iron just sufficed to form carbonic oxide with
the whole of the oxygen of the phosphate, complete de-
oxidation occurred, and the iron took up the phosphorus
of the phosphate.© (Experiments 14 and 19, Table 26 A.)

Hilgenstock, too, found that, after fusion with pow-
dered tetracalcic phosphate, non-carburetted iron held but
*088 to "084% of phosphorus, while ferromanganese and pure
carburetted iron absorbed 1:10 and 0:80% of this element
respectively. (Experiments 11, 12 and 13, Table 26 A.)

Experiments of Stead’s illustrate the greater power of
ferromanganese than of ordinary cast-iron to reduce phos-
phorus from slags. He placed the mixtures indicated in
experiments 8, 9 and 10 in Table 26 A (1, ferromanganese
with phosphate of manganese, 2, ferromanganese with
phosphate of lime, and, 3, nearly pure carburetted iron

been oxidized, 7. e. not until the ‘“after-blow.” They
here overstate the influence of an undoubted principle. I
append a few instances, which could be multiplied, in
which a very considerable gnantity of phosphorus has
been scorified, thongh the metal from which it has been
removed and with which the slag is in contact contains
much carbon, and in certain cases much silicon as well.

In the basic Bessemer process the retention of the phos-
phorus till after nearly all the carbon has been removed,
has been explained by the supposition that the slag,
thongh apparently strongly basic from the start, is not
effectively so: that is to say that much of the lime re-
mains in lumps uncombined with silica and inert till near
the end of the operation, when, with rise of temperature
and protracted violent stirring, it gradually combines: and
many observations accord with this view.

The experience at Creusot and Athus shows that, in
the basic process as in pig-washing, nearly all the phos-
phorus may be removed before any considerable percent-
age of carbon has been oxidized, by simply making the
slag effectively basic, e. g. by liquefying it through the
addition of fluor spar. By this means the phosphorus in
the metal was in one case reduced from 23 to 0-22% dur-
ing the first period, and before the carbon began to burn
rapidly, the slag then carrying 18% of phosphoric acid.
As explained in §112, this was not due to volatilization
of phosphiorus or silicon.?

Stead found that when powdered lime was blown through
the metal in the basic Bessemer converter, and therefore,
owing to its fine state of division and intimate exposure to
freshly formed phosphoric acid, at once became an active
component of the slag, the phosphorus was removed before
the earbon, of which a large quantity remained after com-
plete dephosphorization.®

In the basic open-hearth process, all the bases of whose
more ferruginous and fusible slags rapidly become effec-
tive, dephosphorization may progress far while the metal
still holds a great deal of carbon. Thns Harbord quotes
a case in which phosphorus fell from 2-37 to *997%, while
the metal retained ‘847 of carbon and 08 of silicon.*

Finally, in pig-washing under favorable conditions 95%

a Percy, Iron and Steel, p. 512.
b Journ. Iron and St. Inst., 1881, L., p. 324.
¢ Wedding, der Basische Bessemer oder Thomas process, pp. 1534,

d Iron Age, February 25, 1886, p. 7.
e Journ. Iron and St. lnst., 1886, 11., p. 717,

t 1dem, pp. 701-3.
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of the phosphorus present may be removed while’95% of
the carbon remains®; and in other cases we find that cast-
iron containing initially 8:637% carbon and 1-351% phos-
phorus holds, after washing, 3-25% carbon with ‘089%
phosphorns, 3-209% carbon with °085% of phosphorus,
etc.?

§109. ErrEecT oF TEMPERATURE.—Of all the evidence
adduced to show that high temperature favors the reten-
tion of phosphorus by metallic iron, that of the puddling
furnace and of Bell’s experiments alone appear to me con-
clusive, the retention of phosphorus in the other cases
which I have met appearing explicable on other grounds.

In puddling by far the highest temperature is reached
at the very end of the operation. This high temperature
appears to cause the iron to reabsorb from the slag part
of the phosphorus which it has previously given up to it.
Thus Bell found that while the iron granules just before
balling contained in two cases 0°09 and 0-10% phosphorus
respectively, the bar iron made from them had 0°15 and
0+145% phosphorus.© To clinch the matter he exposed io
an intensely high temperature and in contact with the
slag with which they had been puddled, two lots of gran-
ules which had purposely been puddled at an unusually
low temperature. In one case the percentage of phos-
phorus in the metal rose from "068 to 0145 when thus
superheated ; in the other it rose in 30 minutes from °086
to ‘1227, and in 160 minutes to 0-2556%. In each case the
samples analyzed were first freed from adhering slag by
fusion with alkaline carbonates. ° .

It has long been surmised that high temperature favors
the retention of phosphorus by iron. Itsretention inthe
Bessemer process was in 1865 chiefly ascribed by Wedding
to the high temperature of that operation. But, since the
development of the basic Bessemer process, in which
phosphorus may be practically completely eliminated at
an exalted temperature and with extreme rapidity, it is
absolutely certain that the influence of temperature is
wholly subordinate to the united influence of the com-
position of the slag and the intensity of the oxidizing con-
ditions. Pourcel in 1879, even after the success of the
basic process, eloquently but vainly insisted that temper-
ature was more potent than slag-composition.?

In his blast-furnace experience he finds that gray iron
always contains under like conditions more phosphorus
than white, 0°6 vs. 0'3%. As gray iron is1iade at a higher
temperature and with more basic slags than white, he in-
fers that the effect of temperature in favoring the reten-
tion of phosphorus by iron here outweighs that of slag-
basicity in eliminating it.

As this experience is hot general (Bell® does not find
that iron made at a low temperature has less phosphorus
than that made at a higher, under otherwise like condi-
tions) the higher phosphorus in gray than in white iron
is to be attributed to some special accompanying condition
ratlier than to temperature. High fuel ratio (7. e. large pro-
portion of the reducing agent) rather than high temperature
as such is probably the vera causa : foritis, 1 believe, the
general experience that the amount of phosphorusin cast-

a Bell, Principles of the Manufacture of Irou and Steel, . 401.

b Bell, Journal Iron and St. Inst., 1877, I1,, p. 337.

¢ Journ. Iron and Steel Inst., 1877, IL., p. 339 : Manuf. Iron and Steel, . 403,
dIdem, pp. 342-4.

e Manufacture of Iron and Steel, p. 416.

iron is more closely proportional to the strength of the
reducing conditions (as inferred from the percentage of
ferrous oxide in the slag) than to the blast-furnace tempera-

‘ture (which is inferable from the grade of the iron):

though of course high temperature and strong reducing
conditions usunally, though not always, accompany each
other. With such a vere causa at hand, it seems super-
flnous to call in temperature here as a dominant factor.

§ 110. E¥recT oF THE INITIAL PERCENTAGE OF P1ios-
PHORUS IN THE IroN.—It is altogether probable that, when
iron already contains much phosphorus, it absorbs this
element less readily from slags with which it is in contact,
and yields it up to them more readily than when it has
but little. This is shown by the familiar fact that while
comparatively acid slags remove the first portions of phos-
phorus from phosphoric cast-iron, yet the last traces of
phosphorus can only be removed in contact with extremely
basic ones. Thus basic-Bessemer slags 47 and 54 in Table
26 with 817 and 381°0% of silica have 5-93 and 4-14% of
phosphoric acid, while the accompanying metal has "64
and 1:07% of phosphorus: yet, so far as my observation
goes, such acid slags can only remove phosphorus from iron
which has a comparatively large percentage of this ele-
ment. At least among the many recorded cases of basic
Bessemer, puddling, refinery, pig-washing and Siemens-
direct-process slags I find none containing more than 30%
silica which accompanies iron whose phosphorus, if
initially much above 0'60%, has fallen below this point.

So too, while blast-furnace slags rarely contain an im-
portant quantity of phosphoric acid, yet if the cast-iron be
extremely phosphoric the slag is habitually rich in phos-
phoric acid. The following instances illustrate this :f

R L T e 34'58 36°42 3694 3789
Phosphoric acid in slag........ccovveueeniennna 600 445 365 334
Phosphorus in cast-iron... . .....coeveveiiin 1620 14°36 1759 14-68
Siliconinfcastirens s Mo, Bt BN Nt T 019 0-98 0-30 019

Even extremely acid slags (e. g. with 64% silica and
midway between bi- and trisilicate, oxygen ratio =1 : 2:57)
may retain a small quantity of phosphoric acid when in
contact with highly phosphoriferous iron. Thus Brackels-
berg,® melting phosphate of ironina carbonlined crucible
with a small quantity of acid slag, obtained iron with 22274
phosphorus and a slag which, in spite of holding 64:31%
silica, contained 0-69% phosphoric acid. Yet this was not
because the iron was saturated with phosphorus, for in
other experiments iron was obtained with 26:36% of this
metalloid.

§ 111. Errect oF CArBoNIO OxipE.—While this gas
unaided cannot reduce phosphorus from triferrous phos-
phate, yet in the presence of metallic iron it does reduce
this salt, and it probably rednces phosphorns from phos-
phoriferous slags in general, even when strongly basic.

Thus Finkener found that, while no important action
occurred when triferrons phosphate alone was exposed to
carbonic oxide at a white heat; yet when it was mixed
with ferric oxide in such proportion that if the whole
were reduced an iron with 3% phosphorus should result,
they were wholly deoxidized when exposed to a white
heat in an atmosphere of carbonic oxide. (Experiments
18 and 20, Table 26 A.)"

f Stahl und Eisen, VL., 10, p. 642, 1886,
g Idem, 1885, p. 546.
h Wedding, Der Basische Bessemer oder Thomas Process, pp. 155-4.
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That carbonic oxide reduces phosphorus from even ap-
parently strongly basic ferruginous slags is indicated by
experiments by Pourcel.* After melting cast-iron con-
taining 2-5% carbon and 0-’% phosphorus in an ordinary
apparently acid-lined open-hearth furnace, he skimmed
the slag, laying bare the surface of the metal, which he
next exposed to the action of hot air, by eutting off the
gas supply, thus giving it a roasting comparable to the
roasting of blister copper.

(A). Carbonic oxide was evolved ; at the end of 15 min-
utes, during which a layer of slag formed, no phosphorus
had been removed from the iron.

(B). The conditions were the same as in (A) except that
the evolution of carbonic oxide as prevented by adding
ferro-silicon (with silicon 10%, manganese 20%). After 15
minutes, during which a slag formed as before, the metal
had lost 0-15% phosphorus, containing only 0-35 instead of
0+50%. The slag contained phosphoric acid.

(C). In another case the conditions of (B) were repro-
duced : after a while evolution of carbonic oxide
recommenced : the phosphoric slag was left on the
metal. After 15 minutes more, during which both gas and
air entered the furnace, it was found that the metal had
reabsorbed all the phosplhiorus removed during experiment
(B), having now 0+5% phosphorus.

(D). By thrice repeating experiment (B)the phosphorus
in the metal fell from 0°5 to 0-24.

Now we infer that the slag was basic; for, if acid de-
phosphorization would not have occurred in (B) : it could
readily be basic even in an acid lined furnace if the
initial slag were first skimmed, since such quiet may
prevail that the silica which the slag at its periphery
takes up from the walls would only slowly diffuse toward
the centre of the slag layer. All conditions appear to
have been closely alike except thatin (A)and (C) car-
bonic oxide was evolved, but not in (B) and (D). The
rephosphorization in (C) can hardly have been due sim-
1ly to the agitation caused by the escape of carbonic
oxide : for, thongh this would indeed increase the con-
tact between slag and carburetted metal, thus strengthen-
ing the tendency to reduce phosphorus, it would simul-
taneously and probably to the same extent increase the
exposure of slag to atmospheric oxygen, the source of
the oxidizing tendencies. And as the resultant of the
reducing action of the metal and the oxidizing action
of the atmosphere is shown by (B) to oxidize phos-
phorus, mere agitation, while it would hasten the chem-
jcal action, should not reverse the direction of the re-
sultant of two chemical forces which it stimulates ap-
parently in an equal degree.

The reduncing effectof carbonic oxide in C appears to have
been more energetic than that of the carbon, silicon and
manganese added in B: the reduncing action during B
was strengthened by the presence of more carbon, silicon
and manganese than were present in A and C, yet it was
not strong enough to prevent oxidation of phosphorus:
but when, as in A and C it was strengthened by the escape
of carbonic oxide, it sufficed not only to prevent oxida-
tion of phosphorus but to reduce this metalloid back from
the slag. While under favorable conditions of contact
carbon, silicon and manganese would probably reduce
phosphorus far more energetically than carbonic oxide, the

a Journ. Iron and St. Inst., 1879, 11, pp. 370-383,

latter is more effective in this case because of its exten-
sive contact as it bubbles through the slag. This explana-
tion accords with experiments 18 and 19, Table 26 A, in
which the carbon of cast-iron completely reduced the phos-
phorus from triferrous phosphate, on which exposure to
an atmosphere of carbonic oxide had no important effect.
In pig-washing it has been observed that the conditions
which permit abundant evolution of carbonic oxide cause
reduction of phosphorus from the slag, which, as in the
case just explained, can hardly be due agitation as such.

In the basic Bessemer process the tendency of the car-
bonic oxide to reduce phosphorus from the slag as it
rushes through it may be largely masked during the blow
by the simultaneous rapid oxidation of phosphorus occur-
ring at the bottom of the bath of metal, where atmos-
pheric oxygen is in great excess. But it is observed that
in recarburizing the blown metal, the oxidizing action of
the blast having ceased, conditions which permit copious
evolution of carbonic oxide (e. g. the employment of a
recarburizer with much carbon, spiegeleisen instead of
ferro-manganese) cause reabsorption of phosphorus by the
metal. But this may be in part due to the agitation
caused by the escape of carbonic oxide, which brings the
slag into more extended contact with the metal which is
now (owing to the addition of the spiegeleisen) richer in
carbon, manganese and silicon than during the im-
mediately preceding period, when its phosphorus was be-
ing oxidized and scorified. :

§ 112. Fruor SpAR is said to expel phosphorus
together with silicon and ecarbon from iron, the phos-
phorus partly as fluoride of phosphorus PF; (a colorless,
inflammable, fuming liquid, readily volatilized), partly as
phosphate of lime. Its employment in the basic Besse-
mer process causes the phosphorus to leave the iron
rapidly during the early part of the operation, but this is
ascribed to its effect in fluxing the lime and rendering the
slag effectively basic. Without fluor spar the lime is
thonght to melt and combine with the slag but slowly.?

IHenderson® states that, in 1869, heating and melting
white cast-iron during an hour in a clay crucible lined
with magnesia with an inner lining of fluor spar, its phos-
phorus was reduced from 0754 to 0°02%, the carbon being
simultaneously wholly eliminated. Employing fluor spar
in pnddling in common ore-lined puddling furnaces, he
found that much of the silicon was volatilized (as fluoride,
SiF, %), and that the slags were abnormally free from silica
and phosphoric acid. Readily condensed fumes were
given off by the puddled balls. So too on running cast-
iron upon fluor spar dense fumes arose ; most of the sili-
con and part of the phosphorus were eliminated, yet no
slag formed ; hence it is inferred that silicon and phos-
phorus volatilized as fluorides. The resulting iron was
porous and filled with a white substance.

In another experiment also phosphorus appears to have
been volatilized by fluor spar. 2,287 pounds of cast-iron,
containing initially 1-14% of phosphorus, held but
0-17% after fusion with 82 pounds of fluor spar in an ore-
lined open-hearth furnace, the accompanying slag contain-
ing 2-84%. Of the 25-7 pounds of phosphorusin the initial
metal, but 1149 remained, 4°39 in metal and 71 in slag:
to volatilize the missing 14-21 pounds as the fluoride PF,

b Revue Universelle, X., 1881, p. 418 ; Iron Age, February 25, 1886, p. 7.
¢ James Henderson, private communication,
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255 pounds of fluorine are needed, while 399 pounds of well. This however is of little practical moment: but

this element, or a great excess, are supplied by the 28
pounds of flnor spar present.* If these experimentsare to
be trusted they appear to show that fluor spar under certain
conditions volatilizes phosphorus as fluoride.

It is not easy to harmonize these results with those ob-
tained in Percy’s laboratory, except on the rather violent
assumption that cast-iron retains its phosphorus much
less tenaciously than the phosphide of iron Fe,P. This
substance, which contains 23+% phosphorus, was melted
in a brasqued cracible with fluor spar: from the fact that
the weight of the metal changed less than 0'5 grain it is in-
ferred that little or no phosphorus was volatilized.®> So
too in the basic Bessemer process, though the employ-
ment of fluor spar hastens dephosphorization, it appears
to be by assisting the scorification of phosphorus rather
than by volatilizing it : at least the slags contain a large
percentage of phosphorus: one is reported with 18% phos-

phoric acid. Further, the quantity of air required for|
oxidizing the phosphorus and other elements, as inferred

from the length of the blow and revolutions of the engine,
does not appear {o have been lessened by the addition of
fluor spar, which would certainly indicate that the phos-
phorus, taking up the oxygen of the blast, was removed
as phosphate.©

Henderson’s statements can be reconciled with these by
supposing that under strongly oxidizing conditions, like
those of the basic.Bessemer process, phosphorus tends
rather to form phosphate than fluoride; but that under
the gently oxidizing conditions of the basic open-hearth
it more readily forms fluoride. But how they can be
reconciled with Perey’s results I know not.

To sum wup, fluor spar appears to favor dephosphor-
ization,

1. By liquefying the slag, thus enabling it to assimilate
the lime present, part of which might otherwise remain
unmolten and inert, and thus rendering the slag effectively
basie.

2. Probably by volatilizing silicon from the metal, thus
diminishing the formation of silica and thereby increas-
ing the basicity of the slag. :

3. In certain cases, ¢. g. when the conditions are not
strongly oxidizing, by volatilizing phosphorus as fluoride.

§ 113. RATIONALE oF THE ACTION OoF SLAGS.—In the
puddling and other processes in which the metal, whose
phosphorus and other elements are removed by oxidation,
is protected from the air by a layer of slag, the iron oxides
of the slag carry oxygen from the air to the metalloids:
their remarkable power of carrying oxygen, of determin-
ing the oxidation of elements with which they are in con-
tact, isshown in many metallurgical operations. In roast-
ing sulphide ores with salt the mere addition of ferric
oxide prevents the sulphur present from escaping as sul-
phurous anhydride, and determines its complete oxida-
tion to sulphuric acid and thus the formation of sulphate
of soda.

Doubtless in the basic Bessemer process also.part of
the oxidation of phosphorus is due to the action of iron
oxide: but it is by no means certain that phosphorus may
not be directly oxidized by the atmospheric oxygen as

a Henderson, Iron Age, June 11, 1885, p. 35,
b Percy, Iron and Steel, p. 67.
¢ Iron Age, February 25, 1886, p. 7.

what is of moment is that a large quantity of phosphorus
may in this process be eliminated without the permanent
oxidation and loss of much iron. If the phosphorus is
oxidized only through iron oxide, then clearly this oxide
plays a part like that of the oxides of nitrogen in the
manufacture of sulphuric acid, carrying oxygen from the
air to the phosphorus, the presence of a small quantity of
iron oxide sufficing to oxidize a large quantity of phos-
phorus.

If I understand Ehrenwerth aright, he considers it ridie-
ulous® to suppose that phosphorus can pass directly to
phosphate of lime in this process without the intervention
of iron oxide: but I think this belief deserves more tol-
eration. Thus, basic Bessemer slag No. 17, Table 26, con-
tains 12'41% of phosphoric acid and 63:33% of lime, with
only 5:02% of iron oxide. Now it may be that the whole
of the phosphoric acid which forms unites at first with
iron oxide, and that this iron oxide is displaced so rap-
idly by lime and picks up a new lot of phosphoric acid
so suddenly that for a considerable length of time it does
not rise above 5:02%: but this implies so rapid a decom-
position of iron phosphate and so instantaneous a trans-
fer of its iron oxide to fresh portions of phosphoric acid
throughout such enormous masses of material, that those
who find it easier to believe that some, at least, of the
phosphoric acid unites directly with the great excess of
lime present, do not deserve ridicule. Indeed, Mathesiuns’
observation® that, when phosphoric iron was melted with
lime and charcoal in a graphite crucible with careful
exclusion of oxiding influences, nearly half of its phos-
phorus was slagged, apparently without the intervention
of iron oxide, would seem to rob this idea of the humor
which Ehrenwerth found in it; the removal of phos-
phorus from the interior of solid cast-iron bars by mere
immersion in fused alkaline carbonates (§114) may not
intensify his mirth.

How large a quantity of phosphorus may be oxidized by
a small quantity of iron oxide is shown by slags 23 (basic
open-hearth) and 17 (basic Bessemer), Table 26. The latter,
with 12-41 phosphoric acid has but 5:027% iron oxide : the
former has 2305 phosphoric acid with but 6:16% iron
oxide. The oxygen ratio of iron oxide to phosphorie
acid in these two cases is 1:6°25 and 1: 995 respectively.
Gilchrist® mentions basic Béssemer slag with 5 to 6% iron
and 13 to 15% phosphoric acid. It is clear that the phos-
phoric acid is at least in part combined with lime in
these slags. The oxygen ratio of base to acid is1:1'67in
tribasic (ortho) phosphate (e. g. apatite, pyromorphite,
vivianite, annabergite, etc., the most acid natural
phosphates mentioned by Dana), and 1:5:0 in monobasic
(meta) phosphate (ultra acid phosphate). Now if the
whole of the phosphoric acid in slag 23 is combined with
iron oxide and none of it with lime, we have an
astonishingly acid iron phosphate in contact while molten
with an as astonishingly basic lime silicate, the oxygen
ratio of base to acid in these two compounds being
1:9°95 and 1: 0-29 repectively. It is hard to believe that
two such substances can coexist in tlie fused mass as in-
dependent entities.

" d*“Etwas drolligen Idee.” Oesterreich. Zeit. fiir Berg- und Hiittenwesen, 1881,
p. 102.

e Stahl und Eisen, V1., 10, pp. 641-3, 1886,
t Journ, Iron and St. Inst., 1879, 1., p. 200.
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From similar reasoning I unhesitatingly conclude that
some of the phosphoric acid of certain molten basic
Bessemer slags is in part combined with iron oxide: this
granted, we distrust argunents intended to prove that
the phesphorice acid of these slags is in general exclusively
combined with earthy bases, and completely divorced
from the oxides of iron. In puddling thorough dephos-
phorization may occur with slags free from lime, e. g. slag
4, Table 26, p. 58, which has 3:12% phosphoric acid with
but 0'18% lime and 0-18% magnesia, the accompanying
metal having but ‘06% phosphorus. In the basic Bessemer
process also dephosphorization may occur when the slag
contains so little lime that it is very probable that the
phosphoricacid must be largely combined with iron oxide,
e. g. slag 37, which with 7-46 phosphoric acid has but 10-52
lime. To assume that all the phosphoric acid in this
slag is combined with lime and that its iron oxides exist
wholly as silicates, would imply the coexistence in the
fused mass of an acid lime phosphate in contact with a
basic iron silicate, the oxygen ratio of base to acid in
these two compounds being respectively 1:1°4 and
1 : 0-88 respectively. It is far more reasonable to suppose
that the phosphoric acid is here combined with both lime
and iron oxide.

Pourcel endeavors to show that phosphorus exists in
the slag of the basic process as iron phosphate by stating
that, when certain of these slags are heated in an atmos-
phere of hydrogen, they lose a quantity of oxygen equal
to that contained in the phosphoric acid and iron cxide
present, while hydrogen is inert on pure phosphate of
lime.* This is far from cogent, for no evidence is offered
to show that the loss of oxygen was not from silicates of
iron, manganese, etc.

Stead endeavors to prove that phosphorus exists as
phosphate of lime and not of iron in these slags by show-
ing that, when they are fused after leating in an atmos-
phere of hydrogen, malleable (7. e. non-phosphoric) but-
tons of iron are obtained, which indicates that the hydro-
gen reduced iron but not phosphorus.® This tends to
show that the phosphorus does not in this particular
instance exist as iron phosphate : but it is by no means
conclusive.

Gilchrist® mentions a fact which strongly indicates the
existence of lime phosphates in the solidified basic Besse-
mer slag. Lime phosphate issoluble in sulphurousacid,but
not when digested with ammonium sulphide or fused with
sodium chloride. Iron phosphate is insoluble in sulphur-
ous acid but scluble when digested in ammonium sulphide
or fused with sodinm chloride. Now the phosphoricacid of
certain basic Bessemer slags is completely soluble in sul-
phurous acid, but almost insoluble when digested in am-
monium sulphide or fused with sodium chloride. Yet the
phosphorus of certain double phosphates of iron and lime
or in certain silico-phosphates of iron may possess the
specific properties shown by the phosphoric acid of these
slags. Hilgenstock? finds distinet crystals of tetracalcic

a Journ. Iren and St. Inst., 1879, 2, p. 384, b Idem, p. 1880, I, p. 112,

¢ Journ. Iren and St. Inst., 1879, 1., p. 200.

4 Stahl und Eisen, VI, p. 525, 1886, Ne. 8, Revue Universelle, XX., p. 457,
Ne. 2, and p. 655, Ne. 3, 1886, Groddeck and Brockmann find in basic Bessemer
slag twe varieties of crystals of tetracalcic phospbate, ene in brown, rectaugular,
very thin, friable, transparent tables with vitreous luster : the other blue, minute,
tabular er prismatic crystals, apparently ef the rhembic system. (Revue Univer-
selle, XX., 2, p.458, 1886.) Stead and Ridsdale find these in this slag, but they
always find 10 to 11% of silica in the blue ones, They also find crystals of four

phosphate in the vugs, and bunches of it in the solid por-
tion of basic Bessemer slags, which is conclusive.

It appears most philosophic to regard a fused slag as a
single complex chemical compound, a polybasic silico-
phosphate, in which each element is chemically united
with every other element present, and in which there are
no separate entities such as phosphates of lime and sili-
cates of iron. In this view the evidence of Pourcel, Stead
and Gilchrist is beside the mark, and merely throws light
on the compounds which form and perhaps segregate and
crystallize out when the mass solidifies and passes from
the condition of homogeneous magma to that of a hetero-
geneous mechanical mixture of salts, sulphides and
oxides, each crystallizing and assuming an individual
existence as the falling temperature reaches its particular
freezing point.

This view is powerfully supported by the phenomena of
the devitrification of glass, and by that of obsidian in
nature.® In certain cases different portions of what was
originally an apparently homogeneous magma has in
solidifying cooled at a rate which, comparatively rapid
in one portion, diminishes by most minute gradations,
little by little, trace by trace, till in another and distant
portion it has been so unutterably slow that complete
refrigeration may have occupied centuries. Here we can

follow every gradation from the transparent homogeneous

glass, whose rapid cooling has preserved the status quo
and prevented every trace of differentiation and crystalli-
zation, through the first hardly perceptible incipiency of
widely scattered microscopic hair crystals of some mineral
which has barely had time to isolate itself at its exalted
freezing point from the enclosing magma. Thence through
stages in which the crystalline enclosures encroach on the
vitreous mother mass more and more, ever increasing in
size and number as we reach portions which have cooled
more and more slowly, till now the crystals predominate,
now the amorphous glassy patches are seen among them
only here and there, and at last we reach the completely de-
vitrified crystalline mass, composed of many differentiated,
dissimilar interlaced minerals. Is it not most philosophic
to hold that these independent entities were wholly inte-
grated in the initial magma ; that their presence in it was
wholly potential ; that, unborn and even unconceived,
their existence was hardly more actual than that of the
grandson of the boy who will be born a month hence is
to-day ¢

§118 A. DEPHOSPHORIZATION IN CUPOLA FURNACES.—
According to Rollet® a simple fusion in a cupola furnace
with a slag which after dephosphorization should not hold

other species, some of which have been referred te by Hilgenstock and by Grod-
deck and Brockmann, three of them censisting almost whelly ef bases nearly free
from acid, the fourth chiefly of  tetracalcic phesphate with seme 10z of silicates.
(Journ, Iren and St. Inst., 1887, I., te appear : alse 1886, IL., p.715.) The dis-
covery of so basic a phesphate bas elicited a degree of surprise surprising in view
of the existence of a crystallized native phosphate which may be censidered as
tetrabasic (wagnerite, 4(3,MgO + ¥4 MgF), P,O;) and of many in which the exy-
gen ratio of base to acld is far greater than in tetracalcic phesphate, if, as is usual,
ferric oxide be regarded as a base, e. g. dufrenite and cacexenite, 2Fa,0,P,05 +
35H,0 and 2Fe,0,,P,0s + 12H,0, and berickite, 5(Fe,0;,3Ca0), 2P,05 +
15H,0. Ameng our slags we find many which have mere than feur equivalents
of base to ene of acid, e. g. final basic Bessemer slag No. 6, Table 26, essentially a
silico-phosphate of lime, which has over 7 equivalents of base to ene of acid. These
whe regard such substances as chemically integral when melten will net wender
at the isolation of tetrabasic phosphates, but rather regard it as supporting their
views.

e Hague and Iddings, Bulletin U. S, Geol. Survey, No. 17, p. 10 ; Am. Journ.
Science, XXV1., 1883, f Stahl und Eisen, III., 5, p. 305, 1883,
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more than 18% of phosphoric acid plus silica, removes
much or most of the phosphorus of cast-iron. When cast-
iron was thus fused its phosphorus in three instances fell
from 07 to *058%, from *35 to *068%, and from 1-95 to 4157.
Other details of these cases are given in lines 7, 8 and 9,
Table 23, p. 51.

§114. FusEp ALKALINE CARBONATES (Eaton process)
gradually and sometimes almost completely remove phos-
phorus together with carbon and silicon from the interior
of planed bars of cast-iron immersed in them.

“ Of several cases reported by T."M. Drown® the follow-
ing shows the most complete dephosphorization. The iron
itself showed no trace of oxidation; in other cases how-
ever oxidation occurred.

Third layer

Second luyer
1-16” thick.?

1-16’ thiek.?

0°166
0°607
0°201

Outer layer
1-16”/ thiek.?

0°057
0°574
0-015

Interior. Original,

8-56
1-88
0°87

8-293
1-362
0911

Phosphoru% P

The removal of phosphorus and silicon from the interior
of solid bars by the action of alkaline carbonates on their
exterior is interesting and surprising.

§ 115. ALxALINE NiTrRATES (Heaton process) expel
phosphorus from molten iron very rapidly. Asthis process
was actually carried out the dephosphorization was far
from complete, as it was restrained by the senseless addi-
tion of sand, and by insufficiency of niter; but the use of
a larger and under most conditions prohibitory proportion
of nitrate would probably have rendered it thorough. The
nitric acid, expelled from the nitrate by the heat of the
molten iron, oxidizes its phosphorus energetically ; while
the soda, passing into the slag, rendersit more basic and
thus increases its power of retaining phosphoric acid. In
two cases Gruner® found that 58 and 33% of the phosphoric
acid contained in cast-iron, which contained initially 1-57
and 1-2% phosphorus respectively, was removed by this pro-
cess, including 16 and 27% respectively which was volatil-
ized. In six other cases he found it reduced from 106 to
from 0 23 to 0-30%°; Miller found it reduced from 1-45 to

30% ; but Snelusd found that hardly any phosphorus was
removed from cast-iron holding about 0:57 of this element.

§ 116. MaNGANESE, whether (1) in metal or (2) in slag,
is thought to favor dephosphorization, because its oxides
attack phosphorus more energetically than those of iron,
and because its phosphates yield up their phosphorus to
metallic iron and the carbon, manganese, etc., which it
holdsless readily than iron phosphatesdo. (1). Manganese
remaining in the metal as it often does at the end of the
basic Bessemer and open-hearth processes, prevents the
metal from absorbing oxygen; henceits presence in the cast-
iron employed for these processes is doubtlessan advantage.

(2). Oxide of manganese in the slag, like other bases,
assists dephosphorization: but it appears probable that

aTraps. Am. Inst. Mining Engineers, 1879, VII., p. 147. The thickness of
these layers is not positively stated, but is inferred from the context to have been
about 1-16”.

b Gruner, Annales des Mines, 1869, X V1., p. 260.

¢ Idem, 1870, X VII., p. 350.

4 Journ. of the Iron and St. Inst., 1871, IL., p. 185,

dephosphorizing power can be obtained as fully and, with
the usual relations of prices, far more cheaply by lime or
iron oxide. It was formerly thought that, in pig-washing,
the costly oxides of manganese would effect more thorough
dephosphorization than iron oxides alone: experience
indicates that, if they here offer any advantage over iron
oxide, it is very slight and not commensurate with their
higher cost. In this process Bell employs iron oxide
alone, Krupp the mixed oxides of iron and manganese.
I find that in six cases Bell removes 77, 93, 93, 88, 92
and 96% of the initial phosphorus, while Krupp removes
74, 63, 81, 72, 48 and 72% in six cases: but this is rather
misleading, as Krupp may have stopped his operation
unnecessarily early. A comparison of the ratio of
% of initial phosphorus removed
% of initial carbon removed
is more instructive. I find that for 6 cases of washing
without oxide of manganese (Bell) this ratio was 35:
93: 85: 73: 9°2: and 1'6, or on the average 6:6: while
when ox1de of manganese is employed (Krupp) it was
18'4: 5°9: 6°5: 6'8: and 6°5, the mean being 8'8. While
dephosphorization
decarburization

er when oxide of manganese is employed, too few results
‘have been published to permit trustworthy conclusions.
Thus, dropping one case from each we find that the mean
ratio becomes 76 without and 6'4 with oxide of manga-
nese, which would suggest that oxide of manganese op-
posed dephosphorization. Actually at American pig-wash-
ing works 85 to 90% of the initial phosphorus is ordinarily
removed with the use of iron oxide only, leaving say 01 to
‘03 phosphorus in the washed metal. (See pw-washmg )

§ 117. INTERREACTION OF SULPHIDE AND PHOSPUIDI:
oF IRoN.—These substances when melted do not unite
They appear to react on each other but slightly, the phos-
phide taking up a very little sulphur, the sulphide a little
iron and sometimes a little phosphorus. When, however,
lime phosphate is melted with pyrites and silica in tho
presence of carbon, much of the phosphorus and most of
the sulphur may be volatilized, and a phosphide of iron
with alittle sulphur results.

Thus Hochstitter,® in Perey’s laboratory, melted in clay
crucibles the two phosphides FesP, containing 8% of
phosphorous, and Fe,P, containing 2331 %, separately,
both with ferrous sulphide containing 39-4% of sulphur,
and with an excess of sulphur. Each phosphide when
melted with sulphur took up a little of this element,
while a thin layer of iron sulphide was formed: when
fused with ferrous sulphide, one phosphide became richer,
the other poorer in phosphorus: they both took up alittle
sulphur, and were overlain by iron sulphide. The iron
sulphide resulting from the fusion of the phosphide Fe,P
with ferrons sulphide contained no trace of phosphorus:
that resulting from the fusion of the phosphide Fe,P with
ferrous sulphide contained a considerable amount of phos-
phorus in its lower part. I here summarize these results.

e Percy, Iron and Steel, p. 66.

the mean ratio of

is thusslightly high-

Composition of Composition of Products,
I Iyl A0 Fused with Iron Sulphide. Iron Phosphide. Character of Resulting Sulphide.
Phosphorus. Iron. l Formula, Phosphorus. Phosphorus. Sulphur, Iron,
{8 + 92 + FesP Sulphur 845 2°19 89°5¢ A thin Iayer of lron sulphlde, not nng]yzed.
‘23 2 + 667 Fos P R A LA SR 0 oo dogob  suopgoos 4 52 wom], N e ¥
92 & FegP Fe8 0.00 1055 1°25 87-83 Sulphldo free from phosphorus,
23 2 ES 76 6T+ FeyP Fes A eousiderable 1919 492 75.75 Much sulphide; tho lower part had a conslderub]e
amount. . amount of pho,sphorus
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Brackelsberg® melted 8 parts of lime phosphate, 4-6 of
pyrite, 4'9 of silica and 28 of alumnina in a carbonaceous
crucible. Had the phosphorus been completely reduced
the iron resulting would have had 45-41% phosphorus:
actnally it had 2193% phosphorus with 2:31% sulphur.
The accompanying slag had 48759 silica, 5-48 phosphorie
acid and 1-98% sulphur. A very large proportion of the
phosphorus was here volatilized, together with a still
larger part of the sulphur.

§ 118. VoraTinizaTioN.—Besides phosphorus itself, its
chlorides, fluoride, phosphoretted hydrogen, PH,, phos-
phorons oxide, P,0,, and phosphorie acid readily vola-
tilize, the latter subliming below ared heat. Hence phos-
phorus is volatilized as such by heating acid phosphate
of lime, e. g., mono-phosphate, in contact with charcoal :
if sand be added the whole of the phosphorus may be ex-
pelled : 2CaP,0, 4 28i0, 4 10C = 2CaSiO;-} 10CO +4- 4P.

Phosphorus may be partially volatilized from tricalcic
phosphate by heating it in contact with iron oxideand
carbon : and from iron phosphates by heating them (A) in
contact with carbon, either alone or in presence of sili-
cates : and (B) in contact with silica. Inthe latter caseit is
probably expelled as phosphoricacid. Thus Bell® decom-
posed mono-ferrons phosphate, whose oxygen ratio of
base: acid is 1 : 5, by heating it contact with half its
weight of silica at a bright red heat for five hours,
whereby 4°2% of its initial phosphorus was expelled (say
FeP,0, | SiO, = FeSiO; 4 P,0;). He then cooled and
pulverized it, next exposing it for two hours to a steel
melting heat, whereby 13°4% more, or altogether 17:6% of
the initial phosphorns was volatilized. :

It is stated that if diferrous phosphate is heated
in a crucible with 259 of powdered charcoal, half its
phosphorus is volatilized, and iron phosphide, Fe,P,
containing 217:% of phosphorus, is formed:° say
140 + QFe 2P207 == FegP + 1400 + 2P.

So too Brackelsberg volatilized phospliorus from munch
less acid iron phosphates by the action of carbon alone.
He melted a mixture of ferrous and ferric phosphates
(oxygen ratio base : acid = 1 :1:38) in carbon crucibles, A
alone, B with a little acid slag. The iron was almost, and
in one case quite, fully deoxidized, and contained from
21-99 to 24:56% phosphorus. The accompanying acid slag
contained a little phosphoric acid, but most of the excess
of phosphorus above that which the iron was capable of
absorbing, or from 143 to 18-73% of the total phosphorus
present, was volatilized, or at least was not accounted for.

I here summarize his results,

Prosp1iorvs VOLATILIZED ON MELTING TRON PHOSPHATE (OXYGEN RATIO BASE: AciD = 1 ; 1
IN BrAsQUED CRUCIBLE.2
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-
o 08- | Sili-| g | A
3|3 xmn.'p‘;‘;m& SlE- siliea. | Al 0g.| FeO. | €a0. | M50 | P40s. 5=
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8 Brackelsberg, Stahl und Eisen, V., 1835, p. 545, b Alumina and ferrie oxide

a 3tahl und Eisen, V., 1885, p. 549,
b Manufacture of Iron and Steel, p. 397.
¢ Percy, Iron and Steel, p. 62.

In two fusions at the Stockholm Sechool of Mines,* in
whiclh iron ore was melted with carbonaceons matter in
crucibles, (4) apparently with acid slag and (B) appar-
ently with basic slag, a considerable quantity of phos-
rhorns was volatilized, viz.: abont 1-3d and 1-10th re-

spectively of that initially present in the ore. I here
summarize the results.
VOLATILIZATION OF PHOSITIORUS,— AKERMAN,
Charge. Products,
(I-_o._ Flux, Slag. Metal. Total Tiosh.af
hosphorus
Phosphorus Dhne P
F r phorus in {Phosphorus | per 100 of
f | Kama | o0 o] o Wltfmperl‘“"m e £ pid] Lo d Wi
oro of ore. | of ore. 3 ofore, | ——-————— ;‘68‘“} p.or
Slag. | Ore. Metal, | Ore, S
1-62| 8105 | 7% | 16x | 0-063| 001 | 662 | 1°51 | 1 04 10 0 57
0°89 | limo | 25% 33 75 *026| 009 56° 14t 0°790 0 793 0-092

Gruner® found that in the Heaton process, (treatment of
molten cast-iron with nitrate of soda) phosphorus was
copiously volatilized, especially if the accompanying slags
were acid.

But no important effective volatilization of phosphorus
is to be looked for in the blast-furnace, for any phosphorus
which volatilized would be immediately recondensed by
the cooler ore above. Bell,® accurately controlling his
materials, found that of 1°578 parts of phosphorus per
100 of cast-iron entering his blast-furnaces from all
sources, 1'441 parts were accounted for by the cast-iron
and 0147 by the slag, or together 1-588, 4. e.; the two
sides balance to within 0-6% of the total phosphorus.

The volatilizing effect of fluor spar is disecussed on p. 63.

§ 122 ErFrEct oF PuospHorts oN TENSILE
STrRENGTH AND Erastic Limit.—Disastrous as are the
effects of phosphorus on ductility, it affects tensile
strength under quiescent load comparatively slightly:
indeed it is uncertain whether moderate amounts of phos.
phorus, say 0-25% or less, sensibly affect this property. Cer-
tain facts indeed suggest that, as phosphorus rises from 0
to about 0-12%, it raises the tensile strength of low-carbon
steel : but our evidence as to the influence of larger pro-
portions of phosphorus, say from 0°12 to 0°25%, is con-
tradictory. Table 37 and Figure 8 give the results of an
analysis® of 435 cases of more or less phosphoric steel
selected at random: they accord closely with the data
furnished by Gatewood® as to the properties of 619 speci-
mens of steel, so that they are in a sense based on over
1,000 cases. The tensile strength curves in the seven
right-hand diagrams are nearly vertical, indicating that
phosphorus does not affect this property: but in the
three left-hand diagrams, and to a slighter extent in those
including ecarbon ‘2 to °3%, these curves as they rise at
first incline to the right, but reverse at about phos-
phorus 0-12% and then incline to the left. This may be
accidental, or it may truly indicate that, in low-carbon
steels, rising phosphorus at first raises but later dimin-
ishes tensile strength and that this effect becomes wealker
as carbon increases. This accords fairly with the state-
ments of Ledebur, Kent and Salom, and possibly with
Akerman’s experience, but not with that of Deshayes
except as regards low-carbon steel.

a4 Akerman, Eng. and Mining J1., 1875, L, p. 475.

e Annales des Mines, 1869, X V1., p. 260,

£ Journ. Iron and St. Inst., 1871, IL., p. 283,

g This analysis was made as described in § 65 J.

b Report of U. S. Naval Advisory Bd. on Mild Steel, 1885, pp. 188 to 190.
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LEDEBUR® states that a small proportion of phosphorus
has slight effect on tensile strength, but that a large pro-
portion lowers it : the second of these statements agrees
roughly with my left-hand diagrams. Kent plotted the
tensile strength (ordinate) and carbon (abscissa) of 42 steels
with from 06 to *18% of carbon ; 26 had *03%, 16 had ‘10%
of phosphorus. The latter formed a groupabove the low-
phosphorus group, and nowhere overlapped it;® this
agrees fully with the easterly inclination of my low-carbon
tensile strength lines. Salom,® analyzing by the method
of least squares Dudley’s 6t rail steels, with carbon from
*19 to "62% and phosphorus from 026 to *158%, found that
phosphorus did not affect tensile strength appreciably. My
curves, teaching that when carbon isabove 0-20% phosphor-
us affects tensile strength slightly, agree with this. Aker-
man? thinks that phosphorus rather raises tensile strength.
Studying more than 1,000 phosphoric steels (Nos.1to 3,
Table 28), whose carbon averages -325% and whose phos-
phorus averages from 26 to -348%, Deshayes® concludes
that ‘1% of phosphorus raises the tensile strength by 2,129
pounds per square inch, or about one-fourth as much as
the same proportion of carbon. This disagrees with Lede-
bur’s view, with Salom’s results and with my curves, which
suggest that when carbon is as high as in Deshayes’ steels
phosphorus should not affect tensile strength. We may
infer that, when above say 012/, phosphorus probably has
no important constant effect, for if it had the analyses of
statistics should yield concordant results.

Phosphorus however usually raises the elastic limit and
thus the elastic ratio, an index of brittleness: indeed the
elastic limit and breaking strength of phosphoric steels
occasionally coincide (see cases 14, 17, Heaton, and 22-23,
Clapp-Griffiths, table 28).

The effect of phosphorus on the elastic ratio, as on elon-

a Handhnch der Eis>nhuttenkunde, p. 245.

b Private communication, Ang. 22, 1887. With another form of test pieces
these groups overlapped at one point.

¢ Trans. Am. Iust. Min. Eng., XIIL, p. 157, 1885,

d Eng. and Min. Jl., 1875, 1., p. 475,

gation and contraction, is very capricious. We occasionally
find highly phosphoric steels with very low elastic ratio,
e. g. steels 10, 12, Terre Noire, and 46, 47, 49, 50 and 51,
tested in Russia, in Table 28, whose elastic ratio lies
between 0°37 and 0-63,

Phosphoric steels are, however, liable to break under
very slight tensile stress if suddenly or vibratorily ap-
plied or shock-like.

§ 123. ErrEct oF Pnospnorus oN DuoeTiniTy.—Phos-
phorus diminishes the ductility of steel under a gradunally
applied load, as measured by its elongation, contraction
and elastic ratio when ruptured in the ordinary testing
machine: but it diminishes its toughness under shock to
a still greater degree, and this it is that unfits phosphoric
steels for most purposes. The influence of ‘017 of phos-
phorus is perceptible, that of -20% is generally fatal in
ingot metal: (see § 130).

A. Static Ductility.—The effect of phosphorus on static
duetility appears to be very capricious, for we find many
cases of highly phosphoric steel which show excellent
elongation, contraction and even fair elastic ratio, while
sideby side with them are others produced under appar-
ently identical conditions but statically brittle.

Thus two Heaton bars (15 and 18, table 28) have high
contraction and good elongation ; four, apparently made
under like conditions, have no contraction, and three of
these but slight elongation. No. 22 (Clapp-Griffiths), with
carbon ‘31, phosphorus *40%, is almost as brittle as glass;
8 and 12 (Terre-Noire), with as high or higher carbon, and
nearly or quite as high phosphorus (carbon, 32 with phos-
phorus “35%, and carbon 31, with phosphorns -40%) are
admirably ductile statically. 28 and 29 (Clapp-Griffiths)
are statically rather brittle and not tensilely strong ; the
preceding and following cases are fairly ductile with the
same tensile strength. 34 (Heaton) is both strong and
ductile ; 35 to 39 are brittle, though made under appa-
rently like conditions, and with no corresponding differ-
ence in their composition.

e Annales des Mines, 7 Ser., XV., pp. 851-2, 1879.

But while we find small groups of cases of statically
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ductile phosphoric steel, yet if we examine sufficiently
large groups the static brittleness cansed by this element
is plainly seen. To illustrate this I present in Table 27
and graphically in Fig. 8 the results of an analysis of 435
cases of more or less phosphoric steel. The direction of
the broken lines in Fig. 8 reveals the effect of phosphorus.
In 8 out of 10 large groups, each with approximately con-
stant carbon but varying phosphorus, the duectility lines
point west of north, showing that with rising phosphorus
the elongation declines. In two of these (carbon ‘60 to
*70 and ‘80 to *90) the westward obliquity of the elonga-
tion curve is but slight: little weight attaches however
to these two curves, since they represent but 7 cases each.
Furthermore, the two curves (carbon 25 to ‘30 and car-
bon 30 to 40) which at first do not appear to show the
influence of phosphorus, since, though in their lower por-
tion pointing nearly northwest, their upper portions point
N. N. E,, on further examination corroborate the teach-
ing of the other curves. For their westerly-pointing parts
are really the ones which deserve weight, since they repre-
sent many cases, while their easterly-pointing portions
represent comparatively few, the orientation of the upper
part of the carbon 30 to *40 curve being wholly due to 5
cases, while its westerly pointing portion represents 104
cases. These curves are obtained as described in § 65, J.

Abnormally low contraction and high elastic ratio as
compared with the elongation are said to characterize
phosphoric steels: and from a careful examination of a
large number of cases I believe that this combination of
properties is mueh commoner in phosphoric than in other
steels. Thus, in Table 28 the contraction of Heaton steels
Nos. 13, 14, 16 and 17, and of Clapp-Griffiths steels
Nos. 23, 24, 26, 28 and 29 is abnormally low for their
elongation: while in Heaton steels 13 to 18 and Clapp-
Griffiths steels 22, 23, 31, 32 and 33 we find abnormally
high elastic ratio for the elongation. Butthese cannot be
set down as constant characteristics, for in Terre-Noire
open-hearth steels 1, 2, 3, 10, 11 and 12, in Heaton steels
15 and 18, and in Clapp-Griffiths Bessemer steels 25 and 34
the relation between contraction and elongation is fairly
normal. .

B. Ductility Under Shock.—If any relation between
composition and physical properties is established by ex-
perience, it is that of phosphorus in making steel brittie
under shock. And it appears reasonably certain, though
exact data sufficing to demonstrate it cre not at hand,
that phosphoric steels are liable to be very brittle under
shock even though they may be tolerably ductile static-
ally. The effects of phosphorus on shock-resisting power,
though probably more constant than its effects on static
ductility, are still decidedly capricious.

This and the capricious behavior of phosphorus under
the action of solvents, harmonize with the belief that the
state of chemical combination in which it exists in steel,
the mineral species which it helps to compose, depends
upon imperfectly understood conditions, such as those of
cooling. It may exist now as part of the matrix, whose
properties it thus profoundly affects, now as a dlstmct
phosphide, whose composition and properties, and through
these its effects on the physical properties of the compo-
site mass as a whole, may differ greatly.

§ 124. INFLUENCE OF CARBON ON THE EFFECTS OF
Prosriiorus.—General experience, and especially the

OF PHOSPHORUS. § 124. 69
TABLE 28—Puosruoric STEELS,
3 -gé, 2 .; ‘g
No.| C. [S8l.] Mn. | P.| 8. g; Zé % | E
S| G :
5] (&)
%
K ceee 'y *. P g £ ¢
3610 | Ti00 |-47,00020 43| 5 (45 05| | Terre Noire, 1574, Meas
-g50 1T | 80,100 mloooimzo'q & [41-59) | of over 1,000 cases.
25l tr. 80,500 | 48,6002 7 | 4’/ |47 6 1
27| tr. 80,500 | 50,000 21 5 i 4’7 (44 9 | } Terre Noire, 1875,
401 tr. 88,200 | 55,600/22 2 | 47 {46°7 | }
g '81 93.2300 91,800 8 9 g’i g
3 1 93, 105,600 3 l 4 °
21| -01 1113100 (107,600 g [sp- || lhestan process,
34| 01 1104300 | 90,000, 5 § | & [0+ | f Eairbairn,
28/ 0 | 98,000 | 96,000 94 | 87 | 0° j
230 0 104,500 02,000 10°4 | §7 48
‘82] ‘08 | 79,440 | 58,500(24° | . |41 0
g = el 1) 1
B | SR - O oy peso
40|, .. 17,460 0'62 ac oo (N7 Y
“72( 03 15,200 | 69, 150 Frasie. 11 2-6
“85.... (101,540 | 74,080 9°50(....| 944
e 74,790 | 55,070/25 25 SZ 438
o7 Phosphorus not given, bat gg:ggg g‘é:ggg gg%l g,, ggg
23 supposed to be high. 80,420 | 56.290(17 5 | & |14-3 | | Clapp-Griffiths Bessemer
|
gg g % 1425} 87 :132 8 steel.
1018 4
81 23'25| 87/ [86-4
32 230 (871825 J
gi 23-25| 8’/ %6
p o 155|298
35 0 ] 6
gg l]) b0 g ITeston steel. Gruner.
38 81....]8"
89 2 .| 6
| 40 6 gl |
41 wea|[BB0allc a3a0 H
g ; ..... Chrome (?) steel.
44 Y[t o 0, [,
45 BN ey o
46 6 {....[441
3; ; ggg Steel rails examined by a
49 510 191 Russian Commission,
50 28. 000‘10 S|....]16'5
51 82,700{15 7 |....|[4T°5
5 :;;:::.1?3-3 ..::33% “»tggl ruls oxamined by o
B4 | -80] ‘o1..... .| -%6/"... (104,0001!.... . 11:6 - 6o ' ussian Cominission,
55 1«25l e |........0 -8l ... 147000, . ... 22:5 1....150° |

14 2 and 8. Terre Noire, 1874, Anmslf’s des Mines, 1879, p. 851, mean of over 1,000 caaea.
10, 11 and 12 Terre Noire, 1878, Idem, p. 372
13 to 18. Made by the Heaton process at Langlcy Mills, tested by Fairbairn.
dest(‘s 1370, XV1IL., pp. 851 to 361.
19 t0 24. Clap, (?nfﬁths Bessemer steel.
XIV pp. 140-141, 1886,
25 t0 33. (‘Isgp Griﬂiths Bessemer steel. R. W, Hunt, Trans. Am. Inst. Mining Engrs.,

XII1., pp. 756-7, 18
fto 39. Heston steel. Gruner, Annales des Mines, 1869, XVI.
045, Chrome steel. Brown. 1879, II,, p. 858.
worthiness donbtful.

tn 51. Pails employed In Ruossia.
worthmcss douhtful.

21ta 5. Rails tested in Russia.
Trostworthiness doubtful.

Annales
R. W. Hunt, Trans. Am, Inst. Mining Engrs.,

Journ. Iron and 8t. Inst., Trost-

Beck-Guerhard.,  Idem, 1886, I., p. 204, Trost-

Jouraffsky. Idem, 1830, I., p. 192, Appendix B.

results obtained by Slade in 1869 and subsequently by
Tessié du Motay, at Terre-Noire, and by R. W. Hunt,
have abundantly shown that the influence of phosphorus
is the more severe the more carbon is simultaneously
present, so that while the effects of 0:10% of phosphorus
on the ductility of steel which contains less than 0-10%
carbon may escape notice in rough testing, yet if the steel
contain 1% carbon the effects of 0:01% and perhaps even of
0-005% phosphorus may be detected. This inflnence of carbon
on the effects of phosphorus is illustrated by Fig. 8. We
note that the degree of obliquity of the elongation lines is
on the whole only slightly greater for the low than for the
high carbon steels, and roughly speaking indicates that
an increment of 0°10% of phosphorus diminishes the
elongation by about 6% of the initial length of the test
piece. This loss would cut down the elongation of a low-
carbon steel (initially free from phosphorus) from say 31
to 25% of the length of the test piece, or by about 20% of
the original elongation, a loss which might easily be
masked by the effects of other variables: but it would
lower the elongation of a high-carbon steel from say 8 to
2%, or. by 75% of its original value, enough to change a
valuable to an utterly worthless material.

Tables 28 and 29 give many instances of tough phos-
phoric steels low in carbon.
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§ 125. INFLUENCE OF SILICON ON THE EFFECT oF Prios-
PHORUs.—It is often stated that silicon like carbon
greatly exaggerates the effects of phosphorus ; but what
evidence I find very strongly opposes this view, and sup-
ports Ledebur's* statement that it does not. Thus the
first of the Trenton phosphoric steels in table 29 has
0°17¢% silicon, 0°15 phosphorns and 0.16 carbon, yetis ‘¢ ex-
cellent soft boiler plate :>> No. 50 has -05 silicon, ‘27 phos-
phorus and 12 carbon and is ‘‘remarkably tough boiler
plate.” These data are from a most conscientious obser-
ver, Mr. F. J. Slade.

So among the Heaton steels one with nearly the highest
silicon (0-16% in No. 15) is more ductile than those of
otherwise similar composition but with much less silicon.

§ 126. StrucTurE, CoNDpITIONS OF COoOLING AND DuUc-
TILITY . —Phosphorus tends to induce a coarsely erystalline
structure, which is plausibly regarded asa proximate cause
the brittleness of phosphoric metal. As slow, undisturbed
cooling favors coarse crystallization, while sudden cooling
and agitation impede it, whether in solidification from
aqueous solution, from magma of molten rock, or from
fused or pasty metal or glass, it is not surprising that
these same conditions respectively favor and oppose both
coarse crystallization and brittleness in phosphoric steel.
We have seen that sudden cooling tends to induce brittle-
ness in ordinary steel by preserving a brittle compound
of iron and carbon which is broken up by slow cooling,
and by inducing severe internal stresses (see §§ 51 C,
34 B). But in phosphoric iron the net effect of sudden
cooling is sometimes at least to increase ductility, since
its toughening effect in preventing coarse crystallization
ountweighs its opposite effect of internal stress and of pre-
serving a brittle iron-carbon compound. Thus, while in
tables 8, 9, 10, 11, non-phosphoric steels are tougher
afler slow than after sudden cooling, in the following
instance ® phosphoric weld iron became much tougher on
sudden cooling. Tt is probable that this applies to other
irons with much phosphorus but comparatively little
carhon.

Tensile Elonga-  Contrac- Phos-

strength, | - tion, tion. Carbon, phorus,

Swedish charcoal- 5:;::3::}1"?“ T 61,758 65 6 07 - ‘26
" ol i

hearth w.ld iron. from redness....] 63,700 25% 84¢ 07 264

So too, when phosphoric iron is heated, it appears

especially desirable to continue forging it until its tem-
perature has fallen so low that the tendency to coarse crys-
tallization is no longer to be feared.
. §127. INFLUENCE oF CoLp oN THE EFFECTS OoF PHos-
PLORUS.—Steel is far more brittle under shock when very
cold (say 0°F.) than at the ordinary temperature, and it is
generally believed that cold increases the brittleness of
phosphoric more than that of non-phosphoric steel. The
most direct evidence on this point that I have met is that
of a Russian commission ;® it strongly opposes this be-
lief, though the commission does not state so.

In their tests two pieces from each of 33 steel rails were
submitted, one at 16° to 20° C. (61° to 68° F.) the other arti-
ficially cooled to from —16° to —21° C. (4 5° to— 6° F.), to
the drop test under identical conditions. Twenty-four of

a Handbuch der Eisenhiittenkunde, 1883, p. 247,
b Styffe, Iron and Steel, pp. 132, 136.
¢ Jourafisky, Journ. Iron and St. Inst., 1880, 1., p. 192,

those tested cold broke: only three of those tested when
warm broke. All the rails with over 014 phosphorus
broke when cold: but as the three fractures which oc-
curred during the warm tests were also of phosphoric
rails, this merely shows that, warm or cold, phosphorus
causes brittleness. The difference between the cold-resist-
ance to shock of the phosphoric and of the non-phosphorie
rails was certainly not greater, and perhaps even less than
that which would be expected at 70° F. Thus three non-
phosphorie rails broke more readily and three moderately
phosphoric rails broke at least as readily when cold as
five of the phosphoric ones: these non-phosphoric ones
with -07, ‘08 and ‘10% phosphorus and -40, *5, and "38¢
carbon respectively broke at the first blow under a drop of
8'5 feet : the three moderately phosphoric ones, with *13%
phosphorus or less and 339 carbon or less, broke at the
second blow under the same fall: while of the five phos-
phoric ones with -15, 15, -18, -20 and -27% phosphorus and
‘50, 31, 41, *41 and ‘21% of carbon respectively, the first
resisted two blows of 85 feet and one of 95 feet, and
the others each resisted one blow. Further, many of the
rails which did not break had more phosphorus than some
of those whichdid. Thus, eight which did not break had
from ‘1 to “14% of phosphorus : while four of those which
broke had ‘1% or less.

Unfortunately grave doubts exist as to the trustworthi-
ness of these results: e. g. they credit the Seraing rails
with containing ‘18 to -20% of phosphorus, though cast-iron
which could yield such phosphoric steel had never been
employed at these works.?

The fact that, of 100 steel rails with ‘254 phosphorus
laid by Sandberg in Sweden, not one broke during the
first six years, though the temperature occasionally fell
to—30° F'., weighsagainst the belief that cold increases the
brittleness of phosphoric more than that of other steel.®

§ 128. ILLUsioNS CONCERNING THE NEUTRALIZATION
oF PuosprHORUs.—The capriciousness of the effects of
phosphorus and the fact that its effect on the duetility of
low-carbon steel is so slight as to be easily masked,
coupled with the fact, if fact it be, that statically ductile
phosphoric steel may be brittle under shock, has led to
the discovery every few years, and probably to the sub-
sequent extreme annoyance of the discoverers, of meth-
ods of neutralizing phosphorus, or of special conditions or
processes by which it is rendered harmless. If the inves-
tigator of a mew process for making excellent though
phosphoric steel confines his attention to low-carbon steel,
or to this with a small number of static (not dynamic)
tests of high-carbon steel, and especially if he is ignorant
of the fate of his predecessors, he readily falls into the
trap, and pronounces absolutely worthless processes to be
of enormons value. And here I think it wise to deviate
from the plan of this work and to introduce a little
ancient history, because it clarifies our atmosphere,
enables us to view more clearly an apparatus to-day much
noised about, and justifies the extreme skepticism as to
its reputed merits which I have shown, precipitating on
my head the wrath of the true believers, those men of
childlike and religious faith.

(A). In 1869 the HEaTON PROCESS, which partially de-
phosphorized cast-iron, yielding steel with from say 023

d Greiner, Journ. Iron and St. Inst., 1880, 1., p. 198,
e Trans. Am. Inst. Mining Engrs., IX., p. 598, 1881.
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to 0:50 phosphorus, was vigorously promoted. Actually
the percentage of phosphorus which it left in the steel
was simply fatal: yet no less distingnished and compe-
tent aunthorities than Sir Wm. Fairbairn, Robert Mallet
and Prof. Miller after personal investigation highly com-
mended process and produet.

FarrBaIrN, examining six bars of Heaton steel with
from 023 to 0-30% phosphorus, and comparing them with
the best Shefiield erucible steel, reported that under trans-
verse flexure the Heaton steel showed a very marked
superiority over the others: that it was evidently spe-
ciully adapted to resisting force of impact! That its
elongation was notably above the mean of the other bars:
that in short it compared advantageously with the steel of |
the other makers (the best Sheffield makers). This was
not a joke, but a serious professional opinion by an illus-
trious engineer. MHow Fairbairn deduced such views from
his tests, whose results were published, must remain a
mystery. Gruner showed their true meaning.

(B). Prorussor MILLER, examining Heaton steel, re-
ported that the quantity of phosphorus which it retained
(0°297;) was obviously not such as to injure its quality !
That it resisted many severe tests, being bent and ham- |
mered sharply around both cold and at red and yellow
heats without cracking, and that it welded satisfactorily.
This steel contained 0:29% phosphorus, 0°99 carbon, 0°15
silicon, 0°09% manganese.

(C). MaLLET reported that this process yielded excellent
steel from highly phosphoric east-iron, from which no
‘‘ process, not even Bessemer’'s !’ (which, with the intui- '
tion of true genius, he saw was better adapted to phos-
phoric iron than puddling, conversion, and ecrucible
melting) ‘‘enables steel of commercial value to be pro-
duced at all.”

(D). Tessit pv MoTay,® about four years later, appears
to have rediscovered the already pretty well known fact
that a large amount of phosphorus can be tolerated in
stecl, provided the carbon be low, which was rather amus-
ing to American as well as to well informed European
metallurgists, as F. J. Slade ® had in 1869 made a consid-
erable quantity of good phosphoric steel, low in carbon.
I append a few analyses of it.

TasLE 29,—TrENTON Prosruoric STEEL, 1869,

Phos- S;l-

Carbon. | Silicon. i )g:::ga- il b I Date. Quality, ete.
! | s 4 2
46.. 16 il 14 153 008 IDecA 29, 1369| Excellent soft boiler plate,
47, 12 <015 <06 113 *008  |Oct. 20, 1869 . 'S &4 ¢4
48.. 12 025 275 Oct, 19, 1569 f i Y .

07 <007
R . |Nov. 26,1569| Remarkably tough,
LU TR ) o< “

LY T “

052 hoiler plate,
e bar.

Great excitement was manifested generally on the con-
tinent when it was announced in 1574 that Terre Noire
had solved the phosphoric steel problem, where, Euverte
stated, it had been proved that a steel with 0-30 phosphorus
and 0°15 carbon was very malleable and fit for making rails
of good quality.c

(E). The SnERMAN process, which would neuntralize but
not remove phosphorus from steel, was thoroughly exposed
by Menelaus,® Snelus and others in 1871, and by Euverte
in 1876, and shown to have no effect whatsoever. Yet
many eminent and experienced manufacturers, including

a Journ. Iron and St. Inst., 1874, I., p. 232,
b Raymond, Trans. Am. Inst. Mining Engineers, 1875, I1L., p. 132,
¢ Jour. Iron and St. Inst., Loc, Cit.

Crawshay of Cyfarthfa and I believe the Firminy Iron
Works, in spite of these exposures are said to have had
complete faith in this ridiculons operation, and actually
adopted it: and in 1877 it still had such vitality that
large scale experiments with it were carried out in Boston
under Holley’s inspection, who of course again exposed
its worthlessness.

(F). Ricnazp BrowN was permitted in 1879 to read
before the Irom and Steel Institute® a paper in which he
claimed that, if bichromate of potash were blown through
the steel in the Bessemer converter, the metal would be soft
and malleable even if it contained 1'5% phosphorus, and
among other evidence produced cases 40 to 45 in table 28
to support his statements. I mention this process for no
merit of its own, but to show what rubbish, provided it
claim to nentralize phosphorus, may be accepted by a
board so really wise as that of this institute, and, as I am
credibly informed, so conservative as to refuse Thomas for
some time the privilege of describing the basic process in
its journal.

(G). Carp-GRIFFITIIS CONVERTER.—The last to fall into
this trap isno less competent a person than the very experi-
enced and judicions Capt. R. W. Hunt, who lauds the ex-
cellent quality of phosphoric low-carbon Bessemer sicel
made in the Clapp-Griffiths converter: and, though I do
not find that he says so in so many words, he evidently
thinks that, for given composition, phosphoric steel pro-
duced in this converter is incomparably superior to steel of
identical composition produced in the ordinary converter,
but, as is perfectly patent on examination, without
proper ground for such a conclusion. Passing by the sur-
prising fact that this steel, even with 1-10% phosphorus,
rolls ina ‘‘ practical manner”’ which will be considered un-
der the effects of phosphorus on hotshortness, and taking
only his strongest cases, he reports steel with 0-08 carbon
and 0°50 phosphorus to 0'12 carbon and 0-55 phosphorus
which shows good statie duectility ; and one with 0-13 car-
bon and 0°85 phosphorus which shows fair static ductility
for its tenmsile strength. He reports but one case with
over 0-13 carbon, No. 22 Table 28, and this was surpris-
ingly brittle. In short he too has rediscovered for the
Nth time that phosphorus affects the duectility of low-
carbon steel relaiively little, and, so far as I can see,
nothing more.

Let us now examine his results in detail and see
whether they indicate that his phosphoric steel is really
less brittle than that of other observers, and whether
therefore there is any ground for supposing that the
use of this converter any more than of Sherman’s and
Brown’s nostrums even partially neutralizes phosphorus.
The three most noticeable cases which he reports are
numbers 21, 24 and 30 in Table 28. If they are no better
than other steels of like composition, we need not examine
his poorer cases.

No. 21 (Clapp-Grifliths) with 0°12 carbon and 055 phos-
phorus, has actually less ductility and much less tensile
strength than No. 41 (Brown), though the latter has both
more phosphorus and more carbon, and should therefore
be more brittle. No. 24 (C. G.) has about 4% more
tensile strength but less than half of the elongation of No.
44 (Brown), though the latter has somewhat more phos-
phorus and much more earbon, and should therefore be

dIdem, 1871, L., p. 452,

eIdem, 1879, 1., p. 355.
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more brittle, No. 80 (C. G.) has the same elongation but de-
cidedly less tensile strength than No. 41 (Brown), thongh
the latter exceeds it somewhat in phosphorusand very much
more carbon, and should therefore be decidedly morebrittie.
I frankly confess, however, that while I haveno ground for
doubting Brown’s results beyond their inherent improba-
bility, and while I find them harmonious and observe that
they show the characteristics of phosphoric steel reported
by others, I do not know how trustworthy they are.

There is, however, every reason to trust the Terre Noire
results 3, 12 and 15. The only Clapp-Griffiths steel di-
rectly comparable with these without making any allow-
ances whatsoever is No. 22, which has the same carbon
and phosphorus as Terre Noire No. 12, yet is astonishingly
brittle while the Terre Noire steel is admirably ductile:
the former has 0629 elongation and 0-00 contraction : the
Terre Noire has 26% elongation with 46-7% contraction.
But comparing the best Clapp-Griffiths steels with the
Terre Noire and making any reasonable allowance for dif-
ferences in composition, I can not find that the former are
superior to the latter. Clapp-Griffiths 21 and 30 have
less elongation and decidedly less contraction and tensile
strength than Terre Noire 12, which with about 4-5ths as
much phosphorus has 25 to 3 times as much carbon. Now
I for one should expect this Terre Noire (12) steel to be
more brittle than the Clapp-Griffiths (21 and 30), because
with butlittle less phosphorus it has so very much more car-
bon, which so greatly exaggerates the effect of phosphorus.
Or, to look at it a little differently, if 0-40% phosphorus in
Terre Noire steel No. 12 has absolutely no effect on its
ductility (its elongation is 13% above the usual upper limit
for elongation for steels of this carbon: see Table 6 § 28),
Iam not surprised to learn that 0-50 and 0°55% phosphorus
in Clapp-Griffiths steel 21 and 30 permits their elongation
to remain within 20% of (but below) the usual upper
limit for their carbon: nordo I see that it redounds to the
credit of the Clapp-Griffiths converter that 85% phos-
phorus in No. 24 Clapp-Griffiths steel drags the elongation
down 64% below the usual upper limit and actually 4€%
below the usual lower limit for elongation for its carbon.
(See Table 6, § 23.) Making similar allowances I find these
best Clapp-Griffiths steels no better if as good as Terre
Noire 2and 8, which, be it remembered, are not picked,
but represent the averages of hundreds of heats.

Again Clapp-Griffiths Nos..21 and 30 have about the
same elongation but much less contraction than the Rus-
sian rail No. 48, though they have at once decidedly
less pliosphorus and only half as much carbon as it : while
No. 48 (Russiun) with twice as much carbon and within
21% as much phosphorus has 25 times as great elongation
and over 6 times as great contraction as the Clapp-Griffiths
No. 24. 1think these facts imply that phosphorns has af-
fected the Clapp-Griffiths far more than the Russian steel.
The Russian results are, lowever, so tainted with suspicion
that I attdch no weight to them.

The Trenton steels are not closely comparable with the
Clapp-Grifiiths steels, because theirelongation and contrac-
tion arenot given, and because their phosphorus is much
below that of the three most surprising specimens of Clapp-
Griffiths steel. But the fact that No. 51, Trenton, with ‘21%
of carbon and °345% of phosphorus, was ‘‘remarkably
tough” is liable to cool the ardor of the worshipers of
Clapp-Griffiths,

In short, carefully comparing the Clapp-Griffiths steels
with those of identical composition among the Terre
Noire, Heaton, R. Brown and Russian phosphoric steels,
and making liberal allowances when their compositions
are not identical, I find in each of the last three
classes instances as good, and among the R. Brown,
Russian and Terre Noire steels instances decidedly
better than the best Clapp-Griffiths cases as regards
ductility: while the worst Clapp-Griffiths cases are much
worse than the worst Terre Noire, and about the same as
the worst Heaton. And I am profoundly convinced that no
unbiased person, bearing in mind the capriciousness of the
effects of phosphorus on ductility and its much greater
effect on high than on low-carbon steel, can find any war-
rant in the data at hand for believing that phosphorus is
one whit less injurious in Clapp-Griffiths than in other
steel, or that its effects are neutralized by the Clapp-
Griffiths converter to a higher degree or in any other
way than that which is equally open to the ordinary
Bessemer and open-hearth processes, nay has long been
practiced in them, and which consists essentially in keeping
the carbon and probably the other foreign elements low.

This error neither surprises us nor reflects on Captain
R. W. llunt if we remember that he was apparently in
ignorance of many of the results previously obtained with
phosphoric steel, and that such eminent observers as Fair-
bairn, Mallet, Miller and Tessié du Motay, dazzled by the
false glitter of this tinsel, mistook it for gold muclh as he
has. Nor does the adoption of the converter by several
manufacturers vouch for its efficacy : the history of met-
allurgy, aye and of recent metallurgy, is simply strewn
with the corpses of foredoomed processes which the
‘“genuine practical ’’ manufacturer has adopted to his
sorrow : he is as fallible as others.

§129. PunospiioruSs AND FORGEABLENESS.—Irou in gen-
eral cannot be forged at a temperature closely bordering
on its melting point, and slow cooling without forging
from this {emperature to a lower but still exalted one in-
duces coarse crystallization and a consequent lack of
coliesion which renders iron extremely tender in forging.
As phosphorus appears to lower the melting point of iron,
and as it greatly exaggerates the tendency to coarse crys-
tallization, it is not surprising that phosphoric iron and
steel must be forged lightly when at very high tempera-
tures, and are prone to crack and even fall to pieces.

It is the general belief that at lower temperatures, say
from a yellow to a dull red heat, the influence of phos-
phorus on forgeableness is relatively very slight: there
are those who even consider moderately phosphorie steels
as unusually easy to forge. 1 shall shortly endeavor to
show that it is uncertain whether the highest proportion
of phosphorus ordinarily met with in commercial steel
has any serious influence on its forgeableness under the
usual conditions of manufacture. Such uncertainty could
hardly exist were its influence serions and constant.

The following evidence shows that while in many cases
it has been possible to forge highly phosphoric steel with
care, in others in which the high percentage of phos-
phorus appears to be the sole abnormal condition, forging
has been impossible. The evidence is discordant, steel
with ‘88% of phosphorus rolling well, while that with 24,
‘38 and 527 rolls badly. This harmonizes with the capri-
cious effects of this element on ductility, and calls to



PROPURTION OF PHOSPHORUS PERMISSIBLE.

§ 130. 73

mind the marked differences observed in its chemical be-
havior during solution by acids. (See §§ 101, 123.)

(1). 1-10% Pmosrnorts. R. W. Hunt* found that
Bessemer (Clapp-Griffiths) steel with 1-10% of phosphiorus,
*004 of silicon, 5 of manganese, and 05 of sulphur rolled in
a ‘‘practical manner.” Tle seems to regard this as due to
some influence of the Clapp-Griffiths converter, but as
steel with 04, 0-88 and 0-98% phosphorus had previously
been successfully rolled, as T know of no evidence that
steel of this composition produced in non-Clapp-Griffiths
couverters will not roll in a ‘‘practical manner,”’ and as
I know that much Clapp-Griffiths steel with moderate
amounts of phosphorus has cracked badly in rolling, I
find little ground for his belief.

(2). "98% Pnospuorus. M. White has shown me a
small bar, about 4" x 4, which he assures me contains
0-98% phosphorns and was rolled from a 2” X 2 ingot.
It evidently had cracked a great deal in rolling, yet it nad
rolled and held together.

(3). 88% Puospnorus. Z. 8. Durfee states that steel
with ‘88% of phosphorus hammered and worked ‘‘ beauti-
fully”’ when above a low red heat.? '

(4). ‘40% Puospuorus. E. Williams in 1856 or 1857
found Bessemer steel with 40 phosphorus non-hotshort,
or at least rolled it into perfectly sound rails.®

(5). -35% Puospnorus. It is stated that steel with this
percentage of phosphorus was rolled into rails for the
South Austrian Railway with perfect ease.?

(6). *85% PuospHorus. Slade informs me that the
Trenton phosphoric steel (see § 128, D.) with phosphorus
from 11 to -35% (in one case phosphorus 27 with only
"07 manganese ‘12 carbon ‘02 silicon) rolled perfectly, with
the reducticns employed for other steel, at any heat not
above an orange color; ‘It would not fly even when
heated to a true white heat, but after having been brought
to this heat it was redshort when the temperature fell to
an orange color, but all right again when down to a blood
red.””® Ihave observed thisin non-phosphoric low-carbon
steel as well : 1 should attribute it to the extraordinary
lack of manganese rather than to the presence of phos-
phorus.

(7). *524% Puosprorus. Wendel found that Bessemer
steel with 498 to -524% of phosphorus but otherwise of
normal composition fell to pieces in rolling, whether a
high or low temperature were employed. As he subse-
quently found the same behavior in steel with but 20%
phosphorus, some may doubt that the phosphorus was
the cause, or at least that it was the sole cause of the hot-
shortness.*

(8). -38% Puospirorus. The Sherman phosphoric steel
rclled at Boston in 1877, containing ‘24 to -38 of phos-
phorus, rolled badly: after diligent inquiry I fail to learn
whether it was unforgeable at all temperatures or only at
high ones.

(9). The Terre Noire phosphoric steel is rumored to
have cracked very badly when rolled into rails.

So much for excessive proportions of phosphorus: how
is it with the comparatively small proportion actually

a Trans. Am, Inst. Min. Engrs., XIV., pp. 140-1, 1886,
b Eng. and Mining Jl., 1874, 1., p. 358,

¢ Journ. Iron and St. Inst., 1880, IL., p. 574.

d Idem, 1875, L., p. 847.

ePrivate Communication, Jan. 12th, 1887.

f Trans, Am, Inst, Min. Eng., IV., p. 366, 1876,

elﬁployed commercially, say from 0 to 0-17%? Percy
considers that phosphorus does not interfere with hot
malleableness : Ledebur that it does not except at very
high temperatures.® Itisa general belief or perhaps super-
stition among American Bessemer men that phosphorus
makes steel hotshort, an increase of 0°014 phosphorus being
considered by some sufficient to produce this effect: yet I
learn from a most competent authority at an Illinois
works, which has probably turned out as imuch phosphoric
steel (say phosphorns 0°10 to 0-17) as any in the country,
that the most careful observation does not show that an
increase of phosphorus from 0:10 to 0-14 has ever affected
the hot-malleableness of their steel. And from the chemist
of another Illinois works famed for its phosphoric steel
and for the cracked flanges of its rails, I learn that pro-
longed investigations designed to discover the relations
between composition and the rolling properties of their
steel, not only established no relation between phos-
phorus and hotshortness, but did not even make him
believe that phosphorus ever caused bad rolling.

Others may have convineing evidencs : I for one consid-
er it improbable that the proportion of phosphorus which,
in view of its causing brittleness, is permissible in com-
mercial steel, has an important effect on forging power.

WErLDING is thought to be favored by the presence of
phosphorus: the United States test board™ found that,
arranging the welded wrought-iron chains in order of
merit, their phosphorus was as follows: Best, 0-237: ‘18:
‘07: ‘20 18 *19: 17: 19: -17: 25: :16%, worst weld-
ing.

TrE MopuLus or ErastIoiTy of six phosphoric Heaton
steels tested by Fairbairn (Nos. 13 to 18, Table 28) was nor-
mal, maximum 30,000,000 ; minimum £26,580,000; aver-
age 28,603,000. Phosphorus is eurrently reported to di-
minish the modulus ; but, finding no evidence to support
this view I regard it as a popular superstition. If it were
true, then phosphoric steels with their high elastic limit
should be very springy.

§ 180. PERCENTAGE OF PIi1oSPIIORUS PERMISSIBLE FoR
Varrous Uses.—As the effects of phosphoruns are inten-
sified by the presence of carbon, and probably also by un-
disturbed slow cooling, so the proportion of this element
which can be tolerated in steel for a given purpose must
vary greatly ; it is hard to give rules of wide applica-
bility.

A. WELD vs. INGoT METAL.—The effects of phosphorus
are considered much more severe in ingot than in weld
metal, partly because the sum of the other foreign elements
(carbon, silicon, manganese) is usually very much greater
in the former, and possibly partly because the slag inter-
calated in weld metal mechanically lessens brittleness by
creating a condition slightly approaching that of a wire
rope, 4. e., by giving pliancy and interrnpting the growth
of incipient cracks. But I attach little weight to fhis
hypothesis, for had the slag this effect to a notable degree,
then the modulus of elasticity of weld metal should be
much lower than that of ingot metal, 7. e., it should be
less stiff. Actually their moduli are practically identical.
Finally, as phosphorus appears to make steel brittle by
inducing coarse erystallization, the intercalated slag may
partially counteract it by directly obstructing the growth

g Handbuch der Eisenhiittenkunde, p. 247.
k Trans. Am, Inst. Mining Engrs., 1878, VL, p. 116,
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of large crystalline faces, and by offering so many points
from which crystallization simultaneously commences that
the crystalline faces interrupt each other before attaining
injurious size.

The comparatively mild effect of phosphorus on weld

it here exists as phosphate in the slag : this may explain
it in part, but probably in small part. We find ductile
weld irons containing 0°24% of phosphorus and but 0:5%
of slag: if this is of the composition of common tap cinder
it is not likely to hold more than 10% of phosphoric acid,
which would account for but 0:¢25 of phosphorns per 100
of metal. Indeed, the slag produced in puddling such
iron may hold as little as 17% of phosphoric acid, which
would account for but 0°004% of phosphorus. Few pub-
lished analyses of tap cinder show over 8% of phosphoric
a~id : but one out of 42 analyses of wrought-iron given
by Ilolley shows more than 1:7% of slag, which, if hold-
ing 8% of phosphoric acid, would account for but 0077
of phosphorus.

KArsTEN thought that 03 phosphorus in weld metal
did not cause coldshortness: that with 0 5 phosphorus
iron might yet be worked, and that even with 06 it might
be bent to a right angle, but that with 08 phosphorus
it was decidedly coldshort. Yet Eggertz found 1" sq.
bars of weld iron with 025 to 0-3 phosphorus very cold-
short, which again illustrates the capriciousness of phos-
phorus, if indeed both these observers are right.

Rarrs.—Weld iron rails often have 045 phosphorus,
and 0-4% is not thought to be injurions. Bell gives one
with 0-67%. American steel rails, which ordinarily con-
tain 0-3 to 0-5 carbon, rarely have more than 016 phos-
phorus. The unsurpassed Bethlehem rails have but 07
phosphorus, and those of other Eastern mills rarely contain
more than -09 or 0-095%. The highest proportion which I
have met in a steel rail with over 0-3 carbon is 0-24%,
together with carbon 38 : silicon ‘03 sulphur 07 and
manganese ‘87. This I believe was a Buropean rail.
Rails 2 and 2a in Table 30, the former a bad the latter an
excellent rail, both have 0:24 phosphorus. I know of
American steel rails with 0-14 phosphorus and say °35
carbon which were pronounced ‘‘ excellent’’ by their pur-
chasers.

For 851 cases of steel rails examined by Sandberg the
normal limits for phosphorus appeared to be ‘05 and -10%.
No less than 23% of them, however, had more than *10% of
phosphorus, and 11% of them less than ‘05% of this
metalloid.*

If we can believe Beck-Guerhard (I cannot) Russian
rails have as much as 0'67 phosphorus. Table 28 gives six
phosphoric rails reported by him, of which the most re-
markable have ‘28 carbon with ‘33 phosphorus (No. 46),
and ‘23 carbon with ‘67 phosphorus (No. 48). Though
behaving well under static stress, their track record is
surprising. No. 48 was greatly damaged after 41 months’
service, during which 12 tons (737 poods) had passed over
it. Another, No. 47, broke after 2 months’ service, dur-
ing which a total weight of 900 1bs. (25 poods) had passed
over it, presumably a hand car.® Unless the pood has

a Trans Awm. Inst. Min. Eog., X., 1882, p. 410.

b The Secretary of the Iron and Steel Institute assures me that the incompre-
hensible numbers which Ihave quoted are those given by the Russian Commission,
and not misprints. (Private communication.)

i

| phosphorus (say with mnot over

‘narily not above ‘04 to *05 phosphorus :
metal is sometimes explained by supposing that much of

some other meaning than that assigned it by the text
and the encyclopadias (about ‘017 ton), Russian train-
dispatchers are to be envied. Dudley would limit the
phosphorus in rails to 010%.° Boiler plate steel has ordi-
vet I know one
instance of boiler plate made at an American works
whose reputation for this produnet is probably nnequaled,
wkich contained -07 phosphorus, and many other cases
of admirable boiler plate with this amonnt.

Steel boiler plates of this composition are in very ex-
tensive use, and are mercilessly punched and flanged cold
without subsequent annealing or reaming, and it is next
to certain that they actually behave admirably in service,
for otherwise more frequent failures of steel boilers in
manufacture or use would have occurred. Boiler plate
with 0-31% phosphorus and 0°12 carbon has moreover been
pronounced ‘‘remarkably tough’ by so conscientious an
engineer as F. J. Slade, (see § 128 D.) ; but this was mann-
factured in such small quantity that we can draw little
inference as to its trustworthiness nnder the trying condi-
tion of actual service. The effects of phosphorus are so
capricious that we cannot infer complete trustworthiness
from a few instances of good behavior.

Curting TooLs shounld apparently be very free from
3%). Indeed the
reputed supemonty of tool steel m’xde ‘from Danne-
mora ore is by many attributed to its freedom from
phosphorus. Of 18 tool steels tested by Smith, the
only three with over ‘03 phosphorus were among
the worst, their value being from 40 to 60% of the
maximum: yet one steel with ‘024 phosphorus had
the best record in slotting ; and its average for all cutting
purposes was 81% of the maximum. The value was meas-
ured by the weight of the shavings which a tool would
turn, plane, ete., without dressing.?

I am informed that the saws of one of the most cele-
brated American makers formerly contained as much as
0-09% of phosphorus, but that their quality has been
materially improved by limiting the phosphorus to ‘027,

and raising the carbon from ‘90 to 1:10%.
TanLr 80.—PHosPHORUS IN VARIoUs IRONS AND STEELS. (SEE TABLEs 28 AND 29.)
2| g Ié 58 .
el e |@d A IDR=]
-g g5 2 Eg EE Purpose, etc,
ola = |
W A [ e o T = Railg, usnal upper limit for phosphorua.
2.1 °28 |'05 | -24[°24 | "04 Bad Germsn rail, Pourcel, a. Am. Inst. Mining
Engrs., XI., p. 201
2a| *21 | -05| -33[-24 | "08 Rail removed after 12 years wear on an American railway.
R. W. Lodge, private communication,
3. 16 { -04] +60;'07 06| Ingot| } Boiler plate, usual upper limit for phosphorus,
4.1 *15{ ...| *67j 10 | .. |metal.|} Wire rods, common.
{151 WD - '67|'10 . Structurai steel, common.
10
6.] “10 | *01] -87 '12@ <05 Nail plate, common.
7.10 90 | *80f *35(°09 |.... l‘iuwa formerly mnde by a celebrated maker,
8.11°10 | 80} *35/-027 |.. ¢ now the same e
9.1 10 | *16| 07|67 07 Weld Iron rails, unnsun]ly phosphoric, p. 428 ( Bell, Manuf,
0.1 +04 | *12| ...|"195 | *O1f; o Bestiorkshire borler plate, } 434 Tron
11.] 13 | 141 0 1'16 0 |r railroad axles. p- and Steel,

§131. Puospuorus UnriTs.—For conciseness Dudley
would measure the brittleness due to a given percentage of
carbon, silicon or manganese in terms of that caused by *01%
phosphorus : he suggests provisionally assigning to ‘02%
silicon, *03% carbon and °05% of manganese respectively an
effect equivalent to that of 0°01 phosphorus, and con-
veniently designates each of these quantities as a phos-
phorus unit.® ~When we discover what quantity of each

¢ Trans. Am. Inst. Mining Engrs., IX., p. 356.

d Repors U, 8. Board on Testing Iron, etc., 1881,IL, p. 592:
of Engineering, II., p. 434.

e Trans, Am., Inst. Min. Engrs., VIL, p. 197, 1879,

Thurston, Matls.
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§ 137, 5

of these elements is equivalent to 019 of phosphorns, this
clever conception will be of great value, and it may be very
useful to-day if cautiously employed. But, as the values
assigned to the phosphorus unit are purely conjectural, it
is liable to be wildly misleading if used beyond the nar-
row limits for which its talented author designed it.

Thus, while four irons with 0'60% carbon, "40 silicon, 1%

manganese and *20% phosphorus respectively and contain-
ing nothing beyond iron and one impurity, might possibly
be equally brittle, it is extremely improbable that, if an iron
initially contained 0-50% carbon and nothing else it would
be rendered as brittle by an addition of 14 manganese or of
*6% manganese -}- ‘20 silicon, or of ‘40 manganese-- ‘16 sili-
con + 124 carbon as by an addition of *20% phosphorus.

CHAPTER VII.

CHROMIUM,

TeNGSTEN,

CoPPER,

[For later information see Appendix 1.}

§ 136. TRON AND CIIROMIUM.

SuMMARY.—In 1820 Berthier® publicly described chrome
steel, whose value he recognized, and his method of pre-
paring it, substantially that employed to-day. Chromium
appears to combine with iron in all proportions, probably
often tending to form heterogeneous compounds: to be
readily oxidized when thus alloyed : to raise the satura-
tion point for carbon: to increase the hardness, especially
that of the hardened steel, and perhaps also the tensile
strength and elasticlimit : and tolessen the welding power.
It does not confer on carbonless iron the power of being
hardened by sudden cooling: it does not diminish but per-
haps increases this power conferred by carbon simulta-
neously present: it does not very seriously diminish hot
malleableness or ductility under impact or under quiescent
load. Chromic oxide is liable to canse flaws in chrome
steel, which is more easily burnt than chromeless steel.

Chrome steel is rather hard when annealed and intensely
so when quenched: is readily forged: is not peculiarly
brittle: will not truly weld, but can be made to cohere
(even to wrought-iron it is said) with a tenacity valuable
for many purposes. Its manufactureis a promising field,
but only for those competent to control it scientifically.

§ 137. THEIR METALLULGICAL CIEMISTRY.

A. FErRrRO-CHROME.—Chromium appears to combine
with iron readily and in all proportions, at least up to 807%.
Ferro-chrome, 7. e. highly chromiferous iron, may be
readily prepared as stated by Berthier,” by very strongly
heating the mixed oxides of iron and chromium in brasqued
crucibles, adding charcoal - powder if oxide of chro-
mium predominates, and fluxes (e. g. borax and glass) to
scorify earthy matter and to prevent oxidation: the pres-
ence of iron or of its oxides facilitates the reduction of the
chromium, which demands a higher temperature than that
of iron. Thisissaid to be substantially the method em-
ployed at Brooklyn® and at Unieux (France), where chrome
steel has been for years produced on a largescale. It has
also been made at Sheffield. Oflate 12%ferro-chrome pro-
duced in the Cowles electric furnace has been offered for
sale. Ferro-chrome hasalso been made in the blast-furnace
at Terre-Noire, butit is stated with not over 40% chromium.

B. CuroME STEEL also is made to-day substantially by
Berthier’s process, by simply melting ferro-chrome with
wrought-iron or steel in plumbago erucibles.®

a Annales des Mines, 1st series, V1., p. 573: Ann, Chim. Phys., 24 series, XVIL.,
p. 55.

b Percy, Iron and Steel, p. 185.

¢ Ferro-chrome issaid to be made at Brooklyn by melting finely pulverized
chrome ore with charcoal in common graphite crucibles, about 45% of ferro-
chrome resulting, which holds 30¢ of chromium and 3% of carbon. From 025
to 2% of this product is melted with Swedish or bloomary wroughc-iron in 70 Ib.
charges in crucibles in common crucible furnaces, which melt 6 rounds per 24
hours with a consumption of 2 lbs. of anthracite to 1 of steel : (Stahl und Eisen,

IL, p. 165, 1882).

C. Ox1parioN.—Chromium,even when alloyed with iron,
is very readily oxidized. In puddling chromiferous cast-
iron its chromium is largely scorified, and, by forming a
thick slag, prevents the puddled ball from welding (this
appears distinctly due to the oxide of chromium in the
slag and not to the metallic chromium in the metal). Thus
Riley found that adding 11% of cast-iron which contained
about 7% of chromium greatly delayed the puddling of
good gray forge iron: the chromium was found in the
slag soon after fusion. Equal parts of this chromiferous
cast-iron and of hematite pig puddled with difficulty, and
the slag was so viscid that the puddled balls could not
be formed into blooms.¢

The Bessemer process, possibly because its slags are acid,
seems less prone to remove chromium than puddling. At
one time the acid-Bessemer steel of Harrisburg had occa-
sionally as much as 0:59% of chromium.®

The readiness with which chromium oxidizes has sug-
gested the use of ferro-chrome instead of spiegeleisen as
a recarburizer for the Bessemer process. Butits efficacy is
very doubtful. The oxides of manganese arising from
the reaction between the oxygen of the blown steel and
the manganese of the spiegeleisen are fusible and scorifi-
able: they coalesce and rise to the surface of the molten
metal. Chromic oxide, infusible and well-nigh unscorifi-
able, would probably remain mixed with the steel, break
up its continuity and impair its forgeableness. Indeed,
even in the crucible process, in which chromium has com-
paratively little chance to oxidize, chromic oxide, formed
while the steel is molten, is liable to cause deep inerad-
icable veins in chrome steel, especially if itscarbon below
or its chromium high. Even in heating chrome steel a
very strong and adherent scale forms which renders weld-
ing next to impossible.

Chromium is said to hasten the rusting of iron.

D. CArBoN, SiLicoN, SULPHUR,—Chromium raises the
saturation point for carbon, probably even more power-
fully than manganese does : ferro-chromes Nos. 1 and 11
in Table 81 have 11 and 6-2% carbon with 80-and 18%
chromium respectively. Like manganese it prevents the
separation of graphite.

Ferro. chrome often contains over 2% of silicon. ‘Chrominm
does not necessarily exclude sulphur from iron, for ferro-
chrome3, Table 31, with 67-15% chromium has 0-3%sulphur.

E. Kern.—I find neither result nor promise in his pro-
posal to substitute chrome iron ore and calcined limestone
for ferro-manganese in the erucible process.®

d E. Riley, Journal of the Iron and Stee! Institute, 1877.1, p. 104,

e A. 8. McCreath, private communication, March 19, 1887,

£ Brustlein, Journal of the Iron and Steel Inst., 1886, 1., p. 776. After pro-
longed study I cannot quite assure myself that I understand the passage on which
this statement is based.

& Metallurgical Review, 1., p. 489.




76 TIHE METALLURGY OF STEEL.

TasLE 1~ CONP oI SRt but slight influence, abont 400 pounds increase of tensile
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dened piece from the same bar was decidedly weak. The

1. Unicux, 24 Percy, Iron and Steel, p. 186: fmperfectly fused: yellowish gray white: i 3 N 3 -3 d
center filled with t;iinute)::cicumr crystals, Apﬂ:lckl‘(l wiPl\ dlﬂié,u)ty by aeﬁls. 3, Bousysingnult. percentage Of chromlum Of the thlrd‘ ('-h 0. 131 with 25%

Journ. troo and St. Tast., 1586, 11., p. 815 4, Berthier, Percy, loc. cit.: well rounded button: Of chromium) iS SO lo“y t]lﬂt we hesita te to ascribe to it the

full of large bubhles line(ll1 \\iith }ll)lﬁslmati(;] crystala: whilt(-r t‘hnn pln'il}nun}: nttAcl&le;I wi;lb girou.t
difliculty cven by nitre-hydrochloric acid. &4 #’erey, loc. ¢it. 64 Usual composition of Unieux ] ] >
ferro-chrome. 7, Unienx, silky whctln] chllg_ed .]’8, Unlleux: \\'hﬁndglowll'ygcgnilcd]n mhasa ofl‘nccdlcs. hlgh teDSIle Strength Of the Stee]' These cases are here
9, Perey, loc. cit., well-fused : tin-white, finely grennlar, attacked with difficulty by scids. JO. 1 a
I,';ﬂoux :yfrncture :\'luiu-. ocicular. X1, Unicux ¢ fracture brilliant scienlsr when slowly eooled, summarlzed. 3 |
silky when chilled. 124 Unieux : fracture whea slowly cooled gray, small squaro facuts : silky Tens:lo Bl'ﬂ!nm-h compared with l‘?t'hor ]stcols of like carbon ﬁgntenL

gh ormal.—- - W~ ey

when chilled.  Unleux specimens from Brustlein, Joura. Iron ond 8t, Inst., 1886, T, p. 770. | — gh. ~ - - ——
Number in Table 82. 1 7 unhardened. 13 2 4 6 9 12 29 7hardened. 8 95
Chromium, ..400 053 025 22 12 -22@°64 33 ‘29 ? H3 50 -38
Carbon. ... Jolos IE10) 1-03 070 0-6 034 *S1@99 *901°82 T+ 103 91 -84

§ 138. INFLUENCE oF CHROMIUM ON THE PHYSICAL
ProrEerTIES OF IRON,

A. TexsILE STRENGTH.—It is usually stated that chro-
minm raises the tensile strength. What evidence I have
collected while it does not disprove certainly does not
warrant this statement. Plotting in Figure 3, § 27, those
steels of Table 32 whose composition and tensile strength
are given, with tensile strength as ordinate, carbon as
abscissa, I find that in six cases the tensile strength about
equals the normal strength of chrome-less steels of like
percentage of carbon, in three cases it is slightly higher
and in three slightly lower. Of the three with unusually ) : ,
high tensile strength, one (No. 1)}as 47 of chromium : a | 2 Ties keroXo 5 utatomiloruien s kooyne v o fhe el
calculation based on this instance alone gives chromium | tensile strength be high. :

From the other instances, Nos. 16 to 28, no safe infer-
ences can be drawn: so much ‘‘chrome steel’’ contains
little or no chromium that we cannot safely assume its pres-
ence whereit is notexplicitly given. Excepting tungsten
steel No. 10, Table 34, § 141, I know of none whose tensile
strength, when not raised by hardening or cold-forging,
equals that of chrome steel No. 21 (157,915 pounds per
square inch). It is not explicitly stated that this had not
been hardened, but this is to be inferred from the context.
The strength of the hardened bars Nos. 3 (199,000 pounds),
18 (202,900 pounds) and 30 (213,342 pounds) is decidedly

TaBLE 82.—~CnEoME STERL,

- Compositioa. - Physleal propertics, | Bent b"“;‘l"‘;" breok:
g
e g o £ Eloungation e
Observer, source, ete. g o, 2 ; | 082 g 2 s ,°_ o
s = g o @ 8 =tk o b Sa : JoR )
= ag 3 a 3 % 0D . =o . =9 @ R
2 g 58 b & | 5| 8 |58 | 274 5] § $8¢
8 5 E¥ £ (8|28 |=35 | 34 25| B | E=A
Z o S S 22 | & =] [B]s] £ !Tn)ps A a
1 {Unicux, unhardened, Brostlein.....ceo wiveerens o o 4 1°10 177,500 e - -
1'5 Faradsy end Stodart; very hard, extremely malleable , 294 17 20 T oo e o o S ] Sl | i 3
2 Unieux, unhardened %same steel.. 22 06 103,000
3 “: ¢ annealed ofter oil hardening { Brustlein 22 06 199,000
4 W Brustlein 12 *84 83,180
45 Faraday and Stodart; hard. forged well 7994 1° P gl st sl g e SR ]| SR g §
6 |A. A. Blair and D, Smith, P 45@ 92 | 84@1°19 115,922
6 ‘ @ P e 3 L13 - -81@ 92 104,756 .
7 |Brooklyn Adamantine, Hunt snd Clapp snd tho anthor.....eceevees oonne. -53 1-08 }%'%8{: g octagon.
Y
8 tD(')h)en, TadGHUT ., & ottt 5 . b 4.5 S e *50 *91 122,300
9 |Brooklyn, very bard, Iluntand Clapp and thesutbor....... «ccovvueitenn 88 -90 134,000
9-5|A A Blair and'DSSmithy (& 30l S o 00 M e sl ie e et el s el 38 -84 110,572
10 |Brooklyn, St. Louls Dridge (?) Blair.. A0 000 -88 b T R on | R el lCo0a - | (o ofic oo
7 @ b LR () W0 8 R G 0000 o K 0 Sac0aod 36 RCE b o [R50 M R g
S . - . - . a 4
12 s Tuat snd Clapp ond the author......cvvvvenen corennnnnnnn 29 1782 S er s e 15 15| *78 { 127,000] . 9 |g-5n
13 L IA‘ " . 13 .25
14 |Brooklyn, St. Lonis Bridge (?), Blair ()} R
15 i ot m 5 0 .
16* 'Unihixf vhhibdipcd® = Mg I F 8- o g A8 S Bl Sel T i b oiff]4 Sl A I8 Joerl Al
17 *  guenched from yellow
18 &) R § right cherry } same bar, Barbler, Bonssiagsult.
19 2 - ¢ gcherry
20 5 B ¢ dark red e
21 | § Brooklyn, West Point test, strongest bar....coeeiiieiiiieiiannanses v
22 |1 > 4 wenkest ** L...i.ieee... o
23 “  Kirkaldy’stest.....cccccveieriornraisnoes ]
" &
24 g B L W
2 || n “ :
27 {Unieux, priynte communicntic o i
9 " ¢ o A e SR, :
29 *  gonealed 8/ .
80 *  oil hardened and annealed % 3 5
81 ABrooklyn,Thuxfton.... J s hesihae b, ¢
82 o '
6 ‘ “ “ ot

1. Unhardened, Unlenx. 1°+5. Faraday and Stodsrt. Forged well, with no disposition to crack : herd, as mallesble as puro Iron, gavea very fine damask, ‘The composition bere given is Inferred
from their statements that they melted together 1600 grs. of steel, whose carbon fs roughly nssumed at 1%, aud 48 grs. of pure chrominm ; and further that * in all the experiments msde in the
laboratory the button produced was weighed, snd if it fell short of the weight of both mctals put iato the erneible it was rejected as finperfect.” Phil, Trans. Royal Soc., 1522, pp. 267, 258. 2 and
g. Unicux, 2 uphardeoed, 3 the same steel anucsled from bright redness after oil-hardening, 4. Unienx. 4°5, Faraday end Stodart, loe. eit., good, forged well, with no disposition to erack ¢
hard. but not so bard 8s No. 1'5. The remsrks concerning No. 1'5 Bm’]{‘,’ to No. 45, mntatis mutandis. & and 6. Rept. of 17. 8. Bd. to_Test tron, ete., 11., p. 590. _Thurston, Mat'ls of
Engincering, 11.. p. 434, 7. Brooklyn ¢ Adamantine™ chrome steel, a, uahardencd. b, quenched in oil from dnll redness. Hunt and Clnplp and the author, 8. Dohien, Ledebur, Handbueh,
p. 261. 9. One of the hardest brands of Brooklyn chromo steel, 1Tunt end Clapp and tho author. #°&, Rept. U. 8. Bd. to Test Tran, I1., p. 530. 10 and Y1, A. A. Blair. Said to be from
staves of St. Louis Brilge : private communication, May 80, 1S87. 132 and ) 3. Brooklyn chrome sieel. Ilunt snd Clapp snd the suthor. 18 s styled ** No. 1A.” a, Unhardeaed: h, har-
dened in oil from dull redness. 14 and 1 5. Broo‘dyn (?) chromwe steel, said t» be from staves of St. Lonls Bridge. A. A. Blair, private communication, May 30, I1SS7.  J 6 to 20. Unieux.
16, bardened § 17, quenched from yellow ; 18, from bright cherry ; 19, from cherry ; 20, from dark red (sombre). 21 strongest, nad 22 weakest of three bars of Bronklyn ehrome steel tested at
Wost Point fonndry. No. 21, in two trials, gavo 176,920 snd 198,910 pounds. and sfter being heated, 163.530 snd 193,210 pounds teusile strength : No. 22, in the sanie way, gave before heating
173,770 aod 163,760 pounds, and after beating 174,540 and 190,910 pounds, tenslle strength per square inch. 24 to 26. Kirkaldy, cirenlar of Brooklyn Chromo Steel Co. 7. 28. Unieux.
Private communication from J. Iloltzer et Cie. 29, 830. Unicux: 29, annealed: 80, oil-quenched, and annealed from dark redness. 31 to 33. Brooklyn, Thurston, Mat’ls of Engincering, 11.,

. 30T,
= Unierx SteELs.—Excepting Nos, 27, 28, and 81 to 83, deseribed by Brustleln and Boussinganlt, Ann, do Chtm. et Phys., 5th Ser., XV.. and Jour. Iron and St, Inst,, 1886, II., p 80T.

BrooxLyN CAroME STEELS. —Nos. 7,9, 12, nod 18, obtained by the suthor from the makers or their Boston nzeunts, puaw tested by him: Messrs. Huat nad Clapp, of Pittsburgh, Pa., have been so
kind as {0 analyze these stcels gratuitously for this work. In tho beading tests, these steels wero Licld firly in a vise end struck with moderato foree with a sledge till they broke, The bendiog wus

measured sfter fractare.
a. As recelved from the makers, b. After gnenching in ofl from dull redness, ¢. After anneallng from cherry redness, Several chromiferons phosphoric steels sro described In Tsble 28.
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high: but we have too few recorded cases of the tensile
strength of hardened high-carbon steel to justify our term-
ing it extraordinary, or the inference that it has been raised
by chromium. § 54, I, gives cases in which the tensile
strength of hardened steel rises to 248,000 and 314,800
pounds, and that of wire to 432,000 pounds: hardened
steel No. 2\, Table 8, has 211,072 pounds tensile strength,
and hardened steel of Park Bro. & Co. is reported with
227,5600* pounds tensile strength. These four are appar-
ently chromeless.

B. Tug Erastio LiMiT, it is stated, is raised by chro-
minm even more than the tensile strength : this however
is only true of one of the cases which I have met, No. 1,
Table 33, with 4% chromium, whose elastic limit is nearly
identical with its tensile strength, 177,000 pounds per
square inch. The elastic ratio of the others is either nor-
mal or (as in Nos. 18 and 19) unusually low.

C. DucriLity.—If we compare the steels in Table 32
with the numbers given in Table 6A, § 28A, we find that,
considering their tensile strength, the elongation of three
of them, Nos. 4, 7and 9, is decidedly low, that of eleven of
them is about normal, and that of four of them, Nos. 1, 2,
8 and 23, is decidedly high. In a later chapter combina-
tions of tensile sirength with elongation which equal if
they do not greatly excel these will be given. Compar-
ing them with Table 6 and Figure 5, § 23, we note that,
considering their carbon content, the elongation of three,
Nos. 2, 8 and 12, is high, that of two, 4 and 7, is low,
while that of the remaining ones wlose composition is
given is about normal. There is little in these numbers
to suggest that chromium either favors or precludes an
unusually high combination of strength and toughness.

As regards ductility under shock our data are equally
contradictory. Boussingault, who investigated chrome
steel perhaps more thoroughly than any other pecuniarily
disinterested person, considered that its resistance to im-
pact was far greater than that of other steels.® He cites an
octagonal bar (No. 23, Table 32), whose inscribed diameter
was 0'87inch : when notched 0°08 inch deep and grasped
in a vise with this notch ‘03 inch above its jaws, it bent
60° under 20 blows of an eleven-pound sledge before
breaking. Thisiscertainly good resistance : unfortunate-
ly it is not stated that it was positively known to con-
tain chromium. Holtzer’s twelve-inch chrome steel pro-
Jectiles shattered a hard sixteen-inch Brown compound
steel armor plate, and were found. entire at the back.c
Here too we are not positively informed that they con-
tained an important quantity of chromium. Unfortunate-
ly in other cases chrome steel has shown poor resistance |t
toimpact. I found that four Brooklyn chrome steels, 7, 9,
12 and 13, Table 32, bent from 1°5° to 40° nnder the blows
of a sledge before breaking : none behaved well, two be-
haved wretchedly. A bar of chromeless Pittsburgh cru-
cible cutlery steel of about 1% carbon, 0-4 inches square,
bent 93'5° under like conditions before breaking.

McCreath informs me (partly from memory) that, at the
Pennsylvania Steel Works, Bessemer rails with from *12 to
*547% chromium passed the drop test when their carbon was
from ‘25 to -30%, but often broke under it when their car-

a W. 8. Shock, quoted in Trautwine's Civil Engineer’s Pocket Book, p, 179,
1872,

b Ann. Chim. et Phys., 5th ser., XV,

¢ Engineering, April 1st, 1887, p. 306.

bon was from 40 to ‘50%: e. g., one with *41 chromium
and ‘28 carbon passed : two with 59 and ‘41 chromium
and 50 4 and 28 -}- carbon respectively broke.? Here too
chromium appears to have injured the shock-resisting
power.

D. HarpNESS, HARDENING AND ANNEALING.—Chro-
minm is said to increase the hardness of iron both in the
ordinary condition and when hardened. TUnhardened
chrome steels are slightly harder and more difficult to cut
than chromeless steels of like carbon content, and their
hardness increases with the percentage of chromium.
Steel with 4-24%° chromium scratched glass (presumably
when unhardened). Ferro-chromes 2, 4 and 5, Table 33,
with 54 to 76% chromium scratched glass.

Chromium does not appear to give iron the power of
becoming harder when suddenly cooled. At Unieux in-
got iron with 1% chromium could still be easily filed after
quenching from cherry-redness.® * Wire with 1-24% chro-
mium and 0-31% carbon acquired no more elasticity on
oil-quenching than similar metal without chromium.*
But chromium does not prevent metal which also contains
carbon from hardening. Steel 13, Table 32, when unhard-
ened was slightly harder than ordinary unhardened tool
steel. Quenched in running cold water from blood-red-
ness it was much softer than Mushet’s tungsten steel, and
could be filed, though with difficulty. Quenched from
an orange heat it had a porcelanic fracture, scratched
glass, was very slightly indented by Mushet’s tungsten
steel, but slightly indented imperial (Tungsten) steel,
Hadfield’s manganese steel and glass-hard cutlery carbon
steel. It could be filed, but with great difficulty : even
Mushet’s steel is slightly attacked by the file.®

Steels 5, 6 and 9°5, Table 32, tested in competition with
fourteen lots of the best American and British steels,
though not notably harder than their competitors judging
from the pressure required to produce the first percepti-
ble compression, on the whole excelled them in efficiency
as cutting tools, as gauged by the weight of standard iron
cut by each under fixed conditions without re-sharpening.
The greatest weight cut by the best chromeless steel was
but 80:99% of that cut by the best chrome steel, No. 5 :
while No. 6 also slightly excelled the best carbon steels.
The chrome steel No. 95 was excelled by five of the
chromeless steels, the best of which excelled it by 224.®
Unfortunately they were not compared with tungsten
steels which probably excel them.

Eight specimens of chrome steel (which include Nos.
23 to 26, Table 33) gave Kirkaldy the following results :!
Crushing stréngth . Elastic. = diams.-\

TEEnEthEE M. 2.7, 000, Vo
Lbs. per8q. ite.e...... 73 000@106 000 69,000@ 97,000

Ultimate . ——————

8 diams. 12 diams,
99,411@ 184,144 77,041@ 108,090

This combination of tensile and compressive strength
with static ductility is certainly extremely good, but not
enough examples are at hand to justify our pronouncing
it extraordinary : 63,000 and 112,320 lbs. per square inch
(8 diameters) were the highest elastic and ultimate com-

d Private communication, March 19th, 1887.

e Percy, Iron and Steel, p. 187.

£ Boussingault, Journal of the Iron and Steel Inst., 1886, I1., p. 811.

g J. H. H. Corhin (Silliman’s J1., 1869, 2d. Ser., XLVIII., p. 348) reports that
Brooklyn chrome steel with 1°66% chromium and ‘98% carbon was as hard as
quartz when hardened and as felspar when unhardened : I have never met steel
which would scratch quartz.

h Rep. U. S. Board on Testing Iron, etc., II., p. 592 :
neering, 1L, p. 434.

1 Circular of Chrome Steel Co., 1874.

Thurston, Matls. of Engi-
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pressive strength which Kirkaldy found in Fagersta
Bessemer steel of 1:2% of carbon.?

For HARDENING, the lowest quenching temperature
which will give sufficient hardness should be employed,
which appears to be the highest compatible with preserv-
ing a fine fibrous fracture. It may be accurately ascer-
tained by heating a bar differentially by conduction from
one end, quenching, and examining the fracture at differ-
ent points. The point where a fine fiber replaces a coarse
granular one, an index of too high temperature, was at the
proper temperature when quenched. This temperature is
near dull redness. If chrome steel which is to be hard-
ened has for forging been heated beyond its proper quench-
ing temperature, it should cool in air below that point
and be again heated to it, lest the interior be too hot at the
instant of quenching: the Chrome Steel Company states
that thus alone can chrome steel be injured. For anneal-
ing it should be heated to barely visible redness (a higher
temperature might lead to detrimental coarse crystalliza-
tion), and if practicable it should cool extremely slowly.

The foregoing are the instructions of the Brooklyn
Chrome Steel Company.

E. Forcing.—From whatinformation I can obtain and
from the results of my own incomplete trials T judge that
chrome steels forge more readily than tungsten steels,
and, when they do not contain more than about ‘50% of
chromium, nearly as well as ordinary carbon steels of like
percentage of carbon.

Faraday and Stodart found that chrome steel with 1+
chromium (and presumably about 1% carbon) forged well,
and one with 3% chiromium (and presumably 1+% carbon)
““ was as malleable as pure iron.””® Brustlein states that
chrome steel forges quite as well as ordinary carbon steel,
but is more easily burnt under oxidizing conditions at a
yellow heat : the Brooklyn Chrome Steel Company states
that it may be forged like any other good steel :* Rolland
that it works advantageously at a temperature approach-
ing whiteness.© Even with 12% of chromium and 2% of
carbon iron may be forged. Brooklyn chrome steels 7,
9, 12 and 38 forged well between a light yellow and a dull
red heat, in some cases even enduring light blows at
slightly scintillating whiteness. I here condense my ob-
servations, adding for comparison some results obtained
with tungsten steel. See Table 34A, § 141.

depreciate it, admits that it is ¢ difficult, if not impossi-
ble, to weld two pieces of steel which contain a notable
proportion of chromium,” owing to the formation of an
unscorifiable scale of oxide.® With repeated trials at
different temperatures and closely foliowing the maker’s
directions a skillful blacksmith was unable to weld for
me steel No. 13, which contains but 0:25% of chromium.
It would stick together and could be bent back and
forth at dull redness without separating: but on twisting
the steel when cold it parted at the weld, the perfectly
bright clean surfaces showing that no true weld had
occurred. The pieces, however, adhered with a tenacity
sufficient for many purposes. We would naturally ex-
pect this tenacity to decrease with increasing proportion
of chromium, and from Brustlein’s statements I infer that
it aoes, and probably rapidly.

G. HoxoarNEousNiss.—Several facts indicate that
chrome steel is liable to be exceedingly lieterogeneous.
The tensile strength of two test pieces cut from the same
bar of Brooklyn chrome steel tested at West Point dif-
fered by 21,990 pounds: that of two others, cut from the
same bar after heating, differed by 24,680 pounds.®

The specific gravity of two pieces cut from another test
bar varied from 7-8556 to 7'8161, or by 0395. In carbon
steel a variation of about 0:25% of carbon wounld be re-
quired to produce such a difference in tensile strength, and
of about 0-50% of carbon to produce such a variation in
specific gravity. For comparison I here tabulate a few
instances of deviation of specific gravity.

Difference between the mean sp. gr. of the heaviest and lightest of 18 lots

Of “tool “stael s 1. T U0 LLUAN S TS T T TR S T 0-0506
Difference between sp. gr. of steel ingots of 1°079 and 0-529% of carhon : § 0°036
Difference between the sp. gr. of hammered bars of 1°079 and 0529« of

[T 1o g O S . % I A S ORI 60,5 008 0 06 G 03 acao 0019
Difference in sp. gr. due to hardening steel of 1:005% carbon from red-

b1 R BN P B SR S90S 5600 001000 0 dbp B 0 03B 0a0 - 06 SH000 0 0-037
Maximum variation in pieces cut from the same piece of Bessemer steel :

B R PR A A B0, O B o 00 acC00 D BARIERAE000 205 4050 O ¢ 0-015
Do. do. for open-hearth steel : Kenb:k ....vvvuier veve vovranenencnnnnnns 0-0081

Greatest difference between two pieces cut from the same bar of Brooklyn
chrome:steel; West Poilit.... .reles soreriine cvss s shereisleTas v o hisle o 2o B B o L 00395

Only moderate differences, however, existed between the
specific gravities of duplicate pieces cut from the other
bars of chrome steel tested.

On etching the polished surface of bar 13, Table 32, with
dilute sulphuric acid, irregular bright white spots ap-
peared, 0°12 inch in diameter and less, apparently unacted

TABLE 82A.—FoRGING TEMPERATURES OF BROOKLYN CHROME STEEL.

Composition. Temperature.
o 1o il
able 82.| = <
£ g g 1?.0 Scia}g&'img White. Light yellow. Yellow, Fullred. | Cherryred. | Dull red. Black,
1 & | 2|3
(&} (] 2 &
7 53 | 108 o1 e w Crumbles badly. .. Crnmbles badly...|Forges well Forges well...|Forges well. .. |Forges well. .. |Forges...... . Hammer hardens and cracks,
9 ‘881 -90 189 *98 |Crumbies.... ... Crumbles a little. . |Forges .... ....../Forges Well. ..}, .. covereeeie]iieinerreieieiernnoroonanens
12 ‘29 | 182 18 73 |Crumbles a little. . [Forges pretty well|Forges well.......| oo tiiiiiee] v ven vone vulivvneeneeiceee]onnne o aneens
it 25 l TORE % e e = & “ ++vo.|Forges well, .. |Forges well...|Forges well...|Forges.... .. Forges a little,
Mishef’s tungstensgteelTe8r .ot Summe ¥alo S o gre T amiowlis 100 oble Fout oo Cracks. ... . ... F 0 Forges well... » 3 I @ ...|Cracks....... Hsmmer hardens,

F. WeLDpiNG.—The Chrome Steel Co. state that chrome
steel ‘“welds readily either to iron or to itself, and will
not separate at the weld : >’ but here the suspicion of in-
terest arises. Brustlein, who as the (I believe) chief En-
ropean maker of chrome steel should not knowingly

a Kiraldy’s Experiments on Fagersta Steel, Series A2, test B 1083,
b Phil, Trans. Royal Society, 1822, p. 267.

¢ Journ. Iron and St. Inst., 1886, IL, pp. 775, 820.

d Circular.

e Ann. Mines, 1878, 13, p. 152.
f Brustlein, Journ. Iron and St. Inst., 1886, IL., p. 774.

on by the acid. On digestion with acid these spots grew
into projecting lumps, as the smronnding matrix was dis-
solved. These may be segregations rich in chromium:
certain chrominm-iron alloys resist acids. This segrega-
tion is a possible explanation of the apparent chromeless-

g Idem, p. 776.
_h Circular of Chrome Steel Company.
1 Rept. U. 8. Bd. on Testing Iron, etc., IL., p, 592.
J Metcalf, Treatment of Steel, p. 37.
k Miller, Trans, Am. Inst. Mining Engineers, X1V ., p. 583, 1886.
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ness of ‘“chrome steel.” If so segregated as to escape
ordinary sampling, how beneficial chromium must be!

H. FusiBiLitY.—Chromium raises the melting point of
iron : with more than 68% of chromium ferro-chromes are
“with difficulty fusible at the highest temperatures of
the blast-furnace.””® Chrome steel must be teemed at a
very high temperature, since according to Boussingaultit
solidifies incomparably faster than other steels.

MaeNETISM.—Even with 65% chromium ferro-chrome is
according to Brustlein attracted by the magnet: Percy
however found that one with 5467+ chromium was not
thus attracted.

StrucTURE: DamaskiNG.—Chromium tends to pro-
duce an acicular structnre in iron, especially if the metal
be slowly cooled and if it be also rich in carbon.” Thus
No. 8 in Table 31 ¢ is a mass of minute needles”: No. 11
is brilliantly acicular, yet the fracture of No. 12 shows
only small square facets, thongh it differs from No. 11
chiefly in having much less carbon.

A slight application of dilute sulphurie acid to the pol-
ished surface of chrome steel produces at least in certain
cases a very beautiful damask, which Berthier observed,
and which Faraday and Stodart® ascribed to the elongation
of the crystals by forging. I cannot develop this damask
on steel 13, nor could J. H. H. Corbin produce it on a
Brooklyn chrome steel containing 1:66% chromium and
0-98% carbon.4

The fracture of chrome steel in the normal condition
(7. e., neither hardened nor annealed) closely resembles
that of chromeless steel of the same carbon content : when
quenched it becomes extremely fine, and if the steel be
the rich in chromium porcelanic, like that of tungsten
steel. If long exposed to a yellow oxidizing fire it ac-
quires a coarse, square, crystalline structure and becomes
worthless.

§ 139. TBE STATUS oF CEROME STEEL.—The admirable
properties of chrome steel, its combination of hardness
with forgeableness, long ago attracted Faraday, Berthier,
Percy and Boussingault. There seems to be little doubt
that, where extreme hardness coupled with a fair degree
of forgeableness is required, it is preferable to ecarbon
steel. Now how is it that a material with such valuable
properties, in spite of the eclat due to its adoption for the
Illinois and St. Louis bridge (!) finds itself to-day, some
sixteen years after that event, in little demand and in ill
favor? I have little doubt that this is because its manu-
facture, which demands unusual skill and intelligence,
has in the past largely fallen into incompetent hands:
and that the poor management of this promising industry
has for a time deprived the world of a most valuable
material, both directly and indirectly by giving it a bad
name.

Though, owing to the proneness of chromium to oxi-
dize, the manufacture of chrome steel calls for unusually
close chemical control, it is stated that at Brooklyn no
competent control is exercised, and that the ferro-chrome
is not even analyzed, a like quantity of it being employed,
irrespective of its composition, to produce steel of given
quality. This is a very serious charge, but one for which

a Boussingault, op. cit., p, 281, .

b From Brustlein’s statements the opposite might be inferred : but Boussinganlt's
statement on this point appears unequivocal. Op. cit., p. 815,

¢ Loc. clt.

d0p. cit.

my observations made during a recent visit quite pre-
pared me. Theirregularity and chromelessness of chrome
steel is a matter of frequent complaint. Many experi-
enced chemists have found either no cliromium or the
merest traces in chrome steel sold in the American and I
believe also in the British market. Among these are
Abel,* Snelus,! A. E. Hunt® and A. A. Blair® G. W.
Maynard' with repeated careful analyses could find no
chromium in the chrome steel of the St. Louis bridge:
Hunt could find none even in the slag from the Brooklyn
Chrome Steel Works.

What now is chrome steel ? Finding no satisfactory
definition I suggest this :—*‘ Steel whose physical proper-
ties are influenced meore by the chromium than by the
other non-ferrous elements which it contains.” Our pres-
ent knowledge doesnot permit close discriminations: but
I may safely say that while steels 1 to 4-5 and 31 to 33 in
Table 32 are chrome steels, 12 to 15 clearly are not, their
name to the contrary notwithstanding, and that numbers
7 to 11 occupy debatable ground.

Beyond this the grossly exaggerated statements of the
properties of chrome steel which have been widely circu-
lated, are well calculated to lead to disappointment and
improper treatment even wlere true chrome steel is sup-
plied, and still more when chromeless steel masquerades
in its place.?

The present limited employment of chrome steel,
coupled with the prevalent belief that the Illinois and St.
Louis bridge was built of it, would lead us to regard it as
a material of the past, not of the future, and to believe that,
in spite of the skill and experience acquired by the manu-
facture of enormous structural masses, in spite of the con-
trol gained over its quality in producing such vast quanti-
ties with rigidly specified properties, it had not been able
to hold its own, but had been driven by carbon steel from

e Am. Journ. Science, 3d Series, XI1L:, p, 424, 1877.

f Journ. Ircn and St. Inst., 1874, 1., p. 87.

g Private communication.

h Private communication.

t Journ. Iron and St. Inst., 1874, 1., p. 88.

J I reluctantly feel compelled to call attention to a most astonishing report by
three officials of the U. S. Navy, one ot them a chief engineer, widely dis-
seminated through the circular of the Chrome Steel Co. There is hardly a state-
ment in 1t which can be reconciled with those of other and competent observers.
They state (1) that ** chrome steel is not a carbon steel but an alloy of chromium
with iron” : in the great majority of the analyses of American chrome steel which
I have seen the carbon exceeds the chromium, 2. *Itis of a uniform texture in
large or small masses.” The indications are that it is unusually heterogeneous.
3. “It is exceedingly tough when bhardened”: so it is, just about as tough as
glass. The four varieties which I have examined are, when bardened, as brittle
as other hardened steel. 4. ‘It will do from three to four times more work in
all the various kinds of tools than carbon steel.” The elaborate tests of D. Smith
show that while it on the whole shightly excels carbon steel in efficiency when
employed for cutting, in many cases carbon steel excelsit: e. g. in drilling, car-
bon steel of one lot excelled the three chrome steels with which it was compared,
excelling two of them by about 100%. 5. *‘ It can be welded and worked at the same
degree of heat and with the same ease that wrought-iron can—without dauger of
ever heing destroyed by overheating.” This statement is simply incredible and is
opposed by Brustlein’s observations and my owu, and hy the instructions of the
Chrome Steel Company to forge the steel like that of any other gocd brard, and,
in welding, to tap it lightly and increase the force of the blows gradually as it is
liable to fly. If it welded as easily as wrought-iron such instructions would be
superfluous.

In a less widely circulated version of their report they state that ¢ chromium is
a non-oxidizable metal.” Actually chromium when hot decomposes aqueous
vapor, and, under certain co.ditions, oxidizes with great facility, taking fire n
the air even at a beat below redness. I am fully persuaded that no steel ever
possessed the combination of qualitics which they describe, and that such exaggera-
tlons are calculated to restrict rather than to extend the uso of this valuable sub-
stance, by leading would-be employers to injure it by too severe usage, and in
other obvious ways. A single proved misstatement is but too apt to inspire dis-

- gust and complete Incredulity. e =
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ground already won. I gladly refute this story: no such
retreat has occurred : the bridge was built of chromeless
steel.® .

To sum up, I believe that the employment of chrome
steel has been greatly restricted by the unfortunate reputa-
tion which it hias acquired through irregularity in its com-
position and through exaggerated statements of its valuable
properties, leading to too severe treatment, disappointment,
disgust. These have been intensified by the extensive
sale as ‘““chrome steel’”” of material which has either no
chromium or too little to entitle it to this name : applied
to this these exaggerations are the more exaggerated and
prejudicial.

Fain would I praise, not censure. I am induced to write
the foregoing by the hope that a plain statement of these
sufficient reasons for the present disappointing status of

chrome steel, due not to its faults but to its unfortunate|

treatment, may contribute to its acquiring the far better
position to which I am confident that it is entitled. That
it will rapidly approach this I am eneouraged to believe
by what I can learn of the spirit of its makers in France,
Jacob Holtzer et Cie.

§ 140. Tue FuToRE oF THE SPECIAL STEELS.—This of
the past: what of the future? Chrome steel appears to
lie between carbon and manganese steels on the one hand
and tungsten steel on the other. More costly, harder and
less easily forged than the former, it is cheaper, when hot
more forgeable and when cold more ductile and less hard
than the latter:® manganese steel however excels it in
toughness.

Three natural fields suggest themselves for chrome steel.
First, where extreme hardness is needed and where tung-
sten and manganese steels are excluded by the difficulty
of forging them, as in the case of cutting tools and abra-
sion-resisting pieces of complex form. Second, where
extreme hardness must be coupled with fair resistance to
shock, as in the case of armor piercing projectiles : here

a The Chrome Steel Co., referring in their circular to this bridge say ‘‘ Capt.
J. D. Eads did adopt our * chrome steel’ for this wonderful structure, as the only
steel made that would withstand the requisite pulling and thrusting stress, as will
be seen by his (Eads’) report to that company, dated October, 1871.” I find no
warrant for this statement in Eads’ report. He indeed expresses his preference
for chrome steel, but, cxpressly stating (p. 12) that he *‘ did not feel justified in as-
surming that crucible carbon steel of the qualities and forms required could not be
readily made, when he was assured of the contrary hy some of the most eminent
steel-makers of America” and by the managers of Krupp’s and of Petin Godet

& Co.’s works, he says (p. 11) that ** it seemed but fair to state the qualities which -

the steel should possess, without prescribing the method of manufacture” : 7. e., the
contractors were simply required to supply steel of given properties, and were at
liberty to supply either carbon or chrome steel. Actually they supplied chrome-
less steel, which was accepted. Eads had evidently been completely deceived on
the subject, for he states (p. 11) that chromium ‘has little or no affinity for
oxygen, while carbon has a great affinity for it, and, by the application of heat it
is liable to be burnt out of the steel : ¥ while In fact all the evidence goes to show
that chromium in steel is much more oxidizable than carbon. Eads further states
that the company which was to manufacture steel for the bridge had bought the
right to make chrome steel for it, and had assured him that no otker kiud would
be made. This assurance, a word which seems to fit this case, was not kept. Mr.
W. F. Durfee informs me (private communication, June 15th, 1887) that ** there
was ro chromium used in the materials for the St. Louis bridge, which was all
made nnder my supervision, with the exception of the sheet steel envelope of the
tubes. This was made by Park Brothers of Pittsburgh, and I bave been assured
that no chromium was used iu that. Before I assumed the charge of the works
there had been some experiments made with chrome steel, and the ccmpany had
purchased the right to use it, and these facts have probably given rise to the story
that the bridge was made of chrome steel, which is not a fact.” (The italics are
his.) Ihere call attention to Maynard’s failure to find chromium in this steel, and
to analyses 14 and 15 Table 32, by Blair, of steel said to bo from this bridge.

b Tungsten steel is certainly harder than much of the chrome steel of commerce,
but I do not know that highly chromiferous steel may not be as hard oreven
harder than tungsten steel,

tungsten steel appears to be excluded by its brittleness and
badly handicapped by its cost: but manganese steel,
incomparably tougher and but slightly softer than hard-
ened chrome steel, may offer it serious competition, while
some tungsten-manganese steel, borrowing extreme hard-
ness from tungsten and toughness from manganese, may
prove a yet more formidable competitor. The combined
hardness and toughness of manganese steel should pre-
eminently fit it for armor plate. Third, where extreme
hardness in the finished piece or in some portion of it
must be combined with the power of being toughened or
softened by annealing, as in the case of pieces which must
be machined or engraved, or of which one part must be
very hard and another very tough. Here the fact that
tungsten and manganese steels can be but slightly softened
by annealing appears to exclude them.

It is very doubtful whether the tensile strength of
chrome and tungsten steels, high as it often is, is greater
than that attainable in carbon steel; and, as the latter
for given tensile strength is certainly less treacherous
and brittle than tungsten steel, and probably both more
uniform in composition and more homogeneous than
chrome steel, the employment of these special steels where
tensiie strength alone or chiefly is sought, is hardly to be
looked for. Manganese steel, however, may commend itself
where unusnal tensile strength coupled with great tough-
ness is demanded.

Naturally where we can sacrifice but a little of the
forgeableness of chrome steel we may add tungsten to
gain hardness, or manganese to gain toughness. (See
Nos. 9 and 12, Table 32.) But too little evidence of the
effect of crossing these alloys exists to permit definite
statements.

In the past the employment of these steels has been
restricted by irregularity in their composition and by
ignorance on the part of both maker and user of the com-
position best suited to special purposes. The solution of
the difficult problem of adapting to their uses these al-
loys, whose properties seem to vary with their composition
according to most complex and nnguessed laws, has been
chiefly entrusted to men utterly unfitted for it by nature
and training. Groping in the dark, often with neither
adequate chemical nor physical testing, their jealousy and
narrowness have too often thrown Chinese walls around
their establishments, keeping knowledge out far more than
in. Each crucible steel maker, hugging his own ignorance
lest his trivial secrets or his lack of them should leak out,
often refused to advance lest his neighbor should advance
too. Theintroduction of the special steels has been fur-
ther hampered by their need of special treatment at the
hands of the smith, ever loth to learn, for learning con-
fesses previous ignorance. Asnone of them can for general
purposes compete with carbon steel, he lias in general been
called on to employ them only in special cases, so isolated
that he remains skilless in their use. But the light of a
brighter day o’ertops our Chinese walls: technical schools
train steel makers of a different spirit, and investigators
who can not be restrained from learning and telling: arti-
sans’ schools and the rapidly increasing specialization of
artisan’s labor will give us smiths of a different type.
To-day the forces which make for the use of special steels
wax, the old opposing ones wane.

I here endeavor to indicate roughly to the eye the rela-
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2 1t is not intended to assert that rich chrome steel may not be as hard as tung-
sten steel,

§ 141. Irox AND TuNGsTEN were first alloyed by the
brothers d’Elhuyarin 1783, and later by Berthier. Though
metal sold at one time as tungsten steel contained no tung-
sten, it is certain that it is now largely employed in the
manufacture of the harder grades of crucible steel. Mush-
et’s ‘‘Special,” ‘‘Imperial’’ and ¢ Crescent Hardened”’
are brands of tungsten steel now sold in the American
markets.

ComBINATION.—Tungsten, itself exceedingly infusible,
unites with iron apparently in all proportions, at least up
to 80%. Ferro-tungsten is apparently readily obtained,
often as a dark, heavy, slightly sintered mass, by long
and strongly heating wolframite, (FeMn) WO,, or scheel-
ite, CaW O, preferably with iron or iron oxide, in brasqued
crucibles, after roasting to expel sulphur and arsenic, wash-
ing, and finally pulverizing. It hasbeen made in the blast-
furnace, but a demand for its produnction on so large a scale
in the near future seems hardly probable. When made
from wolframite it inevitably and not nndesirably contains
manganese. As tungsten raises the melting point of iron,
alloys with more than 40% of it are rarely made. Ferro-
tungsten has been reported for sale in the Enropean markets
with 20 to 50 (?) % tnngsten and 1-5 to 64 manganese.

Tungsten steel is made by the crucible process, ferro-
tungsten of known composition being added to the ordi
nary charge. Instead of this Mushet recommended a
mixture of roasted wolframite and pitch, which could
hardly give so uniform a product.

Bernoulli prepared tungsten steel by melting tungstic
anhydride, WO, with turnings of gray cast-iron, whose
graphite he found reduced tungsten to the metallic state,
thongh combined carbon alone did not.*

CoxpiTioN OF TuNGsTLN.—Ferro-tungstens appear to
consist of a matrix of iron within which various alloys
are crystallized. Schneider, digesting ferro-tungsten
No. 6, Table 85, in hydrochloric acid (which dissolved about
60% of the whole, though only traces of its tungsten), ob-
tained a residue, magnetically separable into two por-
tions : one, constituting 90% of the whole, contained 24 to
31% iron and 1*4 to 1 6% carbon ; was not attracted by the
magnet ; gained about 26% in weight when heated in air ;
but was again readily rednced by hydrcgen to an alloy
whose iron was insoluble in hydrochloric acid. The other,
containing 68-1% iron, 4-1¢% carbon and 27% tungsten, was
attracted by the magnet. He appears to consider these
residual substances as mechanical mixtures of iron and
tungsten : but their easy magnetic separation from each
other and the fact that, after oxidation and subsequent
reduction, the iron of one remained insoluble in acid,
strongly snggest chemical union.®

a PoggendorfP’s Annalen, 1860, CXI., p. 581,
b Qest. Zeitschrift ; 1885, XXXIIL., p. 257

~O (.

Stabl und Eisen, 1885, p. 332,

quoted in Stahl und Eisen, V., p. 832, as ** 654 W, 252 Fe.”

TABLE 84.—TUNGSTEN STEEL,
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1. L. Scbneider. Oest. Zeit., 1985. XXXIIL., p 257 ; Journ. Iron and St nst., 1884, T , P. 230.
2. Hard English Mushet's Stecl, Metallurgical Rev,, T, p. 441, 8. The same, tested by the
auther. 4., Ledebnr, Handbuch, p. 263. 5. Mado by Mi}]er, Metesif & Parkin, tested by the
nuthor. 6 and 7. Made by Park Bros. & Co. and tested by the author. 8, 9 and 10. Lede-
bur, loc. cit. 11 and 3 2. Percy, Iron and Steel, p. 194, 38, Ledebur, loc. cit. 14 and 15.
Rev. Unlv , 1860, p. 88. 8. Aareccived from the makers. b. Queached in oil from very dull
redaess,

I have to thank Messrs. Jtunt and Clapp, Pittsburgh, Ps., for the compositions of nnmbers 5; *
6 aad 7, which they kindly analyzed for this work,

ErrFEcTs oN THE PnysicanL PRoPERTIES oF IkON, TEN-
SILE STRENGTII.— While steels 3, 10, 14 and 15 in Table 34
suggest that tungsten raises the tensile strength, steels 5
and 7, which differ from 8 and 10 chiefly in having much
more manganese, are decidedly weak.

Haxpxxrss.—Tungsten renders iron intensely hard.
Mushet’s steel, No. 3 Table 34, is the hardest which I have
met, indenting hardened chrome steel No. 13, Table 32,
It is slowly and slightly attacked by a very sharp file. 1
found hardened chrome steel slightly harder than Crescent
hardened steel and Imperial steel (both unhardened and
tungstiferous). All these readily scratch glass. These two
tungsten steels as already pointed out differ chiefly from
Mushet’s in composition in having more manganese. The
specimens of Mushet’s steel which I have examined do
not scratch quartz, but a rich ferro-tungsten made by Ber-
nonilli is said to have scratched quartz readily. Tungsten
steel is thought harder than ohrome steel: but I do not
know that it has been proved to be harder than rich
chrome steel. Weight for weight tungsten probably does
not increase the hardness as much as carbon, and perhaps
not as much as chromium ; Metecalf found that dies with
1'37% carbon and *78% tungsten wore much faster than
tungstenless ones with 2:37¢% carbon.® Steel may however
contain a much larger proportion of tungsten (at least 10%)
than of carbon without Josing its power of being forged.

DuctiLity.—Tungsten steel is exceedingly brittle.
When bars 3, 5 and 7 were grasped in a vise and struck
with a sledge with gradually increasing force, though
they appeared to be resilient, they broke withont the
least perceptible set, and in certain cases flew into many
small pieces at the point of fracture like glass. Itis
hence not only unfit for struetural purposes, but even for
tools subject to shock, such as rock-drills, cold-chisels,

¢ Trans, Am, Just. Minin?Engrs., IX.,; 54.9, 1881,
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etc. ILven the chattering of a LLthe is said to be liable to
crack it :* yet it is successfully used for the knives of
nail-cutting machines. The chief normal use of these
steels is for the tools of lathes, planers, ete., designed for
heavy cuts.

Foreixg axp WELDING.—Tnngsten steel can be forged
only betwecn a cherry-red and a low yellow heat, and
then with a difficulty which restricts its use to pieces of
simple shape. I here condense the results of my observa-
tions in forging it. Cnly general conclusions can be
drawn from these tests, as the smith was not skilled in
the use of tungsten steel. The ¢ Crescent’ appeared to
forge better than the ‘ Imperial” at a low yellow, the
“Imperial”’ better than the ¢ Crescent’’ at a dull red.
This may have been becanse the Crescent contains more
carbon, because of unobserved differences in the conditions
of forging, or because of some pecnliarities of these par-
ticular bars. The general lesson, the limited range of
forging temperature, is unmistakeable.

mo]ten or sohd but when these metals are mixed in more
pearly equal quantities they often tend to split up into
alloys, on the one hand more ferrnginous and on the other
more cupriferous. These may or may not be of definite
composition : they separate more or less completely by
gravity, the copper concentrating downwards. Thus
Riche® found in an alloy made from 94'1% of copper and
5°9% of iron, microscopie gray spots : melting 90% of cop-
per with 10% of pure iron he obtained an ingot which,
after prolonged fusion at a high temperature, had four
times as much iron in its npper as in its lower portion:
while Percy,? in an alloy containing 80% of iron (with 20%
of copper?) found copper-red particles, which, especially
towards the bottom of the mass, were occasionally visi-
ble to the naked eye. These were probably in Riche's
case a more ferrnginous, and in Percy’s a more cupre-
ous alloy. When the segregated portion becomes more
considerable its particles coalesce and the separation is
more complete. But even when the proportions of the

TABLE 84 A, —FoRGING PrROPERTIES OF TUNGSTEN STEEL.

Composition. Temperature,
W. l Mn. @) Light yellow., | Yellow Orange. l Full red. l Low red. Biack.
1. Bends and  hammer 8|
MAgHAEE . S L re arer |7 381 019 1-99  |Cracks badly.......|Forges .. ........ Bends well .... .. c]o%itogethex withont! > Cracks in bending.
cracking ...

Crescent .....ee.cuen. 673 266 2:06 |Crumbles badly..... Bends ! IMrly.. 5 5ol st . S0 IINN. o Bends well . { Blhell:};)il :‘Lh(”_’ .h""t f’t (‘rl;‘f;‘:s“mr bloniGlEHE
" & Bent double and ham- i % i "
K o ! 3 Forges but cracks in mered elose at very| | Forges better than tho

Tmperial. ... ....... 6 35a 2:11a e e || om0 g -~ { bending. ... ...... } ....................................... aull red” “withouit! } preceding

i) | eracking .... ....

& This is the composition of a bar similar to the ono forged.

Imperial steel is said to be weldable, but with extreme
difficulty : I doubt if it can be truly welded by ordinary
methods. Prof. Elihu Thomson, by his electric welding
process, welded for me small bars of both Mushet’s
and Imperial steel so. perfectly that I could not, by the
most severe tests, detect the point of juncture: Mushet’s
steel, twisted till it flew apart, revealed no trace of the
welded surface.

Harpenine.—Even slightly tungstiferous steels are said
to be very prone to crack in hardening. I can detect
no increase of hardness on guenching Mushet’s steel. 1
found two bars of Imperial steel slightly softer after sud-
den than after slow cooling ; it here resembles manganese
steel ; indeed it has a notable proportion of manganese.
Mushet’s, ¢“Crescent Hardened’’ and ‘‘Imperial”’ steels
are employed without quenching, which indeed would be
dangerous. Quenched or unquenched they readily scratch
glass, but not quartz: as their hardness is not impaired
by heat, they may be driven much faster than carbon steel
when used as machine cutting tools.

DEerERIORATION.—Chernoff states that after a few heat-
ings tungsten steel becomes oxidized and loses its special
properties.”

MaaxnETIZATION.—Tungsten steel is said to be excep-
tionally retentive of magnetization.

§ 142. IroN AND CoPPER. A. CoMBINING POWER.—It
is stated that iron and eopper unite in all proportions.
The alloys of iron with a little copper and of copper with
a little iron appear to be homogeneons and stable whether

2 A. Willis (Journ. Iron ard St. Inst,, 1880, 1., p. 92) considers that tungsten
hardens steel without making it brittle : and M. Boker (Stahl und Eisen, V1., p.
42), states that it enables us to obtain steel of greater hardening power together
withincreased toughness. If this be true at all, it can only apply to comparatively
small percentages of tungsten : the four tungsten steels which I bave examined
are astonishingly brittle.

bRevue Universelle, 1877, L, p., 400,

two metals are nearly equal, this separation does not
always occur, or at least is not always perceptible. Thus
Percy (loc. cit.) could detect no segregation in an alloy
containing 20% of iron (and 80% of copper?) These
facts snggest that copper and iron unite chemically in
many but not in all proportions, and hence that if either
copper or iron be added to a homogeneous alloy of both,
a new homogeneous alloy arises if the new composition
permits : if not, the metals rearrange themselves in al-
loys of some chemically possible composition, separat-
ing more or less completely by gravity, perhaps durmg,
perhaps prior to solidification.

The presence of carbon still further diminishes the ten-
dency of copper and iron to wunite. If copper and car-
buretted iron be intimately mixed they again separate
almost completely, apparently the more fully the more
carbon is present. Thus Mushet found that, though 5%
of copper formed on apparently homogeneous alloy with
steel, yet when the copper reached 10% minute segregations
appeared ; if 2567 of copper were present much of it sank
to the bottom and occurred in knots and streaks. With
white cast-iron the tendency to segreg%tion was stronger :
if 5% of copper were added to gray cast-iron, copper-cclored
specks concentrated at the bottom of the ingot, with 9%
of copper deep-red leaves separated, and with 16'7% a
separate copper button formed beneath the cast-iron.°
Melting 10% of cast-iron with 90% of copper, Riche’ found
uncombined iron at the top of the ingot: while at Perms
(Urals) ferrnginous copper ore smelted in blast-furnaces
19 feet high yielded 4 parts of copper containing about

¢ Thorston, Matls. of Engineering, III p. 184

d Iron and Steel, p. 150.

¢ L. & E. Philosophical Magazine, 3d series, VI., p. 81, 1835,

f Thurston, loc. cit.

& Rivot, Principes Généraux dn Traitement des Minerais,
Iron and Steel, p. 153,

L, p. 89, and Percy,
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104 of iron, and 3 parts of cast-iron containing 12614 of
copper and 3-03% of carbon. This cast-iron, when remelted,
vielded an upper stratum of iron with 0-25to 2% of copper
“and a lower cne, tapped from beneath the upper, and con-
sisting of copper with 204 of iron. So too Percy,* melt-
ing spiegeleisen of ¢4 of manganese with pnre copper in
Inted elay crucibles, obtained cast-iron containing 2-5% of
copper together with copper containing 3-67 to 4:87¢% of
iron and 1-16 to 2-82% of manganese. The iron salamanders
obtained in copper smelting occasionally contain as little as
1-52® of copper, and I have produced black copper with not
over 3 to 44 of iron in contact with these salamanders.

Owing to its low affinity for oxygen all the copper con-
tained in iron ore must necessarily be reduced in the blast-
fnrnace : butif mueh eopper is present most of it may be ex-
pected separate by gravity, sothat the iron wonld not hold
more than perhaps 2% of it. But the copper which it retains
should adhere tenaciously to the iron throngh all stages in
its manufactnre, and should concentrate in the steel, which
might thushave 2:5% of copper, necessitating greatdilution.

Errrcrs or CoPPER : REDsnORTNESS.—The chief effect
of copper, like that of sulphur, is to render steel redshort
and to destroy its welding power: but its influence has
been greatly exaggerated. Steel may contain 085 and
according to Choubly 0-96% of copper without serious red-
shortness, and W. W. Scranton® habitually makes Besse-
mer T rails with 0-51 to 0°66%, which he states are so non-
redshort that, in spite of their thin flanges and the ex-
ceptionally low temperature at which they are finished,
only from 1-25 to 2-5% of them are sufficiently cracked to be
classed as second quality. Eggertz® indeed stated that0-57%
of copper rendered steel worthless, but‘it is evident from
Table 35 that this ean only be true under special conditions
if at all. I know not what percentage of copper is re-
quired to produce redshortness, but 29 appears to destroy
hot-malleableness completely, for Billings,® melting 2% of
copper with a remarkably pure weld-iron, found the result-
ing alloy so redshort that in forging it erumbled into
grains : and Mushet reports steel melted with 5% of copper
as ‘“‘useless for forge purposes.”™

The evidenesz as to the effects of copper on weld metal
are less harmonious. The illustrious Karsten® found that

0-286% of copper (remaining from 1% introduced into the |¢
charcoal refining hearth) sensibly affected the welding|s

power of weld metal : Stengel® reports that puddled iron

8 Op. cit,, p. 140,

b Kerl, Grundriss der Metallhiittenkunde, p. 171,

¢ Private communication.

d Wagners Jahresbericht, 1862, p. 9.

e Trans, Am, Inst. Mining Engineers, V., p. 450, 1877,
f Phil. Mag., loc. cit.

& Percy, Iron and Steel, p. 148,

h Idem, p. 151.

with 0-018 sulphur and 0-21% of copper was slightly red-
short : of thirteen wrought-irons for chain cables tested
by the U. 8. Board to test metals one with 0-32 to 0-43%
of copper stood lowest but one in welding power.! Clearly
these weld metals are injured far more than ingot metal is
by the same proportion of copper. In other cases the in-
fluence of copper is less severe than in the preceding,
thongh still perhaps more severe than on ingct metal.
Thus, of the only two other eupreous irons among the
thirteen just referred to, one with 0:17% of copper stood
highest but one in welding power, and one with 0-31% stood
well in this respect. So too Eggertz reports that 0-5% of
copper produces only traces of redshortness in weld metal.¢
Holley suggeststhat the excellent welding of the iron with
0-31 copper may possibly be due to the simultaneons pres-
ence of 34 nickel and ‘11 cobalt.! These incomplete data
suggest that the influence of less than 0:2% of copper is not
likely to he appreciable in weld iron, that of *30% not neces-
sarily injurious,and thatof -34%atleast occasionally serious.

INFLUENCE oF MANGANESE.~—~Whether manganese
counteracts the effects of copper like those of sulphur is
not known : but from the fact that Nos. 3, 6, 7, 13 and 14
in Table 81 are not redshort, though they have -85, 35,
‘31, ‘96 and ‘48% of copper respectively with but -51, 07,
trace ‘46 and ‘53% of manganese, it is not probable that
the presence of this metal is as imperative in cupreous as
in sulphurous iron and steel. No. 14 shows that the co-
existence of much phosphorus and copper does not
necessarily cause redshortness.

Orner Errrcts oF CoPPER.—It is not known whether
the highest proportion of copper which commercial iron
contains has any sensible effect beyond those just dis-
cussed. We have the following information concerning
the alloys of copper with iron. All refer to alloys of
practically carbonless iron with pure copper, except
Mushet’s, which were of steel (apparently crucible steel)
with copper, and possiblyRinman’s.

% Cu. Description of Lhe slloya.

2+ .... ..Extremely redshort: weak when cold.........cccvvuinas

St.ieeenn Useless for forge purposes: eannot take an edge ..

i3 1o fhd Hsrd and brittle ........... g e . AR N B R E . e Al .
16°7.... .Apparently stronger than the two preceding......... ceveee vooveens G003 500805 coee
204 . ....Extremely brittle, crystalline granular, fracture pale eoppery gray.. &o
25...... .Separated : bottom of soft malleable eopf)er ....... Sk SRR

4175 ....Very hrittle; fracture uneven and erystaliine; strongly magnetio

504 ... .Very brittle and fine-grained : strongiy maguetic... .
3 .Hm-ger but not appreeiahly less duetile than copper (?)........ o
....Less dnctlle than the following one: strongly magnetic......cc..ciivieiaercrannnes
5 .Doaldedlfv redshort : mneh barder snd tougher than copper
...Extremely duetile : stronger than copper
...Harder than copper ; magnetle....
8, Blllings, loc. eit.; b, Mushet, loe. clt.; ¢, Perey, loc. cll.; d, Rinman, Matls. of Engineering,
Thurston, 1., p. 1833 e, Riche, ldem,

While the alloys of copper with a little iron hold out
some promise (sterro-metal, a brass with 1-77 to 4% iron
and 015 to 1-5% tin has much higher tensile strength than
brass proper) alloying iron with small quantities of cop-
per is not an alluring field.

1 Trans, American Inst. Mining Engrs., V1., p. 101, 1879.

TasLE 85.—EFrect of CoPPER ON MloT-MALLEADLENESS.
Cupriferous steel known 1o be non-redshort.

Behavior in rolling.

No.y Cu, [ C. St. | Mo.| P. S.  |Reference l Rolled into.

1..[45 | 28 | -1+ |15 |06 | 06 NN £ I ———T . e Xgel

2...] °86 23 09 ‘71 <05 06 A g Sy

8...! ‘85 81 <05 51 06 11 A 0 N i

4...1°8 |68 |10 | ‘16 (| g B Krnpp's gun stee

5...1-80 46 11 ‘18 1] B (d & ‘4

6...| ‘85 52 <09 07 o B ¥ % O T -

([ o (R ) T 36 0 W & tr <25 ] 00b C Wrought-iron for ehain cahles. .... ..

e IR 02 ‘14 | 08 ‘18 <007 C = & J S

9...| -6c2 | é‘S'I ‘035 10 |0 10 D Bessemer steelrafla.......ooeeianenn,
5l@| 83 03@ 105, 05 ‘05@ | 1 “ “ «

0.4 58 RO WO WO REF Pt

=21 o oo e g 02 E Puddied Jron o b oo L 8 o 08 T8 e

HOWNAES00T |oy 5. . Hler-wa gl - . =1 F [Open-hearth steel............ «.o.eues

18. ‘96 49 15 | 46 0T 0 G Btieel oo o rrae . Toey o A e Mo Fe

14,48 [54 |12 )43 )10 | & Gl e iy e R

Perfect. [slightly.
.|Almost perfect : the end made from tho top of the Ingot cracked
.|Very good ; slight eracks whieh closed np later.
S Presqzxmbly very go‘?d.

o “ 7
Welded well, Otbera of similar composition welded rather poorly.
Welded admirably.
Rolled well.
Steel within these limits gave 1°25 to 2:5% of second quality
rails,
Some teadeney to redshortness.
Extremely slight redshortoess,
Perfect,.
.|Perleet.

A = Wasum, Stahl und Eisen, 1882, p. 192. 7]& = Kern, Meﬁurg‘ie:;l Review, 11, p 519. C = Holley, Transactlons ¢f the American Institute of Minlog Engineers, VL.,
F = Willls, Journal Iron and Steet Yost., 1880, I, p. 98.

Secranton, privste commnualeation.. 1 = Stengel, Perey, Iron and Steel, p. 151.

115. D= W. W,

G = Chouhley, Idem, 184, L., p. 343
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CHAPTER VIII.

Trr METALS OCOURRING BUT SPARINGLY IN IRON.

§ 145. A. Zixc.—The alloys of this metal with a little
iron appear to be tolerably stable. In galvanizing, <. e.
zincing iron, the molten zinc gradually attacks the iron
vessels, and a zinc-iron alloy collects at the bottom.* Sev-
eral analyses of it give from 8 to 9-4% of iron. The alloys
of iron with a little zinc are extremely unstable, evolving
their zinc when heated, readily and apparently com-
Dletely.

Parry’s experiments prove that the vapor of zinc and
of other metals may be temporarily absorbed but is appar-
ently feebly retained by iron. Cast-iron, previously
heated in vapor of zine, cobalt, cadmium, bismuth and
magnesium (each separately), after being cooled, cleaned
with acid and filed bright, gave metallic sublimates when
re-heated in vacuo. Gray cast-iron, when fused in closed
crucibles with zine, bismuth and tin (each separately) be-
came white, and, on heating in vacuo after cleaning with
acid, gave distinct sublimates. Gray and white cast-irons
made from zinciferous ores gave faint sublimates when
heated in vacuo. Some of the zinc and cobalt sub-
limates were spectroscopically shown to contain these
metals : the others were not examined. In one case iron
gained *05% in weight when heated in zinc vapor.®

In cast-iron made from zinciferous ores Percy found no
zinc and Karsten but traces.© In smelting zinciferous iron
ores in Virginia, green zinc flames escape for days ata
time from the tap-hole and from the cinder-notch. Me-
tallic zinc escapes throngh the cracks in the hearth,? and
here as well as in smelting zinc residues for spiegeleisen
(Franklinite) at Newark,® N. J., pieces of zinc sometimes
float on both slag and iron as they run from the furnace,
burning with a green flame and leaving deposits of zinc
oxide. Occasionally, at Newark, after about a ton of cad-
mia has passed through the furnace, the “ cast” is cov-
ered with zinc oxide, and the casting-house is filled with
zinc fume : yet after removing the crust of sand and zinc
oxide no zine can be found in the cast-iron® on which zine
has been seen burning, and among many analyses of the
slag 1 learn of but one which shows zine. An old analysis
of New Jersey spiegeleisen (1860+) gives 0-3% of zinc:f
this is probably an error: it is said that both sampling
and analysis were formerly improperly conducted.

As metallic zinc volatalizes far below the temperature at
which iron and slag escape from the blast-furnace, its
floating and burning on the cast-iron at first suggests that
a zine-iron alloy forms in the furnace, somewhat as in
Parry’s exyeriment, owing to the pressure of the zine
vapor, but decomposes and evolves its zinc when the
pressure falls on its escape from the furnace. But the
true explanation doubtless is that the metallic zine, vola-
tilized within the furnace, in escaping through the walls
condenses in the damp clay stoppings of tap-hole and
cinder-notch®: indeed, metallic zinc will often drip out

a Percy, Iron and Steel, p. 153. Ledebur, Handbuch, p. 267.
b Journ. Iron and St. Inst., 1874, 1., p. 96.

¢ Percy, loc. cit.

4 H. Firmstone, Trans. Am. Inst. Mining Engineers, VIL., p. 93, 1879,
¢ Geo. C. Stone, private communications, July 25-28, 1887.

f Kerl, Grundriss der Eisenhiittenkunde, p. 42.

g H. Firmstone, private communication, July 29, 1887,

when these stoppings are picked at, and in one case it is
reported to have collected in a little pool beneath the tap-
hole, and to have boiled furiously when the cast-iron ran
upon it, burning the men.c A little of this condensed
metallic zinc, picked up by the cast-iron or slag, would
naturally float and burn as described.

Zinc added by G. H. Billings to pure molten ingot iron
volatilized till but traces remained : the resulting ingot was
slightly redshort,” perhaps owing to lack of manganese.

Zinc appears to render iron brittle at ared heat.! Thus
apiece of tough galvanized iron wire was heated to redness
soquickly that the coating of zinc melted and apparently
penetrated into the interior of the metal instead of vola-
tilizing. On attempting to bend it while hot it readily
broke off short, exhibiting a uniform blue-gray fracture
—as though the zinc had penetrated into the interior of
the iron. When again cooled it became tough, and, on re-
heating it long enough to completely volatilize the zing, its
hot-shortness ceased ! It is stated that iron wire in molten

zine will often break off short, though the part outside the

bath remains tough.

Ledebur* has verified the observation that molten gray
cast-iron becomes hard and inclined to whiteness if zinc
be immersed in it, though little if any zinc is retained.
This is possibly due to the expulsion of silicon.

The consideration of sterro-metal, a brass with 1.77 to
4% of iron, belongs rather to the metallurgy of copper
than of steel.

B. Tin AND IRoN unite readily, as the firm union
effected in making tin-plate shows, and in all proportions,
forming apparently homogeneous alloys: but tin, or more
probably a highly stanniferous alloy, liquates when alloys
containing more than about 35% of tin are heated to or
slightly above the melting point of this metal, till the
more or less definite alloy Fe,Sn holding about 357 of tin
remains.! -

Luckily tin occurs but very rarely in iron ores, for it de-
stroys theductility and forgeableness of iron. Some think it
even more deleterious, weight for weight, than phosphorus.
About 0+62% of tin, added to the charge in the puddling
furnace according to Sterling’s patent, caused copions
white fumes and rendered the iron, which also emitted
white fumes, extremely difficult to forge and weld.! Kar-
sten! found that -19% of tin made charcoal weld iron
very brittle at a strong (i. e. welding ?) heat, and ex-
tremely cold-short: Billings™ found that 73% of it ren-
dered a very tough ingot iron decidedly cold-short, and so
hot-short that at a white heat it flew under the hammer
into particles so minute as to scintillate. Cast-iron
melted with 2 to 6% of tin is reported as very hard and
fragile ; with 5% producing a bell of pretty good tone :
with 9:09% as fusible, extremely fluid, non-rusting, whiter
than cast-iron, acquiring a beautiful polish and having as

h Trans. Am. Inst. Mining Engrs., V., p. 454, 1877.

1 Kerl, Grundriss der Eisenhtittenkunde, p. 24.

3 'W. H. Johnson, Proc. Royal Society, XXIII., p. 172, 1875,
k Loc, cit. Cf. Parry’s experiment above.

1 Percy, Iron and Steel, p. 161.

mTrans. Am, Inst, Min, Engrs., V., p. 450, 1877,



TIN, LEAD, TITANIUM, ARSENIC.

§ 146. 85

good a tone as bell-metal. The tin-iron alloys thus inter-
est the iron fonnder more than the steel maker. De-
scriptions of a few better known alloys are here condensed.

TanLe 86.—TiN TaoN ALLOYS.
% Tin.
1. [N0Mmer..." ... ........= a 80°6c
2. |Deville and Caron ... .... a 67'8c
3 [ Berthier, o "o et S, a 50 |Grayish white, very brittle, fracture granniar,
4. |Berthier, Derey . a 85'1 (Brittle. pulverizable. magnetic.
5. tHllerve ... 0'9 |tlard and brittle, slightly granular.
6. |G. M, Billings. .. b 0°73 [Very cold-short, extremely red and white short.
7. |Karsten a8 019 [Very tender at strong heat, difficuit weldable,
extremely cold short.
L O S S g (3 909 {Apparently uniform: very malleable.
{51 ¥ 50400 0000 g0 0000000 22 18 769 |Pretty homogencous, semi-malleable.
10. |Rinmaz ... oo .| 2% Ja 9 09|Very hard brittle, dense: yust-proof, fusible, very
EES flnid, can be highly polished,
1 Berey. L. % .5 ). =518 5 |A bell of this alloy had a pretty good tone.
© 2 (a2'to5|Very hard, fragile, low tenacity.

a Percy, Iron and Steel, p. 160. b Billings, Trans.- Am. Inst. Mining Engrs., V., p.450.
¢ Calculated composition. 3

C. Irox aND Lrap.—It is apparently possible but ex-
tremely difficult to alloy these metals, and no valunable
properties have been notedin their alloys. I know of no
successfnl attempt to alloy them directly. By reducing
litharge with an excess of pure iron at a very high tem-
perature Karsten obtained an iron containing on an aver-
age 2'06% of lead : Biewend obtained an iron containing
3247 of lead by heating a slag rich in lead and iron in a
brasqued crucible: beneath an iron blast-furnace a crys-
tallized alloy containing 88-76% of lead and 11-14% of iron
has been found. The wrought-iron ladles used in Pattin-
sonizing eventually become permeated with lead.®

Percy was unable, either by Karsten’s method or other-
wise, to obtain a decided alloy of lead and iron. Lead
added by Billings to molten ingot iron completely vola-
tilized, traces only remaining.® Metallic lead usually con-
tains a minute quantity of iron.

The lead of plumbiferous iron ores separates in the
blast-furnace hearth from the cast-iron, carrying with it
any silver present, and thus sometimes forming an im-
portant bye-product.

T1TANTUM, a metal so oxidizable that it decomposes boil-
ing water, often occurs in gray cast-iron,° existing atleast
in part as carbide, mnch as suspected by Riley in 1872.
(See §13). It hasbeen fonnd in spiegeleisen ; it issaid to
occur rarely or never in other white cast-iron, but the com-
plete absence of graphite from the very titaniferous cast-
iron quoted below strongly suggests whiteness. Nor is it
found in commercial wrought-iron and steel, for it is in-
evitably oxidized along with the other electro-positive
elements of the cast-iron from which they are made: in-
deed it can probably only be introduced into any malleable
variety of iron (except possibly the most highly carbu-
retted steels) by a four de force, nor is there reason to be-
lieve that if introduced it would be beneficial. Itisindeed
possible, though apparently extremely difficult, to obtain
titaniferous steel by melting titanic acid and iron or iron
oxide with charcoal in crucibles : Sefstrém? thus obtained
a very hard but malleable iron with 4-78% of titanium : it
may even be questioned whether this metal did not closely
approach cast-iron. Though many competent chemists
have songht it, I find no other record of its detection in
wrought-iron or steel. A titaniferous ¢ plate iron’’¢

a Percy, Iron and Steel, p. 168.

b Trans. Am. Inst. Mining Engineers, V., p. 454, 1877.

¢ Riley, Journ. Chem. Soc., 1872, XXV., p. 552 : Journ. Iron and St. Inst.,
1880, I., p. 190.

d Ledebur, Handbuch der Eisenhiittenkunde, p. 265.

e Iron and St. Inst., 1880, I., p. 190 : A, H. Allen, private communication, May
23d, 1887,

quoted by A. H. Allen turns out to be nothing but cast-
iron, probably white or nearly white, containing

Combhined carbon., 270 Silicon ...... 109  Sulphnr... .. ‘086 Manganese ... 1°87
Graphite.......... tr Titanium .... 4'15  Phosphorus .. 081  lron.......... 9053

Faraday and Stodart stated that thongh their crucibles
sufficed for fusing rhodinm and (imperfectly) platinum,
they could not bear the temperature needed for reducing
titanium.” In anundoubted sample of Mushet’s *“litanic
steel > which 1 obtained personally from the maker's
American agents, and which was stamped as such, neither
Shimer nor H. L. Wells could detect titanium, though
they have made its determination a special study.®

Percy" states that chkemists of skill and repute have
failed to find titanium in ‘‘titanic steel”’: and Ilater
Riley,' Greenwood’ and others have found this steel free
from titanium. (Cf. Appendix 1.)

§ 146. A. ARsENic behaves towards iron much as sul-
phur does.

ComBiNATION.—They unite readily and in all propor-
tions. Iron heated in contact with alkaline arsenite and
charcoal, or arsenious acid and nitrogenous animal mat-
ter, acquires an arsenical case-hardening. Ordinary cast-
iron ocecasionally contains small unimportant quantities
of arsenic: bmt non-Eunropean irons have occasionally
contained large quantities. Thus Berthier found 9-8%
(with 1°5% carbon)and 27% (with 1% carbon)in eannon-
balls from Algiers, free from sulphur, manganese, copper
and silicon. The fermer was easily pulverized ; the lat-
ter, still more fragile, could be split diametrically, re-
vealing a fracture like that of marcasite nodules.* Percy
found 16-2% arsenic in a cannon-ball from Sinope.!

In roasting mispickel-bearing ores the arsenic is expelled
inlarge part, but not completely, as part forms nou-volatile
arsenate of iron, which is reduced in the blast-furnace.
Simple heating to whiteness does not completely expel
arsenic. It is not known whether arsenic can be scorified
by other metals as sulphur is by manganese in iron-smelt-
ing. Even the violently oxidizing conditions of the basic
Bessemer process donot always completely remove arsenic,
for Ledebur found 0137 of it in a basic rail.™

Parry found that hot iron readily absorbed vapor of
arsenic, which it retained on heating in vacuo. Iron
behaves in the same way towards phosphorus, but after
absorbing vapors of zinc, cobalt and certain other metals
it again evolves them on heating in vacuo. Riley, how-
ever, observed a strong smell of arsenic on working arsen-
ical steel, which indicates that his metal, unlike Parry’s,
evolves its arsenic at least in part when heated.”

ErrEcTs.—Arsenic appears to lower the saturation point
for carbon: to give iron a white fracture, to destroy its
power of welding, and make it redshort and sometimes
brittle at higher temperatures: a larger proportion of
arsenic renders iron coldshort also. We have few quan-
titative data as to its effects : Lundin’s analyses, too scanty
to build on, indicate that in wrought-iron they begin to be

t Phil. Trans. Royal Society, 18282, p. 254.

g Private communications, P. W. Shimer and H. L. Wells, April 7th and May
14th, 1887. Wells states that his method (by hydrogen peroxide) would probahly
detect *01 and would certainly detect “02% of titanium.

b Tron and Steel, p. 158.

1 Journ. Chem. Soc., XVL., p. 387 ; 1872, XXV., p. 568.

J Greenwood, Steel and 1ron, p. 396.

k Annales des Mines, 3rd Ser., XI., 1837, p. 501.

1 Percy, Iron and Steel, p. 76.

m Stahl und Eisen, 1884, IV., p. 640.

n Compare § 145 A. Journ. Iron and St. 1nst., 1874, 1., pp. 96, 97, 101.
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serious at some point between ‘045 and -09%. Here are

lgs_resqlis. 2

Arsenic. S Quality of the wrought-fron.
By silver plste. |By barium chloride.
*09% 0°03g 0°042% Yery unforgeable.
1045 0:015 0 022 The best in every respect.

Here the amount of sulphur istoo trifling to have caused
redshortness. Riley reports that steel so arsenical as to
smell strongly of this metal when forged, yet worked
pretty well, but was brittle and useless.® The wrought-
iron of Alais, rendered unweldable by arsenie, has been
successfully made into open-hearth steel.©

B. ANTiMONY unites with ironreadily, and probably in all
proportions ; even aminute quantity of it makesiron hard
and both red- and cold-short. Fortunately it is not often
presentinironores. Itisnot wholly removed in the manu-
facture of wrought-iron, nor on exposing antimony-bearing
iron to a steel-melting heat. Of 1% of antimony added by
Karsten to cast-iron in the charcoal hearth, the bar-iron
produced contained -237%. Of 1%added by G. H. Billings®
to almost pure molten ingot-iron, enough remained after 20
minutes’ exposure to a steel-melting heat to ruin the metal.

Karsten’s weld iron with -23% antimony was ex-
tremely red- and cold-short: another bar iron, in which he
found -114% of antimony, was worthless. Billings’ anti-
monial iron was decidedly cold-short, and so redshort that
it crumbled to pieces whether hammered or rolled.

C. Bismuti.—Of 1% of this metal added by Karsten to
cast-iron while being refined in the charcoal hearth, -081%
was retained by the bar iron : its sole effect was to make
theiron work ““raw.”t Of0-5%added by Billings to molten
ingot iron only traces remained in the solidified metal,
which was decidedly red-short. Tt contained -08% of car-
bon.# Hot iron absorbs vapor of bismuth, evolving it
when heated in vacuno.”

D. VANADIUM oceurs occasionally in cast-iron, in which
Riley! Las found 0-6867% of it ; Sefstrém discovered itin the
bar-iron and refinery slags from the Taberg (Swedish)
ores.! I know no data concerning its influence.

According to Witz and Osmond* it concentrates in cer-
tain slags, notably in those the basic Bessemer process ;
these taken collectively contain large quantities of this
rare metal, whose recovery they propose.

§ 147. MoLYBDENUM prodnces with iron alloys analo-
gous to those of iron with tungsten, according to Berthier,
one with 2% of molybdenum being fusible, extremely hard
and brittle, but tenacious :' yet Billings found that 1% of
this metal rendered good iron extremely redshort and
utterly worthless.™ Some Mansfeld copper-smelting sala-
manders consist chiefly of iron-molybdenum alloys; as
much as 28-49% of molybdenum is reported in them.»

a Stabl und Eisen, 1884, p. 485, from Jernkontorets Ann., 1884, II.

b Journ. Iron and Steel Inst., 1874, 1., p. 101,

¢ Idem, 1885, 1., p. 272.

d Percy, Iron and Steel, p. 169.

e Trans. Am. Inst. Mining Engrs., 1887, V., p. 453.

T Percy, Jron and Steel, p. 170.

& Trans, Am. Inst. Mining Engineers, V., p. 453, 1877,

hCf. § 145 A.

! Riley, Journ. Chem, Soc., XVII., p. 21, 1864; XXV.,, p. 544, 1872.

J Watts. Dict. Chem., V., p. 983.

k Journ. Iron and St. Inst., 1882, II., p. 7?70, from Comptes Rendus, XCV., L.,
p. 42.

1 Percy, Iron and Steel, p. 195.

mTraus Am. Inst. Mining Engrs., V., p. 454, 1877.

n Kerl. Grundriss der Metall-Hiittenkunde, p. 171.

§ 148. N1ckEL AND CoBALT are frequently present in
cast-iron, thongh rarely if ever in important amount, and
are retained when it is converted into wrought-iron and
steel.

A. NickrL alloys with iron readily and probably in all
proportions : meteoric iron usnally contains from 1 to
20% of it.° The largest amount which I have met in a
commercial iron is ‘357, which, together with -11% cobalt
and -81% copper, had no traceable effect on the weld iron
which contained it, unless, as Holley pointed out, it
counteracted the copper present: for the metal welded
well. (See § 142.)

Errrcrs.—Nickel appears to make iron redshort : in cer-
tain proportions and under certain conditions, both unde-
fined, it appears to make it brittle. Billings® found an
alloy with -66% nickel and -72% carbon redshort ; and one
with 732 nickel and 07 carbon very redshort, the differ-
ence being attributed to its lower carbon content : both
were forgeable at higher temperature : one with 6% nickel
and but little carbon was extremely redshort. These al-
loys were almost absolutely free from elements other than
those here mentioned.

The following proportions of nickel have been found in
iron: 0°85%7: 0:6657: 14#: 8%, as malleable as pure iron:
b7 8%, almost as ductile and tenacious as pure iron:
6:36%": 7 to 8%": 71'877%": 8'215": 8:3%," semi-ductile:
10%* more brittle than pure iron. The irons whose
proportion of nickel is here given in heavy faced type are
ductile, the rest appear to be at least comparatively
brittle. The influence of nickel appears to be very
capricious: why 066, 1, and 5% of it should greatly
impair ductility while 0-35, 3, and 6% do not, is not
known.

Meteoricirons with 6-36, 7-87 and 8:21% nickel are reported
as hard to file, and one with 8597 nickel as easily filed."
The nickel-iron alloys are reported to rust less easily than
iron: Faraday and Stodart found this true of an alloy of
iron with 10% of nickel, but not to the extent previously
alleged: while 10% of nickel alloyed with steel greatly
accelerated rusting. (Cf. Appendix I.)

B. CoBarLT.—Of the effects of cobalt on iron we have
still less knowledge. Billings found ingot-iron with "33
cobalt (but otherwise almost perfectly pure) solid,
tough and decidedly weak when cold, and somewhat red-
short.¥ As it contained no manganese its redshortness
may have been due to what we call oxygenation. Alloys
of 53-29 and 12+79% cobalt, with 46-71 and 87-21% iron re-
spectively, made in Percy’s laboratory were brittle.* Hot
iron absorbs vapor of cobalt, evolving it when heated in
vacuo.¥

§ 149. IroN AND ALUMINIUM may according to Deville
be alloyed in all proportions: among others the following
alloys have been described.

o System of Mineralogy, J. D. Dana, p. 18.

P Frans. Am. Inst. Mining Engrs., V., p. 448, 1877.

q Holley, Trans, Am, Inst. Mining Engrs., VL, p. 115,

r G, H. Billings, Idem, V., p. 448,

8 Percy, Iron and Steel, p. 171.

t Faraday and Stodart, Percy, Iron and Steel, p. 171.

u Boussingault and De Rivero, Meteoric Irons, * The Useful Metals and Their
Alloys,” p. 272.

v Berthier.

W Trans. Am. Inst. Mining Engrs., V., p. 454.

x Percy, Iron and Steel, p. 173.

¥ Compare § 145 A.
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TABLE 87.—ALLOYS OF IRON AND ALUMINIUM.

Composition.

Observer.

No. Properties, ete,

Al (8| ol
..(Faraday and Stodart{ | [0G0@® oo\ oo éWeotz.
- o [CHRGr . o, B . 5ol D 2°30] 2°20|Cast-iron,
G. II. Billings. 52 *20]......[8olid, homogencous, forges well at red beat,

erumbles at yellow.
Resembled best Bombay wootz,

White, elose-grained, very brittle,
Very hard, but forgeablo and weldable ¢
rusts.

. |Rogers
..|Mrazek.... ...
sl Iaraday. . ... o JANOLEIN IS TR e
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1, Quarterly Jour. of Sefence, cte., T, p. 258 : Perey, Iron and Steel, p. 183. 2. Ledebur,
Ilandbuch der Eisenhi’ntenkum]e,f). 269, fron1 Annales des Mines, XV, p. 185, Cast-iron from
Champigneulle. 3, Trans. A, Inst. Mining Engrs., V., p. 452, 1577, dneced by fusing 12
parts of emery, 18 ¢f alumina, 1 of pulverized ¢barcoal and 36 ef pure Iron turnings: after heat-
ing to whiteness for 48 hours, the erucible was heated in an open-hearth stecl-melting furnace.
4. Rogers, * Aluminium, its Ilistory, ete.,”” Richards, p. 281, from Moniteur Ind., 1859, No.
2379. 5. Ledebur, loc. cit. Obtﬂined by fusing iron wire with sodium, silica and cryolite,
6. Quarterly Journ, of Scienee, ete,, 9, p. 520: Percy, Iron and Steel, p. 183, Obtained by intensely
heating pure alumina with pure highly carburetted iron in a close erucible. Close granular texturc,
7. _Obtained by heating to whiteness 8 equivalents of chloride of alumninium, 40 of fine iren filings
and 8 of litno : it was extremely bard and rusted when exposed te damp air, but could be forged
and welded. Philosophical Magazine, X., p. 242, 1855 ; Percy, op, cit,, p. 1S1. ¢ Aluminium,”

Richards, p. 210,

A. AvvMiNiUM AND Wootz.—As Faraday found from
0128 to -0695% of aluminium in wootz,* and as he ob-
tained a produet with ‘“all the appreciable characters of
wootz’’ by melting ‘‘ good steel’” with enough of an iron-
aluminium alloy to yield by calculation, 40% of alumin-
ium,® he ascribed the damask of wootz to the presence of
aluminium.* But the wootz-like character of his product
was probably accidental, if not imaginary, for Henry, a
most trustworthy analyst, Karsten and Rammelsberg find
no alumininm in wootz.

The alloys of iron with alarger proportion of aluminium
appear to be brittle, and hold out little promise.

B. Mitis CasTiNGs.— Without special additions non-car-
buretted iron evolves gas so copiously in setting that its
castings are very porous : its freezing point is so high that,
even when cast at the highest temperature ordinarily
attainable, it sets so rapidly that it can only be cast into
rather thick forms: yet, if ‘05 to ‘1% of aluminium be
added just before teeming, it yields solid castings of aston-
ishingly attenuated shapes, and still retains its great duc-
tility. Sosays P. Ostberg, and one most trustworthy metal-
lurgist assures me thata slight addition of aluminium does
check the escape of gas from non-carburetted iron, and
another that it renders it extremely fluid.° Indeed, the
remarkable castings which Ostberg has exhibited, and
which he assures us have not been annealed, combine the

a Quarterly Journal of Science, Literature and the Arts, 9, p. 320, 1820.

b Idem, 7, p. 288, 1819 : Percy, Iron and Steel, p. 183. Metallurgical Review,
e 175,

¢ 'frans. Am. Inst. Mining Engrs., XIV., p. 773, 1886. R. W. Davenport has per-
sonally conducted direct comparative tests under rigidly similar conditions, which
leave no doubt as to this effect of aluminium. A large charge of unrecarburized,
non-carburetted, wild, effervescing ingot iron, holding about 0°08% of carbon, was
tapped from an open-hearth furnace simultaneously into two similar ladles,into
each of which small red-hot lumps of ferromanganese were {hrown at the same
time, introducing 07 of manganese per 100 of steel, while one ladle also received
1 of ferro-aluminium, or sufficient to introduce *064% of aluminium, ‘0244 of sili-
con and 0'01% of manganese. Atter a few minutes both lots were teemed into
similar sand castings of a few bundred pounds weight each, and into common
ingot molds. The aluminium-treated steel lay perfectly dead and *‘ piped” in the
ingot molds, and yielded a practically solid sand casting: the other rose.in the
molds and had to be stoppered, and yielded a very porous sand casting.

On another occasion he added 1% of ferro-aluminium, or enough to yield “04 of
aluminium and 10 of silicon per 100 of metal, to hoth oxygenated rising metal
obtained by melting wrought-iron alone in crucibles, and to crucible steel which,
owing to the presence of carhon and manganese, evolved no important quantity
of gas. This addition prevented the evoluticu of gas from the former, making it
pipe when teemed, and appeared to thin it, or at least it poured easily: but it
appeared to stiffen the latter and to make it hard to pour. In no case, however,
has he been able to find aluminium in the castings themselves. (Private communi-
cation, Sept. 10th, 1887.)

ductility of the most earbonless iron with the thinness
and solidity of the most carburetted and brittle castings.
Such additions of aluminium, however, appear to render
molten carburetted iron thicker rather than thinner.®

Note that we have two distinct effects, increased fluid-
ity, and increased solidity and freedom from blowholes.
These are not necessarily connected, or dependent on the
same proximate canse.

What now is the rationale of these effects of alumin-
ium?% Ostberg states that the addition of ‘05 to 17 of
aluminium lowers the melting point by say 300 to 500°
F.: hence the thin castings. Further, that it is while be-
ing raised from its melting point to a temperature enough
higher to permit casting that steel acquires the gases
which it later evolves while setting, and that the addition
of aluminium immediately after fusion, depressing the
melting point, enables us to teem at once, and so nearly
eliminates the opportunity for absorbing gases. Finally,
aluminium renders the metal so fluid that it releases what
gas it has, which, in his view, appears to be entangled as
in a net. He speaks, however, with a degree of positive-
ness which neither his nor our present knowledge justi-
fies, and which awakens suspicion.? I vainly request
his evidence: without it such statements carry no
weight.

Now (1) it is not shown that the melting point is actually
lowered in the mitis process ; (2) there is, moreover, reason
to doubt that aluminium even tends to produce this spe-
cific effect of lowering the melting point ; and (3) were it
known to lower the melting point too little of it is present
to plausibly explain a fall of the melting point sufficient
to account for the startling effects produced. (4) Finally,
a fall in the melting point is incompetent to explain all
the phenomena. In brief, our aluminium is not shown to
be qualitatively competent and is shown to be almost cer-
tainly quantitatively incompetent to explain the phenom-
ena in this particular way. The following paragraphs
evidence these statements seriatim.

- 1. A rise in the metal’s temperature explains the phe-
nomena quite as easily as a fall in its melting point.

2. I vainly seek in the writings of Deville, Faraday and
Calvert and Johnson, who have all investigated the iron-
aluminium alloys, any intimation that aluminium lowers
the melting point of iron in this remarkable way, a point
which these in two cases illustrious observers would
hardly overlook. Moreover, as just stated, the addition
of ferro-alumininm to molten carburetted steel appears to
stiffen it, doubtless by diluting its heat.

3. On diligent inquiry among those best informed, I
learn of no determination of aluminium in mitis castings,

d He states unreservedly that to gradually heat steel above its melting point as
in ** killing " is most injurious : that practically no gases are ahsorbed by solid
steel, (though Parry has observed by direct measurement that gray cast-iron ah-
sorbed 14 times its own volume of hydrogen at bright redness and 22 times its vol-
ume at whiteness : the volume of gas keing measured at the usnal tem-
perature Journ. Iron acd St. Inst., 1874, L., p. 94) : and that increasing the
fluidity of molten iron causes it fo evolve its gases. Here he asserts now what is
probably fal-e, now what is only conjecturable or at hest probable. His further
statement that, apparently in two or three years, the mitis inventors Fkave
had time to conduct the most exhaustive and elahorate experiments with every
couceivable metal, metalloid and alloy, certainly does not indicate a careful weigh-
ing of words. The previous protracted labors of many a physicist and metallur-
gist, probably collectively representing scores of years, bhad been able to conquer
exhaustively but a fraction of this ground. As Davenport finds that silicon gives
at least approximately as good results as aluminium, some may infer {hat Ostberg
regards silicon as in some sort inconceivable,
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though several complete analyses by Riley are given :*
here indeed the presence of aluminium might have been
purposely suppressed. Competent chemists have vainly
sought it in them : Davenport conld find itin no instance:
and I am credibly informed that Ostberg admits that it
has never been detected. The effects deseribed are pro-
duced even when only 0°06% of aluminium isadded. Now
the proportion of aluminium actually present in common
steel often varies from 0 to 0-034%, without producing any
noticeable effect : are we to believe that the further addi-
tion of another 0°03% is to so intensely affect the proper-
ties of the metal ¢ It may indeed be questioned whether
even this amount remains in the mitis casting : for alu-
minium, though difficult to oxidize at low temperatures,
oxidizes readily at higher ones, and it may well be oxi-
dized by the oxygen of the oxygenated metal which
forms the basis of these castings.?

1f it be present why does no one find it? The analyti-
cal methods are not perfected? Perhaps not for 0-001%
of aluminium. But so eminent an analystas A. A. Blair,
who has given the subject special attention, informs® me
that he considers it impossible that 0°03% of aluminium
should escape detection when properly sought in iron or
steel, and that the limit of error should not exceed a few
thousandths of one per cent.
aluminium remains to influence the physical properties
appreciably ¢ Must we not rather conclude that it is
almost or quite wholly scorified ? and if scorified, can we
believe that the fact of its former brief presence can alter
the melting point after its departure? The supposition
appears to me very improbable.

4. A {all in themelting point, by increasing the fluidity,
enables the gases present to escape? Then when, as in
Davenport’'s experiment, already boiling mretal receives
ferro-aluminium, it should immediately boil the more
tumultuously : actually it at once grows quiet. Hence
the ferro-aluminium clearly acts by enabling the metal to
retain in solution gas which otherwise would have con-
tinued to escape, and not by promoting its release. And
this is a direct consequence of a lowered melting point?
Or perhaps of the conjunction of some planets?

DavenporT’s ExpranaTion? is that the aluminium
attacks the oxygen present in the oxygenated metal, its
combustion raising the temperature.® This is indeed quali-
tatively competent to explain why oxygenless carburetted
steel isstiffened while oxygenated metal is thinned by ferro-
aluminium ; and as the addition of 0°06% of aluminium
might remove 0'47% of ferrous oxide by such a reaction as

2A1 + 6FeO = 3FeO, Al,O; 4 3Fe

and as the removal of this quantity of ferrouns oxide
might well check the evolution of gas, it may be regarded
as quantitatively competent to explain the quieting effect.
¥ a_Pa}nphlei of the United States Mitis Cbmpany,‘coﬁtainzng__v—vh;t purports to
be a paper read by T. Nordenfelt before the British Iron and Steel Institute, May,
1885 : yet strangely enough I have been unable to find in the journal of that
society nny reference to such a paper : the words * Mitis” and ‘* Nordenfclt” are
not even indexed in its journal for 1885 and 1886. Ostberg (loc. cit.) refers to
this paper as ** read before the British Iron and Steel Institute.”

b According to Deville alumlnium does not decompose metallic oxides at a red
heat : an alloy of aluminium and copper yields cupric oxide when heated in a
mufile : an alloy of lend and aluminium can be cupelled. But above redness
nluminium takes the properties of silicon and reduces the oxides of copper and
lead, yielding nluminates.

¢ Private communication, Septemher 29th, 1887,

d Private communication, ante cit.

e Even initially clean wrought-iron might easily absorb enough oxyger from the
furnace gases during melting to account for the oxidation of the aluminium.

Can we believe that enough

But is the combustion of the small quantity of alu-
minium employed quantitatively competent to raise the
temperature of the metal enough to account for its in-
creased fluidity ? Calculemus. Thomsen calculates that
aluminium, in uniting with oxygen and water to form
aluminium hydrate thus, Al,, O, 3H,0, generates 388,920
calories, or about 7,097 calories per kilo of aluminium.*
This may be more or less than the heat generated by the
oxidation of aluminium to alumina : but assuming that it
equals it, our 0°06% of aluminiwin would generate 4258
calories per 100 kg of metal, which would raise the tem-
perature by 27° were we to assume its specific heat as
0-16, or say one eighteenth as much as it rises in the Bes-
semer Process.

The heat which is thus evolved is on the one hand
lessened by that absorbed by the simultaneouns deoxida-
tion of the iron, whose oxygen the alumininm seizes, and
on the other increased by that evolved by the union of
alumina with the residual ferrous oxide. Moreover, by
stopping the escape of gas, the aluminium prevents a small
quantity of heat from becoming latent through vapori-
zation. Finally, the radiation of heat is somewhat slower
from a quiescent than from a bubbling liquid, as they
know who stir their soup. All things considered, it
may not be unreasonable to claim that, directly and in-
directly, our ‘06% of aluminium may raise the tempera-
ture of our steel by from 25° to 30° C. (77° to 86° F.)
which may be considered sufficient to account for the in-
crease of fluidity, which was probably not great: for
Davenport speaks of it very guardedly as ‘‘an apparent in-
crease’’ only. Ariseof100°C. (180°F.), which wouldimply
the combustion of only 0224 of alumininm, might well
account even for the extreme thinness of Ostberg’s castings:
and this quantity may easily have been added to them.

Now the attenuated castings testify that the ingot
iron which composes them was unusually far above its
freezing point when cast: either its freezing point was
lowered (Ostberg’s theory) or its temperature raised by
the aluminium (Davenport’s). The former theory is hardly
tenable : the latter is made to account for all the phe-
nomena by a series of assumptions which, while in no case
preposterous, perhaps not even unreasonable, still by no
means command acceptance. It seems to me improbable,
though possible, that the oxidation of so small a quan-
tity of aluminium would cause such a rise in tempera-
ture. T doubt if as much as 426 calories would be avail-
able for raising the temperature of the iron, and I think
it probable that the specific heat of this iron at its melting
point is considerably above that here taken. These are
grave difficnlties which Davenport’s explanation has to
contend with. [t appears to me decidedly the less im-
probable of the two: but the true explanation may be
yet unguessed.

C. AruMiNIUM IN CoMMEROIAL IRoN.—Though the di-
rect reduction of alumina by the usual reduecing agents,
hydrogen and carbon, is extremely difficult, Faraday and
Billings seem to have effected its reduction in presence of
a great excess of iron by means of carbon. Hence the fre-
quent presence of small quantities of aluminium in com-
mercial cast iron is hardly swrprising. Difficultly oxidized
below redness, at higher temperatures it behaves like sil-
icon : and, like silicon, a little of it may survive the oxi-

"t Thermochemische Uutersuchungen, IIL, p. 239,
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dizing processes of refining and be found in the msultingI
steel or wronght-iron. A. A. Blair has examined
very many irons and steels for aluminium, which he
reports ‘‘nearly always exists as such in steel,” but he
has never found more than a few thousandths of one
per cent, say ‘032%. He has been unable to connect its
presence with any peculiarity in the properties of the
metal, or with any particular mode of manufacture.®

Percy quotes and questions an analysis of cast-iron con-
taining 0-97% of aluminium.” Part of the aluminium of cast-
iron probably exists &s aluminainslag. Karsten detected
but traces of aluminium in iron and steel, and those
rarely.© Alnmina, whichhe added to cast-iron which was
being refined in the charcoal hearth, was wholly slagged.®

§ 150. MERcURY does not amalgamate with iron directly,
hot or cold, but, by immersing sodinm amalgam in ferrous
sulphate solution and probably by other indirect means,
iron amalgams apparently of feeble stability may be
formed.°®

§ 151. Faraday and Stodart stated that ‘‘the metals
which form the most valuable alloys with steel are silver,
platina, rhodinm, iridium and osmium, and palladium.”*
The scanty subsequent investigations into this group of
alloys have not tended to confirm their statement. With
to-day’s knowledge of the influence of other elements on
iron they would probably have interpreted their observa-
tions quite differently.

(A.) IroN AND PLATINUM appear to combine readily in
all proportions, platinum melting even below the fusing
point of steel when in contact with that metal. Their al-
loys are considered of no technical importance, Faraday
and Stodart to the contrary notwithstanding. Melting
Indian steel and 0:99% of platinum they obtained an alloy
which, though not so hard as thatobtained by melting the
same steel with 0-2% of silver, was considerably tougher,
and they prophesied its extensive use in spite of the cost
of platinum.® Their prophecy is not yet fulfilled.

They obtained alleys of steel (A)with 507 of platinum,
beantiful, with the finest imaginable color for a mirror,
taking a high polish, ron-tarnishing and malleable ; (B)
with 11% of platinum, taking a high polish, finely
damasked, and free from rust after many months expos-
ure.” They were probably in error in attributing the ex-
cellent qualities of platinum as of silver steel to the pres-
ence of the noble metal.

Billings found that platinum inecreased the hardness of
steel less, but diminished its forgeableness more, than a like
proportion of carbon did. A pure ingot iron with ‘08%
carbon and ‘827 of platinum was extremely redshort and
white-short : otherwise pure steel with 4% of platinum and
nearly 2% of carbon was slightly redshort, and inferior
in quality to steel of like composition less the platinum.!

B. PALrLADICM in steel in the ratio 1 : 100 produces ac-

aPrivate communication, May 10, 1887 : Rept. of U. S. Board Test on Testing
Metals, IL, p. 590. Am, J. Science, XIIL., p. 424, 1877 ; Thurston, Matls. of
Engineering, II., p. 434.

b Percy, Iron and Steel, p. 542.

¢ Percy, Iron and Steel, p. 185.

4 Corhin (Silliman’s Journal, 2d Ser., XLVIIL,p. 348, 1869), reports 2:38%
aluminium with 1'66% chromium and *98% carbon in chrome steel ; but this is
bardly credible. Blair finds no more aluminium in chrome than in other steels.

¢ Percy, op. cit. p. 174,

t Phil. Trans. Royal Society, 1822, p. 254.

g Idem, p. 257.

h Percy, Iron and Steel, p. 177. These are the calculated compositions.
I Trans, Am, Inst. Mining Engrs,, V., p- 452, 1887,

cording to Faraday and Stodart an alloy ‘‘truly valu.
able,”’ especially for instruments demanding a perfectly
smooth edge.?

Ruop1uy, uniting with iron inall proportions, forms with
steelalloys ‘‘ perhaps the most valuable of all”’ according to
Faraday and Stodart, remarkably hard, forgeable, and
hardening withont cracking. Steel with 50%of rhodium has
when polished ‘‘the most exquisite beauty’’ and ‘‘the finest
imaginable color’’ for mirrors, and long resists tarnishing.’

C. OsmivMm-IriD1UNM-iron alloys of the following com-
positions have been prepared.

3% osmium-iridium with pure iron; forgeable, long re-
sists rusting, distinctly blue, hardens when quenched from
redness, though no carbon could be detected in it. Fara-
day and Stodart.* Calculated composition.

2:98% osmium-iridinm with Swedish iron containing not
more than ‘07% of carbon. Very homogeneous, not har-
dened by quenching ; Boussingault.!

2:98% iridium replaced the osmium-iridium of the pre-
ceding alloy with like results ; Boussingault.!

Note that osmium-iridium conferred the power of har-
dening on Faraday’s alloy, but not on Boussingault’s.

D. Gorp alloys with iron: of the value of its alloys
with steel Faraday and Stodart were doubtful.

E. SiLvrr does not alloy with ironreadily if at all. On
exposing steel and 0 624 of silver foil to a white heat for
three hours in a crucible filled with crushed glass, Faraday
and Stodart found the silver fused and adhering to the
steel, but none had combined. After many trials they
found that steel would take up but 0-2% of silver: when
more was present part was found as a metallic dew lining
the interior of the crucible, and the fused button itself
was a mere mechanical mixture of the two metals. But
0-2% of silver appeared to unite perfectly with the steel,
yielding a product harder than either the best cast-steel
or wootz, and with no disposition to crack in forging or
hardening.™ They thought that silver greatly benefited
steel, but were probably completely deceived.

Of 0-5% of silver added by Billings to molten ingot metal
only traces were found in the solidified ingot, while glo-
bules of silver were found above it.® Of 1:5% of silver
added by Karsten to cast-iron in the charcoal refinery,
but ‘0347 was retained by the bar iron, which was unsound,
laminar and very redshort.°

IrON wiTt THE METALS OF THE ALKALINE EARTHS.—
It is very doubtful whether any class of iron made by
ordinary methods can contain calcium, magnesium,
barium or strontium as such : nor is it certain that any of
these metals can be alloyed with iron even experimentally.
The small quantities occasionally reported probably exist
as oxide or silicate in the mechanically held slag. Gay
Lussac and Thenard were unable to reduce calcium,
barium or strontium from their oxides by heating with
charcoal and iron: Berzelius failed to reduce calcium in
this way, though he obtained ‘¢ indications’ of an alloy
of iron and magnesinm.?

J Percy, Iron and Steel, p. 180, from Phil, Trans., 1822, p. 256. Calculated
composition.

k Percy, Iron and Steel, p. 181.

1 Journ. Iron and Steel Inst., 18S6, I1., p. 812, from Ann. de Chimie et Phys.,
5th Ser., XV.

mPhil, Trans. Royal Society, 1822, p. 255.

n Trans, Am, Inst. Mining Engineers, V., p. 454, 1877.

o Percy, Iron and Steel, p. 175.

P Percy, Iron and Steel, p. 196. A famoys analysis of spiegeleisen by Fresenius



90 THE

METALLURGY OF STEEL.

Hot iron absorbs vapor of magnesium, evolving it when
heated in vacuo.?

Porassiom AND SopiuMm, however, are reduced from
their hydrates by iron at a white heat, and from their car-
bonates by carbon: hence their reduction in the blast-
furnace and their retention by the metal through the
refining processes is not impossible on a priori grounds,
especially if the refining be accompanied by basic slags.
By strongly heating iron-filings with bitartrate of potash,

alloys containing 746 and 81-4% of iron and 254 and

18:58% of potassium respectively have been produced,
which closely resemble wrought-iron, can be forged and
welded, are so hard as to be barely fileable, and oxidize
rapidly in air or water.* DBy long exposing iron turnings
at a high temperature to vapor of potassinm Gay-Lussac
and Thenard obtained a flexible iron-potassium alloy,
which was occasionally soft, sectile and even scratched
with the nail.# These metals have, however, rarely been
detected in iron, perhaps because rarely sought. Theirin-
fluence on commercial iron is unknown, if indeed it exists.

CHAPT

R T

IroN AND OXYGEN.

§ 165. THE OXIDES OF IRON.

A. SuBox1iDE.—Bell obtained strong indications of the
existence of an oxide lower than ferrous oxide, perhaps
of the composition Fe,0.P

B. Ferrous Oxipk, FeO, though it may be isolated
according to Debray by passing equal volumes of carbonic
acid and oxide over red-hot ferric oxide, and though ac-
cording to Liebig it may be obtained mixed with spongy
iron by igniting ferrous oxalate in a closed vessel, yet
absorbs oxygen with such avidity that it is not easily
produced.© A powerful base, its silicates and phosphates
are of great importance in the slags of iron metallurgy.
Ferrous silicate is formed with evolution of oxygen by the
action of silica on ferric oxide at high temperatures®:
stable at moderately high temperatures, at extremely high
ones it readily absorbs oxygen from the air.

C. Ferric OxiDpE, Fe,0,; frequently giving up its
oxygen to organic matter even at ordinary temperatures,
at higher ones becomes a strong oxidizing agent, being re-
duced to magnetic oxide with evolution of oxygen when
heated alone to its very high melting point, and at appa-
rently much lower temperatures when heated in contact
with metallic iron. It is readily and completely reduced
by hydrogen, by carbon and by ammonia : its reduction
by carbonic oxide is probably never quite complete unless
carbon intervenes, though the contrary is generally stated,
for Bell found that both spongy iron and ferric oxide when
heated at bright redness and cooled in this gas yielded a
product containing from ‘8 to 1% of the oxygen required
to form ferric oxide.® Even large lumps of ferric oxide
may be nearly if not quite completely reduced by contact
with lump carbon, the carbonic oxide formed by the surface
action doubtless penetrating, then carrying oxygen from
the interior oxide outwards, being again reduced to car-
bonic oxide by the surrounding carbon, and so on. In the
interior of lumps of ore which had been heated in lump
charcoal, I have found particles of malleable spongy iron

gave ‘063 potassium, traces of sodium, ‘045 magnesium, ‘091 calcium and traces
of lithium. (Kerl, Gruudriss der Eisenhiittenkunde, p. 42.) Karsten found 1774
calcium in wrought-iron, which was deficient in weldability and tenacity, though
neither red-nor coldshort. (Percy, Iron and Steel, p. 197.) Kerl quotesseven cast-
irons which contain from 02 to *46% of calcium and from *00 to *25% of magnesium.
(Op. cit., pp. 27 to 43.) Percy quotes hut douhts an analysis of cast-iron with ‘977
aluminium, 1-37% calcium and 0°43% magnesium. (Iron and Steel, p. 542.) Con-
cerning slag in cast-iron see foot-note to § 189.

a Compare § 145, A.

b Jonrn. Iron and St. Inst., 1., 1871, p. 106.

¢ Watts, Dictionary of Chemistry, 1871, IIL., p. 393,

d Percy, Iron and Steel, p. 20.

¢ Jour. Iron and St, Inst., 1871, L, p, 113,

so placed that they had been apparently (though not cer-
tainly) completely surrounded by gangue, and so cut off
from contact with outer iron which was being deoxidized.

Both at high and low temperatures ferric oxide, like
alumina, at least occasionally acts as an acid. Percy
completely melted mixtures of ferric oxide and lime, twice
obtaining masses of interlacing acicular crystals contain-
ing 73-39% of ferric oxide and 24°5% of lime (Fe,0;C20 =
Fe,Ca0Q,), which may be regarded as magnetic oxide whose
ferrous oxide is replaced by lime.® The neutral carbon-
ates of potash and of soda are not decomposed by heat
alone: but their carbonic acid is expelled when they are
strongly heated with ferric oxide.! A compound of the
formula 4Ca0O, Fe, O3 = Ca,Fe, 0, may be precipitated
from certain solutions as a snow-white powder, though
containing nearly 50% of ferric oxide.!

D. Iron RusT, consisting essentially of hydrated iron
oxide, varies in composition with the conditions under
which it forms. According to Mallet® it tends in propor-
tion to the duration of reaction to approach the formula
2Fe,04, 3H,0O (limonite), mixed with more or less (usually
less) ferrous carbonate, FeCOQ;, and when very old it ap-
pears to lose water and approach the composition of hema-
tite, Fe,0,. When formed far beneath the surface of
water it consists of black hydrated magnetic oxide.! Iron
rust often contains minute quantities of ammonia.

E. FerRroso-FERRIC Ox1DES.—Oxides of many and per-
haps all compositions intermediate between ferrous and
ferric oxide form: magnetic oxide Fe;O, = Fe,05, FeO,
and probably scale oxide FeysOy = 6FeO, Fe,O; are of
definite composition: the others may be viewed as chem-
ical compounds of ferrous and ferric oxide in continuously
varying proportions.

These oxides are in general unstable, on slight provo-
cation taking up oxygen or letting it go, and passing
readily from alower to a higher state of oxidation or vice
versa: they thus act as carriers of oxygen, assisting
oxidation in oxidizing operations and reduction in reduec-
ing ones. This is probably true of their silicates also.

Tuar MAGNETIC is in many respects the most stable oxide
of iron. At ordinary temperatures it resists the action of

t Calvertand Johnson, Phil. Mag., 4th Series, X., p. 242, 1855.
" g Percy, Iron and Steel, p. 196,

h Metallurgy, Fuel, New Edition, 1875, p. 78. .

1 Percy, Iron and Steel, p. 17.

1 Idem, p. 19.

k Rept. British Ass., 1843, p. 11,

1 Percy, Iron and Steel, p. 28,
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the weather and of many reagents. A coating of this
oxide, such as is produced in blueing, Barffing, etc., pro-
tects metallic iron from 1usting, while ferric oxide on the
one hand hastens the rusting of iron with which it is in
contact, and ferrous oxide on the other itself rapidly ab-
sorbs oxygen. While at moderately high temperatures, as
wlen ignited in air, magnetic oxide is converted into fer-
ric oxide, at still higher ones it is spontaneously formed
by the decomposition of ferric oxide by heat alone.

The facts that magnetic oxide is so comparatively stable :
that ferrous oxide is so powerful a base: that in certain
cases both at high and low temperatures ferric oxide acts
as an acid, and in certain of them forms compounds sim-
ilar to magnetic oxide, (e. g., the compound Fe,CaO, al-
ready described), and in others even isomorphous with it
(e. g., franklinite Fe,ZnO, = ZnO, Fe,0,): that the ses-
quioxides analogous to ferric oxide, viz. alumina and
chromic oxide, form with ferrous oxide compounds iso-
morphous with magnetic oxide, (ceylonite ALFeO, =
FeO, Al,O; and chrome iron ore Cr,FeO, = FeO, Cr,0;),
in the latter of which chromic oxide may reasonably be
regarded as an acid: that ferric oxide and alnmina often
replace part of the chromic acid in this mineral : and that
in other cases both alnmina and chromic oxide act as
acids, strongly suggest that in magnetic oxide we have a
true salt, a ferrite, ferric oxide its rather mild acid, ferrous
oxide its powerful base. This view harmonizes with the
fact that, when magnetic oxide is attacked in a closed ves-
sel by not more than enough hydrochloric acid to dissolve
its ferrous oxide, the latter alone dissolves, hydrochloric
acid appearing to displace ferric oxide much as it wonld
carbonic acid.

F. ScALE OX1DE.—Feg0y = 6FeO, Fe,0;. Exposed to
air or to furnace gases at a red or higher heat, iron ac-
quires a coating intermediate in composition between
ferrous and ferric oxides, often divisible into two or three
layers more or less arbitrarily chosen : the outer is always
the most highly oxidized, the inner though probably of
indefinite composition sometimes approximates the for-
mula Fe;O,. The following percentages of ferrie oxide in
iron scale have been published, chiefly by Perey:® The
heavy faced figures represent the compositions Fe;O, and
Fe;0,.

TABLE 40.—PERCENTAGE OF FERRIO OXIDE 1N IRON ScALB.
26 19 Inner layer. 36 60* 4767 middle layer. 89-27 velvet scale.
5201 ¢ Q

27°04 Fe Qg 87 49 all layers. 98 63 onter layer.
27 0S innerlayer., 40 51 middle layer. 59:00 ¥ b %
35 17 outer ** 4677 inner  ** 68°97 FesO

TG—. W. Maynard, Trans, Am. Inst. Mining Engrs., X., p 261, 1862,

G. FErrIic Acip, FeO,, though never isolated, may be
supposed to exist in the ferrates of the alkalies and of
baryta, which form in the dry and the wet way. It is
conceivable that similar salts may form in metallurgical
operations.

§ 156. OXYQEN IN COMMERCIAL IrRON.—Even when cold
iron can probably retain but a fraction of one per cent
of hydrogen or of carbonic oxide, which are readily ex-
pelled and which modify it comparatively little.

Of nitrogen it can permanently hold more than 11,
which alters its properties more profoundly : sometimes
readily evolving at least a portion of it, e. g. on boring, at
others it retains it far more tenaciously, but it always re-
leases it at a white heat completely or nearly completely.

* In ferric acid iron may be conceived to unite with over 46*%

9S-80
99-63 ¢ “

of oxygen, of which it retains 27-67 at the highest tempera-
tures, which completely obliterates its metallic nature.
Though the properties of iron are thus more deeply af-
fected by oxygen and nitrogen than by hydrogen and
carbonic oxide, yet it is by a much larger percentage
of the former two, and it is not clear that, weight for
weight they affect it more than the latter two : indeed in
this respect the glass-hardness produced by '26% of hydro-
gen (No. 29, Table 56, § 170) probably outweighs in in-
tensity the effect of the same proportion of any other ele-
ment.

The ratio of the chemical to the physical force con-
cerned in the retention of these substances appears to be
lowest in case of hydrogen and carbonic oxide and com-
paratively high in case of at least that part of the nitro-
gen which forms the white brittle nitride: while the
union of iron with oxygen is typically chemical. Ilence
it is not to be expected that oxygen would be given off,
nor is it as the three other gases are when metallic iron is
heated in vacuo, or when it solidifies in casting: and I
find it in but two of the many recorded analyses of gases
obtained on boring, (No. 13, porous steel, and No. 34, from
a blister is puddled iron, in Table 54, § 171). The follow-
ing table gives the proportion of oxygen found in com-
mercial and unrecarburized iron, etc. Further details of
the composition of certain of these irons are given in
Table 43.

§ 157. EFrEcT oF OXYGEN.—At the end of the Bessemer
process the metal usually absorbs a certain proportion of
oxygen, which renders it unforgeable, and which is re-
moved by addition of carbon, manganese, ete., though
under certain conditions nnrecarburized Bessemer metal is
so free from oxygen as tobe forgeable. Itisstated thatmore
than ‘1% of oxygen appreciably affects forgeableness, but
that in smaller proportion it is often harmless: I do not,
however, think that we have evidence sufficient to warrant
precise statements. That a small quantity of oxygen does
not necessarily cause redshortness is shown by the fact that
steel No. 5, Tables 42 and 70 A, after receiving 2% of
ferromanganese was non-redshort, thongh it still retained
some ‘025% of oxygen, as calculated from the data cf the
spiegel reaction which occurred when it was further recar-
burized with spiegeleisen, and which was accompanied by
flame and rather active boiling.”

‘When carelessly heated ingot and weld iron may absorb
oxygen, of which Tucker finds -063% in burnt steel : but
“burning,’”’ while often accompanied by absorption of
oxygen, apparently consists essentially in structural
change due to overheating, which may be almost com-
pletely effaced by purely physical means (cautious heat-
ing and forging). The oxygen which causes redshortness
in unrecarburized and in burnt steel is not to be confonnded
with the comparatively inert oxygen of the slag mechan-
ically held in weld iron (‘5% of oxygen is thus reported,
No. 13, Table 41).

§ 1568. OxYGEN IN MOLTEN IrRON.—Molten iron like mol-
ten copper can retain a small quantity of oxygen, which has
been assumed to exist as magnetic oxide, though in the pres-
ence of so vast an excess of metallic iron ferrous oxide would
be more naturally expected. Indeed, part or all of the
oxygen may, like hydrogen or carbon, be united with the
whole oi themetal. The quantity of oxygen which molten

& Iron and Steel, pp. 21 et seq.

b Miiller, Stahl und Eisen, IV,, p, 72, 1884,
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TABLE 41.—OxYGEN 1N CoMMERCIAL JaoN AND UNRECARBURIZED STEEL,
Oxygen.
No.| Observer. SoCeso Descriptien of metal Volumea
‘ *l determination. < % per vol.
metal,
1..|Ledebur, . (Ignition in hydrogen Unrecarburized basic Bessemer|
metal not fully dephosphorized..| <068 91
2.. £y s - Do. do.. fully dephosphorized. ...| *111@"126] 6 38@7-24
8..|Bender...] ¢ ¢ & Unrecarburized nily decarburized
3 acid Bessewer metal ... ... 84 19-55
o ‘¢ ,..|Spiegel-reaction N
method. ......... The samo sample as No 8..... .{ (-g?:?g) """" R i
b..|King. ...|[@plegal -reaction | 0 - "0 0 0GR RCEERASS SR O
method........ .. Unrecarburized fully decarbur-j| -435&  |... ........
. ized acid Besscmer metal. ... 1 [O8) VLY. e
. (Muller.. .|Spiegel-reaction q
MEEhoW. . o5 - on 10" A0, 5 5 ool piet o otoic Soa { (.ggf)
) De.de., slag not pres- K
ent Be o hr oo Unrecarhurized hasic Bessemer 108@ (26,5 5. e Tt
metal fidly dephospherized... 1 | (09@°28) | ...........
8 ¢ . .|De. do. slag present{Do. d6 ....ccuvet diaaeane oen (1'26551'79)':.: """"
9..|Tucker...|Fusion with eharcoal{Unrecarburized oxygenated basic
(?) Bessemer metai.... . .. .. “65@1 T4 | 39 @100°
10..{Ledebur..{Not atated ......... Unrecarburized basic Bessemer
metal dephesphorized 1@ 244 | 9°83@14.
11..!Tueker.. |Fusiou with charcoal{Burnt steel ..... : 063 3 62
12..|Percy . |ignpitien in hydrogen|Oxygennated iron. . 017 100
13..|Ledebur.. - 03 S Wrought-ireu. .. “50T@ 524 (29 15@30°13
14.. & S Q Cowmmercial steel .. ... .. ..... 082
15..(Kern.... g - “ 5 L o508 ot T o “025@ 037 | 1-44@ 213
15 5|Parry ....|Not stated .. .. ...[Bessemer * ... ... ........ *18 @557 o X4
16 |Ledebur..|{gpitionin hydrogen.|Castiron. ... .......ocee eieenn 0 0
7 6 leeee ciidcee aedime BUCHE walG i rGR YR N S10(( S *| s H0G oF 000
18. [Parry ....|Not stated.......... Overblown burnt steel ........ R0 e A | (S s e

1 and 2. 15 grammea of the metal previensly dried in nitrogen at 200° C, are heated to red-
ness in a current of hytrogen for 4> minutes: the water formed is collected by phosphorie an-
hydride and weighed. (Stahl und Eisen, 1., p. 198, 1852 : Journ, Iron and St. Inst., 1882, 1., p.
833

2 and 4. Ubnrecarberized Bessemer metal i3 heated in hydrogen, and the water thus formed
is caught in chleride of ealcium., This is checked by the luss of weight which the iron slmul-
taneonsly undergoes, *335¢ after nllowing for less of gulphur, It is further checked by the loss of
mangancse, carbon aud silicen occurring on recarburizing, which represents the action of 3984
of oxvgen, of which a g
No. 10 jo Tables 42,43, 70 A,
Hiitt Zeit., 1872, No. 81)

5. In calenlating these results I have been obliged to assume the composition of tbe ferro-man-
ganese employed : but, ag it amounted to only *228% of the product, the error tbus introduced is
unimportant,” Trans, Am. Just. Mining Engineera, 1X., p. 258,1851. BSee No. 11 ju Tables 42,

. 10 A,

6. (Zeit, Vereine Deutscher Ing., XXII,, p. 885.) Sce Ne. 9 in Tablea 42,43, 70 A. The
metal waa rezarburized in the usual way,

Bre e }?reveut the acdon of the alag and te lessen that of the atmoapberie oxygen, tbe metal
was completely aeparated from the slag and recarburized In commen ingot meulds. See Noa, 1
to4, Tablea 42, 43, 70 A, (Stahl und Eisen, IV,, pp. 72-3, 18%4.)

&%, Tho after-blown 1etal was recarburized in the converter with 2¢ of ferre-manganese, and
then transferred to comnon jngot meulds, separated from slag and further recarburized. I have
been obliged to assume that the ferre-manganese contained the same proportion of manganese as
in other experlments of Miiller, viz.: 704. BSee Nos. 5 aund 6, Tables 42,42, 70 A. (Stahl und
Eisen, 1V ,pp. 72-8, 1884.)

9. The metal is melted in n crucible brasqued with pnre cbarconl, and the oxygen inferred
from the loss of weight, after allowing for the change in the percentage of carben. (Journ. Iren
and Steel Inst., 1881, p. 205.)

10, 8 specimens of after-blown basie Bessemer metal taken from the coaverter held ‘244, 187
and "171% of oxygen. See Nos. A B C in Table 43. (Haudbuch der Eisenhiittenkuude, I., p.
276),

l)l. Same conditions as Ne. 9, .

12. Oxygenated iron was prepared by melting in a clay crucible pure ferric oxide mixed with
a quantity nf lamp-black theoretically sufticient to reduce 82.2% of it. 150 graius of the resulting
very soft file-clogging groduct were ignited in hydrogen during 80 minutes, aod the resulting
water caught sod weighed. (Percy, Iron and Steel, p.15.)

13, 14, Same ceuditions as Ne, 1.

15. About 100 grammes of steel jo lumps ef 10 to 15 grammes each, were ignited in dry
pitrogen for an hour, the oxygen evolved beiug caught in pyrogallic acid_and weighed. & specf-
mens yielded ‘054 087, *025, *040 and -031% of oxygen. (Chemical News, XXXVI1.. p. 20, 18i7 )

15°5. Itianot definitely stated whether®these represcat unrecarburized or recarburized com-
mercial steel. If, aais atr(mglf' auggested by tho centext, they refer to the Iatter, they must he
taken very guardedly, especially as Parry does net deéscribe {ﬂs methed of determining oxygen.
(Journ. iron aud St. Inst., 1881, I, p. 190.)

16. Cenditions and reference the anme as fer number 1.

1%, Jahrbuch Berg- und Huttenwesen Konlg. Bacheen, 1883, p. 21; Handbuch der Eisen
hiittenknnde, p, 276. See No. E, Table 43.

18. “ Overblown burnt ateel gave 7'4% iren oxide.” As Parry evidently regards the exide
present as magnetic oxide, this implies 2-04% of oxygen. Overblown steel is one thing; burnt
steel quite another : ‘‘everhlown burnt’’ steel literally means steel which had becn overblown,
and later had been barnt: I think however that Parry here rcfers to simply overblown metal,
Journ, {ron and St. Inat , 1881, 1., p 190,

The numbers in parenlheses are eslculated on the assumption that manganese reacts thus:
Mn +4 O = MnO  The corresponding nuenclosed nnmbers are calculated oun the assumption
that It reacts thua: Mo 4 Fe304 = 8FeO 4 MnO. In hoth cases the silicon is assumed to react
thus ;— Si 4 8FeO = 2Fe - FeSiOg.

iron can retain when, as in the ‘‘after blow”’® of the basic
Bessemer process, it has an opportunity to saturate itself,
is a question of practical importance. Very different pro-
portions are found by the same analytical method in
different specimens of after-blown steel ; the proportions
found by different methods in different specimens differ
still more widely, from -034 indicated by Miiller's data
and *111% found by Ledebur, to 1-74% found by Tucker.
“Qverblown burnt steel,”” whatever that may be, gave
Parry 7°4% of iron oxide, appareutly magnetic, which
would imply 2-04% of oxygen.®* His methed of determina-
tion is not stated. Sources of error inherent in these
methods can apparently account for so small a part of
these differences that we may reasonably conclude not
aNo. 18, Table 41.

(Dingler’a Polyt, Jeuroal, CCV ., p. 531, 1872; from Berg- nnd
P

ortion may have heen furnished by the atmosphere or hy the slag. See

that our methods are defective (indeed in cases 3 and 4,
Table 41, dissimilar methods applied to the same sample
give harmonious résults), but that the proportion of oxygen
even in after-blown® steel varies within wide limits. We
know not whether this is because even in after-blowing
the metal saturates itself but slowly with oxygen, or
because the power of retaining oxygen varies with the
temperature and other variables.

D1scUSSION OF ANALYTICAL METHODS AND RESULTS.*—
In the SriecrL-REAcTION METHOD we deduce the propor-
tion of oxygen in the blown rmetal from the quantity of
manganese, carbon and silicon which are oxidized when a
recarburizer is added to it. In seven spiegel reactions de-
scribed by Miiller and in two whicli I have calculated
from data of Bender and King, from 034 to -782% of oxy-
gen react, if we assume that the manganese acts thus ;

hypothesis A ; Mn + [FeO = Fe 4 MnO :
and from 089 to 1-78% if we assume that it acts thus;
hypothesis B ; Mn 4 Fe;Oy = 3FeO + MnO.

The apparent percentage of oxygen found by this method
is liable to be exaggerated by the oxidizing action of the
slag and of the atmosphere, and to be depressed by the
mechanical retention of silica and of oxide of manganese
by the solidified metal, for these substances would be
mistaken in analysis for unoxidized silicon and manga-
nese. When the former source of error is eliminated by
completely removing the slag and recarburizing in ingot
moulds, Miiller's data in three cases imply from ‘034 to
‘2549 of oxygen on hypothesis A, and from -089 to "281%
on hypothesis B: when it is not eliminated I find from
086 to *782% of oxygen on hypothesis A, and from -394
to 1'78% on hypothesis B. Table 42 summarizes these
calculations.

Miiller’s reaction 9 on hypothesis A gives bunt -086 and
on hypothesis B but ‘3947 of oxygen: here the oxidizing
action of the slag had full play: these numbers exceed
those in which it was eliminated (Miiller’s reactions 1, 2
and 4) by so little that we may infer that its influence may
be slight, at least in the acid Bessemer process.

Let us now consider the influence of the second of the
above ‘sources of error. The quantity of silica and of
oxide of manganese which forgeable steel can retain is
probably small. In Miiller’s reaction 1 only 0427 of sili-
con is present in blown metal plus recarburizer, so that the
depressing effect of silica may here be neglected. If the
recarburized steel retained even as much as 1% of oxide of
manganese this would depress the apparent oxygen by
only 0°22%: so that we may safely conclude that this spe-
cimen of blown steel had not much more than *14 4 22 =
*36% of oxygen.

Were the recarburized steel to retain a portion of its
oxygen unacted on by the recarburizer, this would consti-
tute a third source of error, depressing the apparent be-
low the true percentage of oxygen. But in the cases here
presented error from this source is probably not serious,
as each stecl retains after recarburizing from 48 to 1:60%
of silicon, manganese and carbon collectively, with which
a large quantity of oxygen could hardly coexist.

It is as yet uncertain whether in the spiegel-reaction

b In the basic Bessemer process as usually conducted, after the nearly complete
removal of the carbon, silicon and manganese, much phosphorus still remains: by
continuing the operaticn this in turn is oxidized, and this portion of the process is
termed the * after-blow.”

¢ The methods here discussed are briefly described in the note to Table 41.
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ABLE 42.—OXYGEN IN XYGENATED ESSE) A\ NFERRE RO E SFIEGEL REACTION,
& 42.—0. o BrssEMER METAL, A8 INFERRED FROM THE 8 R

81 4-8Fe0 = 2Fe 4 FeSi04 3 C -4~ 0 = CO,
C

Mypothesis A ; the reactions are “ssnroed t0 be Mn 4- O = MnO
[ “ B 9 - 0 = CO.

P SI4
“ Mb 4 Fea0, = 8FeO 4 MaO} 51 + 8FeQ) = 2Fo + FesSiOy |
These cases are numhcred to eorrespond to those in Table T0A and 43

" 2. 4. 5. 6. g I 9. 10. 1.
Observer.........ccceeeno. .. & [ Miller. Miiler., Miiller. Miiller, Miiller. Miiller. Miiller. Bender. King,
j 10 eorre-|l g O eorre- & O eorre- |0 eorre- ;"0 corre-|| | O co re- = O corre- o 700(,,.,@. £ corre
£ sponding | = [sponding.|| = | sponding __.g. sponding|| S sponding ._g sponding. & | sponding 5 sponding. _ﬁmmmlinq
wsm 2 tg-n Fr'y -t @ | w—]w:gm ) ”én » .lf%m » E% - By f_l:g T_—_m_:g'n ?
2208 12 |z208 (8 (le2 (8 |% |23 I (BIE 0E 0EciE lE =z ® |® | sE (% | % |[BIE (3
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3 . =1 =l { g1, d g, 5 g k4 LA
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Msnganese removed............ ~0u7l-002{-003||-031| ono | 036|068/ 019 -074'1-89] -4011-G1|1 8610-40'1-53| 380l -113| “451|| 854 -108] -a11|| -62@ 07| -1ss|  -748)[92 2T !1:35'
b e s 055/-073| -073][-030 010 |00/l -u20| -v21l o231 12| -16) -16)| 10] 13| -13{-027[-036 -u36![ -0s1 105|108 19+| -253] 23817 i2.| 22
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Total oxygen implied.......... ‘118124 251 | 281 -034] <059 I -581 79 -58(1 76 -782(1°120 -086| 894 -308 -95s| l""s s

1. 2 and 44 oxygenated basie Bessemer metal, reearhnrized in iron moulds to avoid the actlion of the slag 1 was reearbnrized with spjegeleisen, 2 with ferro-silicnn 4 with terro-silico-msn-
gsnese. B and 64 o:(f'genntc(l basie Bessemer metal is first recarburized with 2% of ferro-manganese in the converter, and then more fully recarbnrized in iron monids, to nvoid the netion of the slag,
No, b receiving spiegeleisen, No 6 ferro-sllicon.  Assuming that the ferro-manganese holds 704 of manganese and 6% of carbor, we find that the followlog quantitles of earbon, silieon and man-
ganese were removed on the addition of the first and second recarburizers respeetively.

————Number 5. — I Number 6.

cx sig Mng ot sl Mng

On adding ferro-manganeso there 18 FemMoved .. ....veeeeeeces coe csee  teasasscssasssies sessassnnss soe ssses ‘1 % 4 & ‘1 o+ ¢ 1'4% 3
Ou adding the seeond recarburizer there is removed... ..o veceevees o Jb000c00 Jagk OeuodBt B o od 5 0a0 000l 3a 019 011 — o +002 1032 —-036
ELID I} S Tpro XiitiCaLy IO SR SENCR U Wit 52 S S i mme b e oo oion Radp s i 119 011 1389 -102 “032 1-364

7, oxygenated bastc Bessemer metal is recarburized with ferro-silieon ard ferro-manganese in the ladle, to diminish the setion of the slag. 94 104 and 114 acid Bessemer metal is recarbur-
1zed, probably in the usnal way with spiegeleisen sdded in the converter.

manganese acts in accordance with hypothesis A or B or'gen method, or by the spiegel reaction method if inter-
with some third formula, or sometimes according to one' preted by hypothesis A : but the latter method on hypoth-
sometimes according to another. Hypothesis A gains'esis B finds, in Miiller'’s reactions 5 and 6, 1-79 and 1-76%
color from the fact that the results obtained by Bender ' of oxygen.
with the hydrogen method accord with it: to hold hypo-| Of the three sources of error which suggest themselves
thesis B we must assume that Bender by the hydrogen |in connection with Tucker’s method none is likely to have
method found only about one-third of the oxygen pres-{had serious influence. 1. Its results might possibly be
ent. This however is rather slender foundation for hypo- |slightly depressed by absorption of gases from the atmos-
thesis A, and neither hypothesis is excluded by the other |phere: but they are so high that suspicion of having been
results recorded in Table 41.* We are also in doubt as to|depressed does not arise. 2. They might be exaggerated
the formula in accordance with which silicon is oxidized, [ by the expulsion from the molten metal of hydrogen, ni-
though we probably err little in assuming that it is trogen, carbonic oxide and sulphur initially present along
3FeO + Si = 2 Fe + FeSi0,. with the oxygen : but the proportion of sulphur in after-
blown basic steel is small, and the largest recorded pro-

Till these formule are known the spiegel-reaction method
portions of the three other substances which I have met

can only give us a rough notion of the percentage of oxy-

gen present when the quantity of manganese reacting is|in commercial irons, say *01, "06 and ‘05% respectively,
large : but when, as in Nos. 1, 2 and 4, very little man- would collectively affect Tucker’s high results but slightly,

ganese reacts, its results should not be far wrong. It is|Would explain but a fraction of the difference between his

difficult to believe that in these cases anything approach-|and Ledebur’s. 3. They might possibly be exaggerated

ing the 174% of oxygen found by Tucker can have been |PY the removal of manganes>, silicon, etc.: but these ele-
present. ments are almost completaly absent from afterblown steel.

HyproGEN METII0D.—It may be held that in the 30 to Further, the facts that when applied to steel reason.ably
60 minutes usually employed hydrogen is not likely to |believed to be appr oximately free from oxygen it indi-
completely remove oxygen from the interior of the parti- cated the presence of but ‘02% of that element ; G that, ap-
cles of even fine iron filings: we are led to hope that this|Plied to steel mixed with a known weight of oxide, its re-
source of error need not be serions by the fact that the|sults *left nothing to bedesired ” ; and that they are har-

hydrogen method gave Bender (Nos. 3 and 4, Table 41)| monious, ‘064, ‘062 and 066% of oxygen in a sample of
almost the same result as the spiegel-reaction method :|burnt steel, and 1-71, 174 and 1'697% in one of blown
but these two methods here support each other but feebly. mqtal, furnish positive evidence of good character. Hence
In view of the small percentage of oxygen found by the I infer that the steels tr.eated by Tucke-r probably con-
latter method in Miiller’s reactions 1 and 4, which cannot | t2ined an unusual PI'OI)OI:UOH Of oxygen : it is hardly con-
be far wrong, serious suspicion of Ledebur’s hydrogen- ceivable that the steel in which he found from 1:69 to

method results (No. 2, Table 41), low as they are, is hardly | 1'74/% of oxygen should actually h:w'e held anything like
justified. as little as those in which the spiegel-reaction method

Tuckkr’'s METioD.—The proportion of oxygen found |finds at most ‘089 and *1247, and those in which the hy-
by this method in afterblown steel, - 8 to 1-74%, is much | drogen method finds but 11@12%, making all possible al-

higher than those which I have met obtained by the hydro- | lowances and supposing that all the possible errors com-
~% = Trmy w T ;- = bined to swell the apparent percentage in one case and to
& This question could casily be settled by recarburizing different portions of the g e v

same afterblown metal (1) witb pure carburetted ircn, (<) with very rich ferro- depress it in the others.
manganese and (3) with very rich ferro-silicon.

To Scum Up, while none of these methods inspires abso-
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. . TauLk 43.—OxYGEN wi1Tit CARBON, ETC,, 1IN IHON.
lute truSt’ o yet h{n:e strong reasons fOI‘ belle.vmg that (This table-is numbered to eorrespond with Tables 70 A aod 42.)
the results of Tucker's method closely approximate the

truth, and no serious reason for believing that those of

9 Composition.
the hydrogen method, or of the spiegel-reaction method 'g Description. N e
when but little manganese and silicon react, are far wrong. | # 0. | C. |8t Mn.
But, wl}en much manganese enters into the reaction, the | — Kherpiows basio metal. 20 |osil001i70
uncertainty as to whether hypothesis A or B be correct|B--{ & I [ Ledeburf... ... o ST 18 0 te
leaves the latter method no pretence to accuracy. L g e e S S

§ 159. OxyGeEN wiTli CakBoN.—Though carbon silicon{ 4 [ & & & & -« o & .58 s e
and manganese remove oxygen from molten steel, a small| °- [P{yparizedacid Bessemermetaly | Lo lod 1|
proportion of these elements and of oxygen may coexist : it |0 Do edoctd Bessemermetati -, | g bl 1L L L
is stated that ‘1 to 2% of carbon and as much manganese |!:-|PRit " ed scld Bassomermetali = o el os0l10 || ol
can exist with some hundredths of one per cent of oxygen, (- :f&:éi'xﬁﬁf%f‘;’“n'?ﬁfﬂrﬁﬁlf..ﬁe’f’f « e Loar Losotaneaml L]
While the coexistence Of VeI‘y Considel‘able (llla,lltities Of E.. eld metal; Ledebur............| cccveeen... e 052 0 0 223! tr |°450|157

oxygen and a little carbon is illustrated by Table 43. { 3 Cn}lgu_:):;tefzon hypothesis A ; on hypothesis B the percentage of oxygen is larger. See head-
o 5 9 g t ablo 42,
Mﬁller describes thoroughly blown steel which contained OA.OB. G, IInndbuch der Eisenhiittenkunde, p. 276. Nos. 1 {0 11, see corresponding numhers
L o . o ¥ io Tahle 70 A. D, Stahl und Eisen, 1V, p. 72, 1854,
*605% of silicon: that it simultaneously contained oxygen

is inferred from the violent development of carbonic oxide| § 160. Corrosrox or IrRoN.—The readiness with which

on subsequently adding spiegeleisen to it.* iron oxidizes, familiar to all through its exasperating prone-
s Iron, 1883, p. 18. ness to rust, deemed a token and penalty for the blood it
T;BL:M.—LOSS oF IsoN BY CoraosioN, 1N Pouxns Per SQUARE Foor or SurRFAce PER ANNUM,
Tmmersed in eold |Immersed in cold Immersed in hot sea Immersed in| Iimnmersed in cold ses water in
N pure sea water. foui see water, water, fresh water. voltaic contact with
-
5 | Observer Metal, §§ Se SE | Botter | Botter |§3 s 23 | sea snidtiaes
@ 0 e =3 Unenn- Con- 'wage| Bil =} aller oler (= Pl P Foul | 2 “’:: cale- 1181
< = 3 ge =] © ure | Youl gy p
g | EE foed. | fived. | N | water. | BE | b\ NORAR|ES. 8 | river.|river.| FEE | Piarine| Copper. Broze.| water.
4 ‘ p; (SR ] 13
;-- Masllet, g;ieﬁnd 88nd, *059 'Og % ‘22 88
. -] e 02 -0 o s
8..0 ¢ [Plaved, CESF LoD ek 098 253
4’|« |Painted. -018
5 & Standard, 081
6..| 0 Aver. of 17, » Wrought-iron. 188 cove
7..| @ Zinced. 0 coee
o © Steel, average of T............ 117
%1.. Audrews, Cast-!fon.‘ 9
:: Wrolught-i;?n o X%

* BosSomior, 50 coard ol o oo
Open-hearth, >Soft sieel. ...
- Crueihle.

Bkt ke
DI Ut WO

Bessemer,
‘ 3 Open-hesrth, > Ilsrd steel.. ..
20.. (] Craeible,

23..| Parker, { Lendore, }
24 1

Brown,

i3 Boft
el e Tl e

ateel,
28| - Steel Co. of Seotland.
29, .| o Taylor,
30, 4 Leeds, -
31.. oo Bowliag, LWmnght-h‘on...

|

!

1'

[|
B ullE Tl 1{ 167

i

}

33 a3 Lowmoor,

166 -
34..| Gruner. {Orey, 295@ 87 19-87
35 | o s “ 11-12
36 | « Splegeleisen, Cast-iron.. .. « 1-87
87..| W C{mrcoal. 3 1
sl s 12@ 50
0w “56@°T5 1@151
41.. . : 512
42.., Farqu- | { Wroagbt-frou.........
43..) barson. | ] Soft steel ., .
44.. Wrought-iron. ‘188 . see
45..| Thwaite's! | Steel, miseellaneoun 187 . sene
46..[ averages,| | Cast-iron .. ..., . 054 T | € R S R . A
47.. * pgalverized . .. s - 022 *039 seee 088 sens A coee

1 to 8, Five ngpnremly exsctly similar sets of specimens, each consigling of 11 pieces of green-send custings, 5 X 5 X 1, apparently retaining their skin, 6 of them unprotected (No. 1), 5 of them
ainted or varnished (No. 4); 5 specimnens of unprotected chilled east-iron 5 X 5 X 1, four of them differing from four of the preceding only in being chilled (No. 2); 1 of unprotected grng' caat-fron
No. 3{ with its skin removed by ploning; nnd 1 of unprotected wrought-iron (Ne. 5) about 5 X 8 X 0875, These were exposed as follows. (1) Io elenr sen water at 46° to 58° F, for 732 days: (2)

In foul sea water, close to tho month of the Great Kingston maio eewer st 46° to 58° F, for 732 days. (8) In pure sea water st 115° F., for 117 days: (4) In clear unpolluted water of the River Liffey,

at 82° to 638° F. for 782 days: (5) Io foul river water with much organie matter, in tbe same river at Duhlia, the bottom soft putrid mud, temperature 86° to 61° F., for 732 dnya: (6) To the weather on

the summit of an exposed buildiog in Dablin, for 539 days. In addition these were simultaneonsly exposed to condition (1) 64 pieces of unprotected green-sand east-iron, apparently retaining their
skin, and mostly either 57 X 57 X 1 or 5" X 57 X 0.25'" (No. 1); and to all the conditions except (3) apparently exsetly siinilar sets eaeh eonsisting of 17 pleces of wronght-iron of various kinde

(No. 6), 7 of steel (No. 8) (blister, sbear, spring, ete., apparently all of high-carbon seteel) nnd one of galvanized wrongbti-iron (No. 7). all exeept the last apparently onprotected. Moreover. bars of

the **standard * wrought-iron (No. 5) were immeraed in eold sea water .in eontaet with copper, zinc, and varions brssses and bronzes (i. e. eopper-zine and copper-tin alloys). [Tebles II1. snd

VII., pp. 286, 299, Rept British Asso., 1840; Tables I. to XII{. inclusive. pp. 80 to 51. Idem, 1843.]

11 to 20. Thomas Andrews, Proc., Inst, Civ. Engrs., LXXXI11,, p. 281, 1885, 1n tbese experiments the metal was lmmersed in confined cold sea water in glags or wooden vessels, the ses water
being generally changed every month and the los:. by evaporstion being frequentiy made good by addition of distilied water. In every es:e the rusting proceeded very mueh more slowly than in the
experiments of ather observers in which the water was unconfined. This snggesta that, by the reaction between the metai and the gea water, the latter rapidly loses ita eorrosive power. = Should this
be true, it might posaibly be taken advantage of by preventing the eirculation of the sea water enrrounding importaut submerged structures. The simpla iminersion in eold sen water lssted 378
days: that in eontact with bright wrougbt iron platea iasted 770 days: tbose ia contact with scale-benring iron plates aud with eopper plates euch 112 days.  These nre the periods at tho end of which
the resalts in Tahle 44 were obtained. ~ I'n eertain cases the experiments were farther prolonged, with resolts on tbe wbole gimilar to those here given, 1f I understand him eorrectly, the results in
the coiunin headed ** Scale-bearing iron” are the losses suffered by bright iron, ete., when a bright plate of egch kind was galvanically connected with a similar but scale-bearing plate of the same
metal, each of ihese couples being immersed in a separate jar, end all being coupied togetber in serles.

23 to 33. Parker, Journ. Iron and St. Inat, 1SS1. 1. p. 89 On each of six glnss-coated rods were placed 22 disca 45 inches in diameter and about 0405 inch thiek. Each set contsined one
bright ¢nd ore scale-bearlag dise from ench of acven lots of wrought-iron and of four iots of roild steel, from 11 different makers. The results obtained with two lots of ** common ** wrought-iron are
omitted in the table. One sct was suspended for 455 dnys on a London roof : 8 second was attached under water to the Brighton pier for 437 days: a third was submerged for 240 days ia bilge water
in nn Eaatern trading vessel. Threo ects were submerged in marine boilers, one of which contained zinc and was hlown off as seldom ns possible; tho inmersion lasted 361 days: the sccond was in n
‘* Peninsnlar snd Oriental ”’ stesinship, and was blown out nt each terminal port and filled afresh with salt water; the immersion lasted 264 days: the third wasin 2 steam eollier using Tyne water,
prabsbly neidulated by local ehemical wnrks; the immersion lasted 836 days In this beiler corrosion wss extremeiy rapid, boih for iroa and steel.

34 tn 41. Ornner, Revue Universells, XIIL., p. 639, 1383. Twenty-eight polished plates of steel and cast-iron of different degrees of hardness and purity, each 3937 inches square, were exposed
under three sets of conditions. One set was exposed to moist air for 20 days, a second was immersed in sea watcr for 9 days, a third was immersed in water aeidalated with 0 52 of eoncentrated sul-
phuric acid for three days. In nir chrome steels corroded more and tungsten stecl less than common ateel. In ses water hardened steels corroded less than the same stecls when annealed, the soft
steels less than the inanganese rod cbrome steels, and tnogsten steel less than common steel of like earbon eontent. It wili be noticed that in these experiments the enrrosion is very muach more rapid
than in the others, possibly because the exposures wer : 80 brief. These results are ao wnexpecied that if published by 2 less trustworthy author they might be questinned.

4?2, 43. Farqaharson, Joora. Iron and St. Inst., *382, 1., p. 204: Proc. Inst. Nav, Architccts April, 1882, Ifis resuits differ from those of Andrews in that the rusling of steel was greatly
retarded while in Andrews’ experimenta it was very elightly llnastened hy contact with wrougbt-iron. In both the rusting of wrought-iron is hastened by contact with steel.  Six plates of wronght-
fron and elx of steel were immersed in ger water in Fortsmonth harbor. Eogland, for six months, three of each belng simply immersed, the remaining three belng conpled 1iogether in pairs, cach
wrought-irnn plate being eoupled tn ono of steel. Tho steel was apparently soft. .

44 to 47. Averages deduced hy B. I, Thwaite from severai thonsand results of Mallet, Cslvert end others. Journ, Iron and 8¢, Inst,, 1880, 11, p. 66S. 3

The eomposition of Parker’s and Andrews’ steels Is given in Tahle 47, § 164, :
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has shed, in general increases with its heterogeneousness,
with the fineness of its subdivision, and with the tempera-
ture. Itis affected by contact with substances of differ-
ent potential, zinc and highly zinciferous brasses retard-
ing, bronzes, copper, tin, lead and iron scale hastening
corrosion. While it is donbtless affected by the metal’s
composition, we have as yet very little information as to
what compositions favor and what oppose corrosion.
Skin-bearing cast-iron resists corrosion better than
wrought-iron and steel, and the hard close-grained cast-
irons better than the softer and more open ones. If its
skin be removed, however, cast-iron cannot yet be said to
resist corrosion better than malleable iron. Nor can we
say which class of malleable iron resists corrosion best :
soft steel plates are thought to retain their scale more
tenaciously than wrought-iron, which hastens their corro-
sion: if this be removed there is probably no important
difference in the rates at which they corrode.

Individual peculiarities of the specimens experimented
on and slight differences in the conditions affect the rapid-
ity corrosion to an astonishing degree; this necessitates
extreme caution in drawing inferences from even direct com-
parative tests: accurate conclusions can only be drawn
from the averages of many determinations. Moreover,
the relative corrosion of two classes of iron under one set
of conditions gives no safe 1ndlcat10n as to what it will be
under another set.

The chief ulterior sources of the oxidation of iron are
atmospheric oxygen, free or dissolved in water, its own
oxides (sometimes as in puddling and pig washing ulte-
rior sources, sometimes as in Bessemerizing mere carriers
of oxygen), and more rarely water.

Table 44 condenses the results obtained by several ex-
perimenters, as regards the rate of corrosion of various
classes of iron under different conditions.

§161. INFLUENCE OF SURFACE EXPostRE; PYROPHOR-
1sm.—F'inely divided iron, e. g. that prepared by reducing
precipitated ferric oxide by hydrogen, is said to be
pyrophoric when quite cold; that made in Percy’s
laboratory, however, would only ignite when sensibly
warm to the hand, and sometimes only when heated
above 100° C. Dropped into hot air it bnurns brilliantly.
In pure water from which air is exclnded it is not oxidized
at 21° C (70° F.) and it is said to begin to oxidize at 55° C.
wel” K.).*

§162. INFLUENCE OF TEMPERATURE.—Pure dry oxygen,
inert on compact iron at 21° C. (70° F.) is said to begin to
oxidize it appreciably at or ahove 200° C. (392° F.): at
redness they unite with vivid mcandescence

ATMOSPIIERIC OXYGEN at a white heat burns _ron vivid-
ly, with marked rise of temperature, especially if blown
upon it. At a still higher temperature compact iron scin-
tillates as it burns in air.

PurE WATER deprived of air appears to be absolutely

inert even on finely divided iron at 21° C. (70° F.),* and
on compact iron even at 100° C.° Steam converts iron
superficially into magnetic oxide? even at about the
welting point of lead, and at and above redness this ac-
tion goes on rapidly.

COMMON PURE FRESH WATER, contfunmg dissolved air,
in very shallow open vessels attacks iron more rapidly at
100° C. than at a lower temperature according to Mallet :
but, presumably in comparatively deep vessels to which
air has less ready access, it corrodes fastest between 79°
and 88° C. (175 and 190° F.),° probably because at higher
temperatures the water contains comparatively little car-
bonic acid and free oxygen.

ORDINARY SEA WATER does not appear to corrode iron
materially faster when hot or even boiling than when
cold (Table 44),° perhaps because when hot it can dis-
solve but very little air. In many direct comparative tests
hot sea water corrodes iron faster, in many others slower
than cold sea water. In one set of exposures (Parker’s)
every one of the nine specimens which were immersed in
boiling sea water in a boiler containing zine, corroded
much less rapidly than the exactly similar ones in cold
pure sea water, and even much slower than those simply
exposed to the weather. Itis notclear how the zinc acted
here : the usual conditions of galvanic action, actual con-
tact or connection throngh some metallic conductor, were
lacking, for the iron discs were completely insulated :
there was no communication between iron and zinc save
through the sea water itself, which indeed is a much bet-
ter conductor than fresh water.! The corrosion of the
zinc may have satisfied the more actively corroding com-
ponents of the water, or the salts of zinc may have them-
selves retarded the corrosion of the iron.

If, as Mallet implies,® hot sea water attacks galvanized
iron more energetically than cold, it is probably because
it is the more destructive towards its zinc coating.

§ 163. INFLUENCES OF DIFFERENT MEDIA., A &«
GENERAL.—Neither pure oxygen nor water nor carbonic
acid alone, nor oxygen with carbonic oxide appears able
to start rusting at the prdinary temperature. But either
oxygen and water or carbonic acid and water can start it.
The action of deposited and indeed of liquid water in
general is far more energetic than that of vapor of water,
and the degree of concentration of the carbonic acid and
oxygen influence the power of starting rust. Thus the di-
luted oxygen and carbonic acid of the atmosphere when in
conjunction with lignid water are able to start rusting, but
apparently not when simply acting with the undeposited
aqueons vapor of the atmosphere ; either pure oxygen or
pure carbonic acid may produce slight rusting with aqueous
vapor even when no water appears to be deposited ; while
with liquid water pure oxygen energetically attacks iron
at the ordinary temperature. In ordinary cases rusting is
probably induced by the joint action of the atmospheric

a Percy, Iron and Steel, p. 13.

This pyrophorism has been ascribed to the condensation of hydrogen employed
for deoxidizing in the pores of the spongy iron, which, like spongy platinum, is
thought to determine the union of this gas with atmospheric oxygen : noris this
disproved, as has been thought, by the fact that the mixture of spongy iron and
ferrous oxide which is obtained by 1gniting ferrous oxalate in closed vessels, Is
also pyrophoric: for, if this be free from hydrogen, may not its pyrophorism be as-
crihed to the finely divided unstable ferrous oxide which it contams: The influ-
ence of surface exposure is perbaps illustrated by the fact that while finely divided
iron ceases to be pyrophoric if previous to exposure to the air it is heated beyond
427° C., yet if intimately and uniformiy mixed with 3% of silica or alumina, which
should protect its porosity, it is pyrophoric even if reduced at a red heat,

b Percy, Iron and Steel, p., 26. d

¢ Mallet, Rept. Brit. Ass., 1840, p. 229.

d Idem, 1843, p. 12. It is not stated whether this occurs when the steam is
wholly free from air.

e Mallet states, Idem, 1840, p. 226, that cast-iron corrodes more rapidly at 46°
C.(115° F.) than at 8°@14° C. (46° @ 58° F.). T cannot reconcile this with his nu-
merical results (Table 44). Eight out of 12 specimens of cast-iron, of which 11 ap-
parently retained their skin, oxidized ‘mmore rapidly in cold than hot sea water,
the average loss being 30% greater in the former.

f The electric resistance of distilled water is about 2,300 times as great as that
of a saturated solution of sodium chloride,

gIdem, 1843, p, 12,
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oxygen and carbonic acid with deposited or ordinary
liquid water. These two gases are usually present in both
fresh and salt water: if they be absent iron immersed in
water remains bright indefinitely.

Thus Perey found that briglit iron gave no sign of rust-
ing even after one or two years, when immersed in boiled
distilled water in a sealed tube containing hydrogen, and
that the fractures of iron in the often opened cases of the
London museum of practical geology remained perfectly
bright during twelve years, which he aseribes to the com-
plete prevention of dew by the method employed for
warming the museum.* Mallet too found that fresh
water deprived of air did not corrode iron in a closed
vessel, even at 100° C.?

Calvert, exposing clean iron blades for four months
under different conditions, obtained the following re-

sults :°
TABLE 45.-~CALVERT'S EXPERIMENTE ON RUSTING.

In dry oxygen and ammonia. No oxidation.
" damp o [ .
* dry oxygen alone

‘¢ damp oxygen.

“

In three experiments only ono blade slightly

i oxidized.

No oxidation.

In 4 out of 6 cases a slight precipitate of
iron earbonate formed.

¢ dry carbonic acid and oxygen......e. cevviene oos No oxidation.

Oxidation most rapid, a few bours suffic-
1n5trl : iron turned dark-green, then brown-
ochre,

* dry carbonic acid
‘ damp earbonic acid ..

¢ damp carbonic acid and oxygen. .. ......

In a bottle containing distilled water and oxygen, the|

submerged portion of a clean iron blade rapidly rusted,
the protruding part remained for weeks unoxidized : but
when the oxygen was mixed with carbonic acid the pro-
truding part as well rapidly ‘‘showed the result of chem-
ical action.”

The influence of air on rusting is further indicated by
the facts, elsewhere alluded to, that hot sea water, in spite
of being hot and in spite of its high electric conductivity,
usually corrodes iron no faster than when cold, apparently
because it has so little solvent power for air: and that
Mallet’s experiments convinced him (1) that fresh water
corrodes iron most rapidly at from 175° to 190° F.; which
is approximately the temperatnre at which it releases its
dissolved air most rapidly ; (2) that the rate of corrosion
in water is directly proportional to the volume of dissolved
air for given temperature ; and (3) that for given initial
proportion of dissolved air, the rate of corrosion in still
water isinversely as the depth of immersion within limits,
as is naturally the proportion of air which diffuses down-
ward to replace-that consumed by the corrosion.?

Rust ordinarily contains butlittle carbonic acid, (Calvert
found but 9 and -617% of iron carbonate in two specimens),
whose role in the oxidation of iron is not clear. It may
simply start the rust: or the iron may first form carbonate,
which later turns to hydrated ferric oxide.

B. SUBAERIAL RUSTING, as we have seen, is probably
not induced by the atmospheric oxygen and carbonic acid
without the intervention of deposited water: but once
started it appears to proceed without further deposition
of water, iron rust being so strongly electro-negative as to
determine oxidation, and acid fumes, sulphuretted hydro-
gen, chlorine, etc., suffice to start it without deposition of
water.

a Percy, Iron and Steel, pp. 26, 27.

b Mailet, Rept. Brit. Ass., 1840, p. 229.

¢ Journ. Iron and St. Inst,, 1871, L., p. 515, fr. Trans. Manchester Lit. and
Phil. Soc.

d Mallet, Rept. Brit. Ass., 1840, pp. 228-9. It is not clear how far these con-
clusions are based on direct comparative tests, and how far on general observa-
tion and a priori reasoning.

While subaerial rusting is probably very much slower
than subaqueous in cold dry eclimates, yet as the amount
of corrosion is probably nearly proportional to the time
that the iron is actually wet by the weather, as dew, rain
and snow appear to be very highly charged with oxygen
and carbonic acid, and as the thinness of the film of water
on objects exposed to the weather isso favorable to rapid
rusting, (iron covered with a thin film of water or ¢ wet
and dry” rusts very much faster than when deeply im-
mersed), it is hardly surprising that Table 44 contains many
instances of corrosion by pure sea, and by both pure and
foul fresh water, which are less than the corresponding
weather corrosions. But as this wet and dry condition
which favors the corrosion of iron so greatly is not espe-
cially injurious to coatings applied to protect it, so when
zinced, painted or varnished, iron appears from Mallet’s
experiments (4 and 7, Table 44) to rust much less when
exposed to the weather even in damp climates than when
immersed in sea water, but yet usually more than in pure
river water.

Iron ships are found to corrode more deeply along the
water line than where constantly wet or constantly dry,
illustrating the power of this wet and dry state to accelerate
rusting.

C. SuBaQuEOUSs RustiNG.—The much sthaller propor-
tion of air and carbonic acid which sea water usunally con-
tains tends to render it less corrosive than common fresh
water ; but this is probably in most cases outweighed by
influence of the higher electric conductivity and of the
saline contents of sea water.®

The ratio of its corrosive action to that of fresh water
on various kinds of wrought-iron, cast-iron and steel, ac-
cording to Mallet’s numerous direct determinations, while
it occasionally rises to 20: 1 and falls to 2-5:1, yet in gen-
eral lies with rather surprising regularity between about
6:1and 9:1.

D. SEwAag, ETC., according to Mallet’s experiments,
greatly increases the corrosive action of fresh water, and
rather more for wrought than for cast-iron. It also
increases that of sea water on irons other than skin-bear-
ing cast-iron, but much less than in case of fresh-water.
Owing to this, foul fresh water corrodes unprotected
wrought-iron and steel and galvanized wrought-iron faster,
and both painted and planed cast-iron nearly as fast as
pure sea water. So too while the presence of sewage

© Mallet states, op. cit., 1840, pp. 233-4, that the relative corroding power of
sea water is increased, in the case of wrought-iron, by the fact that the coating of
rust which formsin it is comparatively pulverulent, while that which forms in fresh
water adheres more tenaciously, acting as a cloak to hinder further oxidation : and
that while this is also true of cast-iron, it is toa much smaller degree, siuce the fresh
water oxide coating adheres to it much less tenaciously than to wrought iron. On
the other bhand, according to the same writer, the relative corroding power of
fresh as conipsred with sea water on galvanized iron is increased by the greater
power of the former to perforate its zinc coating. Indeed, in one set of experi-
ments be found that cast- and wrought-iron and steel, when in voltaic contact
with zinc, were all corroded faster by fresh than by sea water, the former holding
one volume of air and carbonic acid in eight, the latter one in seventy. (Op. cit.,
p. 255.) It will, however, be noted that this is not true of the zinced wrought-
iron No. 7, Table 44.

In comparing the ratio of the corrosive action of sed water to that of fresh water,
as given by Mallet iu Table 44, we obscrve that it is7°5 : 1 in case of galvanized
wrought-iron, and in case of ungalvanized cast-iron wrought-iron and steel respect-
ivelyabout7:5 : 1, 8'9 : 1and 8 : 1. Inbrief the differenze between the rate of corro-
sion in fresh and in salt water is ahout the same for one class of iron as in another.
1t is true that in earlier and briefer exposures Mallet found that this ratio wasabout
4:1to06:1 for cast- and 8 : 1 for wronght-iron, i. e. that the sea water was espe-
cially severe on the latter metal. But these results refer to but a single pair of
exposures of wrought-iron, while those in Table 44 lines 5 and 6 refer to 18 pairs
of exposures, aud carry weight proportionally,
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invariably greatly hastens the corrosion of both cast and
wrought-iron in fresh river water, yet it affects skin-bear-
ing cast-irou much less than most other varieties, increas-
ing its corrosion about threefold, while it raises that of
painted and of planed cast-iron about six and sevenfold
respectively, that of galvanized wrought-iron about eight-
fold, and that of unprotected wrought-iron and steel about
eleven- and tenfold. Turning now to sea water, we find that
in 13 out of Mallet’s 22 pairs of immersions of skin-bearing
cast-iron of which only 11 are given in Table 44, the presence
of sewage retards corrosion, and on an average the foul
sea water corrodes it less rapidly than the clear. Sewage
however about doubles the corrosive action of sea water
ou painted and on planed cast-iron, on galvanized and on
nnprotected wronght-iron, and on unprotected steel, in-
creasing the corrosion by from 43 to 158 per cent.

The preceding paragraph refers to Mallet’sresults, which
are on the whole corroborated by those of Parker (23 to
33, Table 44) and C. O. Thompson. Parker’s 11 wrought-
irons and steels are invariably corroded faster by bilge than
by pure sea water, on an average nearly thrice as fast.
Thompson found that while the waste of gas works did
not appear to increase the corrosive action of pond water
initially somewhat polluted by stables, etc., sewage in-
creased it 37%in case of wrought-iron and 76% in case of
cast-iron. Here sewage hastens the corrosion of cast more
than of wrought-iron, the reverse of Mallet’s results,*

E. Surpnivrous Acip.—W. Kent found in the rust of
railway bridges, whose iron is reported to corrode very
rapidly, traces of chlorine, much soot, carbonic, sul-
phuric and traces of snlphurous acid, supposed to arise
from the products of the combustion of pyritiferous coal
in the locomotive. As carbon is electro-negative to iron
and apt to condense passing vapors, he attributes to it
and to carbonic and sulphurons acids the rapid corrosion.
He further found that an aqueous solution of sulphurous
acid, in a closed vessel, corroded iron energetically, form-
ing ferrous sulphate.?

§ 164. INFLUENCE OF THE COMPOSITION oF IrRoN.—The
influence of other elements combined with iron on its oxi-
dation at high temperatures will be considered later.

It is stated® that at ordinary temperatures combined
carbon, and probably silicon and to a smaller extent phos-
phorus, retard the corrosion of iron. Manganese is said
to increase the rusting tendency of malleable iron, but to
diminish that of cast-iron. But it seems to me very doubt-
ful whether such sweeping statements are justified by the
present state of our knowledge.

To study the effect of combined carbon, I number the
irons of each of several sets of experiments in order of
their combined carbon, 1 having the most, and place them
in Table 46 in order of the rapidity of corrosion, the fast-
est corroding standing first. Were it true that corrosion is
" inversely as the combined carbon, they should stand in
inverted sequence, say 6, 5, 4, 3,2, 1. To illustrate simul-
taneously the relative corrodibility of cast and malleable
iron the former appears in heavy-faced type.

In not one of these 16 sets do the numbers happen to
stand in inverted sequence, and this might easily happen if
they were arranged at random. Indeed, comparing the

aTraps, Am. Inst. Mining Engineers, 1X., p. 268, 1881,
b Journ. Franklin Inst., XCIX,, p. 437, 1875.
¢ Ledebur, Handbuch der Eisenhiittenkunde, p. 278,

sum of the first half of the dlﬂ‘lts of each case with that
of the last half (e. g. in case number 1 comparing3+4 =7
with 1+ 2 = 3) we find that in eight ont the sixteen cases
of this table their first half is less than their last ; and
adding together all of these first halves we find that their
gross sum is less than that of the last halves. To one rash
enough to draw an inference from such conflicting data,
this would mean that combined carbon hastened corrosion.?

The eight cases in which the last half of the digits ex-
ceeds the first include the immersions with scale-bearing
and copper plates, one case of immersion in acidulated
water, and all but one of the cases of simple immersion in
cold sea and bilge water.

1t is impossible to explain away these facts by the in-
fluence of manganese and silicon. Thus nnumber 16 Table
44 is numbered 7 th in order of combined carbon among An-
drews’ irons in Table 46. As it has decidedly high
manganese and very low combined carbon it should be one
of the quickest to corrode, while actually itis the slowest.
Many another anomaly, ¢ grateful—comforting,”” will re-
ward the patient digger.

TapLe 46.—CoMninep CarRoN AND Rariprry oF CORROSION.

|
Numbered sfter proportioa ef com-
S Observer. Exposed to or lImmersed in bined earbon. ]p h?ghe%, placed in
Z order of corrosion, fastest first.
IParker . vccoeene prosurs te Loadon air............ 8,4,1,2
2|Gruaer Exposure te air .1(2,8) 1.0
SR e (,o d sca “ster, s]mple lmmersion 1 @, 8).a
4| Mallet, .. 11,6, 8,7,3,9,1,5,10,2,4
5| Andrews i “ . £ 1,852,887,
6{Parker. ... ... ® ¥ -~ e ..18,2, 4, I
T Cold bilge water, ** s ST oY
8 . anpvn ed in mnrlne boﬂer .1, 8, 4,2,
9 Jlsi 42 1.
10 % " SRR O Llsa e
1n ..[Celd seca water, in ecataet w ith bright
wronught-iroa 5 6,7,1,8,8,4,
12 SONEN oy i Cold sea water, in contact with scale-
bearing iren 6,8,1,5,8,1.
18 Lo Cold sea water, ia ‘eontact with’ cop-
per plates. . 3 |4, 8,5,6,8,7,
14{Adamson % Acidu nted “ater 3,1, 2.
5]t 1 58,45 6,2, 10
16/Gruner ....... 5 S e, I N, , 1,8.3
17| Parker, Mean ofa}] condmens ........ 3.4.1,2.
I /TG PO haBie 2o of T W B PR 1,6.8,5,8, 7.

a. Gruner does net glve the combined carbon of his irons, but three, splegeleisen, hard mangs-
nese steel and seft steel, are scleeted, since there can be littlo denbt that of these the splegelsisen
has the most and the soft stcel the least combined carben.

Heavy-faced type represents cast-iren.  Whers twe numbers are placed in parentheses I do not
know which of the two corrodes fastest.

The numbers ia line 12 are derived frem the speeimens 11 to 20 of Table 44, batrefer to
axposures prolonged heyend the point at which the results o column 16 of Table 44, *“scals
bearing iron,” were obtained.

Line 14, Jour. fron and St. Iast., 1878, 11., p. 398,

Lins l"v Ledebur, 1tandbuch, p. 279.

The following tables, calculated from the results of
Parker and of Andrews, are thought to bring out the
anomalous relation between corrosion and composition :

TABLE 47 —PAaxes’s AND ANOREWS' EXPERIMENTS ON RUSTING.

Perceatago of A a3 2
| | Z"i‘f‘gg
s3e8
Parker’s experiments. - | Manga- | Phos- Sul- ‘ ZE.3
p Carbon.| Silicoa. l ghen S [E T e I phar. | Copper. | S & g%
g
| —_—
Landore stecl........ ‘18 | -018 | 64 i -017 074 -015 100
Brown & Co 's uteel... 12 tr ‘1 056 077 tr 1°19
Bolton & Co ’s steel.. 19 060 52 041, *068 tr, 105
Steel of ‘-)te(-l Co. of]
Scetland . K 10 |5 ‘o8 N <26 <057 085 ir 1°07
s Relative loss by corrosion jn sea
D water, wrought-iron = 100,
8 Immersion in gslvanie
% l ‘ 2 cirenit with
Andrews’ experiments. 8 | s |3 g —_——
g 8 l ‘ g :C; 5 E:é - A
3 = - S| 2 [wasld 23
Zleg|E| 2|5 (2] 28 [E52|58d| &35 | &
FIEE|2 |5 (2|5 |83 WE5(35E| 51| 8
35 |&|& | jw @ 3 2 < =
=T | L | ———
1...[Soft Bessemer steel . ‘01| b4 06 '11| 944f 1 801] -971] -791 5[1-001
2...[8oft open-hearth steel . 07 ‘63‘ 08| 12| 1 004( 1-459] 764/ -861 4/1-029
8...[Seft c.st-steel ..... -07 -18| -21] -02| 1-290| 1 332} 1-210! 1-031 7|1 215
4._..[11ard Bessemer steel.. -07.1-15| -09] -11| 1 169| 1 284 1-126 1°00 211°144
5...{liard epco-hearth atecl.. 0S 1-24] “14| -10; 1-032| 1-105( 1 133} 1 016 1{1°071
6...|1ard east-steel $ 12 -36] 0%l 06 1°139] ..... 6/1-139
7...|Cast-iron.... ccoc oe--..s *41 0°6510°45| -25) ..... i-578l 1°198! 1°098 8[1-264

d Reversing the order of Gruner’s doubtful numbers, 2 and 3, would reverse (;be
balance,



98 THE

METALLURGY OF

STEEL.

Not to needlessly multiply cases, note how No. 7 of
Andrews’ which, greatly excelling all others in both com-
bined carbon and silicon and with but a moderate propor-
tion of manganese should corrode the slowest of all, ac-
tually corrodes the fastest when in contact with copper,
and when in contact with bright wrounght-iron; and
is one of the most corrodible under the third set of con-
ditions.

Numbering the irons of Table 47 in order of their man-
ganese, 1 having the most, and arranging them in order
of corrosion, the fastest-rusting first, then if as isbelieved
manganese hastens rusting, they should stand in se-
quence, say 1, 2, 3, 4, etc. Actually they are more nearly
in inverted than in direct sequence. Parker’s stand 4, 3,
2, 1; Andrews’ stand 3, 7, 2, 6, 1, 4, 5.

Doubtless composition does influence the rapidity of
corrosion ; but we may surmise that strncture and proxi-
mate rather than ultimate composition are the important
factors The local pitting of steel plates, the most dan-
gerons form of corrosion, indicates the local segregation of
readily corroding compounds, or, if I may so style them,
electro-positive ¢‘ minerals’ : Mallet indeed concluded that
the homogeneousness of cast-iron influenced its rate of
corrosion far more than did its chemical composition.*

STRUCTURE.—Experience in the management of chemi-
cal manufacturing works, in which the very rapid corro-
sion of all iron work due to the presence of acid fumes
and to various similar causes gives unusnal opportunities
for observation, seems to indicate clearly that hard, com-
pact, close-grained cast-iron resists corrosion better than
the softer, open, dark grayirons ;> numbers 2 and 3 better
than number 1. Mallet indeed reaches the opposite con-
clusion from his small scale tests,® but I find little justifi-
fication for his belief. Taking the average of all his condi-
tions of exposure (hot, cold and foul sea water, pure and
foul fresh water, and damp air), his number 1 irons in
both series corrode about 30% faster than those of lower
grade under identical conditions.

In pure sea water therates of corrosion are nearly ident-
ical in his experiments, the average corrosion in four expos-
ures of number 1 iron being about 47 greater than that in
fourteen exposures of harder iron. It is uncertain whether
the greater corrodibilily of the softer irons is dne chiefly
to structure, to composition, or to composition as governing
structure, or to the greater resisting power of their skin.

S1ze.—Immersing 26 pairs of specimens of cast-iron,
each consisting of one block 5 inches X 5 inches X 1inch,
and of a similar one 5 inches X 5 inches X 025 inch, in pure
sea water for 387 days, Mallet found that the thin piece in

a Op. cit., 1843, p. 4. Mallet considered that chilled cast-iron corroded faster
than that cast in green sand : and this he attributed to the heterogeneousness of
the former, citing in support of this the fact that its rusting was tubercular, which
he considers an unfailing index of heterogeneousness (Idem, 1840, p. 234), In
earlier and briefer exposures chifled iron nearly always corroded much faster than
similar unchilled iron in foul sea water ; but I am inclined to attribute this to in-
dividual peculiarities of certain of the specimens. For in the same series there was
little difference between the rates of corrosion of chilled and unchilled irons, other-
wise similar, in pure sea water, and in river water pure or foul: while in the
later series, whose results are given in Table 44, we find that even in foul sca water
the chilled iron corroded slower than the unchilled : and that in cold pure sea

water and ip river water, whcther fresh or foul, their corrosion was closely simi- |

lar, while chilled iron corroded ahout twice as fast in hot sca water yet only half
as fast in damp air as similar unchilled iron.

b Several very cxperienced and intelligent managersof chemical works assure me
that their experience fully agrees with this statement. 1t seems to be true both of
corrosion by air slightly charged with acid fumes, and hy brine.

¢ Op cit., 1843, p. &.

every case corroded faster, and generally very much faster,
than its companion. On reimmersing them for 732 days,
in 21 ont of the 26 pairs the thin piece still corroded
faster than the thick, but the difference was less marked
than before, while in five pairs the thick piece corroded
somewhat the faster. He attributed this to the greater
heterogeneousness of the thin piece: but the slow cooling
of the thick piece shonld give better opportunity for
segregation during solidification, and the difference seems
more naturally attribntable to a difference in the structure
of the metal, or in the thickness or adhesiveness or
corrodibility of its skin, due to different rates of cooling.

§165. CAST- RON Vs. STREL AND Wrounr-IRON.—In
general cast-iron corrodes much less readily than malle-
able iron, but this is certainly in large part and perhaps
wholly due to its temaciously held skin. Thus in Table
44 Mallet’s skin-bearing cast-irons under all conditions
corrode less than his wrought-iron and steels, though in
pure river water the difference is comparatively siight.
But the planed cast-irons of Mallet, Andrews and Gruner
on the whole corrode rather faster than unprotected
wrought-iron and steel. Mallet and Gruner indeed find that
planed cast-iron corrodes more slowly than malleable iron
when simply exposed to the weather: but it corrodes on
the whole decidedly faster than malleable iron in cold sea
water, whether simply immersed or in voltaic contact with
copper or with secale-bearing wronght-iron. In three out
of the four groups in fignre 9 the corrosion of cast-iron out-
strips that of malleable iron.

In Gruner’s experiments the planed cast-iron corrodes
in sea water from abont 2 to 8'5 times as fast, and in
acidulated water from 0-8 to 14 times as fast as the fastesc
corroding carbon steel.
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§166. Tue RrrLa1iveE CorRRroslION OF WRoUGHT-IRON
| AND STEXL is a question whose economic importance, I
| hope, justifies the length at which I shall consider it. I first
| present the results of experiments on a small scale, then
| those of actual experience in use in land and marine boil-
ers, ships’ halls, etc.

As already indicated, there is probably no important
differenc> in the rate at which these two classes of iron
corrode under ordinary conditions. It is true that our

I
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small scale tests indicate that under certain conditions
steel corrodes much faster than iron: but at least under
some of these this is opposed by experience on a large
scale. It is to be observed, however, that if, as is prob-
able, the two metals corrode equally per square foot of
surface per annum, steel suffers more per unit of sirength.
A steel plate of the same strength as an iron one is con-
siderably thinner ; and if each loses the same thickness in
the same time, the steel plate becomes finally considerably
weaker than the iron one. Hence, where serious corrosion
is to be expected, it is not prudent, in substituting steel
for wrought-iron, to reduce the thickness proportionally
to the increased strength of thie metal. And where trans-
verse as well as tensile stress is to be resisted, itis also to
be remembered that a steel piece, whose cross-section is
such that it is tensilely just as strong as a thicker one of
wrought-iron, is by no means as strong transversely.

While it would hardly have been surprising had a de-
cided difference in the corrodibility of these two classes of
iron been proved to exist, I do not know that there is any
strong reason to expect such a difference on a priori
grounds. We have seen that there is comparatively little
difference between the corrodibility of wrought- and of
skinless cast-iron, though - their compositions differ so
greatly. As steel resembles wrought-iron much more
closely in composition than cast-iron, no serious differ-
ence in corrodibility need be expected on the score of
composition. Beyond this, wrought-iron differs from
steel in having a small quantity of slag mechanically in-
tercalated, which if anything should hasten its corrosion.
Beyond this there appears to be a decided difference in
their structure, due at least in part to the presence of
that slag in the one and its absence from the other. But
I do not know that this difference is of a kind which
should be expected to affect corrodibility.

It appears tolerably certain that the mild steel of to-day
compares more favorably with wrought-iron in corrodi-
bility than that formerly made. This may be due to
former neglect to remove its secale, or to present greater
regularity in the proportion of manganese and perhaps of
other elements which tend to segregate, and which, if
even occasionally present in excessive proportions would,
by assisting segregation, lead to the formation of spots
differing in potential from the mass of the metal, and thus
leading to aggravated local corrosion. Or, again, care-
lessness in recarburizing may have formerly led to
heterogeneousness and difference of potential.

A. SMALL SCALE TESTS indicate that in cold sea water,
whether pure or foul, and whether it be simply immersed
in it or in galvanic contact with bright wrought-iron, with
scale-bearing iron, or with copper, as well as in pure fresh
water, steel corrodes at about the same rate as wrought-
iron. The data are not always harmonious: but where
they are discordant those which point to steel as the more
corrodible are so far offset by others pointing in the
opposite direction as to strongly suggest that there is no
important difference. Butin hot sea water, e. g. in marine
boilers, and when exposed to the weather, our small scale
tests indicate that steel is decidedly the more corrodible
of the two : while our rather scanty data concerning the
effect of acidulated water and sewage-bearing river water
point rather to wrought-iron as somewhat the more cor-
rodible. Thisis summed up in Table 47 A.

TABLE 47 A.—RELATIVE CoRROSION OF WaorGHT-IRON ANN STEEL, SMALL SCALE Trsts.

Conditions of exposure. f Lelative corrodibifity. Quality of evidence.

A. In pure cold sea water— '
1. Simple immersion... ... Corrode nearly eqnally.. ... ..

2. Steel and bright wrought-
iron in galvanie eantact. Probably little differenee. . . ...

Abundant and tolerably har-
menioua. s
Contradictory.

8. In galvanic eon- | bearing!
tact with. ...7 iron, ..‘Nenr]y l«ler{tlcal ..... ool Seanty ; tolerably harmonious.
w0 \ v “ v

eopper., ST L
<+ ..... Steel mueh the more eorrodible,
perhapa by 50%

B. Tiot sea water.......
............. Very harmonious, tolerakly
p abundant.
. Exposed to the weather....... Seft steci corrodes decldedly
faster than wrought-iron...” [Harwionious seanty.
Harmonlous ; moderately abun-
dant.

Rather scanty.
" .

. In foul sea water........ ... |Nearly identical......

. In pnre fresh water. , ...... s v
F¥. Infoui % i o © .[Steel rather the less eorrodible.
G. Inacidnlated ‘¢ .. _,.....|Steel decldedly the less eorrodi-

Scanty.

In extensive experiments by D. Phillips* mild steel
appeared to corrode much more rapidly than wrought-
iron in marine boilers, but his results are so tainted with
suspicion that I do not produce them here, believing that
very little weight should be attached to them. Bessemer®
points out that were steel to corrode in practice at the rate
stated by Phillips, a boiler plate three-eighths of an inch
thick would be completely destroyed in 85 years, the
coat of paint alone remaining, a result it is needless to
say directly contradicted by abundant experience. In-
deed, it is stated that when Phillips’ experiments were
prolonged, the committee which had them in charge con
cluded that there was no difference in the rutes of corro-
sion of wrought-iron and mild steel.®

In other and apparently more trustworthy experiments,
Phillips exposed plates of wrought-iron and steel, each
carefully insulated with glass, and here his results agree
in general more nearly with those of other observers, the
corrosion of the two metals being nearly identical in cold
sea and rain water, while that of steel exceeded that of
wrought-iron on exposure to the weather, though in a
much higher proportion than in Parker’s experiments.

DEeTAILED EVIDENCE.—Let us now briefly run through
the evidence.?

1. SiMPLE IMMeRSION IN CoLD SEA YWATER.—The re-
sults obtained by Mallet, Andrews, Parker, and Farqu-
harson, and Thwaites’ averages agree fairly in showing
that both metals corrode at about the same rate. The
greatest difference is in Andrews’ results, in which steel
corrodes about 19% faster than wrought-iron; but as
only two specimens of wrought-iron are here represented,
and as the difference in large part is due to the exception-
ally rapid corrosion of one out of the six specimens of
steel, it is referable to individual peculiarities. In Mal-
let’s results wrought-iron corrodes 11% faster than steel.
Parker’s (and apparently Farquharson’s) results refer to

& Proc. 1ns