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" THERMODYNAMICS AND PHASE DIAGRAM
_OF THE IRON-CARBON SYSTEM

by

. John Chipman

__..ABSTRACT

—A-critical review of* pubhshed data- provxdes a falrly accurate knowledge

- of the thermodynamm properties of all of the phases of the system Fe C that

are stable or metastable at atmosphe_rlc pressure. Selected data are sho_wn

s

as tables and equations. A proposed phase diagram differs only slightly

from others recently published but has the following features. Peritectic

1

compositions and the o-v equilibrium are shown to agree with measured

‘values of the activity of Fe in the solid and liquid solutions and the thermo- :,

. dynamic prdperties of pure Fe. Of all the reported carbides of iron.-only |

two may be studied under equilibrium conditions. The solubilities of

- cementite and of x-carbide in ¢-Fe are deduced from measured equilibria.

Bbth are metastable at all."temperatures with respect to graphite and its
saturated solution in 1ron-."-’ The X-carblde becomes more stable than -
cemeﬁtite ‘below about 230°C. Certain published 'data on e-carbide
permit an estimate of its free energy»asia precipitate during

the aging process.

The author, a fellow of T.M.S. and of A.S.M., is Professor Emeritus,
Department of Metallurgy and MaterialsScience, Massachusetts Institute of

‘Technology, and Consultant, Inorganic Materials Research Division, Lawrence

Radiation Laboratory, University of California, Berkeley This paper is a.

: Jomt contrlbutxon from both laboratomes. ‘
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* THERMODYNAMICS AND PHASE DIAGRAM -
....OF THE IRON-CARBON SYSTEM - .

by

John Chipman

. I. INTRODUCTION

.ments on binary alloys of iron and carbon feels tempted to try his

UCRL-20543 Rev

...—Probably-everyone-who-attempts to do precise experimental measure-

han‘d at

revising the iron-carbon diagram. Now that I have been asked to prepare

s

,a diagram for the Metals Handbook of the American Society for Metals. Iamno

longer able to resist this temptation. Actually the diagram of Hansen and

Anderko1 is very good and the amount of revision required is quite minimal.

The same can be said of the more recent diagram of Elliott, Gleiser and

Ramakrishnaz. The latter Had the advantag‘e of the very accurate

" nation of the y-solidus by Benz and Elliott3 but omitted the nearly

i

determi- '

simuﬁtanequs publication of data on the li_quidu's.‘by Buckiey and Hume -

s Rother"y4. In their somewhat older diagram Darken and»-(}urry5 saw to it

that the boundary lines were consistent with measured properties of the

phases involved and with the laws of thermodynémics. This p,r'oce_dure can

' be'recommended to anyone who sets out to construct a phase diagram. The

thermodynamic properties of the individ_uallcomponents and in particular

more complete picture of the system than does the phase diagram

their partial molar properties within the homogeneous' phase's, provide a

alone. It.

'is intended that this paper serve as a review and evaluation of this kind of

~data with a view to revision of the compilation of Hultgren, Orr, Anderson,

-



e andv'Kel.leyG. ;
| The possibilities for meaningful ‘revision rest on Severel more recent
publicaﬁ-ons. Scheil, Schmidt and Wﬁnning7 de‘_‘cefmined the thermodynamic
S o properties of Fe-C eusteni{es and cemenfite using.the CO-CO; equilibrium. ™ a
- ___.A similar study of austenite by Ban-ya, Elliott.and Chipman® extended the

temperature range and derived si'mplé mathematical statements for the -

thermodynamic properties of the componehts.' Former discrepancies

- -

. "'Ahr'ege.irding solubilities of graphite and cementite m the @-phase have
'apparently been greatly reduced by the recent work of Swartzg.
Of equal importance has been the recent marked improvement in the

- data on the properties of pure iron. The heat of fusion of iron has been

//
P

lowered some 10 percent by recent studies of Ferrier and Qlettelo and of
"Morris, Foerster, Schultz and Zellarsll". ' fI‘he heat capacity of the solid,
particularly in the y-range has beeh revised by the work of Ol‘ett_e' and

15

’

Ferriei;lz. Anderson and Hultgren13, Dench aﬁ@ Kubaschewskil4, Braun

and of Wallace, Sidles and Danielsonle. All of these studies of the thermal =

properties of iron havebeen feviev;fed by Orr and Chipmanl"7 who derived .

iy ~ precise values fer the differencesAiAn Gibbs free energy ;oetween the several
stable or metastable phases. o |

In addition it must be pointed l_out that revision is required by the

8

-adoption of the new International Practical Temperature Scale of 19681
according 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



~—iron becomes 1538°C while lower-fixed points require smaller or negligible
~adjustment. Since practically all useful data are given on the 1943 scale, this '_

scale will be used in some calculations and adjustments will then be applied to

~conform to the new scale. To avoid ambiguity, temperatures will be designated,“' -

....(48) or (68). 'For many purposes the difference is trivial..

II. THE AUSTENITE FIELD

_.—.The f.c.c. solid solution.is the heart of the binary system and its

propefties and boundai*y lines are rather well known. The activity of carbon

- -was-afunction, of témperature and composition has been determined by many .

) /?'obserVers, chiefly through studies of the equiiibria :

C +2H, = CH, . . [1]
C +CO, = 2CO N (2]

- Among the older investigations of reaction [2] those of...D{inW@_iéug,r_lf_il_“Wagner_l 9

‘ A ‘,\hs ‘; .

and of Smith?’ are in ag'reementAwith the more recent work of Scheil” et al.

- _{exceptatthe highest carbon concentrations) and of Ban-ya8 et al. Studies

of reaction [1] have been subject to errors especially at 1ow‘ carbon levels,.
due to reaction of methane with residual gas impurities. . This :is tho;lght to B
“have been responsible for fche differences obsﬂerved by Smith29 ’;)etween
activity cbefficie'rifcs determiﬁéd' by the fwo équili’;)ri.a. It may have aqéc_)unted
. also for the disagfeement betweén the values accepted here and those of.
Schenck and Ka%iserz1 and of _Séhiirménn, Schniidt, andl We.ge’nerzz. Studies -
based on reaction {2] have not Beéin immun’é to s'imvilvér but ‘generally smallef |

errors which tend to become greater with increasing temperature and carbon



o

. as z

: f“'content.

Ban-ya, Elliott and Chipman8 covered a wide range of composition and |

temperature and in their analysis of the data included consideration of the

" . earlier work. They expressed their results in terms of a very simple model

in which the activity of an ideal interstitial solute is proportional to the ratio

 of filled to unfilled interstitial sites. Since there is one intérétitial site per

lattice atom, the ideal activity at great dilution is

“»

ac “c/<“Fe'“c) = ¥c/-yg) = 24 B3]

//where Yois the atom ratio nc/nFé and the term yC/(l —yc) may.—be abbreviated

c Deviations from the ideal at finite concentré'tions"were represented by

an activv_it'y“ coefficient ¢ = aC/ZC which was found to be related to the

_ concentration, y'c by the simple equation -

tny, = 0yl + 0Ly B T TS
where ¢°¢ is its value at ihﬁnite dilution and 6 C és an i__nteraction-coefficient,.. o
;both being functions of temperature.
In their plot of log K versus 1/T they found that a straight line based on -
da’;a at 900°- 1150°C fell outside the 2 o 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 occiilrred at the higher temperature and it

now appears. that they mayhave“geeri overoptimistic with regard to the '

accuracy of the 1300° data. For this reason a simpler equation cloSely

approximating line A of reférence 8 will be used here for all compositions and

temperatures (1968 scale) within the austenite field:



*...The. actlvlty of iron, by the Gibbs- Duhem equation is:

_[5] by se{ting al

. ‘“'." ’Y - . v
log ag, =2300/T-0. 920+(3860/T)yc+10g<yc/(1 yC ) [5].

1og aFe = -(1930/T)y? C+1og(1 yC) ' ’ [6]

The solubility of graphite in austenite is.xl-eadilly calculated from equation -

C

the direct measurements of Wells23 and of Gurry24 end a downWard extrapo-

equal to unity.' Two other kinds of data are also available:

lation of the solidus line of Benz and El’liott3 to'the eutectic temperature. All

A

- of these data are in rather good agreement and average values are shown in

'I‘abl_e I.. For convenience the data on solublhty of cementxte are mcluded but

- a discussion of these and of the ¢-v boundary will be deferred to 1ater sections.

- Both solubility lines are shown in figure 1.

III. THE GAMMA-LIQUID EQUILIBRIUM

.The solidus line of‘ Benz and Elliott3 and'a portion of the liquidus line of
Buckley and Hume-Rothery‘; corrected to the 1968 scale are shown in figure 1.-

. .The solidus has been given a slight inflexion with'downward curvature near

its lower end to conform to the data of Ban'—ya8 et al. Both lines are superior-

- in accuracy to those of earlier investigators but are strongly sxipporvted by the

earlier work of Adcockzs. The liquidus line includes a dotted extension to the

catlculatedll7 melting point'of 'Y—Fe. ‘Interpolated values are listed in Table II

. and the entire liquidus line appeefs in figure 4. The activity of carbon at

any temperature is.the same at the liquidus and solidus compositions. Valués

calculated from equation [5] are included in‘the table.



(\ IV. THE LIQUID PHASE

“The actiVity of carbon in liqutd Fe-C alloys has been determined by a
number of inv'estigaterstusing several methods. The best accuracy has b_een
achleved by Rlchardson and Denms26 using the equilibrium of Eq. [2]. Itis
known that serious errors occur at high carbon content and the prec1sxon of
the data improves as the carbon content and the CO content of the- gas decrease\. :
T_heir experimental temperatures (48) were 1560°, 1660° and 1760 C. For lower ‘
temperatures I have used the activity in austenite at points along the solidus

(Table' II) to determine the activity ceefficient in the liquid for compositions_'

along the hquldus. For higher concentratlons the solublhty of graphite

" furnishes a secure base where aq = 1. Using these data and adoptmg the -

form.of Eq.[4] I have obtained the equatlonz7

L I o B
log a =1180/T-0. 870+(0.72+3400/T0ycﬁ10g6yc/(1 yc» [7L

It was shown that thls equatmn agrees falrly well with that.of Ban-ya et al.

where liquid and solid data could be compared The agreement with Eq. [5]

‘vd'istinctly better as shown in Fig. 2 where ‘the points marking the 1iquidu_s have =

been calculated from the activity in the solid. At the peritectie the acti'vity"of

‘ carbon in the solid by Eq.[5] is 0. 0198 while in the liquid by Eq. [7] it is 0.0185.

The dlscrepancy is neghglble smce it is equlvalent to an error of less than
0.01 pct C in the perltectlc austenlte. Accordmgly the act1v1ty at the perltectle
is taken as 0 019+0. 001.

A summary of the acttv1ty of carbon in austemte and in liquid iron is glven

in Fig.3. The ehemieal potential of earbon may be read as i c™ ¥e

0 = 4 575T1log ac-



7,
Tic lines in the 2-phase field are shown. A line for cementite would be almost
indistinguishable on this ’scale from the graphite line afc 1og’ as = 0. It would | \-
lie sligh'tly above this lihe at all temperatures below the eutectic. .

The activity of iron in the liquid as found by the Gibbs-Duhem equation is:

log a}y, = (0. 36+1700/T)y30+1og(i 20 I

It has been-shownzr? that this agrees with the data of Syu, Polyakov and Sama:rin28
at 1560°, | |
? The sclubilit& of graplnite ln liquid iron has been measured by many
mvestlgators. Up to 1800°C excellent agreement is found among the data of
‘Ruer and Blren29 Chlpman Alfred Gott et al. 30‘, and of K11.chener BOCkI‘lS
and Spratt31. Data up to 2500° were reported by Ruer and Blren _up to 2875° by
Cahill, Kirshenbaum and Grosse32 and at 2050- 2375° by Veriman, Gr1gorov1cl1
’ Nedumov and Samarin33._ Averaged values are shown m Fig. 4; mterpolated
. data together ~w1th estlmates of probable accuracy are given in:Table Ill
The selected eutectic’ at 1154 C and 4. 26%0. O2pct C. has been conﬁrmed by
Ruth and 'I‘urpm3 who report 4,2810.02 and 4,32+0.03 respectxvely for the :
Fe-C and Fe-Fe3C eutectics. |

The normal boiling point of iron (68) acco.rding to Hult‘gren, Orr,
Anderson, and Kelley35 is 2870°C. " The effect of carbon on the vapor pressur_e
. may be calculated on the basis. of Eq. [8] for temperatures up to 1800°C. At
hlgner temperatures the solubility of graphlte increases more rapldly,
res’ulting in a SOmewhat lowered act1v1’ty c.oeff1c1ent Making allowance for

this effect, the boiling points of alloys and temperatues at which the vapor

pressure reaches 0.1 and 0. 014 atm have been calculated and the resulis are -

'v\

—



shown in Fig. 4.

V. THE 6-PI—IA$E AND PERITECTIC
The melting point of §-Fe according to 1?‘>o\u1ang.c‘:r35 adjusted to the 1968
scale 1s 1538°C. The me’tastable melting point of ‘Y-Fe is found from thermal‘:‘ .'
da‘ca17 io be 1527°. The 7-6 inversion for pure‘ Fe35 is 1394°. Fig.1 shoWS : |

the §-Fe region with the perxtectlc at 1495 (68) as recommended by Buckley .

and Hume-Rothery b. The é liquidus also depends on these authors. It is

" shown as a straight line from the meltmg pomt to 0. 53 pct C at the perltec’uc.

The 5 -solidus also is based on results of the above investigators. AThe com-

'positions of the peritectic are &, O. 09 pct C; v, O. 17 pct C; liquid, 0.53 pet C. - |

That the above peritectic compositions selected from published phase

diagrams are in fact in accord with the laws of thermodynamics is shown in

-the followmg calculauons It has already been shown that the activity of

carbon calculated from data on the liquid agrees well w1th that calculated

C

consideration of the activity of iron in the several pHases-. In the liquid phas‘e ‘

from the solid a,, = 0.019%0. 001. A more. precise check can be obtained by

this is found from Eq.[8] Which gives log a{i,e = 20.0117. The activity in the

Y- Pe phasc must be the same at equilibrium. From Eq. [6] it is found that

at 0. 17 pct C log 2l = -0. 0035 where pure. 'y Fe is the standard state. To

Fe

" compare these two values of log G both must be referred to the same

standard state. The difference in standard free energy between liquid and-

'y-rFe from the tables of Orr and Chipmanl7 is AG1766 = 67 cal which

corresponds to a dlfference Alog a';, of 0. 0083 . This, added to the value of



Y

log as, gives -0.0118 in ‘agr”ee-mentmw.it‘h”the value found for log af?e.

A similar ca.lculat'ion may be made for 6-Fe which differs from v-Fe in

standafd free energy by only 13 or 14 cal. This corresponds to

Alog a¥ % = 0.0016 or 0.0017. Adding this to the value log aj, =-0.0035

Fe

~ we find log a® = 20,0019 to-0.0018. The activity coefficiénts in §~Fe are

Fe

unknown and theoretically the activity of carbon is proportional to |
c:/(n -nC/B) For the small carbon concentrations considered this is

equlvalent to Yoo the activity coefficient of iron is umty and dpe © (1 fyC).

It follows that log (1 yC) is -0.0019 to -0.0018; yc 0. 0044 to 0.0041 which

is equivalent to a rounded value 0.090 pct C. The method of callculativon is
more accurate than the usual "freezing point lowering" and emphasizes the

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

phase boundary. The results substantiate the published thermal data on é,

) - v . .
v, and liquid iron and indicate their concordance with the data on the peritectic.

VL THE ALPHA-GAMMA EQUILIBRIUM

The A3 line, the comp051t10n of v~ Fe in equilibrium with a-Fe, is based

. almost entirely on the work of Mehl and We11536, corrected by 1° at the pure

iron end with negligible correction at the eutectoid. - The intersections of our

solubility lines place the graphite Aan'd cementite eutectoids respectively at

738°and 0. 68 pct C ‘and at 727° and 0. 77 pct C. The latter temperature
agrees with an observation of Smith and Da'rkens7 and is 4° higher than that

of Mehl and Wells. The selected line and fhe observed points of Mehl and

" Wells are shown in Fig. 5



ty

. "‘i‘

is5-0. 09 pct C, Henry's law may be assum.ed and a

10
The a-phase boundary was determined by Smith?? at 800° and 750°C.

These data form the basis for the line shown in Fig.5 which is extrapolated

" t0 0.0206 and 0. 0218 pct C at the graphite and cementite eutectoids. The "

data of Schﬁrman, Schmidt and Ti 11mann38 indicate a graphite eutectoid of =
0.029 pct C. The 'Wéight ofievidence hox&ever fai;{ors Smith's value.

It is readily shown.that this portion of the diagx"am_ 1s in fairly g'.ood
agreement with-the ‘rherfnddynamic data on - and "}'-Fe. ’ The value of.

log a;,e‘is simply log (l-yg). To refer this to a standard state of FeY we

add AG®@™Y/4. 575T obtained from the tables of Orr and Chipman. The

- corresponding carbon concentration is then obtained from Eq. [5]. Points thus '

calculated are shown by dots in Fig.5. The agreement merely indicates a

~ fairly high degree of internal consistency among the various data, perhaps

as good as can be expected in the absence of information on the partial molar
A . .
heat capacity of carbon.

The solubility lines for graphite and cementite will be discussed in a

~later section.

VIIL. ACTIVI’fY AND SOLUBILITY OF GRAPHITE IN FERRITE
The activity of éarbvon iﬁ bcc “iron has been determined in the range
v590°-1A495°C with a wide void m the fec regio'n'. jSinlce the highest concentration - .
' c may be ta‘ken aé propor-

within the precision of the data. For the

1 s

tional to either x
i ithe D.‘C c

activity coefficient I shail use ¢C= ac/‘yc,‘ the value of a

or Yo or z
o for graphite being

taken as unity. A plot of log % vs. 10%/T, shown'in Fig. 6 permits a -
Y P 24 ‘L‘C , g



. vl 1
comparison th'roughaut the entire rénge. .Fbr the two points of Smith‘ on the
e a"boundafy'the activity of carbon is calculated frdm thé v boundary at the s-ame

temperature, !us.ing Eq.[5].. The value ‘cred‘ited "cochhiirmann et al. 38 is
X ~-~—.-ﬂ1eir~—g-raphi\te----Solubility atthe eutectoid. At the peritectic temperature,
an is taken from ah earlier sectioh of this paper.' Other points, including
one by Smith39 at 61 9;’C are b‘ased on gas equilibfia .and the_correSponding'
‘ 'equi‘libriu_m. with graphité. In the one point of Diinwald and Wagnerlg, a
mode?n value of péo/pco2 for: g?aphite has been substituted for'the erropeous'v
- value accép?;ed in 1931. Other data are as réported by their authors. The’ -‘
plotted data. of Swartz?. include oniy those based on combustion analysis of =
carbon. The strsight lize bazed on the assumption that 4C, = 0 has

’

o—the-equation: | o

| | | log ‘pg:: 5550/ T-2. 49 - v. [é]
whiéh éorresponds to a heat of solution o_f gr'apidife, AH = 25.40 kcal., a a

~value larger than was previously accepfed. Beiow the gréphite euteétoid,

| Eg. [9] may be solved for thé solubzlity of graphite (ac= 1). .Expréssed in

¢ parts per'mil‘_l_ion,._.with__ a slight adjustment to agree with Fig. S5,

| this gives for the solubility of graphite:

The indicated graphite solubilities are shown in Table IV. It should be .
ment}oned that whilevthe data seem fairly concordant some uncertainty remains
concerning Smith's residual ‘inactive carbon and Swartz's mysterious "traps" .

© for carbon in §=Fe. ' -

.. _:_“‘___. '. ) log [c]dppm = 7.81_5550/T e o e e e e e e [10]. e .:-.
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VIII. THE IRON CARBIDES
Numerous.carbides of iron are reported in the chemical and
metallurgical literature ranging in composition from FeC to Féuc{
Only two of these have been studied under metésfégiéwédﬁflibriummM;%;
conditionsﬁandwit‘iqunly-for these two that thermodynamic data
are available." '

Cementite-is usually assigned the formula Fe,C but its exact
.conformahce to the stoichiometric composition.has not been prbved'
_andwvariationS"in composition have been suggeétedS. Petch40
quenched carbide-saturated alloys from various temperatures and
 found that .the lattice parameter of<the cementite varied with
lquenching temperature. Other observers have reported similar -

41,42

differences . The structure iS'orthbhombic°and the Curie

temperature is--approximately 210?C with variations dependent upon
the previdﬁs history. it is sometimes called 6 (theta) carbide.
§The possible existence of Fe,C was'suggested by Glud, Otto -
and Rifter4l. An X-ray diffraction pattern of Hofmann and Groll42
for iron carburized at.temperatures‘below'400°c showed lines of.an
unknown carbide along with those of Fesc; When carburization wasl
done above 400°C only the 1atter4wé§ fouﬁd. ‘Bahr and Jessen™®
developed a hydrogenfreductioh methdd for independenf'determination.{b
of carbidic and free carbon. with its.aid they were able to show
;hét when iron,.reduced.from oxide by hydrogen at ébéut 260°C, wa§ 
carburized with CO at 225° the product contained‘9.7fpercent‘c
corresponding to Fe,C. At higher carburizing temperatures a mixture
of Fe,C and Fé;C ﬁas formed and at 400° or above the carbidiC‘carbén

~corrcspondéd to the formula Fe3C. The X?réy'diffracﬁion pattern of
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'~ .this new carbide was determined 'a year later by'Hﬁgg44 and it is-

__generally called the Higg carbide or x (chi). Jack*? obtained

the same carbide by carburization of the nitride. Its analysis

showed a slightly variable composition approximating Fe, ,
4 . ‘ ¢

_ Ccmcnelte 0.

C.

—Twemy years ago Darken-and- Gurry 6m—revie;/sred the. propertie.s of
-cementite and developed tables of its thermodynamic properties. They ﬁrere
v-.able to show that Fe3C-. is metastable at all ‘eemperatures with respect'fo
'»graphi‘ce and its' saturated solutien in iroﬁ. Thus they produced the #irst

" modern phase diagram of the system; all subsequent dlagrams including

the present have added only refmement in detail.

The line in Fig.1 represenﬁng the solubility of cementite in austenite is
taken from the paper by Ban-ya, et al. 8 and is based on the direct measurements |

of so}ub_il_i»_tyrpy SmiAth47_;_gnd_ the CO-CO, e_quilibrﬁ;m measurements of Scheil

etal.! With the aid c-)fl,E'qs. [5]-and:[6] ,ir_itefpolated; points ‘from ~
thesé deta'and a point calculated fforﬁ the eutectic composition have been use'ci
to establish the sfandard free energy .cha'ngfe-. in the rea'c:tion: 4
| | 3Fe(y) + C{graphite) = F-eSC(eqﬁilib.) - : [11].
The result is shown in Flg 7. 'l-i‘-he curvature is somewhat greafe'r' then is
W ordinarily expectee in a plot of this kin'd. Unc_ertainty remain;s as to whether
| 'thi.s is to be escribed to a change in“heat capaciﬁy in the reaction or to variations
in bcomposition of the cement.itevvphase, or to leXperimental’error. Assuming the -
first, a value of ACp = -3.4 cal.deg 'mol™! could be used to reproduce the
| observed curvature in the range 1000—1A42-}1 K. Ho‘wever it will be prefe'rabl'e‘A
“to retu |

wrn to this question after consideration of the solubility of Fe;C in &-pe .

The observed free energy and heat of formation at the eutectic provide

& basis for e

R PR PN K TP

alculation of the solubility of cementite in liquid iron. The other

s T e o0
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. data required are the activities of Fe-and C in the liquid by Eqgs.[7] and [8] and

D it B T e R e

the free e:‘*.ergy‘dlf erence 7 between v and liquid Fe. There .arc. no experl-
T ental data on this problem and no measurements of the melting point.

Various estimates have been made including a recent one by Hillert48. The
""*“"result of the- calculatlon is a very flat maximum-shown-by-a: dotted line in - e e
""Fig.4, and a calculated melting point of 1227°C. \

-At lower temperamres there are two distin'ct and conflicting lines of

evidence on the free energy of formatlon of }."e3C from «-Fe and graphxte

" The activity of carbon as shown by Fig. 6 or Eq.[9] cgn "be used fo calculate
the free en'e-r_gy from'the. observed solﬁbility. 1t _hap'pens‘that the soiubility ié '
quite small and the data conflicting. Moreovei‘ the solubility may be affe'c':ted.
by precipitation stresses as shown by Swiéxr'tz_g'. | His more recent observatior
" on self-stressed and stress-free cementite must be regarded as super'ceding_ .
fhe earlier \%/ori'k_by the same 'technic,. aetermination of the Snoek peak in the '
inte;nal friction spéctrum. It appearsgb that with longer aging the prempltated o
cementite has gbout the éame solubility as the stress-free. The free’ energy
calculated {rom the sOlubiiitj data is shoﬁm, along with other determir;atlon_s
in Fig. 8. |
More direct infbr_mation on cementite comes from studies of the eqxixilibriumf
FesC +2H, = 3Fe(a) +CH, . | ‘ ' (12] |
_and the known freé energy of frie_iihane. The. equilibrium was stﬁdied in the
' r‘ang‘e 725°-875°K by Watase™® and at lower ‘temperatufes by Browﬁing, DeWitt,
and Emmetts_o. The latter 'investigat'ors drew separate lines through the two

sets of results and computed the free energy and heat of formation. The latter,

though poorly aetermmed by the data, has bcen w1dely quoied Ii is now



meu&an'e“e"a‘ai‘isﬁmﬁ“ are shown in Fig. 8.
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ossible to improve on this treatment by consideration of the data at higher
temperatures (Fig. 7) and the thermal properties of the reacting species. This . |
- 46 - | '

was done by Darken and Gurry ~ with whose results the following calculations

are in good agreement. The data points co.rres'ponding to the observed

The high- temperature data of F1g 7 are easily recalculated usmg the free

-energy duferences tabulated by Orr and Chlprnam17 to show the feee energy

R R

of formation from metastable a-Fe._ T“ne__r'esults are shown in Fig. 8. In order

to establish the thermodynamic properties from these data it is first neeessary’

to e;xamlne the data on the enthalpy and entropy of Fe;,C

At low temperatures (68°-298°K) the heat capacity was determmed by

" Seltz, McDonald, and Wells5 whose value. for S°, ., was 25. 7£1.0. F_rom.; '

298

—this and data of ‘Schwarz and U’.Lich52 and‘Naeserss, Kelley and King54

_ proposed an average value 5298 24. 2:1:1 0. More recent measurements by

Maz&r and Zacharko55 have covered the range 2°-20°K thus filling part of the
-uncertainicy in Seltz's estlm-ate of the entropy. A recalculation of Seltz's data
mede very little change"in" his original figure but probably improved its
"overall reliability. ',The high;ternperature date on free energy shown in

F1gs 7 and 8 are better fitted by the value S 98 © 25.00. This value, which
hes well w1th1n the range of uncertamty, is adopted for the calculatlons and
‘tables.

‘Estimates of the thermodynarnlc properties of Fe3C at hlgh tempera‘mres
are based prinmpally on the measurements of 1 ‘\Iaeser53 and Um1n056, The
latter were r_.ecaleulated‘-by Darken and G‘rurry‘j:6 and ineluded in t]neir tabulated
enthalpy data. Corresponding \}alues of the {ree e_riergy function c‘éme_frorn the

' ' . 7 :
entropy and equilibrium data mentioned above. ,Kell__eys “used the same data



plus Schwarz and Ulich52 fo arrive at a similar tabulation,
lt is now possible to make some numerical adjustmeht in the

data to conform more closely with the difeetly determined data on.

the free energy of formation. The selected values shown in Table V
are based prlmarlly on the equlllbrlum data at 500°-700 C and the |
solubility in a-Fe at lOCO K The line in Flg 8 representlng the-_
free energy of formation of FesC from a-Fe follows the tabulated
values up to 1000°K. CorreSpondlng values for its solubility in

a-Fe are shoun in'Pig. 9. These'lie sliéhtly‘below the line obtained 3
by Swartz from internal fpiction.measufemente;and decidedly below |
_earlief:values by that method. The line may be‘represented by the'

equation for the solubility of Fe3C

1og[C]“ppm = 6.38 - 4040/T : o [15)

Wthh corresponds to a heat of solutlon of cementlte AH = 18. 47 kcal.

. Thls is to be compared with 24. O kecal from Swartz s data

Bozellus and- Berclund58 measured the heat evolved on prec1p1ta- .
tion Qf cementite from a-Fe which had been equilibrated at
| temﬁeratures of 350-700°C and from the results;calculated the

selubility Their results at 700° are lower than those of Swartz

‘“'3lor'of'Smith or of Eq. [13] and their heat of soluulon was only 12.5 kcal

- per gram,atem of_C. At 500-600° their values agree w1th the
calculated curve of Fig. 9 while at lower temperatures they are more
nearly in line with the data of Swartz

The curvauure in the line for the free’energy of FesC éhownvinA .
'Fig. 7 may now be reconsidered. This is not to be brushed aside as. |
experlmental error since it is based on-closely agreeing inVestigatiqnsl
which in all other.reapects have been well substaptlated. Itluas
shown that the cufvature could be aCCounted'fer by a heat eapacity

change in the reaction of}ACp = =3.4 cal/deg'mole.‘ This would make -
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its molar heat capacity at 1200K about 26.4 cal. per degrece.

In view of Table V only an abrupt change at 1000°K could lead to
such a low value. It is to be remembered that tne standard free“““M;««_
energy of formation shown in Fig. 7 is based on the assumption that
the composition'is Fe;C. Variations from this cemposition could be
.expected to affect the thormodynamlc properties. - At the nresent- |
time, however no quantitative explanatlon of the curvature can be
offered. Further research on this question is clearly needed.

In Pig 7 a point is shown at 1000°K which is calculated from °
the solubility of cementlte in a-Fe and the known free energy
dlfference between a and Y-Fe. A straight ;1ne from this p01nt“to‘
that calculated from the eutectic at 1421° i§'represented by the
equation u | | |

| | 3Fe(y) + C(ér.) = Fe;C
4 AG% =
This approximate equation reproduces the data W1th1n £60 cal and

2685 - 2.625T N S [14].

should serve well enough for practlcal purposes until a better :

knowledge of the composition of cementite is available.

The Hzgg Carbide, x.

Browning, DeW1tt and Emmett50 also;meeSuted(the equilibrium

Fe;C + 2Hz = 2FE(a) + CHy, - [15]
-in the temperature range 296;359°C. Their carbide was'prepared”by
treatment of.hydrogen-reduced iron with butane at 275° and was
identified by its diffraction pattern as»the same as that prepared -
'by Hagg at 225°. Both obeervers'found that. this carbide was

converted to FesC by heating to 500°.
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Jack45

obtained the Same'carbide>Which he cailed Fezbcg.
The X-ray patférn”was indexed as orthorhombic with the added
vnotarion that a monoclinic or tricidnic strueture was not
excluded. More recently it was shown by7Sénateur, Frucnartdand

>3 that the structure is monocllnlc and isotypic w1th MnSC2

Michel
For purposes of the present discussion it is represented as Fez 2C
Its Curie temperature,ls given by Hofer60~as 247°C.-
Average}equilibrium values of Brewning et. al. for Eq,‘[lsj;
are shown in Fig. 8.~ 'The slope of the line‘is not well defined bue:

the data are represented approx1mate1y in the equation:

2. ZFe(a) + C(gr ) = Fe2 ZC(x), ?‘= 4850-2. ST [16]

Extxapolatlon to lower temperatures 1nd1cates that x becomes a
more stable phase than PeSC at temperatures below about 500°K. - The
'trlple point x-0-a is not accurately determined by the data. |
Krisement61; using the method of Borelius and Berglund58, found
that the prec1p1tate formed at 230°C was cementite whereas at 188°
to 218°C a dlfferent carbide which he: called FeZC appeared. Thel_'
cause o;-_he break in his curve remains obscure. Jack found that ¥ '
persisted for 50 hours at 350°, but was converted to cementite at
450°. Lesage62 reported the fermanion,of'x only af 230-4SO°. vIt:}
is difficult to distinguish thermodynamlc from klnetlc effects but

there would scem to be the p0551b111ty that the cross- over p01nt is

'somewhat higher than the 500°K 1nd1cated

'The € Carbide

Another well-defined carbide, € (epsilon) occurs as a transition’

phase in the tempering and ageing of steel. .It has not been isolated

~ and its thermodynamic properties are unknown. It is descrlbed60
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- as close-packed hexagonal with a Curie temperature of 370°C and a

~>variable composition, commonly about Pez 4C. It was recognized

63

by Jack as a result of the tempering of martensite and by T50U,

64

Nutting and Mentexr & in the quench-aging of iron. The voluminous

and confusing literature on these phenomena contains little on which

an estimate of its free energy can be based. Butler, Chollet and

Crussard6s estimated its apparent solubility in aFe from the shape

of the @gi@gﬁsgzxe“§n§"92929§gé“theniormulaﬂwT»_HHMu .
o = 1.15¢ 0100/RT | [17]

o\

C .
This-wbuld make its solubility a thousand fold-greater than Ehat of
.either of the other carbides.l.Arndt and‘Damaskéé measured.the
energy relecased in the formation of the metastable carbide precipitate
~ -and feporfed this as 0.27 e.v. per C-atom. fhis.is e@uivalent to
6200 cal in remarkable agreement wifh the value estimated from’the
soluEility. This agreement suggests an equation for the freeienergy
of formatién of the preéipitate.-4Thi$'is.not a "standard" free
energy since it ignores the effects of particle size and
precipitation strain. | | |

2.4Fe(a) + C(a) = Fe2.4C (e precipitate) 1 :'4  ‘[18]"'
| 3 llog[C]a (ppm) ;;4.06 - 1335/T - o

AG (ppm) = -6100 + 4.27T

¢
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 ~~SUMMARY
A critical review of published data has resulted in a phase diagram for
the Fe-C éystem which differs only slightly from others recently published.

It brings into agreement the measured thermodynamic pfoperties’ of iron and the' :

-

' _observed actlvmes of the componenis in -, ‘Y" and 11qu1d solutlons, -and_ the

free energles of the carblde phases Propertles of the' s Y,
§ and 11qu1d solutlons are given in equations, graphs and tables
_from_which the. follow1ng~free.energy, enthalpy and entropy data

are derived. In the equations yc is the atom ratlo nC/n ;

2o yC/(l yc), and Ve is the activity coeff1C1ent ac/zc, the activity =

of graphlue belng ‘taken as unlty

The chande in free energy accompanymg ihe soluuon of graphlie in

Y- Fe at infinite dllutlon is obiamed from Eq. [5] which 1s now used in preferenee
1o the analogous Eq.- [9] of refe‘rence 8: | | |
8 - Cfgr) ='__C_(in v-Fe)
AG®(cal.) = 10520 - 4,21 T T o [29.
_'I‘.his. ’is the difference between the two standard states, graﬁhite and’fhe ‘l

hypothetical state with z ., = 1 and all other properties those of the infinitely

C

dilution solution. The effect of concentration on the partial molar free energy

is . e =C-}E('Y,inf.dil.)+RT1nz

: +17660y; . [20].

C
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From these equations it is evident that when graphite%dissolves;inn;
austenite the increase in entropy is 4.21 - RanCcal/QKgiatom,
-and its heat of solution in calories 10520 +_17660yc.

For iron the partial molar free energy by Eq.[6] is:
G (austenite) = 63 (v) - 8830yé + RTen(l-yo) - [21].
~For the solution of graphlte in liquid iron Eq [7] gives

wC(gr) = C(in 2-Fe) o

AG®(cal) = 5400 - 3.98T A [22]
cand  G(4) = TX(L, inf.dill) + RT2nz,+(3.29T + 15550)y,  [23]
-From these it is evident that the heat of solution in calories 1is
-5400 + 15550 yc while the increase in entropy is 3.98 - 3. 29yc- R,Q.nzC
For the llOUld SOluthD the partial molar free energy of iron 1s -

ro(2) = (z) (1.65T_+ 777O)yC + RTzngl-yC) S [24]

B In a- §-Fe the free ‘energy of solutlon of C by Eq. [9] in the ”,1
ranoe 500-1768°K is: | R
C(gr) = C(in a-Fe) | |
AG®(cal) = 25400 - 11}40T - : | - [25]
The.heat Qf>solution is 25400 cal and thé‘éntropy increase is
11.40 - Rznzé. In §-Fe the activity of Fe is apprec1ably dlfferent

from unity and here the partial free energy is

F (6) = Go (6) - RTQn(l yC) S _ | [25]
Tﬁe free energy of formaulon and other propertles of cementlte
(assumed to be Fe3C) in the a-Fe range up LO_lOOO K are_gljenvln
Table V. .In the y-Fe range, 1000-1421°K, the frée energy is

. approximately

3Fe¢Y + C(gr) = Fe C(0); AG® = 2685-2.625T C 27



The frece energy of formation of the x-harbide‘shown,in

Fig. § is, in the range 450°-650°K,
2.2Fe(d) + C(gr) = Fe, 2C(x)

AG® = 4850 - 2.50T. [28]

Both cérbides are metastable at all tempe:atures'with'respect to
grphite and its saturated solution in iron. BelOWFa.temperatufé
estimated as-230 to 350°C the x-carbide is more stable than

‘ cementite. I - l | | | |

\

‘An‘estimgté of the. free enefgy 6fvformati6ncof e carbide ‘
precipitate‘is méde'from reported observétibns during aging. From
its appafent solubility and that of graphite in a-Fe we derive'the" ”
equation | | | .
'2.4Feq + C(gr) = Fe2.4C (e precipitate) ‘ ‘- " [29]
4 4G = 19300 - 6.13T | |
Othér available data on the:sy$tem iqcluding soiubilitieS,

. N 3
are shown in tables.
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Table L. Solubility of Graphite and Cementite in Austenite

| Temperature .Graphite S Cementite
o ‘ o
C | o yC %C | yc % C
727% | - - . - 0.035 0.77
b . |
738° 0.0320 0.68 - -
1800 . 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 - - -0.1000 2.11
d

1154% 10.0990 2.08 - -

aC;—:rnen’ci‘ce eutectoid

‘b : ‘ :
Graphite eutectoid
c . .

- “Cementite eutectic _

dGraphite eutectic .



Table II. ' Solid-Liquid Equilibria

Temperature
. OC

..1148%
11540
1200
1250
- 1300
1350
1400
"'1450
1495°
15279

1538°

%C

-2.11

2,08

1.85
1.59

1.30

1.01
011
0.42
0,17

£ 0.00

a ) ' .
: Cementite eutectic.

bG_ raphite eutectic."

v-Solidus -
Me

0.1000 .

10.0990
0. 0877
0.0718
0,0613‘A
0.0475
0.0333

10,0196
0. 0079
10..0000

as

1.000
0.720

0.457

0.323

0.203

0.117

0.057

0.019

10,000

0. 00

25

Liquidus
%C Yo
4,30 .0.2092
4,26  0.2072
3,93 . 0.1906
3.50 0.1689
3,02 0.1450
| 2,47 0.1179
1.88 0.0881
1,21 0.0570 |
_0;53}.mo,0248

0. 0000

®Peritectic. The value of 2 is an average from Egs. [5] and [7].

,QMetastable melting point of '}'-‘-Fe‘.

Melting point of §-Fe



Table III. Solubility of Graphite in Liquid Iron

 Temperature Carbon
°cC. . wtpet.,

1154 4.26£0.02

1200 437

.isoo - f. 4.63

1400° 488
1500 . 5,14 -
'1eoov f '5.401;0;03
1100 . 5.66

1800 504 0. 05
1900 -_w;“" 6.26#:0.16.
2000 " 6.63£0.10
2100 _‘f’ 7.05 % 0.2

2200 . 1.5640.3
2300 | ; 8.1
2400 ‘4,' : . 8.68
2500 . 9.28%0.4
2600 0.87
2700 . ? 10. 50
2800 § “411.12

2900 - 11,75%0.5



: -aDerived fr6m_ Fig. 6.
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Table IV. Solubility of Grapl‘uite and Carbides.in.a-}?e

Temperature ~ Parts per million

OC_ . ‘Graphiteaf Fe‘s‘Cb h | I:(.)’Z.ZCC
38 206
P I 218
700 | 127 160
650 - 63"‘fw102
600 <".; 28 57
550 N : '.;_11-'7_ o8 |
, 500 - 1  f-w~4.3 13
450 o ;1.35_ 5.7
400 ' ; 0037 2.8
. 350 | 0.81 .15 1.3
w0 ';d;0i3f'v ,.21 Cez0
250 i s 050
00 . . 007 0055

bCalculated from obserﬁed value at 727°C and fr'eev,energy of formation.

 ®PFrom free energy of‘jfoi'ination. v



T,°K

Cp

~298.15  25.40

400

=450

4802

500
600
700
800
850
900,
950

1000

21,

_30.

26.
27.
27.

28.

/

28.

28,

29,

93
- —-29.98

1

50

20

80

30
65

.00

H,,~-H
0
2710

4140

_..50%2

5624

8309

11064

13889

15328

16784
18258

19749

a. .
‘Curie temperature.

s

T st

'19.

33.

T

-0.
7,80
a1
18,

14.

- 23.
21,
28.

~ 30.

132,

=S

st

00

21

17

34

23

48

99

65' -

34

78

S°.

25, 00
32.80
36,21

L3817

39.34

. 48.48

1 52.25 -

53. 99

55.65

57,24

LG

. 44,23

58.78

28

Table V. Thermodynamic Properties of Cementite, Fe;C

3Fela) +Clgr) = FesC

T

4772
| 4274

3949

3618

. 2916

2214

1524

1192

885

585

300

]
A}LT

5985

6534

6802

7083

7176

7121

6892 -

6692
6411
8019

5450

AST;

4,07

5.65

6.34 .

.93,

- 7.10
L 7.01

6.71

6.47
6.14
5. 72

5.15
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