SOLUTE PARTITIONING OF Fe—-Cr-Mn-Ni-C
ALLOYS DURING SOLIDIFICATION

by
DAVID MALCOLM .ISUNDRAT
74

B.S. University of Cincinnati

Cincinnati, Ohio
1975

SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENTS FOR THE
DEGREE OF

DOCTOR OF SCIENCE

at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY

February 1980

© Massachusetts Institute of Technology 1980

Signature redacted

Department of Materials Science and Engineering

e 2 —_ January 11, 1979
Signature redacted
V 7 T John F. Elliott

Signature of Author

Certified by

A a Thesis Supervisor
Signature redacted
Accepted by . .

i ¥ A\ Regis M. N. Pelloux
Chairman, Department Committee

ARCHIVES

MASSACHUSETTS INSTITUTE
OF TEGHNOLOGY

MAR 21 1980
LIBRARIES



A
— — 77 Massachusetts Avenue

Cambridge, MA 02139

M ITI_ibra ri eS http://libraries.mit.edu/ask

DISCLAIMER NOTICE

Due to the condition of the original material, there are unavoidable
flaws in this reproduction. We have made every effort possible to
provide you with the best copy available.

Thank you.

The following pages were not included in the
original document submitted to the MIT Libraries.

This is the most complete copy available.



ABSTRACT

SOLUTE PARTITIONING OF Fe-Cr-Mn-Ni-C
ALLOYS DURING SOLIDIFICATION

by

DAVID MALCOLM KUNDRAT

Submitted to the Department of Materials Science and Engineering on
January 11, 1980 in partial fulfilliment of the requirements for the
degree of Doctor of Science.

' The phase relationships between the liquid phase and primary solu-—
tion phases were investigated in the iron-rich Fe-Cr-Mn-Ni-C system.
The investigation consisted of experiments and thermodynamic modeling
of the results. e

The phase relationships determined experimentally were the tie-lines
between the liquid and § (BCC) phases and between the liquid and y (FCC)
phases, the §-liquidus and the y-liquidus and the two~fold equilibrium
Lt+§2l+6+y. The composition fields imvestigated were the iron-rich
binary systems, ternary systems and selected quaternary systems of the
composition pentahedroid bounded by O to 1 w/o C, O to 10 w/o Mn,

O to 25 w/o Cr and O to 25 w/o Ni (bal. Fe). The liquidus of the
nickel-xich Ni-Cr system was also determined experimentally.

The experimental results have been predicted within the experiment-—
al error with the use of a thermodynamic model. Parameters in the model
-were determined from thermodynamic measurements and analyses reported
in the literature and from mathematical methods applied on the experi-
mental results. A method to calculate equilibrium solidification paths
in alloy systems has been developed and the use of the method in
kinetic studies of the solidification process has been demonstrated.

Thesis Supervisor: John F. Elliott
"Title: Professor of Metallurgy
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CHAPTER 1

" INTRODUCTION

The solute elements Cr, Mn, Ni and C in iron constitute the
compositional base of corrosion resistant alloys. When more than one
of these elements are present in significant concentrétions in iromn,
the phase relationships in the multicomponent system cannot, in general,
be determined'by-e;trapolation:from the limiting binary systems.
Epegise,knowledge-of“thgse-phasemrelationships-in_the;alloyusystem.is
essential to control the processés that occur during solidification and
during heat treating.

With improved control of the solidification of the alloy\steels,
the quality of the casting is improved. This has a two—fold importance
today. Because of the demands of high-technology, stricter tolerances
of the properties of the product must be met. And, with escalating
costs of the alloying additions and energy consumed per unit of pro-
duction, it is cost-effective to increase the yield of the finished
product.

The focus of this study is thermodynamic modeling of the equili-
brium phase relationships which have been determined experimentally in
the iron-rich Fe-Cr-Mn-Ni-C system at solidification temperatures.

With a thermodynamic model of the alloy system available, the use-
fulness of the experimental results is extended by permitting extra-
polation and interpolation within the compbsition field investigated.
Tn addition, kinetic process that occur during solidification of these
alloys can be studied in a quantitative manner with reference to the

equilibrium state of the system.
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CHAPTER 2

LITERATURE SURVEY

Reliable data on both the phase diagrams and thermodynamics of binary
and ternary alloys in the Fe-Cr-Mn-Nr—-C system have accumulated in the
past thirty years. In particular, the influence of alloying elements on
the phase rel;tionship in the Fe-C system and on the activity of carbon
in iron has been well documented. This chapter is concerned witH in-
formation published on the phase relationship and thermochemical
properties of the iron-rich alloys in the composition region bounded by
0 to 25% Cr, O tol0% Mn, O to 25% Ni and O to 1% C (bal. Fe) at
solidification temperatures (1000°C<T<1600°C). All temperatures refer

to the 1968 Internatiomal Temperature Scale.

2.1. Phase Diagrams

Phase diagrams of binary alloys in the Fe-Cr-Mn-Nr-C system have
been constructed from the results of numerous investigators. There are
few invéstigations of the phase diagrams of the ternary and quaternary
alloys. Hansen, Elliott, Shunk , Hultgren and most recently, A.S.M.
(vol.8) héve reviewed critically the binary systems (1,2,3,4,5). Prince
lists references of the ternary and quaternary systems investigated from
1952 through 1973 (6). Recent work on the phase diagrams of the iron-
rich alloys at solidification temperatures are reviewed presently.

Relevant data on these phase diagrams are poftrayed in Chapter 7,

2.1.1. Unary Systems

Table 2.1 lists equilibrium transformation temperatures of the pure



Table 2.1. Equilibrium transformation temperatures of the pure
elements (1 atm.)

. _ Transformation
Element Equilibrium temperatures °C Reference
Fe LZG 1538 ' (7)
sry 1394
Cr Lzé 1859 ‘ (4)
Mn L3S * 1246 (4)
6:Y 1139
Ni Ly 1555 ' %)

c _ LGr 3927 (8)
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elements. 6, Y and Gr refer to the BCC, FCC and graphitic crystaliine

structures, and L refers to the liquid phase.

2.1.2. Binary Systems

Fe-C
In 1972 Chipman reviewed critically thermodynamic and phase diagram
data on the Fe-C system‘and reconstructed the phase diagram (/). The

peritectic reaction is reported to occur at 1495°C:

L(0.53 w/o C) + 8(0.09 w/o C) 7 v(0.17 w/o C) (2.1

In the composition region less than 1.0 w/o C, the liquidus and solidus

are linear with temperature. Equations of these lines are as follows:

§-Liquidus T(°C) = 1538.0 - (81.1) x (w/o C) (2.2)

§-Solidus T(°C) = 1538.0 —(477.8) x (w/o C) (2.3)

y-Liquidus  T(°C) = 1531.1 - (68.2) x (w/o C) (2.4)

Y-Solidus T(°C) = 1528.4 ~(177.8) x (w/o C) (2.5)
Fe-Cr

Hellewell and Hume-Rothery have employed DTA (differential thermal
analysis) to determine the liquidus and solidus in the Fe-Cr system up to
46% Cr (10). The equilibrium between the liquid and delta (BCC} phases
is observed to occur throughout the entire composition region investigated.
A minimum in the liquidus with respect to temperature is observed at
1516°C and is estimated to occur in the vicinity of 21% Cr. The liquidus
is in good agreement with that of earlier investigators; however, the

maximum width of the liquidus-solidus gap is reported to be 4°C at 10% Cr,
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which is smaller than reported by Hansen (1,2).
Fe-¥n

The same investigators have redetermined the liquidus and solidus of
the entire composition range (10). They reported the iron-rich perdtectic

reaction to occur at 1477°C:
§(9.5 w/o Mn) + L(12.8 w/o Mn) z v(10.1 w/o Mn) (2.6)

Loss of manganesefrom the liquid phase due to vaporization during experi-
mentation and the use of impure materials are likely to account for the
inconsistent information in the literature on this system. However
H. and H.-R. reported negligible loss of manganese and they used materials
of substantially lower impurity content.
Fe—-Ni

H and H.-R. also investigated the liquidus and solidus in the iron-
rich Fe-Ni system up to 15% Ni (10). The peritectic reaction was

observed to occur at 1516°C:

L(4.9 w/o Ni) + &(3.6 w/o Ni) 7 v(3.8 w/o Ni) (2.7)

As with the Fe-Mn system, there is disagreement on the temperature and
; : ; ; g . .
compositions of the peritectic reaction determined by earlier investi-

gators. Equation (2.7) is considered to be the most reliable.
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2.1.3. Ternary Systems

Fe-Cr-C

The general features of the liquidus up to 10% C were established
by the work of Austin in 1923, Griffing in 1962 and Jackson in 1970
(11, 12, 21). Figure (2.1) is a schematic representation of the single-
phase fields of the solutiomn ' phases L,§ and y, and corresponding
surfaces of saturation with respect to the carbides and with respect to
each other (13). The isotherms at intervals of 5°C of the §-liquidus
(surface of liquid phase saturated with respect to the delta phase, (A-B-
C-H) in the composition region bounded by O to 1% C and O to 20% Cr
(bal.Fe) was determined recently by DTA by Chochol (13). ‘He also
investigated by DTA the y-liquidus (E-H, extending to K), § =solvus
(A-D-F-E) and the peretectic surface L+d&7L+d+y (FLE-G-H). Tie~lines
between the liquid and delta phase also were determined from liquid—solid‘
equilibrium couples. It is seen from Figure 2.1 that the delta and gamma
single-phase fields exhibit at lower temperatures surfaces of saturation
(solvi) with respect to the carbides M23C6’ M7C3, M3C2 and Gr, where
M designates the total number of moles of metal atoms (Fet+Cr) in each
carbide. The extent of the saturation of the delta phase and the gamma phase
with the carbides in the composition field up to 1150°C is due to the
efforts of Benz. , Elliott and Chipman. (14). From this Work.and-the.eariier
investigations of Austin and Griffing, no intermediate phases (i.e.,
carbides) in equilibrium with the solution phases are expected to occur
above 1275°C, at which temperature the onset of liquid phase in equilibrium
with M,C. is expected to occur. Selected results on this system are

773

discussed in Chapter 8.
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Fe-Ni-C

Buckley and Hume-Rothery determined by DTA the liquidus in tﬁe
iron~rich Fe-Ni-C system in the composition region bounded by O to
12 C and O to 40%Z Ni (bal. Fe) (15). These results substantiate that
the peritectic reaction originates in the Fe-Ni system at 1517°C and
terminates in the Fe-C system at 1498°C. TIn addition, they reported no
intermediate phases at the temperatures and compositions investigated.
Fe-Mn-C

Isobe has determined the genéral features of the liquidus and
solidus in the Fe-Mn-C system, up to 10% carbon (16). The carbide M3C was
observed to be the only intermediéte solid phase in equilibrium with the
liquid phase and was found to extend continuously from the Fe~C system
as a metastable phase to the Mn—-C system as a stable phase. Benz,
Elliott and Chipman determined the phase relationship in the temperature
range 600 to 1100°C (7).
Fe Cr-Ni

Chochol has determined the liquidus isotherms of the equilibrium with
respect to the delta phase and the equilibrium with respect to the gamma
phase (13). The contours of the y-isotherm are in agreement with
Jellinghams but not with Jenkins et al. (18,19 ¥,
Fe—-Cr—-Mn

Burgess and Forgeng have summarized the investigations done on this
system up through 1938 (20)., Their observations confirm that Cr additions
to Fe-Mn alloys stabilize the delta phase and shift the three-fold
equilibrium between the delta, gamma and liquid phase to higher manganese

contents. Accordingly, additions of Mn to Fe-Cr alloys were obsexrved to
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stabili the equilibrium between the liquid and gamma phases. 1In the
past thirty years, there has been no reported investigations of this
system at solidification temperatures (6).
Fe-Mn-Ni

There has been no investigatio  reparted of the iron-rich Fe-Mn-Ni

system at solidification temperatures.

2.1.4. Quaternary Systems

The only quaternary phase diagram in the Fe-Cr-Mn—-Ni-C system to
be constructed at solidification temperatures is the Fe-Cr—-Ni~-C system.
Chochol recently determined the location of the S-liquidus and the
Y-liquidus by DTA and deduced the location of the surface of two-fold
saturation of 1liquid saturated with respect to the delta and gamma phases (13).

These results are discussed in Chapter 8.

2.2. Thermodynamics

The solution phases that are stable in the Fe-Cr-Mn-Ni-C system are
amenable to thermodynamic analysis. In particular, there is considerable
thermodynamic information reported in the literature on the liquid and
gamma.but not delta solution phases in the binary and ternary systems at
solidification temperatures. This section summarizes the thermodynamics
of the solution phases and the corresponding composition and region

temperature over which the analysis is wvalid.

2.2.1. The Pure Components
The difference in the Gibbs energies of different structural forms
of the elements Cr, Mn, Ni and C are listed in Table 2.2. It is noted

that some of the crystalline forms are not stable at one atm.



Table 2.2. Relative phase stabilities of the pure components
(1000°C<T<1600°C; 1 atm.)

G.D’¢-2- G_.O,¢'1
3

Phase i
Element i ¢4 @2 ~ (cal/mole) Reference
Fe L 8 -3300.0 + 1.822xT N
8 Y - 227.0 + 0.135%T (7)
Cr I § -4050.0 + 1.900xT (21)
¥ 8 -4350.0 + 2.000xT (23)
8 v 4356.0 = 1.716x%T (22)
§ Y* 2500.0 + 0.150xT (23)
8 v 627.4 —1.058xT + 0.465%x10 -
xT> - 0.045 x 10" 0x13 (26)
Mn L 8 -3500.0 + 2.300xT (54)
8 B - 430.0 + 0.305%T (54)
Ni : L Y 4210.0 - 2.436x%T (25)
sy 940.0 - 0.982x10 “xT> + (25)
0.116510 xT° - 0.337x10 Jx1 (25)
6 L Gr 27300.0 + 6.500xT (8)
. o4 7800.0 + 3.000xT (8)
& 4 -2000.0 (8)

%
unstable phase
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Table 2.3. Equilibrium and metastable melting points of
the pure components calculated from Table (2.2)
(1 atm.)

Equilibrium  Equilibrium Metastable Metastable

Element phase melting phase melting Reference
point (°C) point (°C)

Fe 8 1538 Y 1529 (7

Cr 8 1859 Y 1390 (22)

§ 1830 Y 483 (23

Mn 8 1249 Y 1234 (21)
54

Ni Y 1555 S 1103 (2D

c Gr 3927 . ' § 12327 . (®)

Y 1660 (8)
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°¢2 O¢l
The.quantity.Gi - Gi is referred to as the
relative phase stability. Table 2.3 gives the equilibrium and the
metastable melting points of the pure components calculated from

Table 2.2. In addition to Table 2.2 the following differences in

reference states are useful (9):

C(Gr) = C ( -Fe) (2.8)
AG® (cal/mole) = 5400 - 3.98 x T
C(Gr) = C ( -Fe)

AG® (cal/mole) = 10520 - 4.21 x T (2.9)

2.2.2. Multicomponent Alloys

Activity measurements on liquid and on solid-solution alloys in the
iron-rich Fe-Cr-Mn-Nr—C system are numerous. Several models have
been used to represent analytically the measurements of the thermodynamic
behavior of each solution phase. These models range between two extremes:
those which are strictly empirical and those which are based on statistical
thermodynamics. Models based on the statistical thermodynamics of
interstitial solution; are in general different from those of substitu-
tional solutions (short or long range order). As a consequence,
solution .phases of alloys in which C is dissolved interstitially are
described by a different model from that of alloys containing only the
substitutional solute elements Cr, Mn and Ni. On the other hand,
empirically-based models are genefally insensitive to the details of the

ordering of atoms in solutions and have been used to describe the thermo-

dynamic interactions of liquid and solid, interstitial and subs tituional
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solutions.

Each of the sqlution phases is treated in a separate section.
Emphasis is placed on the models reported in the literature and on the
composition and temperature region in the Fe-Cr-Mn-Ni-C system in which
the model is valid. Models which have been applied successfully on more
than one solution phase are discussed firstly to avoid repetition. These
include the use of interaction coefficient in a Taylor expansion of the
activity coeffiecient to describe the behavior of multicomponent solutions,the
application of the quasi-regular and central atoms models to describe
concentrated binary solutions and concentrated ternary solutions con-

taining carbon dissolved as an interstitial element, respectively.

Interaction Coefficients

An approximate analytic expression for the activity coefficient of
a solute in a dilute solution phase was first utilized by Wagner and by
Chipman and subsequently extended to multicombonent systems by Lupis
and Elliott (27,28). The expression which results from a second-order
Taylor expansion of the activity coefficient about the infinitely dilute

solution reference state (phase ¢) is

N N ;2
= o + .a
nl ani + jEZ ai Ej 3&2 a.:,L gj
N N s
. J,k 3
ok k& B R 0(g™) (2.10)
izk

where Fi is the activity coefficient of component i in phase ¢, in the

. . . P -} .
system of N components based on composition coordinate &, , and Fi is
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J and ﬁ.J’k

the value at infinite dilutions. The coefficients éi, éi i

also depend upon the choice of coordinate system for the solute and
solvent species. If the atom fraction coordinate system is employed,

Equation (2.10) becomes

Loy = gny.° + g sj X, + g ] X £
1 i 322 51 %y T =2 Pi Ty
N N .
ik 3 ;
+ jgz WZo Py ijk + 0(X7) (2.11)

where 1 is the activity coefficient based on atom fraction as the
composition coordinate. Investigators have evaluated the coefficients
ei, pi and pi’klfrom measurements of the activity coefficient, and
application of Equation (2.11) is valid up to the compositions where
the higher—order coeffiéients are determined to be statistically
insignificant. In more concentrated solutions, coefficients of the
higher-order and the cross terms may be needed.

Chipman has adopted an atom ratio coordinate system to express the
thermodynamic properties of solutions in which one of the components

is interstitial (31). The composition coordinate is stated in terms

of the atom ratios

g, = .y o= — K (2.12

where i is any component and j and k are the substitutional and intersti-

tial components of the N-component system, respectively. The Taylor
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expansion .of the activity coefficient of carbon dissolved-in irom rich

Fe—~C-i solutions .takeés the form

c i
r T 3] 5]
log $c logwc + . yc + n ¥y

] (2.13)
) csc 2 + &0t
* “c yc T[c chi

where wc is the activity coefficient of carbon in the solution based on

the atom ratio Zc as the coordinate system; i.e.,

¢c = ac/{yc/(l—yc)} (2.14)

It is noted that Equation (2.13) is suitable to déscribe the behavior
of iron—carbon alloys, since, in general, the activity of a dilute
interstitial component is proportional to the ratio of filled to unfilled
interstitialrsites. It has been wused for. both liquid and solid
solutions of ternary iron-carbon alloys uE to moderate concentraticns of

the substitutional components.

The Quasi-regular Solution Model

Kaufman has estimated parameters in the quasi-regular solution model
to account for the variation of the activity coefficient over the entire
composition field of the binary systems (25). The excess partial free
energies of components i aﬁd j in the binary system i-j acéording to

this model are:

¢ 2 " -
RT fnv, X {o, + (2% 1) (8, 6,01 (2.15)

]

RT !myj Xi {ei + 2Aj (ej i)} (2.16)
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Gi and ei are parameters which usually are assumed to have a linear
dependence on temperature.

The parameters in Equations (2.11) and (2.12) can be evaluated from
activity coefficients. where they have been determined experimgntally.
However, Kaufman's approach is to estimate the parameters based on a
theoretical analysis of the relative phase stabilities of.all possible
competing phases in the alloy system (29). An essential aspect of Lhis
approach is that the enthalpy and entropy differences between structural
forms of the pure elements should be essentially the same in a given
Group in the Periodic Table. The advantage is that a description of
the thermodynamic properties of mixing of solution phases is possible
over compositions and temperatures in which the phase is metastable or
instable, or has not yet been measured. Kaufman has shown that the
general features of the binary phase diagrams of alloys in the Fe—-Cr-in-
Ni-C system when calculated from his parameters are in reasonable
agreement with experiment. .However; in point of fact, Equation (2.11)
employing these parameters does not always predict the binary excess
enthalpies and entropies of mixing to within their experimental error

over all composition and temperature regions investigated.

The Central Atoms Model

Foo and Lupis have generalized the central atoms model to multi-
componeﬁt interstitial solutioné of short and long range ordering (30).
The model has been applied to carbon in the liquid and the Y (FCC) phase
in iron alloys and describes successfully the activity of carbon at both

low and high concentrations to within its experimental error. The
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logarithm of the activity coefficient of carbon in a ternary solution
Fe-C—-i is given by the following expression:

+]

ny. = &ny. =~ n(l+C 1tr) yC) + Zz'inACC + 2Z'in AiC (2.17)

C C
The activity coefficient of carbon is based on the atom ratio yC:i.e.,
Yo = aé/yc (Equation 2.12a). Z' and z' designate respectively the number
of substitutional and interstitial nearest neighbors to an interstitial
gite and r is defined as the ratio of the total number of interstitial
sites to the total number of substitutional sites. For liqqid and FCC
solutions Z'? z' and r are assumed to be 6, 12, and 1, respectively. The

parameters A .. and AiC are a function of composition given by the

cC

following expressions:

1/2}

A= 2/{Q = g+ (Amy )% + 4020 Yoo (2.18)

cc
and
Ao = 20y ) /Ay DAy ) + liC(yC—yi)} + , (2.19)
5 1/2

2
- A - + -A
Ly ) Q=ya) + A LG, yi)} 412, Iy AHy )7 )
where yc‘and y; are given by Equation (2.12). These variables are
related to the atom fractions in iron-rich ternmary solution by the
following equations for the case of carbon as the only interstitial

element:

Yo =T (2.20a)
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and y, = —— (2.20b)

The parameters X and Xi are evaluated from measurements of the

ccC C

activity of carbon in the ternary solution. It is noted that the
central atoms model has also been extended to dilute interstitial multi-
component solutions and can be used to predict interaction coefficients

of carbon in dilute solutions (30).

2.2.2.1. Liguid Solutiomns

Interstitial Solutions

Table 2.4 gives the interaction coefficients corresponding to
Equations (2.11) for carbon in iron-rich melts. The activity coefficient
of carbon in the melt at infinite dilution relative to pure solid as
the standard state is log YCO = -2.01 + 2718/T. The interaction coef-
ficients were evaluated by different investigators from the activity -
coefficient of carbon in iron-rich melts of the Fe-Cr-Mn-Ni-C system
that was determined experimentally in the temperature range of 1500 to
1570°C.

Table 2.5 also givgﬁwthe interaction coefficient of carbon in the
iron-rich Fe-C and Fe-Cr-C melts. Pure solid graphite is the standard
.state and log ¢C° = (1180/T) - 0.87. These coefficients are based on
atom ratio corresponding to Equation (2.12). It is noted that the
temperature dependence of the effect of chromium on carbon in the melt
has been determined.

Table 2.6 gives the value of the parameter'ki_ in Equation (2.19)

C

corresponding to the central-atoms model. The activity coefficient of

carbon at infinite dilution relative to pure solid graphite as the
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Table 2.4. Interaction coefficients of carbon (atom fraction)
in liquid iron (1500 to 1570°C)

' '”_,:;Interaction"Coefficient“ - Range of Xi

éii;iiigi EC(I)» : chl) . ‘ ac(l’c) alo Reference

c 7830/T + 3.66  15600/T + 5.32 - 0<x <10 (35)

Cr -5.1 = = 0<XCf<25 (35)
=5.4 L2 ¢ -3 (32)

Mo ~1.89 - - 0<X,, <5 (33)
-2.73 = = (34)

Ni 2.4 - - 0<XNi<25 (32)

2.7 = - (36)




Table 2.5. Interaction coefficients of carbon (atom ratio)
in liquid iron (38)
Interaction Coefficient
Alloying g (1) 5 (€51)
Element i C C Range of Vs
C 3860/T 0 O<yC<O.l
Cr -9500/T + . 12800/T - 4.61. 0<y,<0.10

3.05

34.
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Table 2.6. Parameter A, . (Eq. 2.19) in the expression
for the activity coeffitTent of carbon in liquid iron .
from the central atom model (1550°C) (32, 39)

ﬁi;};:tlgi M | Range ok Ty
C 0.21 0<Y,<0.1
Cr -0.45 O<Ycr<0 .25
Mn ~0.20 0<Y, <0.05

Ni 0.20 0<Y. _.<0.25
Ni
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standard state is lnYC° = 0.37. The parameters were determined from the
experimental activity coefficient of carbon in iron melts at 1550°C.

The carbon solubility in Fe—Cr-Ni-C melts'(o<yNi + ycr.<o_3)
at 1550°C at a comstant carbon activity (fixed CO/CO2 ratios) has been
measured by Lupis (32). The experimental results indicate that the
parameters AiC evaluated from ternary melts are adequate to describe
the equilibrium carbon concentrations in the quaternary alloys.

To determine from the quasi-regular solution model the effect of
alloying elements on the activity of carbon in solution, it is necessary
to utilize the parameters of the limiting binary systems of -the multi-
component system. The parameters of liquid alloys of the ten binary
system of the Fe-Cr-Mn-Ni-C system have been estimated by Kaufman and are

listed in Table 2.7. The parameters relate to the pure liquid phase

(1 atm.) as the standard state of each component, including carbon.

Substitutional Solutions

Table 2.8 gives the interaction coefficients and activity coefficients
at infinite dilution relative to the pure liquid phase as the standard
state for the substitutional elements in iron-rich melts. The coefficients
are based on the atom fraction as the composition coordinate.

It is noted that the parameters in Table 2.7 can be used to calculate
the activities of components in the substitutional liquid solutions in the
Fe—-Cr-Mn-Ni-C system (solutions without carbon).

Kubachewski and Miler have investigated the Fe-Cr system and have
determined parameters in a third-order power series model of the excess

enthalpy of mixing based on the thermochemical and phase diagram



Table 2.7.

Binary parameters in the quasi-regular solution model
for the liquid phase (pzroposed by Kaufman)

37.

Binary system .. Parameters

i j Gj Gi - Source
Fe Cr 4970 - 2.500%=T 4970 - 2500xT (257
Fe Mn -5460 + 4.060xT -4700 + 4.060xT (54)
Fe Ni -2000 + 0.650xT -7700 + 2.200xT (25)
Fe e -37300 +11.700xT -21900 + 2.520xT (8)
Cr Mn -3000 + 2.500xT -3000 -+ 2.500xT (54)
Cr Ni 2000 -2000 (25)
Mn Ni -15395 + 2.600xT =-18395 + 2.600xT (54)
s c -33000 -33000 (8)
Mn C 39790 +11.400xT -23795 - 1.100xT (55)
Ni ! ~23800 .600xT ~—2660 +10.300xT (8)

+ 3




Table 2.8. Interaction coefficient andactivity
coefficient at infinite dilution (atom fraction) of
substitutional elements in liquid irom (33, 34)

Interaction Parameter
i i

Alloying . i el 4
element i Cr Mn ENi Yie
Cr 0.004 0.90 0.004 0

Mn 0.90 0 -1.79 491/T

Ni 0.004 -1.79 0.166 -2516/T + 0.91

38.
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measurements of several investigators (41). This expression is:

E,L _ . ¥
AHM = XCrXFe {4973 + 19 (XCr XFe) +

2 3
119(XCr - xFe) - 93(XCr—XFe) } (2.20)

where the standard states are pure liquid chromium and iron.

Rao and Tiller have deduced parameters in the quasi-regular model
of the excess Gibbs energies of mixing for the Fe-Cr, Fe-Mn and Fe-Ni
melts (42, 43). The parameters were determined from a simultaneous
analysis of thermochemical and phase diagram ﬁeasurements, with the use
of a linear programming technique. The standard states correspond to
pure liquid manganese, chromium, nickel and iron. These parameters are
listed in Table 2.9.

.Activities of the componenfs for Fe~Cr-Ni alloys at 1600°C were

measured by Gilby and St. Pierre in 1968 and Belton and Fruehan in

1969 . Empirical expressions of the activity coefficients of iron,
chromium and nickel were determined by the investigators from their
results:
(XFe>O.6)
- 2 : ;
n Fe = 0.08 XNi (2.21a)
2
in cr = 0.09 - 0.08 XNi (2.21b)
2
L = —=0. - 0. -X .
0o 0.26 0.08 (1 ANi) (2.21c)

Rao and Tiller have extended the a—formalism of Darken to ternary
and quaternary alloy solutions and have found that the activities of
chromium, nickel and iron calculaéed from their model based on binary
data are in good agreement with the experimental data on the termary

system reported in the literature (46).



Table 2.9. Binary parameters in the quasi-regular solution
model for the liquid phase (Rao-Tiller)

Binary System 5 Fofdmeeer 5

i | j i

Fe Cr 5090 - 2.530xT 521 - 0.732xT
Fe Mn -7555 + 5.65%T -5610 + 4.01xT

Fe Ni -5960 + 1.095xT -3065 + 0.528xT

40.
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2.2.2.2, 8Solid Solutions

Austenitic Solutions.

Table 2.10 lists the interaction coefficients of carbon in alloyed
austenite (1 atm.). The coefficients refer to pure solid graphite as the
standard state and to the atom ratio (Equation 2.14) as the composition
coordinate. The value of the activity coefficient at infiqite dilution
relative to pure graphite as.the standard state is log ¢G° = (2300/T) -
0.92.

Table 2.11 gives the parameter kﬂ: Fquation 2.19) as a function of
temperature for each alloying element. The activity coefficient of carbom
at infinite dilution related to solid graphite as the standard state is
tny,® = -2.1 + 5300/T.

Two models of the thermodynamic behavior of ternary austenitic
solutions have been developed,by Zupp and Stevenson and by Bodsworth
et al. (48, 52). As with the central-atoms model, these models are based
on analysis of the interactions between carbon and the host atoms. The

Zupp-Stevenson model is discussed here.. .The eXpression faor the

activity coefficient of carbon in solution according to Z-S model is

Loy, = iny

" + 2nly /(1-H x exp Ky )y )} +K

C 7Y (2.21)

where i refers to the substitutional alloying element, YE is the activity
coefficient of carbon at infinite dilution relative to pure solid graphite

as the reference state and H and Ki are parameters determined from Fe-C

and Fe~C-i alloys respectively. YC and‘yi refer to the arom ratios



Table 2.10.

Interaction coefficients of carbon (atom ratio)

in austenite (40, 37)

Interaction Coefficient

Alloying 9 i Range of Yi
Element 1 C
Cc 3860/T 0<Y€<O.l
Cr -9500/T - 3.05 O<YCr<O'l
Mn -2200/T O<YMn<0.6
Ni 2000/T + 0.30 0<Y_.<0.25

Ni

42.



Table 2.11. Parameter XA.. in the expression for the activity
coefficient of carbon in dustenite developed from the central
atom model (32, 39)

Alloying 3 Range of Y,
Element i ic€ : th
C 1 - Exp[-0.10 - 290/T] 0<Yb<1.0
5 -1.0 0<Y _ <0.30
Cr
Mn 0.155 - 650/T 0<Y _ <0.30
Mn

Ni ‘ 0.34 0<Y__.<0.30
. Ni
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defined by Equation (2.12). Z-S give the value of H as 4.9 and log YCO as
(2191/T)-0.754. Table 2.12 gives the parameter Ki and the temperature
and composition range in which the model was applied. *

The model accounts successfully for phenomenological expression
developed to represent the influence of substitutional solutes on the
carbon solubility iﬁ alloyed austenite. This expression is

E
Yo = YcoxP (kiyi-). (2.22)

where yc* refers to the atom ratio for the Fe-C binary system, i.e.
Yo T nc/nFe

Greenbank has measured the activities of C in alloys of austenite
in the Fe-Ni-C and Fe~Cr-C systems. (49).. His analysis .indicates that the
ternary data correlated to an equation analogous to Equation (2.13) is
adequate to predict the observed carbon solutions at equilibrium in
Fe-Cr-Ni-C alloys at comnstant activity ;f carbon. The composition

triangle and temperatures in which these observations were made are
< + < 0.40 00°C<Tx< 0°
0 Yor y Ni 0.4 900°C < T <1050°C

0<yC< 0.12

Table 2.13 lists parameters proposed by Kaufman, which refer to the
quasi-regular solution model of the FCC phase of alloys of the Fe-Cr-Mn-
Ni-C system. The parameters refer to the pure components naving the FCC

structure, which is not stable for Cr and C at one atm. (see Table 2.2).

xR

O<yC<O.06



Table 2.12. The parameters in the Zupp-Stevenson model of
the activity coefficient of carbon in alloyed austenite
(Egn. 2.21)

Alloying . Parameter Temperature Range of Yi
element i Ki/2'3 °c
- Cr . —3.8 ¢ 1000 0<Y. <0.06
Cr
Mn ~1..39 1000 o<¥,, <0.15
Mn
Ni 1.98 930 0<Y._.<0.25
Ni
1.54 1000 0<Y__.<0.25
Ni

1.26 1200 0<Y._,<0.25
Ni

45.



Table 2.13.
mode for the

Binary parameters in the quasi-regular solutiomn
gamma (FCC) phase_ﬂ(proposed by Kaufman)

46.

Bizary Syste? ej Parameters el Source
Fe Cr 1700 - 1.500xT 1700 - 1.500xT (25)
Fe Mo 4509 + 4.059xT -4509 + 4.059xT (54)
Fe Ni 8320 + 0.583x10 2xT” 500 - 0.916x10 T %25)
~0.249 x 10 xT> +0.390 x 10 O3
Fe v -37100 + 1.390xT -22600 - 0.700xT (8)
Cr Mn ~4200 + 2.500%xT ;4200 + 2.500xT (54)
cr Ni 2000 + 0.112x10 2xT%  -6000 + 0.227x10 x> (%)
~0.186x10 °xT° ~0.623x10 Ox1?
Mn Ni  -12400 + 2.600xT -15395 + 2.600xT (54)
Cr C - = o
Mn C -68885 +11.397xT -33790 - 0.971xT (55)
Ni c -26000 +16.180xT -19000+1.030xT (8)
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Interstitial BCC Solutions

Table 2.14 lists parameters proposed by Kaufman which refer to the
quasi-regular solution model of the BCC phase of alloys of the Fe-Cr-Mn-
ﬁi—C system. The parametgrs refer to the pure components having the
BCC structure, which is not stable for Cr and C at one atm. (see Table
2.2). ©No data on the activity of cérbon in BCC alloys at solidification
temperatures have been reported in the literature; and, as a consequence,
the parameters estimated by Kaufman for this phase are useful to
estimate activities in this phase.

BCC -and FCC Substitutional Solutiomns

Investigators have evaluated parameters in.the quasi-regular
solution model, Equations (2.15, 2.16), from thermochemical measurements
on BCC Fe—-Cr, Fe-Mn and Fe-Ni solutions (T>lOOO°C)T The standard
states refer to pure BCC manganese, éhromium and iron for BCC alloys in
the Fe~Cr and Fe-Mn systems, pure FCC iron and nickel for FCC alloys
in the Fe-Ni system, and pure FCC iron and FCC Cr (hypothetical) for
the FCC alloys in the Fe-Cr system (i atm.). These parameters are given
in Table 2.15.

It is noted that parameters in Table 2.13 and 2.14 can also be used
to calculate activities of the components in BCC and FCC alloys of the
Fe-Cr-Mn-Ni system.

The activity of chromium referred to pure solid chromium (BCC) (1
atm.) as the standard state was measured between 900 and 1200°C in the
BCC and FCC alloys of the Ni-Cr, Fe~-Cr and Fe-Ni-Cr systems (52). However,
the results has not been expressed as an analytical function of compo-

sition and temperature. The results show that Ni increases the activity



Table 2.14. Binary parameters in the quasi-regular solution
model for the ‘delta (BCC) phase (proposed by Kaufman)

48.
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