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I. REVIEW OF LITERATURE.

The three double line iron carbon diagrams in mosb
general use are those of Benedictl, of Ruffz and of Wit~
torf®, The portion of these three diagrams, which is im-
portant in exp1ain1nb the graphitizing properties of pure
iron-~carbon alloys below the solidication range, i.e., be-
low aboub 1134° C., differ only in ths relative slopes of
the carbon solubility and of the cementite solubility lines.
(The latter will be called the Acm line).

Benedict's diagram (Fig. 1) shows the slope of the Acm
line %o be greater than that of fhe carbon solubility line.
Wittorf indicates that the two lines are parallel, while
Ruff has drawn them with the carbon solubility line having
the greater sloﬁe. Benedict's diagram would requife élso,
&9 would wittorf's as well, that pure iron carbon alloys
should graphitize completely on cooling slowly, since the
carbon solubility* line lies to the left of the cementite
solubility line. Ruff'é diagram, however, offers the possi-
biliﬁy of an intersection of these two line$, AL this peint
of intversestion, and for temperatures below it, iron carbide
éhould be stable.

1. Metallurgie, 5, page 4O {1§08).
2, Metallurgie, 8, page 457 (1911).

3. J. Russ. Physical Chem. Soc. 43, 1019 (1011 ?
article not read). Chem. aAbstru c+s 8, page
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It is well known that iron carbide in commercial
white cast iron 1s meﬁastable throughout the entire ceriti-
cal range. In the case of pure iron~carbon alloys, how-
ever, this fact has not been established., At temperaiures
slightly below 1134° C. iron carbide is known to be metas-
- table. Honda states, however, that pure iron-carbon slloys
will not graphitize below 900° C. Schwartz has held & sam-
ple at 900° C. for over 2000 hours with no indications of
graphitization. A search of the literature yields nc re-
port of graphitization below 3007 C.
Haxwell ahd Hayes, however, in work done in this labo-

ratory4

established the fact that irom carbide is metasta-
ble at temperatures of 650° C. and 700° ¢. These facts |
would indicate either thet iron carbide is stable in the

temperature interval 700° C. to 900° C,, or that if metas-

table, it exists in a very persistent metastadble state.

II. THRORETICAL DISCUSSION.

The present investigations were instigated primarily
in ‘an attempt to establish the stability or metastability
of iron carbide in pure iron-carbon slloys in the tempera~

0 .
ture interval 700 C-. to 1100 C. If it should appeax

4. Jr. of the Am. Chem. Soc., 48, page 584 (1926).
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metastable in this range the fact would be established
that iron carbide is mebtastable in the whole critical range
up to 1134° Cs, that is, that the carbon solubility line
‘lies to the left of the cementite solubility line.

The results obtained were from iron-carbon alloys con-
taining an extremely small amount of impurities. The anal-
ysis of the alloys accompanies the results. While no claim
is made that the alloys are pure, the very low value for
the impurities present should produce behaviors approaching
very closely that of pure iron-carben alloys. With these
Tacts in mind, we resume our consideration of thege alloys,
calling them pure iron-carbon alloys for sake of conveni-
ence. .

It was evident at the outset of the investigation that
iron carbide, if metastable in this température range ex-
isted in a very persistent metastable condition. An at-
tempt was made to establish the optirum conditions for the
breaking down of iron carbide possibly by exposing it to
the action of some catbtalytic agent which would hasten the
rate of decomposition., Hayes and Scott5, in work done in
this laboratory, showed that in the case cf white cast iron

at a temperature of 927° C., carbon monoxide carbon dioxide

5. Am. Foundrymen's Ass., Preprint No. 480.
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mixtures at a pressure of D atmospheres increased the rate
of absorption of free iron carbide nearly 100%.

The following reacitions may be considered to accurate-
1y represent a possible mechanism for the graphitization
of pure iron-carbon slloys below the critical range.

(1) 2 CO = ¢ + COg

(2) 3 re (alpha) 4+ 2 CO = FesC 4 CO2

(3) FeaC = 3 Fe (alphaﬁ-+-c

The fact was pointed out by Schenck that the net re-
sult of remctions (1) and (2), l.e., reaction (1} procesd-
ing toward the right and reaction (2) toward the left, is
the equivalent of reaction (3) proceeding toward the right.

Now if we let AY¥y, A Fp, and AFy represent respec-
tively the change in the free energy content (the change in
the value of the Gibbs Zeta function, for a more complete
discussion of which see "Thermodynamics" by Lewls and Ran-~
dall, MeGraw-Hill) accompanying each of these reactions
when proceeding from left to right then the second law of
thermodynamics demands that AFy ~-AFg 5 AFg. If this were
not the case, a cyclical process iﬂvclvihg.readtion (3)
proceeding in one direction and of reactions_(l) and (2) so
as to carry outvfhe equivalent of reaction (3) in the oppo-

site direcvion, could be carried out in such a manner as to

accumulate an indefinite quantity of available energy.
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Thus, to be more specific, assume that reaction {3) repre-
sents a spontaneous process when proceeding from left to
right and that during the breakdown of one formula welght
of the carbide, a quantity of available energy ATz is
stored up and that this quantity of.energy is greater than
ATy -~ ATg, which latter guantity represents the available
energy stored up when the same change is carried out by
means of reactions (1) and (2).

Under such a set of conditions, it would be possible
to use a portion of the energy AFx to produce a formula
weight of the carbide Fezl from carbon and alpha iron by
means of the two reactions (1) and (2) earried out in the
Peverse direction. When this is accomplished, all of the
various substances are in the original condition and as a
net result we have galned a quantity of available'energy
represented by the quanitity Arz -~ (AFp - AFy). The con-
clusion thus reached is that AFz = (AF] - AFg).

The mass law equilibrium constants for reactions (1)
and (2) may be represented by the following expressions:

%1 = P1-C02 ana K5 = P1-CO2

P2C0 P2-C0
1 2
where p represents the partial pressures of the carbon mon-
oxide and carbon dioxide at equilibrium with the solid pha-

ses for reactions (1) and (2) respectively.
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Now AT = -RT1n¥y and A¥Fg = ~RTlnlg where the react-
ants are brought into the reactlon at unit pressure and
where the products of the reaction are removed a% unit pres-
sure {See Lewis and Randall, "Thermodynamics", MeCraw-Hill),
and where R is the molal gas constant and T is the absolute
temperature.

From these relations iv follows that

A¥g = AF) -~ AFg = RT(1loKg - 1nKy).
If reaction (3) is a spontaneous proceés AFz must be nega-
tive, i.e., the free energy content of FesC must be greater

than that of 3 Fe {(alpha)-+ C. This in turn requires that

KoL ¥7 or that F2-C0g P1-C02  or
Pg-co P12~CO

if the total pressure is constant at one atmosphere, this
requires that Pp-C02  P1-C02 and that Pg-C0 > P3-CO.

Above the critical range figure 2, which is ftaken from
Sehenck and which’represents the results of equilibrium ‘
studies of Matsubara, requires that the carbide in pure
iron-carbide alloys be étable. Attention should be ealled
to the faet that at these temperatures, the partial pressure
of carbon monoxide is higher in equilibrium with carbon than
it is in contact with saturated austenite and free iron car-

bide. Also, the partial pressure of carbon dioxide is
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greater in contact with iron carbide and sustenite than with
carbon.

That this condition of pressure gradient eiists when
iron carbide is the stablé phase in pure iron-carbon alloys
may be shown from & consideration of the changes of state
necessary for the formation of one formula weight of TegzC
from the gamma iron of austenite and carbon as follows:

(1) 2 CO0 =C + C0s

Free energy change = ATy = ~RT1Inky
(2) & Fe (gamma in C austenite) 4+ 2 CC = TegC + COp
Free energy change = AFp = -RT1lnKg
{3) 3 Fe (gamma in C austenite) = 3 Fe {gamma in Fezl
austenite)
Free energy change = ATy
Addition of (2) and (3) minus (1) gives
(4) ¥ Fe (gamma in ¢ austenite) 4+ C = FexC
Free energy of formation of iron carbide = AFy
or, AFy, = AFg - AF;+ AFyz = RI(1nKy - n¥s) ¢+ AFgz.
Kow 1f FegC 1s the stable phase, the free energy content of
the (C austenite)} and of the carbon from which Fezl is form-
ed is greater than the free energy content of the Fexl,
l.e., AFy is negative. Furthermore, AFg must be positiveo
This latter conclusion may be reached as follows,
Note: The expressions "(C austenite)" and "(Fe ¢ austenite)"

are used to represent austenite saturated with carbon
from carbon and from FezC respectively.
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The snlubility of a coastltuent fwrom a metastable sys-
ten iz always higher than irom a stable phase, I FPesl is
the stable phase, ausienite saturated with carbon Trom oar- -
bon conitains nore carbon vhan does ausgtenite saturated with
carbon from Fepl. This being the ease, the concentration
of gamma irven in (¢ austenite) would be less than it is in
(Fég ¢ austenite)., Sirce energy is reguired to transfer &
constituent from a lower to a higher conceabration APy ig
positive if FesC is the siable phase. Golng bsek to 2 con
sideration of tﬁe regiation

AFs =2 AFg « ATy + AFz = BX(1lnXy ~ InEp) +A¥s
the following conclusion may be reached,

AFg Ls negative since Fegl iz assumed to be the sitable
rhase and AFz is positive, tneryefore AFy must exceed the

gum of

o oY
:..’ “‘CO < E’E‘COZ’
Pe-C0 PECO
1 2
from whieh it will De seen thatl a pressurs gradient of COgy
should exist from carbon %0 Yol and ol €O in the opposite

direction,
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Congilderations exactly similar to these will show that
if ¥ezC is assumed to be the mctaSuable phase, Kg £ ¥j or
the directlon of the pressure gradients are reversed.

From the above treaitment it is to be expected that if
lron conitaining carbon near the saturated value is readily
permeable to a gas mixbture of carbon monoxide and carbon di-
oxlde, these gases should assist in the graphitizing process,.
Figure & shows the gas mixture acting as a carrier of carbon
from cementite to carbon spot, and in short, shows the sig-

ficance of the metastability of cemen%ite at this tempera-
ture.

A consideration of the mechanism by which a'gas mixture
acts will show definitely that a gas mixbture richer in car-
bon monoxide than that corresponding to the equilidbrium val-
ue for carbon will introduce carbon intc austenite saturated
with carbon from carbon. See figure 4., It also indicates
that a still higher value of carbon monoxide would convert
iron into free iron carbide and that a carbon monoxide con-
tent less than that corresponding bto eguilibrium ﬁith carbon
would oxidize carbon from a sample saturated withicarbon
either from cementite or carbon.

If then a pure iron~-carbon alloy be'subjected to a gas-

eous mixture, keeping on the carbon dioxide side of equili-
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brium values, it is %o be expected that at some depth in

the piece the gas mixture will reach an equilibrium value
with carbon. 1In the exterior of {he piece the excess car-
bon dioxide will act as an oxidizing agent, oxidizing iron
carbide to iron and carbon monoxide. As the gas mixture
diffuses into the piece, the carbon dioxide in contact with
iron carbide will continue to pick up carbon, by forning
carbon monoxide, until at a certain depth the gas mixture
reaches an equilibrium value with carbon. Immediately be-
yond this point the gas mixture should catalyse the break-
down of cementite and the formation of carbon according to
figure 3.

It was with these facts in mind that the present piece
of work was undevtaken. In figure 5 is shown the carbon
monoxide content of the carbon monoxide and carbon dioxide
mixtures in equilibrium with carbon over the temperature
range 650° C. to 1000° G. and at pressures of one and five
atmospheres as given in data from work of Rhead and wheeler®

The values for vemperatures below 8009 C. were obltained
by extrapolation from the higher temperatures where experi-
mental determinations were obtainéd by Rhead and Wheeler.

In fhis extrapolation the change in the heat content AH of
the reaction

2 0 = C+ COg

6. Jr. Chem. Soc., 99, page 1140 (1911).

®
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was taken as -41950 calories and the equation

Xz _AE Ji 1]
2308 log X; = R !Jrl - Téﬁ

was used.

III. APPARATUS AWD METHOD OF PROCEDURE.

The apparatus shown in figure 6 was.developed in
which gas mixtures of varying ratios of carbon monoxide
and carbon dioxide contents could be obtained and in which
those mixtures could be applied to the sample at pressures
up to 100 pounds per square inch and at temperatures up to
1000° ¢, A description of this ap@aratus and the manner
of operating it follows.

4 is a carbon dioxide tank, B is a pressure gauge and
C a control valve. D and H are drying chambers mede from
two ineh black pipe.eighteen inches long, threaded at both
ends and fitted with caps. These chambers are filled with
calcium chloride and phosphorus pentoxide. The carbon cham-
ber T is made from three inch black pipe, three feet long
threaded =* both ends and fitted with caps. This chamber
is filled with carbon. The lower end is filled with loose
gas carbon and the part exposed inside the muffle furnace
¥ is packed with powdered wood charcoal or graphite. A

thin layer of gas carbon is packed on top of this. This
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tube is filled only bto the point at which it emerges from
the‘furnace at the top. G is a chamber, similar in size
and construction to D and I and is filled with a 35 per
cent solution of potassium hydroxide to absorb any great ex-
cess of carbon dioxide. I is the pressure furnace. It is
made from a piece of ten inch steam main, eighteen inches
long, threaded at both ends and fitted with companion flang-
¢s. The ends are closed by bolting copper plates between
the flanges at each end. A rubber gasket between the plate
and the inside flange serves %o make the chamber hold pres-
sure up vo 100 pounds. In the center of this chamber is
placed a twelve inch heating element J. This is held in
place by a silocel vacking and heat insulator. The gas mix-
ture is led in through the rear plate directly to the end of
this element. The end of the element is closed with trans-
ite board washers. The elemeﬁt is heated by 110 volt alter-
nating current and the btemperature controlled by placing
rheostats in the cireuit. 'K is a nickel receptacle with an
iron lining on its upper surface. The sample is placed in
this and packed with finely divided carbon, graphite or wood
charcoal, leaving only the end next to the observation tube
P exposed., The ftemperature is fecorded by means of an opti-
cal pyrometeflfocused through P on the sample, The stopcock

L is left partially open during the anneal and the gas mix-
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ture burned at this point. AL frequent intervals samples
of the gas are withdrawn here, collected over mercury, and
analyzed for carbon monoxide and carbon dioxide by use of
an Orsat gas analysis apparaius,

The sample to be annealed is placed in ¥ and packed
with carhon ss desoribed. The receptacle is placed appro-
ximately in the center of the heating element and the front
vlate and flange bolted on. Traasite board washers with a
one-fourth inch hole may be used to £ill the end of the
heating element. They prevent considerable radiation and
are specially necessary in annealing long samples,

The tube G is filled about two-thirds full of the po-
tassium hydroxide sclution and is assembled in the line,
This and the carbon chamber should be refilled after each
aprieal but the drying tubes need not be filled more than
once in three or four runs.

After the muftle furnace has reached the desired tem~
perature the control valve C is opened slightly and the
carbon dioxide is allowed t0 pass slowly inte the. apparatus.
The stopcock L is left open and as soon as the gas will
burn here a sample is collected and analyzed. When the pro-
per mixture is obtéined, the stopcock is nearly closed and
the gas press§re is slowly built up. To reach a total pres-

sure of five atmospheres and a composition of about 95 per
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cent carbon monoxide, reguired about thirty minutes to
build up the pressure.

As soon as the proper pressure has been reached the
current is turned on in the pressure Ifurnace without any
resistance in the circuit. It reguired about fifteen min-
utes for the sample to come to dull red heat at this rate,
sn@ abount twenty minutes longer to reach 927° ©. By ad-
Justment of the rheostats this temperature can be accurate-
ly maintained for any given length of time. 0On cooling it
requires twenty-five %o thirty minutes to cool from 927° ¢.

down to dull red heat again,

IV. PREPARATION 0OF ALLOYS.

Pure iron~carbon alloys were made by melbing pure
Armeo iron and pure Acheson graphite. The iron was cut in-
to discs from rods, and the graphite was finely divided.
ieighed quantities of the iron discs and graphite were
placed alternately in a magnesis lined graphite crucible
and melted in an induction furnace. The magnesia iinings
were made from Bakers Analysed highest purity magnesium ox~
ide. The alloy was held in the molten state for one-half
hour to insure.uniform composition. The alloys prepared

weighed approximately 100 grams and on microscopic examina-
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tion proved to be free from graphitic carbon. A represecn-

tative analysis of the alloys gave the following composi-

tion:
S Si P Mn ¢
0.085% 0. 082% 0.0045% UL, 0457 ppsriA

V. EXPERIMENTAL DATA AND DISCUSSIOLR

o5

L]

Sample I: The original sample on which treatments
below were made is shown in Figure 7. I+ consists of free
cementite and pearlite. In Figure 8 and Figure 9 are shown
the results of a five hour anneal at 927° C. under a pres-
sure of 5 atmospheres in a carbon monoxide,vcarbon dioxide
mixture whose composition varied'&uring the run from 80% to
85% carbon monoxide. The samples were etched in 5% nitric
acid in alcohol. There was complete absorption of free
cementite almost ‘o the cenbter of the piece. 1In Figure 8
is shown the strueture abt a depth of approximately 3/16
inches., Absorption of free ceﬁentite is conplete and con-
siderable bull's eye structure is evident.,  In Figure 11 is
shown the structure at the center of the piece. LA compari-
son of this figure with the original shown in Figure 8 shows
a marked absorption of cementite and deposition of temper

carbon.,
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Sample 2: The original sample on which treatments
below were made is shown in Figure 9. This sample is sim-
ilar in swvructure o that of Sample 1. 1In Figure 10 are
shown the results of a 27 hour anneal at 800° ¢. under a
pressure of 5 atmospheres in contact with a carbon monoxide
carbon dioxide gas mixture conbaining 55% carbon monoxide.
From Figure 4 it will be observed that at 800° ¢. the equi-
librium value for CO\in a CO0 ~ C0g gas mixture in contact
with carbon under a pressure of 5 atmospheres is slightly
above 60%. This experiment, therefore, was carried out on
the COg side of equilibrium values, i.e., in a slightly ox-
idizing atmosphere. This sample, which was in the form of
& short rod, was polished on the side rather than'on the
end. By repeated removal of nérrow sections the course of
graphitization could be traced into the inberior of the
sample.

In Figure 10 ié shown the structure ftoward the exterior
of vhe piece. 4s is to be expected, the matrix shows hypo-
eutectoid structure., There is very little evidence of
bull's eye structure., Carbon had been thrown out and has
not been completely removed by oxidation. As the examina-~
tion proceeds toward the interior of the sample, the sitruc-
ture approachés that of a eutectoid matrix. Ab & depth of

approximately 3/16 inch the bull's eye structure, as shown
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in Figure 11 has developed. The structure of the matrix

at this depth is very slightly hypo-eutectoid. The compo-
sition is therefore very close to that one would expect Lor
pure iron~carbon alloy of iron~carbon eutectoid compo=ition..

7 on white cast iron com-

The work of Hayes and Flanders
positions indicates that bull's eye structure is'produced
during the operation of the iron-~carbon eutectoid. The fact
that similar structures were obiained in the present work
may be considered evidence of the operation of an iron~carbon
eutectoid in pure iron-carbon alloys, if the temperature at
which this point should oceur is very near 800° (. Since
the method of btreatment is such as to make certain that at
some point in the alloy compositions of austenite correspond-
ing to that of the iron-carbon eutectoid must be produced,
it is also possible that some of this bull's eye structure
may have been formed while cooling the sample. In thils case
the conclusion would be reached that the btemperature of the
iron-carbon eutectoid in pure irbn—carbon alloys 1is some~
where between 720° C. and 800° C. |

In Pigure 13 is shown the structure of the unetched
sample at the same depth as Flgure 12. Abundant carbon syoté
are in evidence. Iron carbide is not encountered till a

7. Trans. of Am. Soc. for Steel Treating, Feb. (1924),
page 183.
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considerably greater depth is reached. In Figure 14 is
shown the strucbure in this region. Considerable unabsorb-
ed free cementite is evident, as is also temper carbon. In
Figure 15, which is unetehed, is shown vhe structure at a
still greater depth. Carbon spots are still very numerous
in the pearlite areas. The structure shown in Figure 14 and
Figure 15 continues to the center of the piece with slightly

increasing free cementite areas.

VI. CONCLUSION.

The experimental date presented in %his thesis indi-
cates that under the conditioans of the experiment iron car-
bide is mebastable ab 800° C. and 927° C. Tt is & well
known fact that commercial white cast irons undergo an ex-
pansion when graphitvized. We would expect the same order
of expansion for pure iron-carvon white cast irons. We
should also expect, from pressure considerations alone,
that since graphitization occcurs at & pressure of five at-
mospheres it should occur even more readily at a pressure
of one abtmosphere since the decrease in pressure allows
more readily the expensiocn due to graphitization.

There remains the possibility that the decrease in
pressure of thé gas nixture from five atmospheres to one

atmosphere may decrease the solubility of CO and COg in

b
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iron and iron carbide in such a manner as to change the
activities of iron and iron ocarbide to values that will
make carbon stable as iron carbide rather than as carbon,
i.e., iron carbide might be stable in convact with these
gas mixtures at one atmosphere pressurec. In order for such
a. condition as this to exisb, however, it can be shown that
considerable quantities of CO and COp must be absorbed by
the metal, Iieasurements of the guantities of these gases
ébsorbed at five atmospheres pressure have not been made.
Consequently, it is only possible tc state that et 800° ¢.
and 927° C. pure iron-carbon alloys of approximately 2.34%
C content graphitize when in conbtact with suitable gas mix-
tures of CO and COp at a pressure of five atmospheres.

In other words, iron carbide in pure iron-carbon alloys
is a metastable phase in the presence of €O and COg mix~

tures applied at a pressure of five atmospheres.

VII. SUMMARY.

Pure iron~carbon alloys have been gra?hitized for the
first time in the temperature interval 700° ¢. %o 900° ¢.
Evidences are prescnted which suggest the operation of an

iron-carbon eutectold in pure iron-carbon alloys.
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Fig.l. Iron Carbon Equilibrium Diagram.
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Gas Mixture
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ig. 5.

Compositions of gases in equilibrium with carbon and in

equilibrium with alpha iron and iron carbide.
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Fig. 6.
Apparatus for Annealing under Various Pressures of Car-
bon Monoxide, Carbon Dioxide Mixtures.

A--Carbon Dioxide Tank, B and C-~Pressure Regulator,

T and H--Caleiwn Chloride Drying Towers, F--Hoskins iuf-

fle Furnace, Set on End, F~~Iron Pipe, Packed with Carbon,

¢--Potassium Hydroxide Tower, I--Silocel, K-~Sample, Pack-

ed in Graphite, J--Heating Hlement, L--Gas Cock, V--0bser-

vation Tube.




Fig. 7.
wtehed in nitric
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sample 1, original.
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rig. 8.
Btehed in nitric acid.

Sample 1.
in nitric'acid. x 90.

Center of plece.

sample 1, Depth 3/16
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Fig. 10. Sample 2, original. Fig. 11, OSample 2, close to
T4ehed in nitric acid. X 30, surface., Htched in nitric
acid. x 90.

Fig. 12, Sample 2, depth 3/16 Fig. 13. Sample 2 (deeper
in. Ritehed in nitric acid. than Tig. 12). Ebched in
x 90. nitric acid. x 90.
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