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GENERAL IRTRCDUCTION

Uementlte, a definite carblde of iron, having the
formula FegU, is found in all annealed carbon steels and in
most cast irone, 1% may ooccur as discreet particles of free
cementite or as a esutsctold mixture with alpha ferrite,
which 1s known as pearlite. It ie believed by many that 1t
is this compound and not ocarbon which dissolves in gamma
iron. All methods for the preparstion of iron carbide
depend upon its separation from iron-garbon alloys. Iron
carbide hag a specific gravity of approximsltely 7, is very
hard, and le ferromagnetic at teuperatures below 200° Coy
ite Qurie point. 8ince it dscomposes al iteusperatures below
ite melting point, it has not been obtained in the messive
state, When separated from iron-carbon alloys, 1its color
varies with the slze of the carbide particles, from a brown-
ish black to a silvery grey. The quantity and metallographic
distzribution of cementite exert a very im@ortant influence
upon the physlcal properties of iron-oarbon alloys.

The content of this thesis is divided into three parts:
the preparation of iron curbide, its azcld hydrolysls, and its
magnetic transtformation. Joncerning the preparation, s more
convenient and rapid method is described. In princinle 1%
is similay %o wethods previously known, The hydrolysis was

undertaken with the hope of obitaining some information



which would sugment the mesger hnowledge concerning the
gstructure and reactions of carbides and which would explain
some anomalies encountered in the anslytical determination
of combined and graphitic carbon., This work definitely
connects the A, transformation found in high carbon steels
and white cast irons with 3amﬁnt1te‘ané shows that it, like

other magnet ic changes, takes place over a temperature range.
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PART I. THE PREPARATIUN OF TRON CARBIDE

Higstorical

The methods used for the preparatlon of iron carblde
can be grouped into three classes: |

{1) The separstion of the carbide from iron-carbon
alloys, by dissolving the more soluble ferrite in dllute
acide, and leaving the carbide as a residus.

{2) ¥lectrolytic solution using dilute acids as elec-
trolytes and the iron-carbon alloy as anodes.

{3) Complete carburizing of pure iron by hesting it
with sodium cyanide, or other carburlzing materiuls. The
products thug obtained usuzlly require a trestment with
dilute acids to remove uncombined iron. This method ls
gscarcely more than an extension of the first,

All nmethods regquire considerable time. In the first
method either weak aclds must Le used or clilute sclutions
of stronger acidg., This method depends uron finding a
solvent which will dissolve the ferrite more rapidly than
the cementite. No golvent 1s known which permits complete
recovery of tﬁe carbide,

The first definite carbide of iron to be described was
that prepared by S8ir P. Abel andéd ¥r. Deering (1) who isolated

it by treating thin sheets of annealed steel with a mixture
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of dilute sulfuric acid and potassium dichromate. The resi-
dues were analyzed and the resulis obtained, while they did
not agree very clogely, led to the proposal of the formula
?@36 as that of the carbide which existed In annealed
steela. |

waller (2) by the action of dilute sulfuric acld upon
annealed stesl recovered about one half of the carbon present
in the steel as a carblde whose composition agreed approxi-
mately with the formulsa FeaC.

Yermilov {3) prepared cementite from an annealed steel
containing 1.94% oarbon. The steel wag dissolved slowly in
0.3% hydrochloric acid solution under an atmosphere of carbon
dioxide. The residue consisted of a steel grey powder which
wag not spontaneously inflammable when exposed to air,
Anslyses showed the residue to contain from 8.66 Lo 6.67%
carbon and from 93.25 to 93.40% iron. The theory for FexC
ig 6.68% carbon and 93.32% iron.

Ruff and Gestern (4) prepared a quantity of carbide,
by suddenly cooling moltiten iron which hsd been satursted
with carbon and subjecting 1t to the following itreatment.
The high earbon alloy wss broken up and treated for four
weeks wlith a normal acetic acid solution. The spent acid
was Gecanted and replenished frequently. At the end of this
period the residue was ground and was treated for seversl
weeks with a 0.2 normal acetic acld solution. The final
recidue was shaken with scetylene tetrabromide and the

free carbon or graphite was decanted off. It wus then
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waghed with aleohol, then with ether, and dried in sz vacuunm.
The composition of this residue agreed very closely with the
theoretical composition of Fe,C. It varied in color from a

dark grey to a bronze yellow,

The electrolytic solution method of separating iron
carbide from iron-carbon alloys has been used by the follow
ing workers:

Osmond and Worth (5) electrolyzed steel in a dilute
hydrochloric acid solution., The steel was made the anode and
a carbon rod served as the oathode., Thin metallic plates
were obtained which they pra%ed both microscopically and
chemiocnlly to be identical with the ocarbide isolated by Abel,

In 1894 Arnold and Read (8) carried out rather extensive
experimente upon the preparation of iron carbide. They elsc~
trolyzed steels in a hydrochloric acld solution of specific
gravity 1,03, The cathode was & platinuwn plate placged within
s porous oell, Two steels, one thoroughly annealed and the
other normalized, were connected in seriee and electrolyzed
under identical conditions., The anodes were periodically
removed from the bath and the carbide was scoraped off, After
being washed and dried, the carbldes were analyzed and were
found to contain an excess of carbon. The carbide frow the nor-
malized steel contained the greater excess and was nore finely
divided, 4As will be brought out in the portion dealing with
acid hydrolysie of Pe, 0, it will be shown that free carbon is

3
one of the products formed by the action of hydroohloric acid
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on Fe;0, and that an excess of carbon is always found in these
residues unless it has been removed by washing or otherwisge,
It is also evident that the particle size of the carbide ob~
tained in residues will depend upon the size of the carbide
particles in the steel used, Arnold and Read found that
guenched steels gave low yields of carbide which was contani-
nated with much free carbon, Their attempt to isolate a double
iron manganese carbide, belleved to exist in manganese steels,
failed, This failure is due to the fact discovered by Fishel
and Myers (7) that Mn,C is readily hydrolyzed by water or by
dilute aocids,

fampbell (8) prepared & carbide of high purity by elec~
trolyzing an annealed steel containing 1.29% carbon. The car-
bide was scraped off daily and the acoumulated crude carbide
was washed with sodium hydroxide solution and then repeatedly
with distilled water. During the washing the material was
thoroughly stirred up and the lighter portion, mainly graphite,
was decanted off. PFurther purification by washing with alcohol
and ether was applied,

Brodie, Jennings, and Hayes (9) preparsd ?350 and detere
mined its heat of combustion. They used the electrolytice
methed and were the first to recognize the desirablllity of
using a well annealed steel of eutectoid composition (0.85% 47)
in order to decrease the formation of free carbon,

Hoissan 10) recommended the use of fuming nitric acid

$0 rewmove carbonaceous materiszl and free carbon. After such



& treastment, bhe carbide is dumped into & large volume of

water,

Experimental

The carbide used in these experiments was sevarated
from iron-carivon alloys of high purity. The slloys were made
by wmeliing, in an induection furnace, elecirolytiec iron in lined
graphite cruclibles and adding the required amount of carbon ia
the form of pure sugar charcoal. The cruclbles were lined
Wiﬁh‘& mixture consisting of previously fused and ground mag-
nesium oxide and 10% aluminum oxide. This mixtuce wae
molstened with & magnesium chloride solution and was tanped
about & ¢ylindrical form within the crucible. The crucibles
were dried and then fired at 1700° ¢, ©before beinsg used,

Geversl ingots welghing about 200 grams and of apnHroxie
uabely eutectold composition (0.85% () were prepared. They
were held for 20 nminutes well zbove the freeszing btempersture
after the carbon huod been added in order Lo insure homogenelty
wnd senaration of gages, and vere allowed 1o cool in the
furnace. They were held for two hours at 850° C,, ecooled
slowly to 670° €., just below the Arl transformstion, and held
at this temperature for ten nours, ficeroscople examlnatlon
showed the cementilte to be present in large spherolds. Large
particles of cementite in the alloys insure large particles

in the separated vroduet and a purer product, since there is



less decouposition of the cementite during the acid treatment
and since the larger particles can be more easily washed by
degantation,

The ingots were reduced to fine turnings in a lsthe,.

The outer oxidized portions were discarded. The turnings were
placed in flesks and were digested with 5 to 107 perchloric
acid at roow tesuperaiture. Ths spent acid was decanted and
fresh acid added ag nesded, Thieg trestment was continued until
81l the free ferrite had dissolwved. During the solution a
snall amount of finely divided free carbon forms, most of whioh
ig decanted. A mase of steel turnings may be reduced 1o car-
bide by this method in two or three days. Dilute perchlorie
ecld aots very slowly at room temperature on iron carbide, but
dissolves the free ferrite falrly rapidly.

The residue, which is iron carbide plus s small amount of
free oarbon, was purified by shaking vigorously with water in
a flask and decanting. During the decanting the flask was
placed over a sirong eleciromagnet. Iron carbide is strongly
magnetic and is held in the flask while the carbon and other
nonmagnetic materials are removed., This treatment was continued
as long as any light material remained. The carbide was washed
in the same manner with absolute alcohol and then with dry
ether. The carbide was placed in a thick walled flask and
evacuated until the sthey was removed. The product prepared in
this way, ®when dry, 1is stable in the air, but when moist
with ether, will take fire if exposed to the air. The
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statenent that iron carbide 1ls sgpontaneously inflammable oc-
curs many times in the literaturse. It is poesible that the
finely divided carbide catalyzes the oxidation of ether vapor,
eventually resulting in combustion. Joarse particles of iron
carbide have o grey metallic sppearance while the finer particles
sre brown or black,

Home free carbon always resulis from the action of the
acld upon the carbide during the solubion of the ferrite., By
repeatad washiﬁg and decantation as described above, it is
poeeible to almost completely remove this free carbon., How~
gver, grophlte adheres very tenaciously to the carbide parti-
cles end is difficult to remove. A flotatlon treatment, pro-
posed by Ruff and Gestern (4) for the separation of graphite,
using tetrabromoethane as a floating asgent, was tried. This
method was found to be unsatisfactory since the floating
sgent was viscous and did not readily wet the graphite and
garbide particles. Although the free carbon can be removed
by repeated rubbing, washing, snd decanting, it ie best to
regulate conditions so that very little free carbon is present.
This cen be done by using eutectoid steels well spheroidized.
High carbon steels and white cast irons which have high carbide
gontent, due to the form of the carbide particles, are not
desirable starting materiale since they yield residues with
consliderable free carbon,

About B0 grams of lron carbide wus prepared by the per-

chloric acid method, This carblde was analyzed for carbon by
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combustion in oxygen and for iron by electrometric titration
againgt a 0.1 N, dichromate solution. Blanks were run before

and after each combustion. The following results were ob-

tained:

% Carbon £ Iron
6.68 93,25
6.67 93.37
8,71 893.18

6.66

6,72

6,59
&y, 6,87 95,2%

The theoretlcal compositlon of Fe,C is 8.68% carbon and
93,324 iron. This carblde will be referred to hereafter as
perehlorie acid egrbi&e. It was used in most of the hydrolysis
experiments and in all the wmagnetle tests.

A small amount of iron carbide was prepsred from similar
pure iron carbon alloys, by the elecirolyiic nrocess of Arnocld

and Read (6)., It contalned:

% Carbon % Iron
6.64 83.31
6,61 93.28
.64 93,29
6.63
It was identical in appesrance and behavior with the carblde

prepared by the other methods.

About 80 gramg of iron carbide was prepsred by heating
powdered electrolytic iron in an iron ¢rucible with sodium
cyanide &t a temperature of 680° ¢. for twenty hours. The

product when washed free fronm sodlum cyanide contzined about
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5% oarbon. It was then trested for a day with perchloric
aold, washed and dried as described above, On analysis, it
gave the following results for carbon:
% Carbon

8.68

6.60

8,89

8.71
Pierre Pingault (11) states that iron powder treated in the

above manner will be completely garburized to ?age.

Qoneclusion

Of the three methods used $0 prepare iron carbide the
perchloric acid method is the wost rapld and the lsast
troublesome., This method was discovered in the search for
an acid which would liberate, as gaseous hydrocarbons, all
the combined carbon in cast iron without attacking the
graphite. Among the wvarious acids tried perchloric left the
iargaﬁt amount of a heavy residue wihich proved to be ivon

ecarbide.
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PART II. THE ACID HYDROLYSIS OF IRON CARBIDE

Introduction

In thies work an sttempt has been made to determine the
course of the remction betwesn iron carbide and hydrochlorie
acld of varylng concentrations and under warious conditions,
by determining guantitatively the products formed. The total
gases produced were oxidized and the carbon weighed ae carbon
dioxide, The carbon selt free aeg amorphous or graphitic car-
bon was filtered off and burned to carbon diloxide. The
evolved gases were anaslyzed to determine the compounds pres—

ent snd thelr amounts.

Historical

The action of acids upon carbon contalning steels and
irons has been investigated froa an early date,

Joseph Priestly {12) mentioned the fetid odors arising
when steel is dissolved in acids; and in 1786 L., Rinman (13)
noted the relation between the cverbon content of the steel
and the carbon content of the gas evolved,

Hahn (1864) (14) states, that when cast iron is disg=-
golved in dilute hydrochloric or sulfuric acids, a portion of
the onrbon passes off with free hydrogen as ethylene, proe-

pylene, butylene and dibutylene., He absorbed the gas in
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bromine water and fractionated the broumine derivatives. He
found only unsaturated hydrocarbons.

6. Cloez {(15) from similar experiments renported a pre-
dominance of methane.

H, Moissan {10) sealed iron carblde with dilutz hydro-
chloric acid in a tube. The products reported sre: 83.3%
hydrogen, and 13.7% methane. Concentrated hydrochnlorie acid
gave 73.5% hydrogen, and 26,5% methane.

ylus and Foster (18) treated iron carbide with dilute
hydroehloric acid, They report that the carbide is little
affected by dllubte acids, but that normal and concentrated
acids dissolve 1t readily, leaving a minute residue which is
insoluble in water but soluble in alcohol and ether. No
amorvhous carbon was reported. The gas evolved contained:
92.3% hydrogen, 6.3% hydrocarbons, and 1.4% nitrogen. They
suggest pentane as the prinecipal product.

In 1896 E. D. Campbell (8) prepared iron carbide uy
glectrolysis. The product analyzed 6.64% carbon and 93.255%
iron, "The carblde was practically completely soluble in
moderstely concentrated hydrochloric acid." The genersting
flask was connected directly 1o the zas burette and was
swept out with carbon dioxlde. Aboul a half hour with hesting
was required to decompose a 0.6 gram sample. The total carbon
in the gas was determined by combustion. A second sample of
gas was absorbed in potassium hydroxide and bromine and the

volume of the olefines noted., The remainder of the gas was



then exploded for saturated hydrocarbons. The amount of
garbon in the olefines was found by difference. A typical
analysis follows: One gram of the carblde produced 250.5 cc.
of gas, containing 208.1 g¢o. hydrogen. The total carbon
amounted te 71.87 gc. The carbon dioxide from t he paraffins
was 35,68 oo., and the carbon dioxide from the olefines, by
differenve, was 9.32 oc. UCampbell states that "The above
would indicate only enough carbon to account for about 80% of
the oarbon in the carbide dissolved, thus showing that nearly
40% was present in the form of some hydrocarbon which was elther
condensed or remained in solution in the generating flask.,*
From the volume of the COp derived from the olefines, compared
to the volume of the olefines, a predominance of 3438 with
some UgHy, ie indicated., From the odor of the liguid Campbell
suspects butane and ethane as the principal saturated products
libersted., Campbell's gee analysies and methods of identifica~-
tion of compounds are open to guestion., He failsd to mention
the formation of free carbon,

Much of the work described above is rather indefinite and
conflicting. Moet of the materisl found in Hellor's "CQomprehen-
give Treatise on Inorganie Chemistry" is, however, taken from
Qampbelits article., Nothing of importance appeared in the
literature until, in 1910, there appeared a thesis by Otto
Werkmeister {17), entitled "The Formation of Iron Carbide and
the Gaseous Products from its Decoumposition with Mineral Acids."

It was published in thesis form only and seems to have esceped
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the attention of the later writers,

Werkmeister decomposed iron carbide of high purity with
4 normal H.80,, 2,817 normal HOl, and with one part concen-
trated ﬁgﬁﬁé to three parte Hy0. Approximately 10 gram sauples
ware treated with 180 co. of acid in a 800 cc. flask. The
reactions were run at 60 to 80° .

About one and three-fourths hours were required for de—~
composition. The generating flask was then swept out with
800 co. of nitrogen. The gases produced were passed through a
condenger cooled with liguid air or a mixture of solid carbon
dioxide and ether, in which the heavier portion was condensed.
The uncondensed gas, called "endgas®, was collected over mer-
cury. The condensed portion was vaporized and wss snalyzed
separately, the analytical methods used are standard and the
work is the most acourate and reliable of its kind up %o date,
The uﬂ&e@@myﬁaaﬁ.raaiﬁua and free carbon formed were not
determined. ZBach portion of the gas was passed into bromine
water to absorb olefines, which were then liberated and ana-
lyeed for total carbon and hydrogen., The volume of the
paraffins equals the total volume minus the combined volumes
of the olefines and free hydrogen. Table I gives the resulis

coubined from the condensed and uncondensed gas data.
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Table I

The Composition of the Uncondensed Gases.

Total

Gases Gas

ol

efines &abs

orbed

in bromine watepr,

COg

Ho

Exp.  Acid cooled Vol. Olefines from from Ratio
Ho. used. by . in ce. in ce. Olef. Ulef. C0g/Vol.
1. 1 vol. Hy80, Solid  252.9 7.79  20.21 19.12  2.59
to 3 Hg0” Cog

2. 4 N. Hp80, 4 262,56 7.17 20,20 21.26 2,81
5. 2.6 . HCL " 249.6 6.65 16.62 18,52 2.4
6. 2.6 N. HCL " 251.8 6.25 18,18 20.04 2.90

cooled 256.4 11.24 47.1 48.4 4.18
6a. 2,6 H. HC1 # 2687 12.44 51,0 bB2.4 4.1

Table I Continued.
___Paraffins Total % Tot.

Exp. cc. GO0p. cC. Ho. cc. Aatio G0z  ©C in ce.
{o. para. rom from COy/Vol. in ce. FezC  Free Hy
1. o 22.8 — - 43,06 34.52 -
2. 17.562 22.9 40.18 1.31 43.18 34.62 227.8
5. 18,98 28.4 47.67 1.49 45,02 36,10 224.0
€. 18.18 29.1 45,37 1.6 47,31 37.93 227.4
ba., 20.68  38.2 58.76 1,89 85,39 68,46 224,.4
6a. 18.88  37.6 55.6%2 2,00 88.80 71.20 227.4
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In experiment 5, 12 grams of carbide was treated with

~ 300 ce. of 2,617 N. HOL at 80° C. for 2} hours. About 3
liters of gas was colleocted, wihich ig about 247 cc. per gram
of carbids. The uncondensed portlon analyzed 2.67% olefines,
88,73% hydrogen, and 7.60% paraffing. The 2.67% oleflnes on
combustion gave 6.66% carbon dioxide and 7.424 hydrogen.
Since one volume of ethylene plus oxygen yields two volumes
of COy and two volumes of Hy, and propylene yilelds three vol-
umes of C0, and three volumes of Hg per volume, these results
would indicate & mixture of ethylene and propylene.

The condensed gas analyzed 6.00% olefines, which on
combustion produced 31.93 volumes of COy andyss.s volumes of
hydrogen with a ratio of (0g/Vol. of gas equal to 5.332; and
2,654 paraffins, which produced 12.72 volumes of COy; and
15,96 volumes of hydrogen and a ratio of CUg/Vol of ges equal
to 4.8. These ratios indicate higher molecular welight hydro-
carbons up to at least pentylene and pentane.

| Two determinations, 58 and 6a, were run without eooiing
the gas. In these determinstions the ratios (GGQ/Vol. of gas)
are higher for both the olefines and paraffins, which means
th&t the higher molecular welsht hydrocsrbons had been con-
densed in the former experiments. The toial per cent of the
carbide corion found in the gas a2lso inereased. In the ex-
periments in which the gases were cooled, the average GOg/Vbl.
ratio for the olefines 1s 2,62 and for the paraffing 1.37.

Thig would indicate that the olefines were ethylene and
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propylene, and the paraffins wethane and ethane. The ratios
for the uncooled, and therefore total evolved gas are; ole-
fines 4.14 and paraffins 1.82, These ratios would require
olefines up o and including pentylene and paraffins princi-~
pally ethane with some methane. Werkmeister {17) gives the
caleunlated proximate composition of the toial gases evolved in

experiment 83

87.88% Free Hy

Experiment Bal

87.55% Free Hy

Werkmeister's results fairly well establish the presence
of p&t&ffin&land olefines containing as many as 5 carbon atoms,
The ratlos for the total uvncooled gasses of experimente S5a and
6a, which are the averages for all compounds contained, can
be sxpressed for the olefines by hydrocarbons up to 5 carbons
and for the paraffins by methane and ethane. The gases in
these two runs correspond to the gases which are reported in
this thesis, except that the latter were generated at a higher
tempersture, which would be less favorable to the formation of
high molecular welght hydrocarbons.

Schenck, Geisen, and Walter (18) treated high carbon

steels, high manganese steels, and Terromanganese with aclds,
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The gases evolved were separated into fractions by various
cooling agents. The fractions were analyzed separately.

Pure iron carbide was not used] henee thelr results are not
exactly comparable $o this problem. From a 2.50% carbon
steel, they report saturated hydrocarbons, principally umethane
with a suall amount of ethane, and unsaturated hydrocerbons,
ethylene, propylene, butylene and amylene, whoee amounts
decrease in the order named,

Later Schenck and Stenkhoff (13) decomposed iron carbide
with sulfuric, benzenesulfoniec, and acetic aclids of various con-
centrations and in the presence of the corresponding ferrous
salts., An excess of acid was allowed to act for three weeks
upon weighed samples of the carbide at 60°% 0. The free carbon
formed was determined by filtering, washing, and ipgniting the
residues. The evolved carbon was determined by difference,

Their regsulis are included in table IX.

Table I1
Hydrolyels of Jementite to Free Oarbon

Mol conec, HatO,4 2,5 2,5 3.5 0,017 0.017 0,017
Mol conc. Ferrous Sulfsts 0,0 0,8 1,39 0.0 0.8 0,96
4, Total O as Free { 15% 3646 3% 184 554  73%

Mol conc. benzenesulfoniec 1.5 1.8 1.5 0.28 0.356 0.35
acld

Hol conc. Ferrous benzene- 0.0 0.18 0.83 0.0 6.18 0,83
gulfonate }

% Total O as Free 33% 804t 87 349 801 87%

Hol conc. Acetic acid 1.5 1.5 0.5 0,5
Yol cone., Ferrous Acoiste 6.0 0.385 0.0 0,388
% Total ¢ as Free 0 41% 7 88t 954
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These workers failed to test the residue for undecom-
poged iron carbide., They assumed that this residue was free
carbon only. The high results which they obtained for free
carbon in all but the first experiment are undoubtedly in gross
error due to the presence of undecomposed carbide in the resi-
due, This conclusion is substantiated by the work reported
here and by that of Ruff and Gestern (4), who purified their
carblide by treating it for several weeks with 0.2 normsl acetic
acid., The value of 15% free carbon obtzined with 2.5 molar
Ho0y ngrees with the values recorded in tables III, IV, V,
and VI, whioh the author obtained by using concenirated and
dilute HOL,

Schenck and Stenkhoff built up gulte a theory to account
"for the incresase in free carbon with increasing pH and ferroue
ion concentratione. 8inoce their datas is faulty, their theories
sccounting for their data are apt to be worthless.

#illner {30} atiacks the above theory in a very satis~
factory menner. He, however, does not question the data,
Putnam and Xobe {21) in = review article entitled "Hydrocarbons
from Qarbides® seem to seleot Schenck's artiole as the out-
standing one dealing with iron carbide.

Several writers have attenpted to explain the mechanism
of the section of aeids upon iron carbide, The following
equatione are freguently written:

FesO + 6HOL = 3FeClg + OHg + 2H
Fes0 + GHOL = 3FeClz + O + &H

and

These equations do not explain the formation of all compounds

found,
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Campbell (8) states thet the formula is (Fes0)p and the
free carbon is formed by the decomposition of methane. VWerk-

meister (17), in discussing Uampbellts article, suggests that

the structure msy be represented by Fe /ﬂ or Fe 4£. The
“Fe “Fe

first struoture when decomposed by acids should give, as the
first product, s methylene free radiesl, CHp, from which
various other saturated and unsaturated compounds ecan result,
He states that methane cannot be formed directly. The second
structure is unlikely since it contains ferric iron.

Sohenck {19) supposed that the free carbon resulted
from the decoumposition of methane at the temperature of the
reaction. He suggeste that an increase in pH lowers the re-
action rate and consequently decreases the hydrogen over-
voltage on the iron carbide. This would cause the hydrogen %o
be a leas effective reducing agent and more free carbon to be
formed, An increase of ferrous ions would decrease the ten-
dency for iron to go into solution, resulting also in a
decrease in polarization. As was mentioned previously, this
data is guestionable and Hilner (20) disproves their theory.

Bohmidt (83) states thet OHy is first formed. The methy-
lene radical may be hydrogenaied to methane, or polymerized to
sthylene, which in turn may be hydrogenated or form addition
products with OHy, In this manner a series of satursted,
unsaturated, and cyclic products may result., He believes that
free carbon results from the decomposition of OH,, and that

catalysts may influence the course of the reactions,
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Travers and Dlebold (23) in splite of the crystal struc-
ture evidence, propose that the ethylenlioc skeleton >C w (O 18
present in the molecule; that the formula 1s (Fe0)y; and that
on golution in aclids hydrogen firest replaeas the iron atoms
| without saturating the double bond., They state that in the
presence of a catalyst, hydrogen adds to the double bond; that
the activity of the hydrogen is a measure of the pH and de-
ereases with ineressing pH; and that in the presense of oxl-
dizing sgents the hydrogen is oxidized and the ethylenie
skeleton is freed.

The methylene free radical theory satigfaciorily explains
the formatlon of all compounds found, but the initilal forma-
tion of thisg radical is diffieult Lo explain. It involves the
assumption of divalent carbon as was proposed by Werkmeister
{17) and is not in meccord with corystal structure data. The

existence of the methylene free radlezl has not been proved.

Experimental

In order to determine the ecsrbon libegrated in the form
of carbonsceous gases by the actlon of hydrochloric acid upon
iron carbide, welghed samples of the carbide were placed in
the evolution flask & of figure 1. Flask A is connected
through & water-cooled reflux condenser to a dquartz iube
filled with copper oxlde, and then to & purification train, or
to three abgsorption flaske containing an ammoniscal solutlion

of barium chloride. Flask A carries a dropping funnel for
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the iﬁtr@ﬁua%iwﬁ of aocid and an air inlet which extends ale
most to the bottom of the flask. The quartz tube is heated
%0 dull redness by means of an electric furnace. Garbon -
dioxide~free air under pressure is passed through the appara-
tus. All gases liberated are swept through the copper oxide
tube, where they are oxidized. Two methods were used %o
absorb the carbon dloxide formed. The first is that proposed
by MoFarlane and Gregory (24) for the determination of small
quantitiss of carbon dioxide., In this method the gas is passed
into flasks B containing ap ammoniacal solution of barium chlo-
ride. The oarbon dioxide rescis with the cold selution to |
form soluble barium carbamste, which is decomposed by boiling
into inscluble barium carbonate. The solution is heated during
and after the absorption. The solution is then cooled in car-
bon diexide~free air., When cold, 1t may be filtered in air
without formation of more barium carbonate,

To hégia a determination, the apparatus is swept out
with air. The weighed sample of ocarbide is introduced inte
the evolution flask and s boiling solution, made up of 30 parts
goncenirated asmmonium hydroxide and 100 parts of water, is
filtered into flasks B, The aoid is then rup into flask A and
a slow sitream of amir is bubbled through the apparatus. Ths
generating flask ls then heated on a water bath, The heating
and introduction of acid is so regulated as to control the rate
of gas evolution. About 30 minutes are required to decompose

& 0.5 gram sample., When the sample has been almost completely
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decomposed, the water bath is removed and the evolution flask
is heated to rapld boiling with a free flome. Meanwhile the
air flow is increased and the heating 1le continued for about
30 aminutes to completely sweep autvall geases from the liguid
and the combustion $train. It was found necessary to continue
the operation until a strong color of ferrie chloride showed
in the evolution flask. With the air etill passing through
the apparatus, flasks B are heated to decompose the barium
carbamate., These flasks are then closed off by mezns of
el&m?a and are cooled to sbout 10° 0, ‘When cool, the barium
carbonate is filtered off and ignited. The amount of carbon
evolved as carbonaceous gases is ocaloulated from the weight
of the barium carbonate., This method of determining ocarbon
dioxide has the advantage %that the gas does not require puri-
fication before being absorbed, It, however, necesslitates a
filtration and an ignition.

In the second method used to absorb carbon dioxide, the
oxidized gases are passed through a Lundell scrubber filled
 with a solution of sodium arsenite, which removes HOl, 01,
and‘ﬁﬁgﬁ and are then dried by passing through two Lundell
scrubbers, containing sulfuria acld and potassium dichromate,
and through a tube filled with dehydrite. The dried gases
are then passed into a Fleming bulb., Both methods of deter-
mining carbon dioxide give concordant results if carefully
usged. In using the last method, 1t is necessary to reoxidize

and dry out the combustion tube after each run and to
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frequently refill the sulfuric acid scrubbers. Considerable
water is formed by the combustion of the hydrogen and some
hydrochloric agld vapors esocape the condenser and the copper
oxide, .

The genersl method of dissolving a sample in acid (HO1)
and oxidiging all carbonaceous gases and absorbing the carbon
dioxide formed was proposed and used by the author to determine
the amount of combined or carbide carbon in cast iron. Several
Purean of Standards steels and irons were run by this method.
Reprodupible results, which were invariably low, were obtained
upon all samples. The low resulis are due to the fact, shown
in this work, that a portion of the combined (?e3a) carbon is
not evelved but rescts to form free carbon. This discrepancy
conmpares favorably with tﬁerli.aﬁﬁ free carbon recorded in tables
11z, Iv, ang V.

4% the completion of a determination, the liguid in the
evolution flusk A&, which contains the free carbon, is filtered
through a small quartz ignition thiwmble containing asbestos.
These are dried at 100° 0., and the free carbon is determined
by combustion. The filtering of the finely divided free
carbon is a very difficult process. It was found necessary
to filter thavgeiutian twice through the same thimble in order
to retain all the carbon. Some of the low results obtained
for free carbon are traceable to this step.

Table 11X a@ﬁ%&ins the percentages of evolved carbon and

of free carbon obtained by itreating 0.3 gram samples of iron
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carbide, prepared by the electrolytic process, with hydro-
chloric acid of sp. gr. l.1, which is approximately 204 or

6 normal., The flasks were hesated for 30 mlnutes on a boil-
ing water bath and were then bolled with & free flame for 30
minutes mara. The carbon dioxide, resulting from the oxida-
tion of the evolved carbon, was absorbed in an apmonlacal
barium chloride solution, The last column in the table is the
sum of the evolved and free carbon and in most cases equals

or approXximates the total carbon pregent in the carbide, This
fact excludes the possibility of licuid or solid hydrocarbons
of high molecular weight and low volatllivy bein: formed
during the acid hydrolysis of iron carblde, Such waxes and
high boiling liguids were renorted by Caumpbell (8). No traces
of gressy malterials were noticed on the inside of this evolu-
tlon flusks, even though the swme flask had been used

repeatedly.

Table ITI

Hydrolysis of Pe.C Prepared by Electrolysis
with HCL, sp., gr. 1.1

A B
. Fesl % ¢ Bvolved % ¢ Residue Total A + B

1 5,917 {0,728 6.645
- 5,900 0.782 6.682
e 5.84

e 5,948 0,740 £.688
- 5,838 G.746 ‘ 6.684
.3 5.938 0. 501 6.439
. 5.858 0.461 6.343
o« 5.802 0. 536 6.338

Average 5.89
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These results show that of the 6,88% carbon present in
iron carbide an average of 5.89% is evolved as carbonaceous
gases, and by difference 0.79% carbon should remain as free
earbon; or 88.17% of the total carbon is evolved and 11,83%
remains ae free carbon, The last three results for residual
or free carbon are considerably below the wvalue 0,.78%. These
low results are probably due to loss during filtration. A
large number of determinations will be described in the next
section which do agree with this vslue,

After the results in table III had been obtained, an
accldent necessitated building a new condenser, Determina-
tions were made on the perchloric acid carbide. The evolved
onrbon varied from azbout 4 to 5%. Then samples of the elecw
trolytic cerblde previously used were analyzed. They gave
similaxly low results, A search was then begun for the mise-
ing carbon. It was either evolved or left behind as free
ecarbon @xfas liguid hydr@aarbons, Bome of the experiments
uged in this search will be described singe they show %the
absence of iiqmid hydrocarbong of low velatility and the ef-
fect of nascent hydrogen upen the reaction,

In order to search for carbonaceocus material other than
filterable free parbon, the contents of the evolution flask,
after being filtered, was returned to the evoludion flask
where it was treated with etrong oxidizing agents such as am-

moniuwn persulfate, sulfuric chromie acld mixture, and
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econcentrated nitric acld. All gases were oxldized and ab-
sorbed., ¥o additional carbon was fdunﬁ.

In order to test the action of nascent hydrogen, whigh,
if the equation Fez( + GHCL = 3Felly + 4H + CHp 1s oorrect,
~ should favor the formatlion of methane rather than long-chain
hydrocarbong, iron carbide was mixed with finely divided tin,
aluminum, or nickel and was compressed into pellets. These
pellets were then treated ag was the iron carbide. Such
pellets were aleo made the oathode and were treated with hydro-
chloric aclid in a especially desipgned svolution flask, while a
direct current was passing and while the pellets were enveloped
in & film of hydrogen. Under all these conditions the evolved
carbon remained low and erratic. The free carbon in the resi-
duegs, however, remained constant and about equal to the higher
values recorded in table I. 8everal of these results are re-
corded in order to reinforce the datz on free carbon, Per
gents of free carbon obtained were: 0.88; 0.75; 0.93; 0.75;
0.78; 0,92; 0.98; 0.89; 0,90; 0.80. Average: 0,84% carbon,

The trouble was finally laaa%ed in a small leak in the
oondenser which, under certain pressure conditlons within the
flask, allowed some of the gas to escape into the water line,

Samples of the carbide prepared by the perchloric¢ acid
method were then treated with hydrochloric ascid of various
concentrations, The results are given in tables IV, V, and
¥i. In table IV the perchloric ascid-prepared carblde was
treated for one hour with boiling HOL sp. gv. 1.1.



Table IV
Hydrolysis with HO1 sp. gr. 1.1

A B
g. Fegl % ¢ Evolved % O Residue Total A - B
.5 5.86 1.01 8.67
.5 5.70 1.00 6.70

In the next series of experiments the carbide was
treated with concentrated acid. When decomposed, water was
added to dilute the acid and the solution was boiled and swept

out for 30 minutes.

Table V
Hydrolysis with Ooncentrated HOL

A
Be Pl % ¢ Bvolved % ¢ Residue Total 4 - B
B 5,73 0,873 8,593
5 5,803 0,718 6,518
.5 5.75 0.85 8.80
B 8,79 .80 6.59

In the third series of experimente dilute scid consist-

ing of 1 part acid and 4 parts water was used.

Table VI
Hydrolysis with Dilute HO1

A B A - B Totsl
g+ Fey0 % ¢ Bvolved % O Residue Total time—nmin.

5 4.614 1.88 8,414 40
5 5.48 1.00 8.48 40
5 5.88 0,978 8,638 80
.5 5,53 0.640 6,17 80
.5 5,40 1.24 &.64 &0
o5 5,987 . B85 8,647 80

B 5.458 — — 80
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The dilute scid glves slightly higher results for free
carbon and lower results for evolved csrbon. Part of this may
be due to incomplete decomposition of the ocarbide. The first
two determinaticns in table IV are low, due to incomplste
deconposition and incomplete sweeping out of the gases, During
the solution of F53@ in HOl, a peculiar odor is present. This
odor remaing until the liquid has besen boiled and aerated un=-
t1l a distinet ferric chloride color develops, and suggests
the presence of parbonaceous gases or of low bolling liquids
of a reducing nature, In a determination, the results for
evolved aarhén will invariably be low, unless the solution has
been heated and aerated for at least 30 minutes after decompo-
sition of the oarbide has been completed,

In substance these resulte show that the total oarbon
present in iron carblde, when decouposed by hydroohloric acid,
can be aacounted for as carbonaceous gases and as free carbon,
and that the action cannot be represented by one simple equam
tion., Some free carbon is slways formed, the amount of which
varies slightly with the concentration of the acid used. The
mechanism of the reaction will be discussed after the presen-

tation of the gas apalysis resulis,

The gomposition of the gases resulting From the mction of
arbide

hydroehloris scid upon iren

The gas was generated by the action of concentrated hydro-

chloric acld upon welghed ssmples of carblide, in a 50 oce. flask
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carrying an outlet tube comnected directly to a two-way stope
cock at the top of a gas storage burette filled with meroury.
The stopper of the flask also carrled a dropping funnel. The
oarbide was placed in the flask, and, with the two-way stop-
cock open to the air, acid w&s run in until the flask and tube
running to the burette were filled. The stopoock was then
closed and ae the action began, some acid was forced into the
dropping funnel, which was then closed off, and the gas was
allowed to pass into the burette. At the completion of the
reacgtion, the generating flask was again filled with acid.,
This eliminated most of the air and permitted all the gas %o
be collected, Concentrated acld was used In order to decresse
the wvolume of liguid and the amount of gas which would remain
dissolved in i%. It is recognized that some gases, especislly
the heavlier ones, remsin dissolved and that the gas whioh is
collected is not identical with or does not represent all the
gases oxidized in the evolutlon experiments recorded in
tables III to VI.

In order to obtain a rough measure of the amounts of
carbonaceous gases held in solution, the contents of the gener-
ating flask was transferred to flask A of the evolution appa~
ratus of figure 1, where it was bolled and swept out for 30
minutes and the evolved carbon measured., This amounted to
about 230% of the toial carbon.

About 80 ce. of air-free gas was collected from 0.3 g.

of oarbide, which represents about 50% of the total carbon.
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The apparatus used for the analysis of the gas obiained
by the acid hydrolysis of iron carbide was designed by the
Bureau of iines for the complete and partial analysis of
gases., A desoription of the apparatus and directions for its
operation are given in the Buresu of ﬁines'ﬁalletiﬁ ¥o. 197,

A photostat of the apparatus is shown in figure 3. The gas
was analyzed for carbon dioxide, 1lluminants, oxygen, hydrogen,
carbon monoxide and saturated hydrocarbons., A data sheet

follows, which shows the method of calculation,

Vol. of sample : 74,9 coa.
Vol, after XOH 74,0

.8 oc. €03 and HCL. Other
tests show no 00p; there-
L ) 21.0 fore, HOL,
Vol. after funlng Ho80, 71,
g 2.1 cc. Illuminents
Yol. after pyrogallic acid 83.8 co.
: .5 ce, Oxygen 37.2 co.

: Hitrogen
Vol. after (ul ; 87.0 co.

35.6 co. Hydrogen
Vol, after XOH ‘ 37.0 oo,

, .0 ¢o. Uarbon Honoxide
Vol. oxygen added , 64.3 ce.
Total volumse before com—
bustion 21.8 oo,

Vol, after combustion 81.8 cec.
VYol, of contraction 5.6 oc.
Vol, after XOH 7¢.8 cc.
Vol., of carbon dioxide 4.3 co. eguivalent to 4.8 co.

OH,
23.5 ce. Hitrogen by difference
The only saturated hydrocarbon present ig methane since the
contraction is just twice the amount of carbon dloxlde formed

by combustion. The results on the air-free basis are: 4.94%
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illuminants,

GG

83,76% hydrogen,

snd 11.3% methane,

from zeversl deberminations are recorded in itable VII.

Table VII

Results of Gas Anslysis

The resulis

e, #Zas  eo, CO, oo, cc. ce, Ng  Hg by H ce. cc,
Sample and HCI I11. Og Cale, Diff. 2 Contr. COg
79.5 1.0 1.2 5B.4 21.6 17.7 47,7 - -

¥o. 2

_65.8 0.1 1,5 4.8 18,2 20.5 31.4 11,3 4.8
ﬁe 5 '

74,2 0.5 2.1 4.9 19.6 i7.5 43,9 11,6 5,3
Yo, 4 B o '

74,8 0.9 2,1 9.3 37,2 22,2 35,6 9.6 4,8
No., 5 ’

74,7 0.5 2.3 7.3 28,2 23,7 36,3 12.8 4.6
To. 6 ’ -

8&,§' (3.0 1.9 9.8 39,2 55.9 33.6 9,0 5,0
o % ; : : ‘

83.0 Q.9 1.8  o- — —— 26,1 10.0 5.0
fo. 8 - '

T3.8 0.8 2,6 5,5 22.0 21.5 37.1 19,9 5.9
The composition of the gases evolved, calculated on the air-
free basis are presented in table VIII.

Table VIII
Composition of Gases
(Per cent by volume)
Humber Iliuminants Free Hydrogen Methane
2 3.23 85,0 11,9
3 4,09 85.5 10.3
4 4,94 837 11.3
5 5,30 83,0 10.5
6' 46? ggog 12.5
8 5.7 81.3 12,9
Averapge 4,62 83.4 11.5
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In &haﬁa‘rasults the assumption is made that wmethane
ig the only satursted hydrocarbon present. This assuumption
le substantisted by the ratio bLetween the contrsction and the
volune of the ¢arbon diozide formed during the combustion.
The equations for caleculating percentages of ethane and
methane In mixtures, from combustion data are:

Ethane = §

Hethane = Vol, (05 -~ 3(Vol, ethans)
Sazwple No., 6 anlone gives a positive walue for ethane. Accord-
ing to these egquations sample € is composed of 1.6% ethane
and 8.09% methane. Separate tests on samples of the gas were
made for carbon dloxide and scetylens. Ho traces of these
gases were found. Carbon monoxide was also absent. The above
results show that hydrogen, methane and most probably ethylene
are the principal constituents, From the c¢rystsl structure of
iron carbide, one would not expect to find acetylenic compounds;
and long-chain hydrocsrbons could result only from secondary

resctiong. ¥Ho carbides are known which evolve carbon monoxide.

Mecussion of Hesults

By the evolution experimente it has been gshown that, by
the reaction of dilute and concentrated hydrochloric aeid, iron
carbide is decomposed to produce 12,5% of the total coubined
earbon as free carbon and the remainder as coarbonaceous sub-

stances which are volatilized under the conditions of the



experiment. The complete volatility aad the absence of any
traces of oily films, such a&s are present in a gimilar hydroly-
sis of manganese carbilde, eliminate the possible existence of
80118 and liquid hydrocarbons, which have been reported by
previous writers., Also the spent acids have been exiracted
with ether and have been ireated wlth oxidizing agents in an
abtemot to find sueh compounds.

The fact, that in order to obtain complete evolution of
of earhﬂn, it is necessary to pass alr through the solution
uatil the iron has been oxidized afier the carbide hsas been
decomposed, suggests the possibility of the existence of an
unstable complex between carconaceous gases and ferrous iron,
A gimilar conmplex 1s formed when lron carbide dlissolves in
nitric acid and is the basis for the colorimetric determina-~
tion of combined carbon in steel and cast iron. Whitely (25)
has shown that nitrie acid liberates about 50% of the com-
bined carvon as carbonaceocus gas during the first half hour
of heating and that all the carbon cannot be evolved even
after several hours heating. HNo free carvon is produced. It
might be well to mentlon that the free carbon formed by the
action of hydrochloric acid is very fineiy divided and dig-
solves in nltric acid when heated. The resulting solution,
however, contalns no iron.

The mases evolved and analyzed in table VIII represent
about 50% of the total carbon present in the carbide. In

collecting these gas samples the acld in the generating flask



wae heated to boiling for s short time only, and the liguid -
was not swept out with an inert ges. Some gas was lost during
collection and during transfer to the gas pipette. If the -
12.7% free carbon be subtracted, there remains about 37.3% of
the carbon left in the liguid or lost. This carbon ig in some
form which can be volatilized by continued heating as ies shown
by the evolution experiments, The carbon found in this liquid
amounts %o about 83% of the total. The question naturally
arises, is this carbon not ingluded in the gas samples of the
same nature ae that analyzed? If it be assumed that it is, a
rough caleulation can be made showing that the reaction between
hydroghloric acid and iron carbide produces 12.7% of the total
ocarbon as free oarbon, 39% as illuninants, and 48% as methane.
The free hydrogen content of the evolved gss is related
to the resctions in the following way: The reaction
FexC + GHUL = 3FeClz + O + 3Hp produces a gas which is 100% Mg;
FosC + BHOL = 3FeClg + Oy + 2Hy produces a gas which is 50% Hp;
BFez0 + 13HUL = BFeClp + OgHe + 3Hg with 75% Ha; and for the
production of ethylene B0O% Hs; for propylene 83,3%; and for
propane 85,6%. Using the percentages of hydrogen in the above
resctions, and according to the sbove distribution or division,
the hydrogen content of the total gas caloulstes about 70%.
It is by analysis 83.4%. This disagreement ig not surprising
when one conslders the nature of the csleoulation and the rela=

tive golubilities of the gaseous substances,
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There 18 to & cerisin extent & »narallelism velween the
hydrolysls of iron carbide and manganese carvlée (MnzC). As
shown by ¥yers (7) manganese carbide recncts with warm water,
all the combined carbon being llberated ag carbonsceous guses.
The gas produced by water hydrolysis contains 3.39% illumin-
ants, 756% free hydrogen, 0.3% carvon monoxide, 12.13% methane,
and 7,07% ethane. If the same carvlde is hydrolyzed with 10%4
hydrochloric aeid, the hydrogen content of the gas is 953,
Acid hydrolysis produces considerable free carbon, some ligquid
hydrocarbons, with a corrssponding deocreuse in the amount of
volablle hydrocarbons. The rssults of acid hydrolysis have
been summarized by ¥yers as follows: dilute hydrochloric acid
converts 43.35% of the total combined carbon to free carvon;
17.9% to liquid hydrocarbons; and 38.78% 1s evolved as carbon-
aceous gages,., The pressncs of liould hydrocarbons 18 shown by
the appearance of an oily film on the inéiﬁe of the generatling
flask, This film is absent 1f water 18 the hydrolyszing agent.
Thete tvo related carvides cannot ve compared as to their
reaction with water, since iron cerblde is not atiacked by

water,

Theorelical Discussion

The chemicsal properties of a substance are fundamentally
related to 1its molecular formula and to the arrangements of

‘the atoms in the molecule with respect 1o one another. In
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gertain ecarbides and other binsry compounds we are confronted
by the problem of anomolous valence. Iron in iron carbide is
gertainly divalent, since 1t forus ferrous salts when dig-
golved in nonoxidlzing aclide. According to the older ideas of
valence, carbon In & gingle molecule of Fexzl would have a
valence of six. The covalency maximum for elements of the
first short period of the periodic table is four. There are

no known ezxamples where this 13 exceeded. A gstructural formula

for (Fe can be written, in which sach carbon is attached

5g}ﬂ
to four iron satoms and ezeh iron abtonm except the end ones ars
attached to two carbons. This structure satisfies the valence
requirements but does not agree vith crystal structure data
and does not secount for the products formed by the resctlon
of the carbide with acids,

Iron earblde crystallizes in the orthorhouble system,
the unit cell oontaining Tour molecules of Fe5G‘ The lattlce
parameters as determined by Westgren and Phragmen (26} on
cementite erystals obtained from splegelelisen, are ag = 4.53;
be = 5.11; and cp » 6,77 A, U. The erystals were nolt pure
cementite. The positions of the lron and ecarbon atoms in
the cementite lattice were determined Uy Hendricks (27) from
Yestgren and Phragnen's datsa and from measurements which he
made on pure lron carbide by ithe powder method. Hendrickts
arrangement has been accepted by Festgren (28) and 1s the
accepted structure al present. Hendricks slsces a carbon atom
at each corner of the rhombohedron, one at the center of each

end Tace, one st the center of sach long or Y edge and one



at the center of the rhombohedron. With thie srrangement

ench carbon ls surrounded by six slmost equelly distunt iron
atome, which form the corners of an octahedron with the earbon
at the center. Xach iron astom is shared between two carbons
and each iron forme a corner of two octahedra., Thig means that
the ¢ to ¢ bond does not exist, but that a carbon is attached
to an iron which is in turn attached to a second carbon. The
radius of the carbon atom is aboul 0455 A, U.; the iron to
carbon distance about 1.9 A. U.,; and the lron to iron distance
about 2.4 to 2.7 A, U. The crystal structure is not considered
completely solved. Hendricks states that there is some unocer-
&aimﬁ? in the location of the carbon atoms. The arrangement
according to Hendricks is shown in Tigure 3.

One can scarcely refrain from proposing a simple cubie
arrangement of the carbons with six equidistant iron atoms
forming the corners of a regular octahedron with a carbon =zt
the center and with each iron shared between twe carbons. This
structure agrees with the arrengement of the atoms in a solid
golution of carbon in gemma iron. Jarbon is practically insolu-
ble in body-centered alphs iron, but is soluble in face-centered
gamma iron, The carbon atom probably occuples the large open
gpace st the cube genter, since this is the only cavity large
enough to aocommodate a carbon atom. In this position each
carbon is surrounded by the six equidistant face iron atoms and
is identiosl with the & imple cubic arrangement suggested above
except for the eight corner atoms. By such a structure the sepa-

ration of iron carbide from solid solution during cooling and



3.

Crystal Structure »f Iron Carpide
According to S, B, Hendricks
7. Krist. 74, 542.



1

/

2% the gamma to alphs translorm

Jlon esn be readlly explained.
Thus cameﬁﬁitﬁ, or potentisl ceumentite, could exist in solld
solution., The ezxistence 0f cezentite in s0lid solution is &
much debated question., Some chenleal evidence applying to this
gquestion was produced by Fishel snd ¥yers (29) who showed that
carbon or iron carbide in a state of solid solutlon, austenite,
reacts with hydrochloric acid in the same manner and to glve
the same produgts as does iron carblde.

The determination of a structural formula for iron car-
bide 1s rendered 4ifficult by the fact that it takes part in
few resctions. Iron carbide oan be decomposed by heabing,
burned, converted to free carbon and ferric chloride by the ac-
tion of chlorine, and oxidized by nliric acid in whlch & vari-
able amount of the carvon is slowly liberated ag carbonaceous
gases and the remainder forms an unstable colored compound
with iron and nitric acid., These reactions glve no evidence
concerning its structure. Its resclion with nonoxidlzing acids
furnishes little evidence. The products formed, free carbon,
metivane, and unsatursted hydroecarions, lndlcate thal 1t 1s not
& slunle reaction, bult a zeries of consecutlive reaxctlions,

S8ince the ¢ to € linkasge 1is nobl present in the latilce, com-
pounds eanZ&iuiﬁ% more bhan one carbon mast result from sesde-
ondary addition reactlons. No satisfactory structural formula
for iron carblde has veen proposed. It is probably what
Sidgwick (30) would call a glant molecule or & lattice come-
pound which does not exist as single molecules wut only as a

lattice szgregate. Hageg (31) states that carbides of the
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transition elements are not itrue compounds but are metallic

in nature., Iron which has a £, 8, 14, 2 arrsngement of elec-
trons has such & strong tendency to complete 1ts M shell that
it éé&ﬁ not furnish any electrons io the lattice structure.
Agcording to Hume-Rothery (32), "Fe, Co, and Wi act as if
théy~had zero valence zand conitriibubte no eleptrons to the lat-
- tice. In 1nt@§m%%&11ie compoundes formulse corresponding to
the normal valenclies of the clements sre comparatively rare."
Inter&eﬁallie compounds or interstlecial structures often
result In the face-centersd lattice, by the insertion of an
atom at the center of such cubes. It is in this way that iron
ecarblde forms when carbon dissolves in gamms iron. The iron
carbide lsttice 1s considered to be nonionle.

It 1s quite likely that iron carbide cannot be reprs-
sented by 2 struectural formula of the usual type employing the
nornal valencles of iron and csrbom, and the usual types of
valence bonds, It is plotured as atoms of carbon each sur-
rounded by six iron stoms. Its labtilice bonds are certainly
not of the lonic type. Part may be covalent and part metal-
lie. A lattice in which four of the iron atoms are attached
to csrbon by covalent bonds and the remaining two iron atoms
form metallic links comes nearest to fitting the conditvions.
guch a structure would not sccount for the formation of CHgp
and free carbon on hydrolysis., There 1s no resson Lo agsume
that part of the carbon is differently constituted or

sattached than the rest.



PART III. THE CURIE OR MAGNETIC TRAHNSFORMATION
IN IRON CARBIDE. THE A, POINT

Introduction

This work was undertaken because of the dissagreement in
the existing dats concerning the pasltién of thisg transforms-
tion and concerning its exact nature. The consensus of opinion
is that this transformation occurs at a definite tenperature
which is difficult to locate accurately, due to a lag or slow-
ness in the transformation rate. The modern theories of mag-
nebic changes and the fundamental ecauses of magnetism indlicate
that guch changes should take nlace over & temperailure range.

In this work the loss of maznetism on hesting and the
gain on cooling were measured by tvo methods, one of which is
essentislly new and has not been previously applied to the

measurenent of the magnetic propertles of carclides.

Historical

The 80 called A, transformation has been recognized in
high carbon steels and white cagst irons for a long time. Silnce
its intensity increases with incressing carbon, it was assumed
that it wag connected with iron carbide, It was dilscovered in
1909 by Wologdine (33) who placed it at 180° C. This trans-
formstion has been deteoted in steels by thermal, magnetle,
and dilatation methods.
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Smith (34) studied the thermomagnetic proverties of a
steel containing 0.85% carbon and found that the magnetiza-
tion resches s maximum at 213° ¢, He remarked that this
phenomenon might be due to a magnetic transformation in iron
carbide.

Honds and Takagl (35) studied twelve steels, ranging in
carbon content from 0.14 to 1.50%, by a magnetometric method.
A change in magnetization was observed between room tempera~
ture and 320° ¢, The maxizun magnetization was reached at
170° 0. The amount of megnetization increased with increasing
carbon up to 0.85% and then decreased gradually. No change in
magnetization was noted in carbon-free iron within this range.
The change was therefore attributed %o FexC. These authors
{38) later studied steele containing 2,80 to 3.49% carbon and
a cast iron containing 4.15% carbon. They found that the
magnetization remains constant up to 180° ¢. and then rapidly
diminishes. Fron 215° ¢. upward the magnetization decreases
but little. The lower temperature at which megnetization
beging to decresse on heating and to inorease on cooling wes
found to depend upon the magnetic field. They state that
"The upper point, 315° 0. was found to be perfectly definite."
Their curves, however, show s loss in magnetization on heating
beginning at about 180°% and extending to 318%, One cannot see
their justification for selecting 315° as the temperature of the
transformation., They failed to correct their former statement

concerning the deorease in magnetization with carbon above the
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eutectold composition.

Tamsan and Folg (37) wade teupersture magnetizabion
curves on a series of steels. The loss in mapnetizatlon in
the neighborhood of the Ay (210°) was shown to be proportional
to the carbon and therefore Lo the lron carblide present.

Chevenard (38) detected this polint in steels at 210° ¢.
by & dilatation method,

Honda and ﬁurﬁkami (39) were the first to use separated
iron carbide in their experiments. The carbide used contained
6.08% carvon and 93.5% lron. They measured the intensivy of
magnetization in magnetic fields of various strengths., The
carbide §awﬁ@r wag contained In a copper tube. From thelr
eurves, which are very simllar to those shown in Honda's (38)
former paper, they estimate the critical point to be at 215°
C. They state that "We have thus obtained a direet proof that
in the magnetization curve, the transformation, beginnling at
about 210° ¢, by cooling and ending a4t the same tLemperature
by heating, is really due to the magnetie transformation in
iron cementite.' Again ss 1in the former curves, the bresk
besing at about 1609 and ends at 215° ¢.

Ishiwara (40), using & sensitive torsion magnetometer,
finds that the magnetic susceptibility of iron carbide ine
oreases rspldly on heating snd resches a maximum at about
170° ¢, It then decreases very rapldly, reaching its mini-
mum at about 250 €. He is the only writer who sugsests that

the transformation occurs over a temperature range.
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Lehrer (41) by magnetonstric measurements upon steel
places the transformation at 215° ¢. Likewise Mittasch and
Rusgs {42) by the same methods found a similar walue, Travers
and Diebold (43) find the Curie peint at 210° 0., while Hehl
and Wells (44) state that, in a very pure iron-carbon alloey
eontaining 1.35% carbon, it ocours at 200° 0. and that 1%
does not occur over s tempersture range, but at a constant
tewperature.

In & summery of exieting data, Epstein (45) states
that "The exaot nature of A, is in doubt; as the megnetic
neasurenents show a large temperature interval between the
beginning and the end of the traneformastion, 1t is difficult
to assign a definite value to the point.?

Experimental

In the preliminary experiments, about 2 grams of iron
carbide was sealed in g short glass tube, forming a plummet.
This, with s perforated glsses tube about it to hold it up-
right, was heated in an oil bath. An electromagnet was placed
about an inch abeve the plummel and when a current was passed
through the coil of the magnet, the plummet would be attracted
to the magnet as long as the carblde was magnetic. On heating,
no change in the behavior of the plummet wag noticed until a

temperature of asbout 200° was reached. The response of the
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plunmet then decreased rapidly until at about 218° 0, it
refused to be moved. Although this experiment proved that
izon carbide underwent a magnetic transformation and located

ite tempersture aspproximately, 1%t was evident that a more

sensitive apvarstus was necessary.

A magnetometer was then constructed which consisted of
a ring made of thin glass {ubing, filled with iron earbide
and wound with a primsry and a secondary of asbout 100 turns
of fine enameled oopper wire, The primary was connected
through a tapping key to a source of direect current, which
was controlled by & rheostat snd wes kept constant during a
determination. The secondary was attached to a sensitive
wall type galvanometer, This assembly is essentlally an
alternating current transformer in which the iron carbide acts
as the core material. The current induced in the secondary
should be proportional to the permesbility and the magnetiza-
tion of the core material. The ring and coils are shown full
size in A, figure 4. When the key is closed a current passes
through the primary and a current is induced in the secondary.
The magnitude of the Induced current is measured by the
maximum deflectlion of the galvanometer,

This assembly was plsced in a well insulated oil-filled
thermostat, equipped with a stirrer, two immersion heaters,

and an automstic temperature regulator. The bath could be
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heated or cooled slowly; or it could be held at any desired
temperature., Temperatures were meapured by a calibrated
thermometer sttached to the coil. The continuous type of
heating and ¢ooling experiments was run at the rate of 2
degrées per minmte and readings were taken at 30-second
intervals,

The experimsntsl resulté are presented in the form of
curves, figures B and &, in whioch temperaturs is plotted
againet galvanometer deflections in scale divisions, The
maximun galvanoneter deflection was about 30 scale divisions
while the carblde was magnetic and about 15 when nonmagnetio.
This decrease occurred between 198 and 215° ¢. The maximum
deflection of the galvanometer is influenced somewhat by the
manner of cloging the key. There is also some lag in temper-
ature between the thermometer and the carbide.

The information gained from the experiments described

sbove ig susmmarized in table IX.

Table IX
Summary of Dats

Initial Practically Second Ho change
Heating breake completed at- Dbreak at- above-
Qurve 1 198° ¢. 214° ¢, 218° @, 230° 0.
Curve 3 200,5 211 218 223
Gurve 5 198 e e 333
Qurve 6 198 211 315 ——
Gooling
Curve 2 185 214 218 230

Curve 4 197 210 214 317
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The data for curve € were obtained in a different man-
ner., The regulator was set for each temperature and the tem~
perature of the bath was kept constant until a series of -
readings had been made at that temperature. After the coil
bhad reached constant teuwperature, readings were taken after
B, 10, 15, and 30 nimutes., The purpose was to determine the:
effect of tire upon the transformstion. There was no change
in the readings at any temperature even after 20 minutes,
This fact shows that the transformstion ie not a slow change
which would be completed, if sufficient time were given, at
some temperature below the maximum 215° C., but that regard-
lese of time only a certazin part of the mapgnetism is lost at
each temperature. The ravexgibiliﬁy of the transformation
will be shown in a more conclusive manner in the next series
of experimenis to be presented.

The transformer experiments show that the magnetio
transformation in iron carblde on heating begins at about
1$$0v$. and is practically complete at 211° Q., that 2 olight
loss in magnetism ocours up to about 218° ¢. and that prac-
tically no change oocurs above 320° ¢, Some of the curves
indicate a hysteresls of 3 or J degrees. Thie lag is belisved,
framjlaﬁar evidence, to be due to experimentsl error, and not
to represent a true hyesteresis beitween the points on héating
and cooling. We are unable to explain the bresk in the curves

0
at 215 O, unless it is slmply the end of the transformation.
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the megnetic transformation by the hydrometer method

In order to measure the magnetic change in iron carblde
more accurately and more éireetly, an apparatus was designed
in which the force of attraction of & magnetic field of un-
known but constant strengih upon the carblde could be measured.
This apparatus is shown in B, figure 4. It consists of a hy-
drometer bulb designed so that it will float perpendicularly
in the oil bath, and a coll which produces the magnetic fleld.
The esrblide to be tested wus sealed up in the hydrometer stem
a litile dlstance above the Lulb. It was pscked in tizhtly in
ofﬂer that any magnetic pull would be transmitied to the hy-
drometer. The exposed end of the hydrometer carried a pointer
and a small cup for the addition of shot to compensate {for the
changes in specific gravity of the oil., The magnetizing coil
was wound around a glass spocl which was firmly held in place
by a glass rod sesled to the spool and held in =z clamp at the
top of the thermostat. The spool carrying the coil was placed
around the hydrometer stem Just above the carblde and was
large enough to permit it to move freely up and down. Ythe
exact positlion of the coill with respect to the carbide was so
adjusted as to give the maximum rise of ithe hydrometer when it
was welghted to the zero point on the scale. A millimeter
gcale was‘mmanta& just behind the polnter, by which the rise
of the hydrometer could be mesasured, The Lhermostst was the

same ag that used in the former experiments, It was necessary
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to stop the stlrrer during the adjusting of the hydrometer so
that the pointer stood on the zero point and Guring the taking
of readings. In thils apparatug the atiraction of the magnetlc
field upon the carblde is balanced by the force of gravity
acting upon the hydrometer. The changesin viscosity and spe-
cifie gravity of the oil, with tempsrature, are factors which
influence the rise of the hydrometer, The change in specific
gravity is compensated for by the addition or removal of
welghts, so that the same net weisht is in operatlon during
the run. The decrease in viscosity of the oil during heating
operates to increase the rise of the hydrometer and therefore
to minimize the effect due to the loss of magnetism. It was
not found necessary to run blank determinations, using, in
place of the carbide, a magnetic substance which has no trans-
formation in the temperature range, in order to determine the
effect of these two factors.

Heating, and cooling dats are obtained ln the following
manner. The regulator is set for the desired temperature.
The heaters and stirrer are turned on, and after the bath has
resched the desired temperature and 1s remslining conétamt,
the stirrer is stopped. The hydromelter is quickly welghted
20 thal the pointer 1s on zero. 7The key is tapped, and the
rise of the ﬁy&r&@etew is noted. During a fun, the current
through the magnetizing coll 1s kept constant., About four
hours are required to complete & heating or a cooling run,
whieh should insure equilibrium conditions in the carbide at

each temperature,.
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The data from the hydrometer experliments are presented
in the form of curves in figures 7, 8, anc 2. In these ex-
perinents, two hydromelers were m&é&. Hydrouseter number 1
samh&iga& the iron ecartide prepared by hydrolysis and hydrome
eter numbsr II that prepared by the perchloric szecild method.
The data for curve 10 were obtained by allowing the thermo-
stat to cool with the heaters off, Sowe lag in tenperaturs
between the carbide and the bath may be involved in this ex-
yeriﬁ&mt¢ All other experiments were male by setting the
regulator for esch temperature. In some of the experluents
both the maxloum rise of the hydrometer and the rest posi-
tion were taken. The rest position 1is obtalpned by holding
the key closed until the hydromeler oomes approximately to
rest. In all curves except Lthose indicated, the maximum
rise in millimeters lg plotted against tempersature. The
rest positions, as shown by curves lla and 1lb, give sinmi-
lar curves.

The complete dats for curve § are presented in table X
in order to show the precautions taken Lo deteramine the
gffect of time and previous trextment upon the magnetic
properties and upon the rate ab which magnetic equilibrium

is resched in the carvide,



Table X
Data for Qurve 9. Hydrometer Ho. II

Hax., Rest Hax. Rest
Temp. Rise Point Tenp. Rise roint
168° 0. 7.0 ma. 5.0 mm. 203° 0. 5.5 mm. 3.5 mm.
188 7.5 5.0 204 5.8 3.5
171 7.0 5.0 Held one hour at 304.
173 7.5 5,0 Qooled to 300, The reading:
178 7.5 5,0 800 8.5 —
178 7.5 5,0 2085 5.25 3.0
183 Te5 5.0 207 4.0 2.85
188 7.5 5,0 210 3.0 2.0
183 7.5 5.0 213 3.0 2.0
188 ?.5 5.0 313 2.25 1.25
198 7.0 4.5 214 2.35 1.358
After 215 2.0 1,35
20 min. 7.0 4.5 317 2.0 1.2
=200 6.5 4,0 319 1.75 0,75
Lfter 248 1.5 0.5
A0 nin. 8.5 4,0 239 1.8 0.5
201 6.5 4,0 231 1.5 0.5
a0z 8.0 3.5

The procedure illustrated in the data for curve 9 was
frequently praoticed. A msasurement would be made near the
initial break, 197° ¢, The tewperature would be held constant
for some time and other readings would be taken. In other
instances the run would be continued to some higher or lower
teuperature and would then be returned to the former tempera-
ture. The readings at a given temperature always agreed,
regardless of the previous trestment or the direction of ap-
prosch. This agreement definitely proves that wmagnetic eguilie-
brium is rapidly reschsd im the csarbide and that there is no

hysteresis lag in the transformstion,
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Discussion of Results of Magnetic Analysis

According to the megnetic analysie experiments there
is a lose of magnetism on hesting, beginning at about 197° g,
and extemding to about 210° 0., at which temperature the oar-
bide i=m practically nonmagnetic. The magnetiem then remaine
practloally constant to about 218° C., above which there is a
suall loss, On cooling, the magnetism is regsined =t the
game temperatures at whioh 4t was loast on heating. The heat-
ing and cooling curves are superimposible, with no temperaturse
veriation. The small break in the neigbborhood of 213° 7,
appeared also in the former set of curves. The curves in fige
ures 5-9 show that the magnetiq transformation in iron ocarbide
ogcurs over & tempersture range, and not at a definite tsuper-

ature, and that the transformetion is completely reversible.

Theoretical Discussion

Perromagnetism is an atomic property and results from
the unbalanced masgnetle flields produced by electrons rotating
about the nucleus of an atom and epinning on their axes, In
many abtoms these magnetic flelds are so oriented as to neutral-
ize each other. The resulting atom is nonmagnetic., It is
only in the transition elements of the first long period, Fe,
Co, and ¥i, in which strongly unbalanced fields are found.

In Fe the ¥ or third shell contains a 2, 6, 6 arrangement of

its eleotrons and the shell is incomplete, The two lower
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shells are completely filled, and the outer one contzins two
electrons, The direction of the spins is such that they are
81l balanced except the last 8iX in the M shell. Filve of
these are believed to have positive spins and one negative,
The iron atom is therefore ferromagnetic, In order for a
substance Lo be ferromagnetic in the sggregate, the magnetic
fields of the atome within small portions of the subst&noe,
called “domsins", must be parallel., A force operates between
neigﬁ@ering atoms 1o keep their spins parallel., This is
known asa the "exchange" force and is determined by the ratio
between the diameter of the atom and the diameter of the
electron shell in which the eleciron spineg are uncompensated.
The allignment 18 also influenced Ly the arrangsment of the
atonms in the crystal lattice. The exchange forces which
operate to keep the spins parallel are opposed by thermal agle
tation. ¥When the thermal sgitabion prevalls, the Curie point
is reached and the subslance ceases to be ferromagnetic. It
seems reagonable thersfors that all magnetic transformations
shonld take place over a temperature range; and that thermal
agltation al one temperature would be sufficlent to disallign
certain domaing, and that & higher tempersture would be re-
quireé to dlsallign others, This is elimilar to the
"Barkhausen® effect, whiech is shown by the increasing magnetic
field required to orient the various domains and thus to com-
pletely masgnetize the material. A msgnellc subsidénce ls not

magnetized as long ss the domeins nave random orientatlon.



3B

In order to be wagnetized o specimen must be acted on by a
magnetic field of sufficient strength to orient all domains
parallel,

The fsoet that iron carbide ils strongly fervomagnetio,
and that 1t loses its nmagnetionm at ﬁg, & tewperature wuch
lower than Ay, the magnetic transformation of free iren, is

proof that iron carbide ig a compound.
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GENERAL SUMMARY

In Part I, a new and éimple method has been described
for the separation of iron carvide from iron-carbon alloys.

In Part II, it has been shown that the carbon evolved
by acid hydrolysis of iron carbide, plus the free carbon
formed, equals the total ¢arbon present in the carbide. This
proves that the carbon-containing products formed are elther
gases or volatile liquids. The resction between hydrochloric
acid and iron carbide produces sbout 12.5% of the total car-
bon as free carbon and the remaining 87.54 as volatile hydro-
carbonsg.

The gases evolved were found to be composed of 83.4%
free hydrogen, 11.5% methane, and 4.62% unsaturated hydro-
carpons.,

In Part III, the Curie point or magnetic transformation
in iron carbide was found to take place over a temperature
range, whose lower temperature is about 197° C. and whose
upper one is about 215° C. The main nart of the transforma-
tion was found to occur between 198 and 210° C. A sm»all
chenge in megnetism was found at 215° C., The magnetlc

transformation was found to be comnlebtely reversible,
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