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The three double line irom-carbon disgrzams in most gen-
erel use at present are those of Benedict(l), of Ruff‘z), end
of Wittorf(z}. Tae portion of these three diagrams, which
is irmportent in explaining the grsrhitizing properties of
pure iron-cerbon alloys below the solidification range, i.e.,
below about 1134° ¢, differ only in the relative slopes of
the carbon solubllity and of the cementite solutility lines.
{The latter will be called the Lem line.)

Benedict's disgram shows the slope of the iem line to
be greater than that of the carbom solubility line. FWittorf
indieates that the two lines are parallel while Ruf?f has
drawn them with the cerbor solubility line having the grester
slope.

Benedict!s disgram would reguire 21so, o3 would Wittorf's
88 well, that pure iron-cerbon alloys should graphitize com-
pletely on cooling slowly since the carbon solubility line
lies to the left of the cementite solubility line. Rufi's
diagrsm, however, offers the possibility of an intersection
of these two lines. At this point of intersection, and for
temperstures below it, iron-carbide should be stsble.

It is therefore evident that & knowledge of the stability
of Pe3zC in the vicinity of the lower critical range is of very
greet importance.

(1) Metellurgie, 5, page 45 (1908).
(2) Metsllurgie, 8, page 457 (1911).

(3) J. Russ. Physical Chem. Soc. 45, 1613 (1911). (Qriginal
erticle not resd.)
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Zquilibrium values ottzined by methods similer to0 those
of Schaéi)make vossitle the calculetion of the heat of form-
gtion of TezC, 2z well es the determinetion of the stebility
or metastability of iron carbide at temperatures immediztely
telow the lovier critical.

Campbell(é) rerorted 2 value of 8494 cal. which he ob-
t2ined by dissolving iron and iron-cerbide in cupric chlor-
ide solution, =2ccording to the rezactions:

Fe + 6 CuCly = 3 FPeClg + 6 CuCl and
FegC + 6 CuCl,; = 3 FeCl2 + 6 CuCl -~ C.

His method of calculation demends that the carbonm be
left wholly in the form of the element carton.

Since he found it necessary t0 use considerable hydro-
chloric scid in order to bring sbout complete solution of
the iron-cerbide, and, since considersble portions of the
combined carbon is converted into hydrocarbonsgs under such
conditions, it is to be expected that his result would te in
error. Ruff pointed out this objection.

Schenck, Semiller and :~‘a.1k(e5 )calculated the value 8940
from data vhich they ohtainéd from their work on CO and COg
equilibria with various groupings of the solid pheses, iron,
carbon, iron carbide, end the oxides of iron. The nesr
sgreement of their value with that of Cempbell, they consig-
ered evidence of the correctness of their work. It is not

Jour. Iron & Steel Imstitute, No. 1, page 211 (1901).

4)
5) Berichte, Vol. 40, page 1709 (1907).

(
(
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evident from Schenck's work vwherein his error was mede, but
it is entirely ;ossible'that he assumed the rresence of
rhases waich did net exist vhen he took his ecuilibrium vel-
ues for the ges phese.

zugf (6} vy direct combustion in = bomb colerimeter,
okteined = velue of -15100 czlories, & velue in wide disagree-
ment With that of Campbell and 3chenck. '

It seems significant $that the difference tetween the vel-
ues of Cempbell 2nd Zuff is neser the value of the heat of
formation of the hydrocerbons, methane and ethane. In his
work, Ruff enalyzed the oxlides of irom produced during the
comtustion to determine the portions of ferrous snd ferric
oxides resulting. Though he does not give deteils of his
method, it would sprear thet this wvzlue of -15100 is of the
correct order of megnitude.

A number of workers, of whom Schenckl?) wss the first,
pointed out the catalytic sction of CO end COp &s a carrier
of carton. They represent the sction a&s being:

C + c02 = 2¢O
S Fe + 2 C0 = TFezgC + CO2

The net result of these reactions in one direection vro-
duces cerbonizing while in the other direction they produce
gravhitization.

It is plain from the foregoing reactions that s0 long &s
tbe sclid pheses irom, carbon and iron-carbide exist the ac-

{6) Berichte, Vol. 45, Part 1, page 63 (1912).
(7} loc. cit. Berichte, 40, page 1709 {19¢7).
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tion is strietly that of 2 catalyst since the gss composition
does not change =nd the initizl substcnces a2re carbon «nd

alphe iron with the produet FezC resulting.

One of the grestest difficulties in determining the
stability of iron-cerbide and of austenite has been the ex-
treme slowness of actions iﬁ the vicinity of the lower crit-
ieel range. Since the equilibria determined by Schenck and
co=-viorkers were obtained in gomparatively short times, it
seemed that 2 mixture of carbon monoxide and carbon dioxide
wounld coffer possibilities of arriving a2t some very important
conclusions as to the position of the carbon solubility line
in the vicirity of the lower critical range.

Becsuse of the discrepancy between Schenck’s and fufi’s
velues for the heat of formstion of iron-carpide, no credence
ecould be given the results of the more extensive use of this
catalyst in solving this importsnt problem until it was
shown thet the results obtained from direct czlorimetric de-
terminction =nd by methods based upon the setions of carbon
monoxide and carbon dioxide wWere brought into agreement.

“he present investigetion wes taken up in a&n attempt to
establish the correctness of ome or the cther values for the
bheat of formetion of iron-carbide By use of the vant Hoff
equation and equilibrie between ircon, iron-csrbide, e2nd car-
bon monoxide, and carbon dioxide.

4 value in feir sgreement with Ruff has resulted snd

some definite conclusions as to the stability of iron-esrbide



et temperziures &s low 2os 650° ¢ have been resched.

PREPLIZATION OF ALI0YS.

Pure iron-carbon £lloys were mede by melting irmeo iron
rods in contact with 200 mesh graphite in a2 magnesie lined
graphite cerucitle in a2 resistor furnace. The magnesia 1lin-
ings were made from Beker's inelyzed highest purity igO.

The melt was allowed to solidify in the furnace 2nd then re-
moved t¢ cool to room temperature from white hezat. The slloy
rrepared a2s described and weighing 150 grams wa2s annealed 2%
7500 ¢ for e2n hour. .fter = microscopic exumination proved
the a2bsence of graphitic carton the scmple was freed from
scale and mede into twrnings on the lathe.

s chemieal anelysis was made of one of the slloys which
gave the following composition: i

c S si ? ¥n ;
1.05% 0.027% 0.04% 0. 0048% 0s 04355 ,

Silicon determinations made on alloys prerared at diff-
erent times resulted in remerkevly close sgreement. XFor that
reason & comrlete enalysis on eech 8lloy was not made. 3

The arperatus used in this work was designed to neet the
reguirements o0f this perticuler probiem. It was constructed
of Pyrex glass with the excertion of the large gas reservoirs §
which were of soft glass and the resction chamber which wes
of fused qguartz.

The carbon dioxide wes generated by the aetion of 1:1

recently toiled C. F. sulphuric acid om sodium bicarbonzte

OV
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suspended in freshly boiled water in a Xipy genmerator. The

ges was led thru a calcium chloride tube snd stored over con-

centrated sulrburic =cid.

v
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The carton monoxide was prepered by dropping concentreat-
ed sulphuric acid onto chemically pure sodium formete, moist-
ened with weter in g two liter flask, meintained &% 95°-100°
Gentigrade. The gas wes conducted thru & short distilling
hesd to condense most of the water wepor. This was followed
by passing slowly thro & six inch roll of fine copper gauze,
heated to glowing, there the traces of oxygen were removed

and the equivelent of cerbon dioxide was formed. The traces

[T U VO P PR
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0f certon dioxide were removed by soda-lime snd the vpurified
cerbon monoxide stored over conmcentrsted sulpnuric acid.

Gaes mixtures of definitely known composition were used
in cherging the reaction chamber. In preparing the mixtures
the following procedure wes cerried out:

Eveceunte ot X with stop cock L closed but with B, ¢ and
D open. This draws the mercury of grasduzte tube F up to E.
Close C end open . to the left urntil CO ges f£ills ¥ at stmos-
pheric pressure. (Close s end raise mercury reservoir i, turn
D & bhelf turn and allow the ges to flow thru disrlacing the
mercury in the storege chamber H. 4Adjust mercury levels to
atmospheric pressure and close D from I. Evacuvuete as telore
to remove traces of carbon monoxide and repest using COg to
bring the proportions to the desired velue.

Right grams of turnings from the R-C alloy were placed
in & porcelzin boet in the resction chamber. This chamber
was fitted into the Pyrex gless cap by & cerefully made

ground joint which was sealed on the outside by hard wex.

The guartz resction tube was 51m132r vo the one used by Schenk,

with two slight changes i.e.. an 1dantat10n for the thermo-
couple and a guartz plug to d;sflaqq tng gases in the cold
end of the tube. Einally; the réaction chenmber wss connected
with the remsinder of the zpperatus by sealing together at

point R.

In order to0 insure agsinst oxidation by 2ir or water ve-

por, the reaction itube wes evacueted at room temperature for
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20 minutes ty means of = high vzc rump. Stop cocks C end P
were closed vhile H =nd 0 were open. The furnsce wes heated
at cuch & rete s to recch 750° ¢ in sn hour and s helf.

The vumping wes continued sni the temperature neld 2t 750° ¢
Zor ztout 20 minutes to remove the sirain ceused by mackining
the 21loy. In order t0 guard ageinst even traces of oxide
the 2l1loy was trested with pure carbon monoxide at this temp-
erature fcr 2 few minutes. he gas vwes pumped out &nd R
closed. This zrocedure for the reduction of the oxide gove
uniformly good resulis. The surface of the metal was left
silver vhite in color =nd free from traces of either graphite

or oxide.

At this point, when the reaction tubte was evacusted, freed

from oxide end meinteined &t & uwniform tempersture of 750° ¢,
the gas nmixture wes cautiously edmitted thru T end 0, and the
furnace cooled t0 working tempersture. The gases in H apd
the reaction tube were meintained 2t etmospheric pressure.

The time required for the gsses to0 reach equilibrium wes
found to te dependent upon seversl different factors =nd was
determined oy trisl. The period wes considersbly shortened
if the gases were mixed from time to time during the first
few hours by r2ising a2nd lowering the mercury reservoir a few
centimeters. Vhen egquilibrium had been esteblished, the stop
cocks C, T and O vere closed while ? and N were opened.

The method of removing the ges for analysis was thet

employed by Schenck. Suction wes applied dreswing the mercury
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ip irn the lover tubes of I. These tubes viere made of suffi-
cient leugth to rroviie 2 mercury columm waich exceeded the
berometer height bty severzl centimeters. I was tnen closed
and ¢ opened. The geses rushed out and the m=2 jor portion
collected in I. 3By closing ¥ end raising the mercury reser-
voir, the gases vwere forced out thru the lower U-tube where
they were collected for snalysis. The volum_e collected from
one heating sveraged about 2% cubiec centimeters.

The sna2lysis of the gcs was made bty the Eempel method,
using mercwry &s the trapping liguid in & small specizlly
mede ges burrette. The carbon dioxide was absorbed by 405
X3 solution gnd the CO was determined by absorption in cup-

rous chloride. The error in reading did not exceed 1 Cu XK

which is well within one-helf of one percent.
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:Cerbon : Initisl :2quilibrium:iiixzture: :

Samrle:Content: Charge : 814 : CC2 :Time:Tempe.
I :1.05 :947%00 & 65002§ 76.27  125.75 :1chrs.700°C

1 g 1.05 g seme } 74.78  125.22 f20‘hrs :700°¢
I__:1.05 g seme E 7466 :25.38 :2 20 Ours: -700%

I :1.05 :  seme i 64,04 §35.96 s52nrs: 550°c

I ii.os % seme é 64064 555.35 % S4hrs: 550°c
II § 1.55 5 same E 64.8 Ess.a Elvhrs 650°¢C
II  : 1.55 :  seme . 64.28  :35.71 124hrs:65000
I :1.55 :  seme . 64.42  155.57 :43hrs:650°C

Hote: This eguilibrium wes resched by bolding the tempera-
ture at 675° C for tem hours =nd then raising to 700° ¢ for
the remeinder of the reaction period. The purpose of this

wes 0 approach equilibrium from the COp side. The good
agreement between these velues for 20 hours ot 700° C was tak-
en as substentiel evidence thot eguilibrium had been reached.

Tne ten hour run hed evidently not reached equilibrium.
These values were not used in the caleculation.

The eouilibrium of the geses in contact with the 1.55/%
cerbon 2lloy at 650° G gave uniform velues. Free graphite
wes not foumd.

Pwo determinations were made with the high cardon slioy
2t 700° C. Both resulted in a small smount of free graphite.

These resulis were likewise discarded.
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DISCUSSIOK CF AESUILTS.

“ne average values of those shown in the tsble were used
in the calculstion. XZquilibrium velues were tsken st 700° ¢,
&s 25.275 COg end 74.73;5 C0. The sverage vaiues at 650° ¢
were 55.58% C0p end 64.42% CO.

Ynowing the purity of the iron-czarbon slloy snd having
the assurance that eguilibrium was established, the eguetion
mey be written:

(1) FegC + CO0s = 3 Fe + 2 CO
The equilibrium constant for the sbove rezction may be

o2

written K = X CO, Xnowing the velues for X and Xy at the
i)
=C0g

temperstures 6500 ¢ snd 700° ¢ respectively, it is rossible,

by meens of the Van% Hoff ecuztion, to calculate 2 mean of

the neat of this resction.

in 2281 = AEH [l - 1]
T°186 X |%923 V)
Solving for ~A.H amd changing to common logarithms,
DHgy50c = 22800 calories
or writing the thermo-chemicel ecuation
FezC + CO02 =3 Fe + 2 CO - 22800
The essumption was mede that the heat of reaction was
nearly constant over 2 fifty degree interval. The term
153675°C therefore represents the mean value.
In order to csleulate the heat of formation of FezC et
room temperature it is necessery to correct the wveluwe of 22800

for the difference in hest capacity between the factors snd

e g g+ = m < emme m < e e
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resultents in the cbove reaction. The neat of reaction &%
650° ¢, wnieh is 22800, will be designated ss AZs. The heat
of reaction at 20° C, t0 be solved for, will be rerresented
by AHj. The principle of the conservation of energy requires
that:
SCp + AEp T30 + AR

vhere Z Cp represents the beat capscity of the factors enter-
ing the reaction and S Cg the same far the resultants of the
reaction, both being rzised thru the tempersture intervel,
20° ¢ to 675° C.

Solving for ANHj snd gubstituting the determined velue
for ANHs:

AHy = 22800 + ZC0p - 20g

sssuming the molecular hezt of FezC to be equal to the
sum of the stomic heats, then 5 Fe mey be cancelled from both
sides of equetion (1). This mekes the variation of the heat i
of reection identical with thet of ¢ + COg = 2 CO. Then ;
expressing the heat capacities ss functions of T, as taken
from Iandoli-Bornstein tables end setting up the equation, we

i

7
have AHpp = 22800 + [(7.0 < 7.1 x 10797 - 1.86 x 10~5%2)at

93
Ky . #
+ [(0.31 x 12)dt - 2 Z(e.a + 1 x 10~97)at.
93

293
solving, NAHppop = 22800 + 69 = 22869.
The heat of the reaction at 20° C was shown to be 22869 czl.
By'setting this value in the thermo-chemical equastion and

substituting for CO and CO2 their heats o¢f formation from

o e - e



grephite,
Fegl + C0g = & Fe + 2 CO - 22869

18331 + -94800 - 53600
the heat of formetion of FezC is shown to have the negative
value, -18331 czl.

vhen the values for O and COg are those corresponding

to formation from amorphous carbom, the egustion becomes

FezgC + (-97,000) = -58,000 + (-22,869),
vhich gives the heat of formetion of FezC as -16,131.

is wes stated earlier in the peper, the wvalue obtained
bty Ruff by s direct cslorimetric method was =15,100. It
should be stated that when csleulations sre mede Irom indiv~
iduzl observations of Ruff, velues ranging from -14,000 to
-18,100 result.

From the fzct that the equilibrium comstants at 650° ¢
and 700° ¢ for the g=ses in contect with FezC and ferrite,
are greater than those for csrbon at the same temperature,
it must be concluded that FezC is mete stable toward carbon
end alphs iron at these temperatures. Since FezC is meta-
stable irmediately below the lower critical, it is concluded
thet the carbon solubility line and the scm line do not inter-
sect irmedistely a2bove the 43 point. |

¥aen values were taken from Falcke'ls deta and calcula-
tions mede by use of the Vant Hoff equation as was done above,
e hest effect corresponding rether closely to that for the re-

egction ¢ + CO0g = 2 CO was obtsined. This is true whether

e et b -2 v aamm s e

-—— e am e o



. P

deta are taken from table "Reines Zigen" or "Gekoltes Eisen".
This sppears ¢ indiczte that the equilibris which he reported
vere those of these zeses in contact with carbon, instezd of
the metael vhich he z2ssumed. This czrton probebly resulted
either from the deposition of soot or from the brezk down of
the iron cartije in the a2lloy used in his work.
If it is assumed thet the vz=lues given by Pelcke for O,
02, ®e and Pe3C zre correct, then the close egreement between
the two heat effects may be used to rredict the heat of forms-
tion of Pe3C s follous:
Fegl + CO0g=2¢C + Q
C + C0g=20C0 + Qo
If, =5 was calculated, Qg is approximately equal to Q3, then

the heat of formstion of FezC must e nearly zero.

SUMHARY.
1. BEquilibrium velues for CO and COg in contact with Fe znd
PegC at 650° ¢ =nd 700° ¢ heve been determined.
2. By meang of these date values of -18,331 &nd -16,131 were
obteined for the heat of formetion of Fegl from =lphs Fe and
carbon, assuming graphitic cerbon in the Zirst case end amor-
thous carbon in the second.
3. FegC is found to be metasteble at temperstures of 650° ¢
end 700° c.
4, It is concluded that the carbon solubility and the Lom line

do not intersect in the immediate vicinity of 4j.
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