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' THERMODYNAMICS AND PHASE DIAGRAM
OF THE IRON-CARBON SYSTEM

_ by

John Chipman

ABS.TRACT v

A cr1t1ca1 rev1ew of published data provides a fairly accurate knowledge
of the thermodynamic properties of all of the phases of the system Fe- C that
are stable or metastable at atmospheric pressure. Selected data are- shown :
as tables and_equations,.. A proposed phase diagram differ’s’ only slightly
i‘rom others:f'recently published but has the following features. Peritectic
c,Ompositions and the.'a~'y equilibrium are shown to agree with measured
values of the‘ activity of Fe'in the solid and liquid solutions and_' the 'therrn‘o-
dynamic properties of _purel F“ef of all the reported carbides of iron only
tWo-may be ‘_S.tv"_llai‘ed'un’der equilibrium cond_itions. | 'The solubilities of |
c'e_xrientite and of e-carbide in a,._ Fe are deduced fr’orn measured _e_ouilil.)ri‘a. x
Both are .metastab].e 'at all temperatures with ,respect‘..to graphite-and 1ts
saturated SOlut‘ion in iron. 'fhe e-carbide becomes. rnore stable than
cementite below about 230°C. The'data on cementite support the suggestion '
th‘a't it has a','de.x.”ect_ 'svtru'cturev deviating from the _st-o_ibhiometric c.o'mposition

F€3C.'

4The'autho.r a fellow of T.M.S. and of A.S. M. , isProfessor'Em‘eritus ,

. . -Department of Metallurgy and MaterialsScience, Massachuset s Institute of

‘Technology, and Consultant, Inorgamc Materials Research DlVlSlOl‘l Lawrence‘
" Radiation Laboratory, University of California, Berkeley ThlS paper is a
joint contribution from both 1aborator1es. :



UCRL-20543

: THERMODYNAMICS AND PHASE DIAG RAM
- OF THE IRON- CARBON SYSTEM

by

John Chipman

"1. | 'INTRODUCTION‘
Probably ’everyone who attempts to do prec1se expemmental measure- '
ments on bmary alloys of iron-and carbon feels tempted to try hlS hand at
revising the 1ron-carbon d1agram. Now that I have been asked to prepare

a diagram for the Metals Handboolf of the Amer1can Soc1ety for Metals. I amno

_longer able to 're51st th1s temptatmn. Actually the dxagram of Hansen and
vAnderl»(ol is very good and the amcunt of rev151on requ1red is qulte mlmmal
The bsame can be said of the more recent dxagram of Elhott Glelser and
Ramakrishn'az.:. The latter had the advantage of the very accurate deterrm—
'natlon of the 'y sohdus by Benz and Elhott3 but omltted the nearly :
simultaneous_‘ .'publ-ica'ti‘on of data on the liquidus by Buckley and Hume-
.R'ethery‘l. In their sor‘neWhat older diagram: .Dar;k.en\.:and ‘Gurry5 savv to it |
‘that the b‘ounjdall‘.y" 1in.es. were consistent with '_rneasu_red" properties of the

3 phases invd'lv_ed,end vvith the laws of thermodynamﬂic-s.;' Thxs »prdcedure c',an '
be recornrnended to anyone who sets out to construct a phase d‘ilagra‘mb.-- The
the_rmedynarnic. properties of the individual cemponents and .in;plart.icularv
the__irr:.partial vmol_ar'-properties..vv_ithi'.n- the hor‘nOgeneo‘us phases prdvi‘de a -
more .Vccnlpgletezpictnre of the System than does.-_t‘hev phaseidiag’rarn allone_.‘ It
fx.s ‘intended:ithat, this paper serveﬁ as a review and ev.alu:ation.‘ef-vth"isv,‘l’{‘ind df

data with a vievv to revision of the compi,lation of Hultgren, Orr, Anders{)n,v
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and Kelley®:

The pc_)'ssizbilvities' for ‘mea_r.lingfulurevisi_on rest on several more recent
peblicatiens; Scheil . Schmidt and W{‘mni.ngi7 determined the thermodyhémic
proper'ues of Fe-C austemtes and cementite usmg the CO-CO, equ111br1um
A similar’ ‘study of austenite by Ban-ya, Elhott and Chlpm:m8 extended the
t}emperature range and derwed simple mathemat1ca1 statements for the
ther'mod}'mam‘i'c properties of the components. Former discrepancies
regarding solubilities of graphite' aﬁd‘ cementite in the o-phase have
apparently been greatly redueed By the recent work of Swartzg.

-Of‘ equal ‘importéhce has been the recent marked impfovement in the
data on the ’p‘roperties of pure iron. The heat of fusion of iron has‘been
lowered some 10 percent by recent studies of Ferrier and 01e1:te10 and of
M_orris',- Foerfs:te,r_,’_ Schultz and Zellarsll. The heat capacity of the solid,
particularly in the ’7-rahge has been revised by the work of Olette and v
| Fefrfierl'z, Ahdersoh and .Huitgfen13, Dench and Kubasc-hewski14, 'Braunls, ,
and of Wallace, Sidles and Daniel‘senls. All of these studies of the thermal.
properties of iron have been reviewed by drf and Chipman” \&ho derived .
precise value.s. t_‘brvthe' differences in Gibbs free energy‘betwe_en the several
: v. stable or metasféble phases.

In adc‘litioni it mest be pointed out that revision is required by the
: adopf_ion of the new ihternati-onal Practical Temperature Scale of 19 6818

accordihg to which a secondary reference, the melting point of palladium

“has been raised from 1552° to 1554°C. On this scale the melting point of

e v e s



iron becomes .1538 °’C wh11e lower f1xeti pomt‘s requzre smallevr or ncghglble
vad]ustment. Stnce practlcally all useful data are glven on the 1948 scale, th1s |
scale will be usad in some calculatlons and ad;ustments.wul then be apﬁhed to
conform to the new 'scale. To av.oi_d__smb1gu1ty, temper_;_;tur_es will be designated

(48) or (68). For many purposes the difference is tr'ivvi'al.‘

. THE AUSTENITE FIELD
The 1. cc solid solution is the heart of the‘ bvi'n.aryv_ syster'n: and its
properties and 'boundary lines arelrather‘welﬁl know_rx. The activity of carbort
as a function of temperature and coxrxp‘os.ition hss been determioed_ by many |
| observers, Chieﬂy through studies of the equiltbria |
| cempecHm, n
C+CO,=2C0 o 121
Arhong the older 1nvest1gat10ns of reactlon [2] those of Diunwald and Wagner19
' and of Smlthzo are in agreement w1th the more recent work of Schell7 et al.
(except at the h1ghest carbon: concentratlons‘) and of Ban- ya8 et al. vStudles
of reactlon [1'] have oeen subJect to errors espec1a11y at low - carborx leQels
~due to react_i.onof-methane wvxth res1du‘a1‘ gas 1mpur1t1e.s.. ThlS is thOught to
have been re"‘soorts‘ible’for.the differences ob'serve'c_i' by Smith20 between
activtty coefficients determined by th'e t\\roieqotlribriia.' It mva‘y hsve accounted
. also for the d1sadreement between the values accepted here and those of
Schenck a..nd Kaiser21 anti of Schurmenn Schmldt and Wegene1 2‘2, Studles'
base‘c-i;on v_r:e.action [2.] hsve not beeo imntune to'rsimllar but geqeraliy smaller -

errors which tend to become greater with increasing temperature and carbon



cqntent.

Ban-yé,‘ ‘Elliott and Ch’iprx‘ian8 covered a wide range of composition and
_ temperature an"d“iAnb- their analysis of the data included C().ns‘ideration of thé
earlier work. | Tﬁey expre.'ssed their results in terms of a v'ery.simple model
in which the actiﬁty of an ideal interstitial solute' is proportional to the ratio
of filled to ’ﬁnfiiled interstitial sites. Since there is one interstitial site per
_lat’tic':e’ a.'tom, thé idéal'activity at great dilution is

an ~ nC/(nFe—nC)‘ = y-C/(l -yc) ik o [31]

where y . is the ato:r‘n‘ ratio nC/nFe and the termvyc/(l -¥) may be abbreviated

as z,.. Deviations from the ideal at finite concentrations were represe'nted_ by

C

~an activity c'oe,ffi‘c’i"e'nt P c =a C /z C.which was found to be related to the
_concentration, Y by the simple equation

where ¢°C is it's"iralue at infinite dilution and 6 c is an interaction coefficient,
both being functions of temperature.

In their plot of log K versus 1 /T they found that a straight line based on

data at 900°- 1150°C fell outside the 2 ¢ limits at 1300°. A slightly curved line

' was therefore suggested and an equation was devised to fit it. It was known
that some dissociation of CO had occurred at the higher temperature and it"_ '
now appears that they méy_ have been overoptimistic with regard to the

accﬁracy of the 1300° V_data-. For this reason a simpler equation closely

,appfoximatin'g line A of reference 8 will be used here for all compositions and.

_ temperatures,'(l 968 scale) within the austenite field:

-



" [5] by setting a

o log aC
The activity of 1ron by the Gibbs- Duhem equat1on is:

2300/T 0. 920+(3860/T)yc+10g(yc/(1-yc)) (5]

log a = -(1930/T)y C+log(1 yc) | - - [6] -
The solub111ty of graphlte in austemte is readily calculated fr‘om equation
an equal to urnty Two other kinds of data are also ava11able
the direct rneasurements of Wells23 and of‘Gurry2 and a downward extrapo- |

lation of the solidus line of Benz and Elliott to the eutectic temperature. All

of these data are in rather good agreernent and average values are shown in

, Table 1. I‘or convemence the data on solub111ty of cementlte are mcluded but

a discussion of th__ese and of the a~Y boundary will be deferred to later_' sections.

 Both solubility lines are shown in figure 1.

~IIL - THE GAMMA-LIQUID EQUIL-IBRI"UM
~ The solid_us line of Benz and Elliott3 and a portion of the 1iquidu's line of
Buckley _and Hume—Rothery4 corrected to the 1968 scale are shown 'in figure 1.
_The solidus hasvbeen given a 'slight inflexion with downward curvature near
its lower end to.conform to the data.of‘Bar.x-ya8 et al'.’ Bot-n lines are superior

in accuracy to those of earher mvestlgators but are strongly supported by the

v. , earlier work of 'Adcockzs. The liquidus line. 1nc1udes a dotted extensmn to the_:"
’calcul:altec'i'17 melting point of *y-Fe.~ Interpolated values are listed in Table 1I

| . -and the entire hqulous line appears in f1gure 4. The activity of carbon at -

any temperature is the same at the 11qu1dus and sohdus cornpos1t10ns Values

calculated fror‘n equatic’m [5] are mcluded in the table.



IV. THE LIQUID PHASE
' The activity of carbon in liquid Fe-C alloys has been detef_mined by a
number of investigators using several methods. The best _accuracy has been
"achieved by Richardson and Dennis2° using the equilibrium of Eq.[2]. It is
- known that serious errors occur at high carbon content and the precision of
~ the data ifnproves as the carbon content and the CO content of the gas decrease. .-
Theii' experimental te‘mperé.tures (48) were 1560°, 1660° and 1760°C. For lower
' tem'peratures I have used the ac‘tivity in austenite at points along the solidus |
(Table II) to determine the activity coefficient in the liquid for comp051t10ns
g along the hquidus. For higher concentrations the solubihty of graph1te
furnishes a secure base where ac = 1. ' Using these data, and adopting the
form of Eq. [4] I have obtamed the equatlon27
.logAa 1180/T -0. 870+(0. 72+3400/T)yc+10g<yC/(1 yc)) (7.

It was sthn that 'this equation agrees fairly well with that of Ban-ya et al.
where '-liQuid--cnd solid data couid be compared. The agreement with .Eq. [5] is
- distinctly better as shown in Fig. 2 vvhere the points marking thelliquidlis have
been cailculatéd from the activity in the solid. A’t the peritectic the activity of -
carbon in the sohd by Eq. [5] is 0. 0199 while in the liquid by Eq. [7] it is 0 0185
- The discrepancy is negligible since it is equivalent to an error of less than k
:0.01 pct C in the peritectic austenite. Accordingly the activity at the. peritectic o
is taken as 0.019:0.001. D e

A 'summary of the activity of ca;rbonin austenite vand in liquid iron is givcn '

- in Fig.3. The chemical potential of carbon may be read as uc=4; 575T lo_g_aC.
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Tie lines in th-e 2-phase field are shown. iA line-for,‘.cem_enti-te_vs-rould be almost
indistinguishahle .on this scale from the graphtte line at log_ ac © 0 It would'
lie slightly above this line at alltemperatures'be'lows the .‘e-utec_tl_c'.:
The acti\tity of iron in the liquid as found by the .Gibbs-Duhern equation is:' |
log a e " -(0.36+1 700/T)yC+log(l yc) o | | ‘[8]. .
It has been Shownz that thlS agrees w1th the data of Syu, Polyakov and Samarng '
at 1560°, | |
The solnbthty of graph1te in hqmd iron has been measured by many 2 ‘
. - |
investigators. - Up to 1800°C excellent agreement is found among the data of -
Ruer and Blrenzg, Ch1pman Alfred Gott et al. 30._; and of Kltchener Bockr1s ’
and Spratt3'1.' Data up to 2500° were reported by Ruer and. Blren up to 2875 by
Cahill, Klrshenbaurn and Gr osse3‘2 and at 2050 2375° by Vertman Grlgoronch
, Nedumov and Samar1n33. Averaged values are shown in-Fig. 4 1nterpolated
data together w1th estlmates of probable accuracy are given in Table II1.
The selected eutectic at 1154° 'C and 4 26&:0 02pct C., has been. conflrmed by
'Ruth and'TuI‘pln34 who repo‘rt‘.4._ 2_810&2 and 4.3210. _03 res_pectlvelyvfor the
Fe-C and Fe Fe3C eutectics. - | | | | | |
The normal boiling pomt of iron (68) according to Hultgren Orr
-Anderson, and Ixelley35. is 2870 C. The effect of carbon on the vapor pressnre ‘ |
may be calculatcd on the basis of Eq [8] for temperatures up to 1800 °C. At

hlgher temperatures the solublhty of graphlte increases more rapldly, B

K resultmg in a somewhat lowered act1v1ty coefflclent. Makmg allowance for

o vthi’s effect, the boiling points of alloys and temperatues at which the vapo‘r

pressure_ reachos O 1 and 0. 01 atm have be"en"ca_lculated and the resnlt_s ar.e



V. THE §-PHASE AND PERITECTIC’

The melting point of §-Fe _according to Boulanger35 adjusted to the 1968

scale is 1538°C. The metastable melting point of y-Fe is found from thermal

datal” to be 1 527°. The Y- inversion for pure Fe>® is 1394°. Fig.1 shows
‘the §-Fe region with the peritectic at 1495° (68) as recommended by Buckley

and Hume-Rbthery‘lb‘. The & liquidus also depends on these authors. Itis’

shown as a straight line from the melting point to 0. 53 pct C at the per‘itectic. L

The §-solidus also is based on results of the above investigators. The com-

_ positions of the peritectic are 6, 0. 09.pct C:v, 0. 17 pct C; liquid, 0. 53 pct C

That the‘abcve 'p‘erit’ectlic compositions selected frcm published phase

. diagrams are in fact in accord with the laws of thermodynamics is shown in
the foll-oWing calculations. It has already been shown that- the activity of '
carbon calculated from data on the liquid agrees well with that calculated

_ from the sohd _aC 0. 01 9:!:0 001. A more precise check can be obtained by

consideration of the activity of iron in the several phases. In the liquid phase - -

this is found from Eq.[8] which gives log al = -0. 0117. The activity in the:

- v-Fe phase must be the same at equ111br1um From Eq [6] it 1s found that

at 0.17 pct (o8 l;og aFe = -0 0035 where pure v- Fe is the standard state. ‘To

compare these two values of log 2pe both must be referred to the same.

stanbdar'd state. The difference in standard free energy between liquid and

v-Fe from the tables of Orr and Chipmanl'-7 is AG1766 = 67 cal Whic_h_

Fe

. corresponds to a difference Alog al of 0. 0083 This, added to the value"’ of §



t

Y
Fe

A similar calculatlon may be made fcr 6- Fe whlch dlffers frorn ‘y Fe in

log a g1ves 0 01 18 in agreement with the value found for log a;,e.

standard free energy by only 13 or 1’4 cal. This _c_or_responds toAlog

Alog a'Y 5 = 0.0016 or 0. 0017. Subtracting from the value log a‘;e: -0.0035

- we find log a6- -0.0019 to-—O 0018. The activity coefficients in 6-Fe are

Fe. .

~unknown and theoretlcally the activity of carbon is proport10na1 to

n /(n -n /3) For the small carbon concenfratlons con51dered this is

. equlvalent to yc ‘the act1v1ty coefficient of iron is unity and dpe = (1 -yé)_.
It follows that 10fr (1 yc) is -0. 0019 to -0.0018; y. = 0. 0044 to O. 0041 which .

is equlvalent to a rounded value 0. 090 pct C. The method of calculatlon is -

more accurate_ than the usual "freezing point 1ower1ng and emphasnes the

precision required in free energy data to make a significant calculation of a

- phase boundary; The results substantiate the published thermal data on &,

v, and liquid iron and indicate their concordance with the data on the p=ritectic.

VI THE ALPHA-GAMMA EQUILIBRIUM

The A3 line, the composition of v-Fe in equilibrium with o-Fe, is based

- almost entirely on the work of Mehl and Wellsse, corrected by 1° at the pure

iron end with negligible correction at the eutectoid. The inferse‘cti‘ons of our .’

v solubility'lines- place the graphite and'cementite eutectoids respectively at

- 738° and 0. 68 pct C andat 727 and 0. 77 pct C. The latter temperature

agrees with an observation of Srmth and Darl«:ena7 and is 4° hlgher than that
of Mehl and Wells The selected line and the observed pomts of Mehl and

Wells are shown in Fig. 5.
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The a-phase boundary was determined by Smith2® at 800° and 750°C.
' Tlreee data "form the basis for the line shown in Fig.5 which ie extrapola_ted
to 0.0206 and O. 021é pct C at the graphite and cementite eutectoids. 'T'hev ‘
data of Schiirman, Schmidt and Tellmann38 indicate a graphite euteefoid of R v
_ 0 029 pct C. The weight of evidence however favors Smith's value..
It is r'e'adiiy shown that this portion of the diagram is in fairly good
N agreement with the therrrxodynamic data on - and y-Fe. The- value of
log a’;"e is simply log (1 -yg). To refer this to a standard state of Fe! we
add AG° 277 /4, 575T obtained from the tables of Orr and Chipman. The
corresponding earbon c_:oncentrafioﬁ is then obtained from Eq. [5]; _Poin’gs thus -
calcu_la'tec.:lﬂ are _sho'wrr by dots in Fig.5. The agreement merely indicates a
fairly high degree of iﬁternal cons_istency among the var_ious' date., perhai)s
as good as can be‘_expecte‘d in the absence of inform_ation on the partial molar
heat capacity of e-arbon. |

_X’Iv‘hre~ ‘qulub]f..livty_ line‘:s f_or_graphite and» cemenﬁte will be discussed in a

~ later section.

VIL. ACITIVITY AND_S_OLUBILITY OF GRAPHITE IN FERRITE
‘The activity of carbon in beec  iron hes been‘deter‘min'ed in the range
590°-1495°C with a wide void in the fcc region. Since the highest concentratiorl a
is 0.09 pct C, Henry's law may be a.ssumed and a,

since these are indistinguishable. For the

may be taken as propor-

‘tional to either x

C Cc

or Yo OT 2
acfivify coefficient I shall use ¢C= a

C/y(j" the value of a fpr gfaphite beiiig_ |

C
. taken as un'ity; A plot of log q;g vs. 10*/T, shown in Fig.6 permits a -

\.
\
\

A

i
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comparison throughout the entire range. For the two points of Smith on the

a boundary the _»IactiVity of carbon is calculated from the ¥ boundary at the same
| 38 |

' temperature, using Eq.[5]. The value credited to S_éhﬁrma_nri et al.  is

their graphite solubility at the eutectoid. At the per_iteétic temperature,

a_, is taken from an earlier section of this paper. Other points, including

C

one by Smith39?- at 619°C are based on gas'equﬂibria and the corresponding

equilibrium with graphite. In the one point of Diinwald and Wagnerlg, a

modern valué'of pé O/ Pco for graphite has been substituted for the erroneous
. h z ! .

value accepted in 1931. Other data are as reported by their authors. The

plotted data of Swartz9 in'clude_only those based on combustion analysis of

- carbon. The straight line has the equation:

| log ¢ = 5550/ T-2. 49 - B o]
which correspbnds. to a heat of éolution of graphite, AH = 25. 40 kcal.v, a
value la'rgg.rj than was previously :iccepted. Below the gfaphite eutectbid,
Eq.I[Q] may »“D‘e solved for fhe solubility of graphite '(aC= 1). Expresééd in
parts per mvivllion this givés | | | | |
| log [C])%ppm = 1.82-5550/T | L -_‘[1.0]_
The i_ndi_cated_graphite solubilitieé are shown vin Table IV. It svh‘ould be

mentioned that while the data seem fairly concordant some uncertainty remains

~concerning Smith's residual inactive carbon and Swartz's mysterious "traps"

for carbon in 6-Fé.

VII. THE IRON CARBIDES
- Numerous carbides of iron are rep_ortéd in the chemical and metallurgical
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literature'rahging in cornposi‘tion, from FeC to Fe;C.  Only two of thes.e appear -
.to be capable l°£. existing in metastable eQuilibrium Vancl it is only for these“two
that thermodynarnic data are available. B 1

Cement:.te is usually asmgned the formula FesC but its exact conformance
S o) the stomhmmetmc compos1t10n has not been proved and varlatlons in
'composfuon have been -suggested8 Petch4 quenched carblde saturatcd alloys
from 'varions vtemperatures an'd. found that the lattice 'parameters of the
cementite vaned with quenching temperature. Other observers have reported | |

similar dlfferencesfu,' 42

The structure is orthorhomblc and the Curie '
temperature'"ls‘ fapproxi‘mately- 210°C with variationsdependent upon th'e‘
previous his,{ory. ' | |

The é-carblde4l’42 is hexagonal (hcp) w1th a Cur1e ternperature
approxunately 380 C It has been called Fe,C by some wrru;ers‘l.:):"v44 but its g
cornpos1t10n appears to be more nearly Fe, L. It appears to be the " Fe C"
whose free energy was measured by‘Browmng, DeW1tt, andvE::rnmett45.
Because of 1ts v‘ery small solubility, its vheat and :feé ene'rgy of f‘orma‘tio.n'arev-' ‘
: ,} »independent‘ ,of"the assi‘gned_ fo'rrnula' and pertam 1;0 "an' a:monn;c of the carbicle S
containing 1 grarn‘atorn o.f"car‘bon:,', | |
| Twenty years ago Darken and'.Gurry46 reviewed_lhe properties of
'cementite ‘and cle.veloped tables of its therrnodynamic propertles. 'I.‘he'y were{ ’
able to sho_w-vthatFe;-,C- is r‘netavstable at all temperamres v’ﬁ_th respect to k
graphite and ifs saturated solution in _iron.. vThns ihey produced the'firsr

-modern phase diagram of the system; all s_ubseqnent diagrams, including



the present, hay_e added only refinement in detaﬂ_.

Theline inl?ig..l representing the solubility of cementite in austenite is.
taken from .the peper by Ban-ya, et al. 8 and is balsed‘ -on“the direcf measurements '
~of solubility-hy S‘mithétl7 and the CO- COz equlhbrmm measurements kof Scheil
et alr 7 With the a1d of Eqgs. [5] and [6] mterpolated points from
these data'and' a point calculated from_the eutectic composition have‘been used
to establish the free energy change in the reactlon | | |

3Fe('y)_+_C(graph1te) Fe3C(equ111b.) o | '. [11].
The reSult i_sx.s\hown’ in'Fig. 7. The curvature is somewhat greater then'is |
erdinarily expected .in a plot of this kind. " Uncerté.inty remains as to ‘whet-her
~ this is to be ascrlbed to a change in heat capacity in the reaction or to variatlons
in compositio.'n-:‘o‘f the cementite phase, or to experimental error. Assuming the
first, a value."cf ACn - -3.4 cal. df’:g"-lmol'l could be_‘-used.to reproduce the
observed Cuerature in the range'-1000-1421l{. However "Lt will be_prefer‘a.ble‘
to return to this question after consideration of its solubility in o-Fe. |

’l‘he Qbse'_r’ved»free. energy and hea't of formation at the eutectic provide
a basis fdr-calculafion of the sclubility of cemenfite' m :liquid iron.’ The other
| data reqmred are the act1v1t1es of Fe and C in the 11qu1d by Eqs [7] and. [8] and
- the free energy dlfference17 between ‘y and l1qu1d Fe. There are no experl-‘

rnental data on t}ns problem and no measurements of the meltlng pomt
Vario_us estimates have been made mc.lu'ding a recent one by }Illlert‘%g. The
result of the c‘alculatio‘n is a very flét maximum s._hown by a dotted line in
- Fig. 4, ‘and a calculated rneltmg point of 1227° C | - , : v
At lower temperatures there are two distinct end confhctmg llnes of |

' evidenc’e on the free energy of formation of Fe3C from o-Fe and graphxte.
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The acti{rity: vac.a'r'bon as shown by Fig. 6 or Eq.[9] can be used to éalcuia‘te
th‘e free 3en'ergy'f'r_om the observed solubility. It happené that the solubility is}».l
 quite small'and the data conflicting. Moreover the solubility may be affected _ |
by quenching StfeSSés as shown by Sﬁv_értig. His.more reCentoSsé'rvati“ons

on self-stressed and stress-free cementite must be regarded as supercedin‘g :

‘the earlier work bj' the same technic, determination of the Snoek peak m the | 1
internal friction spe'ctruin. | It apbearsgb that with longer aging the preéi‘pifgte..d,é
Cémentite has ab'out" the sain'e ‘solubility as the stress-free. /‘The free eneréy , _
~calculated from f:he s‘olubility data is shown, along with other detefrﬁiﬁationg +
in Fig. 8.

" More direct informatioﬁ on. ceménﬁte comes from studies of the equilibrium,l ‘

" FesC +2H, = 3Fe(a) +CH, ' . ©ney

and the known free energy of methane. . The eQuilibriﬁm was studied in the
| rarige 7 25°:-'875°K%b'y'Wé;tasé49 and at lower témperatures by Browning, DeWitt, .-
and E'mmet't’4"5. 'Thé latter investigators drew separate lines th_i‘ough fhe tw}o'
sets of fesults andI comp'hted the free energy and he'at. 6f ’forma’tion. | The latte'r,.'r :
though poorly determmed by the data, has been w1de1y quoted. It is now .
possible to unprove on this treatment by consideration of the data at h1gher
: :vtemperaturevs (Fig. 7) and the thermal properties of the reacting species. This.
was done by Darken and Gurrfy46’with Whos_é results the fbHoWing calculations. |
¢ are in goodv.agfeement. The' data points corresponding to the obsérv‘ed '
fnefh_ane equilibfium are shown in Fig; 8. |

'The'high'-temperature data of Fig.7 are easily recalculated using the free
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energy diffe'ren_e_es tabulated 'by Orr and 'Chiprnan” to show the bfeebe energy
of formation fro"ni ‘metastable a-;Fe. The results are shown in Fig.8. In order
to establish the thermodyuamic properties from these-data iti's' first necessary
 to'examine the data on the enthalpy and entropy of Fe;C‘

The thermal propertles of Fe;,C are not known with accuracy and its heat
of formation is de'termined better by equ‘ilibrium than by'calo‘rlmetr‘m
measurements Typical of the latter is .Roth's 50 value 577 K'cal.

At low tem'peratures (68°- 298°K) the heat capac1ty was determmed by
Seltz, McDor’tal‘d,' and Wells5 whose.value for s° 298 was 25. 7:t_1. 0. From
this and da'ta of S:'chwar’z and Uli‘ch52 and Naesersa, Kelley and Kirigs4
proposed an average value 5298 = 24,2+1.0. More recent rueasurements by
Mazur and Zacharko55 have covered the range 2° 20 °K thus filling part of the
uncertainty in Seltz 's estimate of the entropy A recalculatlon of Seltz s data
made very 11ttle change in his or1g1nal figure but probably 1mproved 1ts
overall re11ab1hty The hxgh temperature data on free energy shown in.

" Figs. 7 and 8 are better fltted by the value S298 = 25.00. Th1s value which
lies well w1thm the range of uncertamty, is adopted for the calculatlons and
| tables

Est1mates of the thermodynarmc propertles of Fe3C at hlgh te'mperatures
are based'principally on the measurements of =Naeser53 and Um1n056. The
latter were recalculated by Darken and Gurry46 ahd included in their tabulated
enthalpy data Correspondmg‘values of the free energy function. came from the

| entropy and equilibrium data mentioned above. .Ke_lley57 used the same data |
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| plus Schwarz and Ulich®? to arrive at a svimilarr tabulation.

It is'now'poésible tb make some numerical adjustnient in the data to conforrh '
more closely w1th the directly determined data on the free einerbgyv of forrhaition.i
The éélected" x;alues shown in Table V are based primarily onvbthe equilibrium B
* data at 500°-700°K and the solubility in o-Fe at 1000°K. The line in Fig.8 |
representing th.e'.fr':e_e“énrg'vy of formation of Fesc‘fro'mva-Fe folléWs the,“
tabulated val_i;les‘up.tb 1000°K.

Browning et_a_lf*5 also measured the equilibriﬁm. of Fe and " FeC" with

‘methane and hydrogen. It now appears that this was the e-carbide, approximately -

Fej 4C. Since thé activity of Fe is essentially uni"ty the free energy data refer . o
t'o_i grér’n-at‘oin of"car‘bon regardless of the formula.fc.'»r the carbide. Their
' ré_sﬁl‘tSﬁ appear in Fig. 8 and may be represented by.the equa’tidn'

o 2. 4Fe(a) +C(gr.'.)'= Fe,.C

" AG® = 4850 - 2.5T I 3]

It is hoted that b'eldw about 500°K the e-carbide becomes metastable with
respect to cementite. This is corrqbox;éted, by a number of recorded
| obser.\;ations-.v _I__{risement58 found by célorimetric observaﬁons of
‘pr'eci'pitat'ion ih low-carbon alloyé thét below 230°C the precipitate was
€-carbide rather than cementite. Observatiohs of tem.perin‘g or quevnch_agin'g' ,

at te'mplerature's below 250°'by studies of internal friction,sg- electricail

iriie80 S . | U
resistivity, = and transmission electron m1croscc_>py‘61 confirm the observation

that below a certain temperature another carbide is more stable than FesC.

Tsou, Nutting, and Menter62 had already identified this carbide by electron -
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~ACp = 0 and the composition is constant at FenC, the sum of log a

17
diffracti__oh as the: e-_carbide.v
Solubilities of graphite and of the two_car-bides are shown in Fig. 9.
Tklxevcur\jréttj._xre in the line for the. freé eﬁergy of f‘e;;C shown in Fig; 7 may
now be reco.nsi‘d.t.ax“_edf This ivs_ not.'to be brﬁshed aside ,a;, experimental error

since it is based on closely a'greeing_ investigations which in all other respects

" have been well substantiated. It was shown that the curvature could be

accouritéd foxf'vb'yva heat éapacify chan‘ge‘ in the reaction of ACp = -3.4 cal/deg mole.
This would make its molar heat capacity at 1200°K about 26.4 cal. In view |
of Table V é'nly an abrupt cha.ng'e at 1000°K‘cou1d lead to such a low value,
I think we rn‘uSt conclude that the composi;cion of-cementite is not the
stoichiometric _feac.

The activity data on which Fig.7 was based are shown in Fig.10. If

C+n log aFé

should-give a s.triaght lilne whé’n plotted against reciprocal temperature. This

condition could be fulfilled by the formula Fe,C, but such a wide difference |

- could never have escaped detectiori. - A variable cofnpo_sition is much more

probable. 'A'déshed straight line slﬁqu: thé calcuiated values if n = 3 at 1000°K _
and increases to_aboutIS.b 6 at 1460;’K§_ ':Su'ch:z.a lafg-e iqcrégse how'e.ve:fi's not |
necess’ary.gl.‘Ivt is kh0wn63 fhat i‘:n'a defect stfﬁcture _smavll vaﬂfiationé frofn the
stoichiometric corhpovsition cause lr’eiativély large éh_anges in the activities éf‘
thg ccl)}vmpor}lenfc‘é}.'» The Ia.cti\‘(ities repvrvevs'envted 1n Fig.. 10 a‘r-e' 6r11y those of thé

Fe-saturated 'phakse and _the free energy shoyvr_;"iri Fig. 7 is not that of the o

chtOiChio'metx"i'c"i Fe;C. It seems possible that the structure is deficient in carbon,
the deficit-in'th'c equilibrium composition being a function of temperature. Let

no  one underestimate the difficulties .of obtaining
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the thermodynamk prc;pérties"of a phase of unknown and variaﬁle composi-tion.‘
" In Fig.7 a point is shown at 1000°K which is calculated from thé solubility' o
of cementite in o-Fe and the khown fr.ee energy difference between @ andi‘y-Fe.
A }straight liné frdm this point to that calculated from the egtebtic .a't1421°.-‘is -

represented by the equation |
| 3Fe(y) +C(gr.) = FesC

. AGS = 2685 - 2.625T - 4
This appfoximate equation z.'eproduces.the data Within £60 cal - and shoul‘d-sex"v_é‘ '
‘well enough for pfactical purposés until a better kpowledge vdf the compositionv N

of ce_mentite is available.

e - e ¥ ey e PR e - Lot . N N B .
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SUMMA RY

A cr1t1cal reV1ew of pubhshed data has resulted in a phase diagram for R

the Fe- C system which d1ffers only shghtly from others recently publlshed

It brings into arrreement the measured thermodynamlc propertles of iron and
observed actlvxtles of the components in a-, Y- and l1qu1d solutlons. The free

energy of cementlte and of € -carbide and thexr solub111t1es in a- Fe are

_ calculated from equ111brmm data. Both are metastable at a11 temperatures

w1th respect to graph1te and 1ts saturated solutmn 1n iron. Below 230 C the
¢-carbide is.more stable ‘than cementlte.. The data 1ndlcate that cementlte
has a- defect structure dev;atmg from the‘scomhlometrlc forrnula Fej3C.

. The thermodynam1c pr‘opertles of cement1te (assumed Fe3C) ‘up to 1000 °K

are summarlzed in Table ' Propert1es of the other phases are gwen in

equations, graphs and tables from whlch the followmg free energy, enthalpy

‘and entropy data are derived. In the equat1ons Yo is the atom ratio

nC/n C yc/(l yC) and Y is the act1v1ty coeff1c1ent a /z
The chance in. free energy accompanylng the solutlon of graphlte in
v-Fe at. mflnlte dilution is obtamed from Eq [5] whlch is now used in preference
tolthe anal’ogo‘us Eq. [9] of reference 8. |
‘ '-Cv(gr) C(m 'y Fe) |
AG! (cal ) 10520 - 4. 21T _— o S ,(15].

ThlS is the dlfference between the two standard states graphlte and the

hyoothencal state w1th th- 1 and all other propertles those of the infinitely

dilution solution. The effect of conccntratlon on the partlal molaI free energy

YL Re gy ie a1 ) T . s
C GC(Y'mf-lel )+1,T‘£‘n_c 0y N - [16]



From these eE;uations it is evident that when graphite dissoives"ivn aﬁStenite the . .
increese m ,eﬁn'tr'epy is '4.‘ 21 'v- Rznzc ca1/°K g.. atbm_, ',enci 1ts ne_at of eolutien o
| 1n calories 1052-0'.+ 17660 Yo o .
For iron the partial molar free energy by Eq. [6] is: |
Fe(austem.‘ce) = G° (‘Y) - 8830yC +RT1n(1 yC)‘ B '.[I'II]..V"‘ |
, For the .;zo'lution of graph1te in 11qu1c_l iron Eq. [7] .g1ve's‘ | L

C'(gr)' = C(in 2 -Fe) ..

AG°(¢a1)-54oo 3.98T | . usyp
and . _v-G (1)-G (2 ,inf.dil. )+RT1nz +(3. 29T+15550)yC e [19i
From these it is evident that the heat of solutlon in calories is 5400 + 15550 yc
. while the mcrease in entropy is 3.98 - 3. 29 Yo - Rln zc For the 11qu1d '
soluuon the part1a1 rnolar free energy of iron is |

pelt) =G (£) - (1.65T +7770)yC +RT £n(1 yC) - [29]_.': o
In a-6-Fe the free energy of solution of C by Eq. [9] is | |
C(gr) = C(in o-Fe) o
L AG° (cal) 25400"'- 1'1' ;40T D o [21]
The heat of solutlon is 25400 cal and the entropy 1ncreaee is 11.40 - Rln ZC
. It is only in 6-Fe that the activity of Fe is apprec1ably different from X |
unity and here the bartial free energyis; | | o
(5) = (5) —RTm(l—yC) | | - ,'-[22-]', -
The free 'energy of formation of the e-carbide Shd\yn'in Fig. 8 is, in th_e
. range 450°- 650 K, ' |
2. 4Fe o +C(gr) = Feg 4C(e) I '. o [131

AG = 4850 - 2. 50°T.
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The tree energy of cementxte in the a-range var1es rapxdly W1th tempera-

ture as shown in Table V and a hnear equat.mn is not recommended It is
: also varlable in the vy- range as shown m F1g 7 In view of our 1gnorance
of its composnxon an approxxmate lmear equatmn is Just1fled assummg the ;

formula Fe3C in the range 1000°-1421 K

3Fe('y)+C(gr) Fe3C
'.'G 2685-2625'1‘ A ¢ L) B

Its averag.e h_e"at of formation from ‘y-Fe is therefore 2685 cal and its entrpﬁy' _

15 2.625 units.less than that of its ele'me_r_xts.“
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Fig. 3.
Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

Fig. 9.

- Fig.10. Activities in cementite-saturated austenite. For aﬁcompou_nd Fenc .

FIGURE TITLES

" Portion of the phase diagram Fe-C.- Metastable"f-range and systefn o |

Fe-FegC sh_own by dashed lines, Curie temperé.{:ure. dotted.

A’ctivity.jcoefﬁcient of carbon in liquid iron. 'Li'n'es E'_q;'[’?] A graphite -

solubility; + gas equilibrium;Qpoints on liquidus.
Activity of carbon in ¥ and liquid iron. Standard state is graphite.

The iron-carbon phase diagram.

Equilibria involving a-ferrite. Metastable system Fe-Fe;C shown by -

dashed lines.

graphitg; Yo = aC/yC. -

Freé err'Lervgry of the reactibn 3Fe(‘y,_)+C(graph) = FesC.
Assumed formula: FesC. | |
Free'énérgy_of the reaction 3Fe(q) +C(graph) = ‘-FeSC.»

Assumed formula: FesC.

28

Activity coefficient of carbon in a-§ -iron. The sté.ndard state is . o

Solubilities in @-Fe; line for € and 'solid' line fof FesC from free energy .

data.

a Birajght lne is fopnd if n = 4 or if n increases ‘fx_"gm 3 to about 3. 6.



Table I. Solubility of Graphite and Cementite in Austenite

Téfﬁﬁeramre Graphite - Ce'm.en‘t.i'te‘_
: C. Yo - %C Mo '%_C.
. _

S oqan® - - 0.0356 0.77
738 0.0320 0.68 - -
800 0.0408 0.87 . 0.0442 0,94
900 0.0561 1.19 0.0580 1.22

1000 © 0.0725 1.53 . 0.0730 1.55
1100 0.0896 1.89 0.0910 '1.92
1148° L S 0,1006  2;1Li”

1154 0,090 208 - -

#Cementite eutectoid -

Do
“Graphite eutectoid

C - N . .
Cementite eutectic.

' _dC}_raphite eutectic



Tenhperatufe '
°C ’

11482
1154
1200
1250
1300
1350
1400
1450
1495°
15279

1538°

Table II. Solid-Liquid Equilibria

%C
2.11
2.08
1.85

1.59

- 1.30

1001 .

0.171

T0.42

0.17

0. 00

aCementite eutectic. |

_bGraphité eutectic. |

CPeritectic. ‘The value of a

C

v-Solidus
Y
0.1000
10.0990
0.0877.
0.0718

0.0475

" 0.0333

0.0196

0.0079

0. 0000

'dMetaStable melting pdiht of 'y-Fé.

- ®Melting point of &-Fe

"3

a

1.000

0.720

. 0.457

0.323

0.203

0,117

0. 057

0.019

0. 000

© 0.00

Liquidus’

%C Yo
4.30 0.2092
4.26  0.2072
3.93 0.1906
3.50 0.1689
©3.02  0.1450
2.417 0.1179:
1.88 0.0891
121 ,0.0570'
0.53  0.0248 -
0. 0000

is an average from Egs. [5] and ‘[7]._'“‘



“Table III.~ Solubility of Graphite in Liquid Iron

Temperature - Carbon

°c ~ wt.pct. i
1154  4:26'£0.02
1200 437
1300 - 463
1400° 4.8

15000 - 5.14

© 1600 S 540 :t::q.os
1700 ‘,‘i' 5.66
1800 5.9440.05

1900 626 £0.10
2000 . 6.63£0.10
2100 °  7.05£0.2

2200 0 156403
w0 s.6B

2500 | 9.28£0.4
  28;0_0_ BTN R

2700 o "1 0. 50

o 2800 = -§ '11._ 12 |

2900 . - 11.75%0.5

{
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Table IV. Solublhty of Graphlte and Carb1des in o-Fe

Temperature Parts per xmlhon
°c Graphite? Fe;CP Fey, €
738 214
727 218
1700 | | 130'- 160
650 64 102
600 29 57
550 11,9 28
500 | 44 13
f&so_l 1.4 5.7 .»' }¥;-f"
400 0.38 2.3 | -
350 0.08 .15 1.3
300 0.014 .21 .30
250 | -,.b45v.osoe'
200 .007 . 0055

Der1ved from F1g. .

bCalculated from observed value at 727°C and free energy of form'atlon. R .

Fro_m free energy of format_lon.

.



T,°K

298.15

400
450
4802

500
600
700
800
850
1900
950

1000

Tabi‘e V. Thefmodynamic Properties of Cementité , FesC
Cp
25.40

21,03

29. 98

H

-H

T st

.30.71

26. 50

27,20

'27.90
28;60
28. 95

29.30

29,65 -

30.00

18258 -

0.

2710
4140
5052

- 5624

8309

11064

13889

15328

16784

19749

~ %Curie temperature.

s

T-Sst

0. 00
7.80
11,21

. 13.17

14,34

130.65

" 19.23

23.48

27.25

~ 28. 99

32.34

33.78

s
25. 00

32.80

36.21
38.17
39.34

44,23

48.48

52.25

53.99

55.65

57,24

58,178

C(gr) = FesC

B “3Fe(a) +
o0y oHy
4772 5985
4274 6534
3949 6802
3618 7083
2016 - 7176
2214 T121
1524 6892
1192 6692
885 6411
585 - 6019
300 5450

ASO

4,07

5,65

. 6.93
7.10
7,01 .
6.71
6.47
6.14
5.72 -

5.15

. :
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the -
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of théir employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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