Thermodynamics of Carbon in Nickel,
Iron-Nickel and Iron-Chromium-Nickel Alloys

K. NATESAN AND T. F. KASSNER

Iron-nickel alloys with 8 and 16 wt pct nickel and iron-chromium-nickel alloys with 8 pet
nickel and chromium contents in the range of 2 to 22 pct were equilibrated with iron and
nickel in flowing CH,-H, gas mixtures and in sealed capsules under partial vacuum at tem-
peratures between 700 and 1060°C. Carbon activities in these alloys were established from
the carbon concentrations in the nickel by applying Henry’s law to the solubility of carbon

in nickel that was determined in the temperature range of 500 to 1000°C. First-order free-
energy interaction parameters were used to relate the carbon activities to composition and
temperature in the single-phase austenitic Fe-Ni and Fe-Cr-Ni alloys. An expression was
also developed to evaluate carbon activities in Fe-Cr-Ni alloys in the region of higher chro-
mium contents (>4 wt pct) that result in a two-phase austenite plus carbide mixture at these

temperatures.

IRON-base alloys with variations in the chromium and
nickel concentrations form the basis of a number of
austenitic stainless steels that have extensive high-
temperature application in turbines, steam generators,
and piping in electric power generating plants; in gas
cracking and reforming facilities in the petroleum re-
fining industry; and in sodium-cooled fast-breeder nu-
clear reactors for the fuel cladding, heat exchangers,
piping, valves, and various structural components. Al-
though the environmental conditions are vastly differ-
ent in these applications, the materials in general
change in microstructure and composition, primarily
in the nonmetallic elements such as carbon, nitrogen,
and boron, after long-term service at high tempera-
tures. The relationship between the composition, mi-
crostructure and mechanical properties of these mate-
rials has been the subject of numerous investigations.
The importance of the carbon and nitrogen contents in
these steels on the microstructural stability'*™** and
the mechanical behavior®™® is also well recognized.
From a knowledge of the thermodynamic and kinetic
behavior of these elements in the particular environ-
ment and in the alloys, it is possible to determine the
suitability of the materials for high-temperature ser-
vice. This approach has been used to analyze carburi-
zation-decarburization phenomena that involve austen-
itic stainless steels in sodium heat-transport systems
of nuclear reactors.'®'® For this purpose, carbon ac-
tivity-concentration relationships have been generated
for Fe-Cr-8 wt pct Ni alloys with chromium contents
between 0 and 22 wt pct in the temperature range of
725 to 1060°C. The experimental data, which were ob-
tained at temperatures considerably lower than those
reported in the literature, will be useful in establishing
quantitative predictions of the carburization-decarburi-
zation behavior of austenitic stainless steels under dif-
ferent environmental conditions.
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EXPERIMENTAL PROCEDURE
Apparatus

Measurements of carbon activity in the iron-base al-
loys were made by equilibrating foil samples in CH,-H,
gas mixtures of a fixed composition. The carbon activi-
ties in these materials as a function of temperature and
carbon concentration were based upon two premises:
first, the Elliott and Gleiser'” tabulation of the National
Bureau of Standards (NBS)'® equilibrium data for the
reaction

Cgraphite + 2H; = CH,, [1]

where the equilibrium constant (Keq = Pcp, /Pﬁzac)
is represented by

AG® = —RT In (Pcy, /Ph,ac) = —21,550 + 26.16T
2]

and secondly, carbon activities established from car-
bon concentrations in equilibrated nickel foils and the
application of Henry’s law to the solubility of carbon
in nickel. The latter approach was included because it
is known that the composition of CH,-H, gas mixtures
can be influenced by moisture contamination, and some
difficulty could result in the determination of carbon
activities in the materials solely from the gas compo-
sition. The desired carbon activities at each tempera-
ture were established by controlling the flow rate of
ultrapure hydrogen and one of several mixed gases
with 0.1, 1.0, and 5.0 pct methane in hydrogen, which
corresponded to gas ratios calculated using Eq. [2].
The carbon concentrations in foil specimens of high-
purity nickel were used to determine the actual carbon
activities obtained in these experiments.

The equilibration experiments were conducted in a
five-zone platinum-wound furnace that contained four
25 mm outside diam (OD) quartz reaction tubes. The
samples were attached to 2 5 mm OD thermocouple
well provided in the center of the reaction tube that
was closed at the bottom. The mixed gas entered
through another 5 mm OD quartz tube attached to the
inside of the reaction tube, passed through the sample
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section, and exited at the top. The temperature in the
vicinity of the samples was controlled within +1°C.

Carbon-activity measurements were also made by
enclosing specimens of various iron-chromium-nickel
alloys with a carbon ;source in evacuated quartz cap-
sules and then annealing the capsules until carbon equi-
librium was achieved in all specimens. The carbon ac-
tivity attained within each capsule was determined from
the final carbon content of the nickel and Fe-Ni alloys
included in the capsules. In these experiments, the
equilibrium carbon concentrations in the alloys were
determined by specific CO/CO, ratios established by
the carbon source.

Carbon-solubility values in nickel were also deter-
mined in the temperature range of 500 to 1000°C by
equilibrating high-purity nickel foils with graphite rods
in a flowing CH,-H, gas mixture whose composition
yielded a unit carbon activity. At temperatures between
800 and 1000°C, high-purity iron was included in these

- experiments; upon equilibration, the carbon concentra-
tions were found to be in agreement with the reported
graphite-solubility data, which indicated the validity of
the experimental methods.

Materials and Analysis Procedure

The Fe-Cr-Ni alloys were arc melted from Armco
iron, high-purity nickel and chromium in a 75 pct He-
25 pet Ar atmosphere at a reduced pressure of 400
Torr. The castings were extruded, rolled and/or
swaged to the desired thicknesses. All samples were
solution annealed at 1025°C for 1 h prior to use in the
carbon equilibration experiments. The compositions
of the foil specimens of iron, nickel, and the iron-base
alloys used in the carbon-activity measurements are
given in Table I. hasmuch as the temperature in the
gas-phase equilibration experiments ranged between
500 and 1000°C, materials of several thicknesses were
required to minimize the time for 99 pet equilibration,
particularly at the lower temperatures. Materials of
the following thicknesses were used: iron, 10 and 30
mils; nickel, 2, 5, and 12 mils; Fe-8 wt pct Ni, 2 and
10 mils; Fe-16 wt pct Ni, 2 mils; and Fe-Cr-8 wt pct
Ni alloys, 1, 2, and 5 mils. The carbon-source sam-
ples, required for the capsule equilibration experi-
ments, were obtained by carburizing iron, nickel, and

Table 1. Composition of Iron, Nickel, and Iron-Base Alloys
(Concentrations are given in wt pct)

Alloy Cr Ni C N 0 Fe
Fe <0.004 0.012 0.002 0.001 <0.007 Bal*t
Ni-270 <0.001 Bal* 0.002 0.00f <0.005 <0.01
Fe-8 wt pct Ni <0.01 799 0.002 <0.001 0.0i6 Bal*
Fe-16 wt pet Ni <0.001 15.87 0.003 <0.001 0.008 Bal*
Fe-8 wt pet Ni-2 wt pet Cr 1.96 792 0.002 <0.00t 0.010 Bal*
Fe-8 wt pct Ni-4 wt pet Cr 3.89 7.86  0.004 <0.001 0.010 Bal*
Fe-8 wt pct Ni-8 wt pet Cr 7.90 7.90 0.004 <0.001 0.013 Bal*
Fe-8 wt pct Ni-12 wt pct Cr 11.96 7.96 0.003 <0.001 0.012 Bal*
Fe-8 wt pct Ni-15 wt pct Cr  14.74 7.82  0.003 <0.001 0.013 Bal*
Fe-8 wt pct Ni-18 wt pct Cr  17.74 7.92 0003 0.002 0.008 Bal*
Fe-8 wt pct N1-22 wt pet Cr 21.86 7.92 0.003 0.002 0.009 Bal*

*Bal indicates balance; spectrographic analyses for Mn, Mo, Si, Nb, Ti, Zr, V,
Co, Cu indicated <0.01 wt pct.
tManganese concentration in high-purity iron was 0.05 wt pct.

2558—VOLUME 4, NOVEMBER 1973

Fe-Ni alloys in CH, /H, atmospheres between 800 and
1000°C.

The foil specimens were analyzed for carbon using
a LECO low-carbon combustion analyzer that had a
sensitivity of ~5 g of carbon for a 1-g sample. The
analyzer was calibrated with a series of NBS iron-
carbon alloy standards over the range of carbon values
for the specimens in each run; a minimum of two analy-
ses was made on each specimen. An examination of
the Fe-Cr-Ni foils by optical and scanning electron mi-
croscopy ensured that the specimens were equilibrated
in their entire cross section. The accuracy of carbon
analyses was +2 pct for carbon concentrations above
~0.05 wt pct and +10 pet at carbon levels of ~0.005
wt pect in the materials.

EXPERIMENTAL RESULTS AND
DISCUSSION

The results for the solubility of carbon in nickel at
temperatures between 500 and 1000°C, shown in Fig. 1,
are in good agreement with the higher temperature
measurements of Wada et al.'® and Smith.*® The com-
bined data for the graphite solubility in nickel over the
temperature range of 500 to 1200°C can be represented
by the relation

Cyi (wt pet) = 12.4 exp (- 5160/7). (3]

The results of other investigators®' ™% were included

in Fig. 1 for comparison. Wada ef al. provided possi-
ble explanations for the somewhat larger carbon solu-
bility values obtained in the other high-temperature
investigations >~ %
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Fig. 1—Temperature dependence of the solubility of carbon in
nickel.

METALLURGICAL TRANSACTIONS



Carbon Activity in Iron-Nickel Alloys

The carbon activity as a function of carbon concen-
tration for Fe-8 wt pct Ni and Fe-16 wt pct Ni alloys
was determined in the temperature range of 700 and
1060°C by equilibrating in CH,-H, gas mixtures. The
carbon activities* in the alloys were obtained from

*Carbon activities in this paper are based upon a graphite standard state.

carbon concentrations in nickel specimens that were
included in the equilibration experiments and from ap-
plication of Henry’s law to the carbon solubility in
nickel at various temperatures from Eq. [3]. The re-
sults are presented in Fig. 2 for the Fe-8 wt pct Ni
and Fe-16 wt pct Ni alloys.
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Fig. 2—Carbon activity-concentration relationship for the Fe-
8 wt pet Ni and Fe-16 wt pct Ni alloys at 700, 800, and 900°C.
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The effect of nickel on the activity of carbon in Fe-
Ni-C alloys was determined from the data using a first-
order free-energy interaction parameter to obtain a
reliable extrapolation of the carbon-activity results to
other temperatures and alloy compositions. The carbon
activity (a£eNIC) in the ternary system can be written
as

ag‘eNiC) = Y(CFeNiC) N, [4]
where

YEFeMC) = Raoultian activity coefficient for carbon
in an Fe-Ni-C alloy,
N¢ = mole fraction of carbon in an Fe-Ni-C
alloy,

and the activity coefficient y{T*NiC) is given by
In Y(CFeNlC) = In ,y(CFeC) + EEINNi’ [5]
where

yéFeC) = Raoultian activity coefficient for carbon
~in an Fe-C binary alloy,
elél = free-energy interaction parameter for nickel
on carbon
- (6 Inyc

NN )Npe -1’

and

Npyj, Nre = mole fractions of nickel and iron in the
alloy.

Results of different investigators®® * for the varia-
tion of the activity coefficient of carbon in austenite
with carbon concentration in the Fe-C binary system
are shown in Fig. 3. The curves at 700°C were extrap-
olated from the higher temperature data. Since there
is no basis for selecting the results of a particular in-
vestigation, values of In y(CFeC) from the various stud-
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Fig. 3—The activity coefficient of carbon in Fe-C austenite as
a function of carbon concentration obtained from the results of
different investigators.% 30
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ies were averaged to obtain the dashed curves in Fig.3
which can be represented by the equation

n y{Fe©) =1n (1—1Nc> + (11,92 - 63%)(170%)

5100
_ 6
- [6]

The results of the different investigators are in good
agreement; for example, the experimentally determined
carbon activities are within £10 and +2 pct of the val-
ues computed using Eq. [6] for carbon mole fractions
of 0.001 and 0.05, respectively, at 900°C. By combining
Eqgs. [5] and [6], a generalized mathematical relation
can be obtained for the carbon-activity coefficient as a
function of carbon concentration in iron-nickel-carbon
alloys at various temperatures. The temperature de-
pendence of interaction parameter ec , shown in Fig. 4,
was obtained from a least-squares analysis of the re-
sults of this work and the data in the literature and can
be represented by the relation

7600

~— 7]

—1.845 +

eN=~-22+

Therefore, the carbon activity in the ternary Fe-Ni-C
system becomes

In a{FeNIC) = 1y (1 ﬁrilc) + (1192 - 63_;’0.) (l_ﬁffv_c)

51790 (2.2 - E—OQ)NNI

(8]

The carbon-activity values calculated using Eq. [8] are
compared, in Fig. 5, with the experimental data gener-
ated in the present work and those available in the lit-
erature*®?%23% for the temperature range of 700 to
1060°C.

Using the notation of Lup1s and Elliott, the tem-
perature dependence of eC can be wrltten in terms of

— 1.845 +

32,33

first-order enthalpy 17 1 and entropy o coefficients
Ni Ni
€N1 = _ﬂcl - ——UCI [9]
¢~ Rr I
I 7 and o} are independent of temperature, a plot

of Nl vs 1/T should result in a straight line. As shown
in Fig. 4, this is the case within experimental scatter
of the results of the various investigations. Therefore,
the enthalpy and entropy interaction parameters for the
effect of nickel on carbon in Fe-Ni-C alloys are

7l = 15,100 cal/mole (63,180 joules/mole)
and
Ni - 4.35 eu (18.2 joules/mole-K).

[10]

[11]

Carbon Activity in Iron-Chromium-Nickel Alloys

The carbon activity-concentration relationships for
the Fe-8 wt pct Ni and Fe-16 wt pct Ni alloys and the
carbon-sgolubility values in nickel were used to estab-
lish carbon activities in Fe-Cr-8 wt pct Ni alloys whose
chromium content ranged between 2 and 22 wt pct. The
relation between the carbon and chromium concentra-
tions in these alloys is shown in Figs. 6 and 7 by the
isoactivity lines that were generated over a wide range
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of carbon activities at temperatures between 725 and
1060°C. It is evident from these figures that the car-
bon concentration increases with an increase in chro-
mium content of the Fe-Cr-8 wt pct Ni alloy for a given
carbon activity and temperature. Furthermore, an in-
crease in the chromium content of the alloy results in
precipitation of carbide phases, particularly at lower
temperatures and high carbon activities.

The influence of chromium on the carbon activity in
these quarternary alloys can be evaluated by applying
the interaction-parameter concept to the experimental
data at low carbon activities and low chromium concen-
trations. The carbon activity in the Fe-Cr-8 wt pct Ni-
C alloy, a(CFecrlec), can be expressed as

a(FeCr8NIC) = , (FeCr8NIC) y . = (Fe8NIC),, Cryy,

[12]
where

y %FeCr8N1C) Raoultian activity coefficient for car-

bon in the quarternary alloy;

Raoultian activity coefficient for car-

bon in the Fe-8 wt pct Ni-C alloy and

given by Eq. [6];

y & = Raoultian activity coefficient for car-
bon that results from chromium addi-
tion to the alloy;

(Fe8NiC) _
Ye

and
N¢ = mole fraction of carbon in the alloy.
Therefore, from Eq. [12]

(FeCr8NiC)

mySr=m ({1
Lge  (Fe8NIC) ’

[13]

where In y&" is a function of the mole fraction of chro-
mium in the alloy.
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Fig. 4 —-Temperature dependence of the free-energy interac-
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Fig. 5—Carbon activity-concentration relationship in Fe-8 wt pct Ni alloy at 700, 800, 900, 1000, and 1050°C.

The carbon-activity coefficient that results from the
addition of chromium to the Fe-Ni-C alloy was evalu-
ated as a function of the chromium mole fraction of the
alloy from the experimental isoactivity lines presented
in Figs. 6 and 7 at the various temperatures, and the
results are given in Fig. 8. & should be noted that the
values of In ySr at high chromium concentrations do
not represent true activity coefficients for carbon be-
cause of the fact that the alloy is composed of a two-
phase mixture of carbide and austenite. However, at
low chromium concentrations (i.e., 0 to 4 wt pct), the
carbon-activity coefficient in the single-phase austen-

METALLURGICAL TRANSACTIONS

itic alloys can be related to the chromium mole frac-
tion by

d1ln ')/C

In yCr = N
nYg ( NGy

cr ~ EngCr’ (14]

)NFe -1
where

egr = free-energy interaction parameter for chro-
mium on carbon, and
Ngy = mole fraction of chromium in the alloy.
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As before, the temperature dependence of €8r can be
written in terms of first-order enthalpy ,.,Sr and en-
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CHROMIUM, wt % chromium contents (0 to 22 wt pct) and temperatures

0 22 3 21> 19 22 (725 to 1060°C) investigated in this work. For this
o . purpose, ¥ & in Eq. [14] was expressed as
In Ygr = 68I‘NCr + pngér ’ [18]
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e represent the data in Fig. 9. It should be noted that
% 10 ] p &L in Eq. [18] has no direct thermodynamic signifi-
L cance, since the alloy at the high chromium levels is
g’: composed of a two-phase (carbide + austenit€) mixture.
€, The value of pgr evaluated at various temperatures is
& plotted in Fig. 10 and can be expressed by the relation
.é
g 20 n pGr - —96.8 4 34,800 [19]
© T
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-3 - from these figures that there is good agreement be-
tween the carborf-activity values calculated from Eq.
nk | [20] and the experimental data points.
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50 erature, it is useful to relate the carbon: activity to the
Y — alloy composition in weight percent units given by Eq.
[21].
o T TEMPERATURE, °C
1100 1000 900 850 800 750
-5 ] I I T I I
_35—— —
-3 ] ] ] ] 1 |
o7 o8 R 409 10 -30[— —
10°/T,%
Fig. 9—Temperature dependence of the free-energy interac-
tion parameter for chromium on carbon in Fe-Cr-8 wt pct -25— ]
Ni-C alloys with low chromium concentrations. N
OQU
..20_ ]
tropy 0'81’, coefficients whose values are
nEF = — 76,300 cal/mole (—319,240 joules/mole) -5~ —
and [16] %C' = -96 8 + 84800/ T
_|o — -
o & = —48.5 eu (—202.9 joules/mole-K) [17]
In addition to evaluating the thermodynamic interac- -5 1 | ] | ! ]
o7 08 10

tion parameters for carbon from the experimental data
at low carbon activities and low chromium contents in Fig. 10—Temperature dependence of the second-order coeffi
: s . ig. 10— pera o - coeffi-
the alloys, it is also deSIr%bk_ to obtain an expression cient in Eq. [18] that is used to describe the effect of chro-
that relates the carbon activities to the carbon and mium on the carbon-activity coefficient in Fe-Cr-8 wt pct
chromium concentrations over the entire range of Ni-C alloys with chromium contents up to 22 wt pct.
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Fig. 11—The carbon activity -concentration relationship in Fe-Cr-8 wt pet Ni-C alloys at 725, 800, 900, and 1000°C. The dashed

lines in this figure were calculated using Eq. [20].

In a(cFeCrNiC) = In (0.048 pct C) + (0.525 - 5,2—0) pct C
5100 72.4 .
- 1.845 + 2 - (0.021 _7.,_) pet Ni
404
+ (0.248 - —T—) pet Cr
9.422 2
— (0.0102 - = ) pet Cr’. [21]

Carbon-activity data obtained by a number of investi-
gators®®3%347%8 for Fe-Cr-C alloys with chromium con-
tents between 3.35 and 5.00 wt pct at 1000 to 1050°C are
replotted in Fig. 12 after converting their carbon activ-
ities to a common Fe-C baseline (i.e., the first four
terms in Egs. [20] and [21]) that was used in this work.
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The carbon activity-concentration relationships calcu-
lated using Eq. [20] for an Fe-4 wt pct Cr alioy at 1000
and 1050°C, indicated by the dashed lines in this figure,
are in good agreement with the results of Bodsworth
et al.,*® Brigham and Kirkaldy,** Wada et al.,>" and
Greenbank.*®

Greenbank®® equilibrated a number of Fe-Cr-Ni al-
loys with iron in methane-hydrogen gas mixtures at
temperatures between 900 and 1050°C. The chromium
and nickel content of the alloys and the carbon concen-
trations after equilibration are given in Tables II and
I as well as the carbon content of the iron that was
included in each run. The carbon activities obtained
from the carbon concentrations in iron and the Fe-Cr-
Ni alloys using Eq. [21] are in excellent agreement for
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Table I11. Comparison of Carbon Activities from Eq. [21] Based Upon the Carbon
Concentrations in Iron and Fe-Cr-Ni Alloys of Different Composition

Equilibrated at 900°C from the Work of Greenbank>®

Composition of Equilibrated

Fe-Cr-Ni-C Alloys Carbon Concentration M
PctCr  PotNi  PetC in Tron, Pct ay  gFeemd
4.10 0.60 0.200 0.138 0.084 0.082
3.12 1.62 0.177 0.138 0.084 0.084
2.22 2.54 0.158 0.138 0.084 0.086
1.41 3.61 0.135 0.138 0.084 0.083
0.53 4.52 0.117 0.138 0.084 0.081
4.10 0.60 0.607 0.422 0.277 0.279
3.12 1.62 0.543 0.422 0.277 0.285
2.22 2.54 0.483 0.422 0.277 0.286
1.41 3.61 0.431 0.422 0.277 0.286
0.53 4.52 0.382 0.422 0.277 0.283
4.10 0.60 2.24 1.070 0.837 1.60
3.12 1.62 1.745 1.070 0.837 1.27
2.22 2.54 1.345 1.070 0.837 1.14
1.41 3.61 1.097 1.070 0.837 0.870
0.53 4.52 0.979 1.070 0.837 0.852
8.52 1.04 0.105 0.038 0.023 0.025
6.04 3.09 0.070 0.038 0.023 0.025
4.67 4.88 0.052 0.038 0.023 0.023
2.70 7.03 0.038 0.038 0.023 0.023
1.00 8.61 0.024 0.038 0.023 0.018
8.52 1.04 0.364 0.122 0.074 0.092
6.04 3.09 0.213 0.122 0.074 0.077
4.67 4.88 0.173 0.122 0.074 0.079
2.70 7.03 0.127 0.122 0.074 0.078
1.00 8.61 0.098 0.122 0.074 0.076
8.52 1.04 1.090 0.420 0.276 0.336
6.04 3.09 0.680 0.420 0.276 0.280
4.67 4.88 0.549 0.420 0.276 0.277
2.70 7.03 0.427 0.420 0.276 0.284
1.00 8.61 0.342 0.420 0.276 0.283
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Fig. 12—Comparison of carbon-activity results from this work
with data in the literature??,30,34-38 foy Fe-Cr alloys with 3.35
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to 5.0 wt pct Cr at 1000 and 1050°C.
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Table 111, Comparison of Carbon Activities from Eq. [21] Based Upon the

Carbon Concentrations in Iron and Fe-Cr-Ni Alloys of Different
Composition Equilibrated at 1050°C from the

Work of Greenbank®
Composition of Equilibrated .
Fe-Cr-Ni-C Alloys Carbon Concentration M—
PotCr  PetNi  PetC in Iron, Pct C AU
4.10 0.60 0.116 0.082 0.030 0.033
3.12 1.62 0.103 0.082 0.030 0.033
2.22 2.54 0.091 0.082 0.030 0.032
1.41 3.61 0.080 0.082 0.030 0.030
0.53 4.52 0.07t 0.082 0.030 0.029
4,10 0.60 0.308 0.230 0.088 0.092
3.12 1.62 0.278 0.230 0.088 0.093
2.22 2.54 0.260 0.230 0.088 0.095
1.41 3.61 0.229 0.230 0.088 0.091
0.53 4.52 0.211 0.230 0.088 0.091
4.10 0.60 0.602 0.460 0.189 0.198
3.12 1.62 0.546 0.460 0.189 0.197
2.22 2.54 0.493 0.460 0.189 0.193
1.41 3.61 0.450 0.460 0.189 0.191
0.53 4.52 0.411 0.460 0.189 0.188
4.10 0.60 1.380 1.092 0.542 0.571
3.12 1.62 1.275 1.092 0.542 0.572
2.22 2.54 1.195 1.092 0.542 0.577
1.41 3.61 1.098 1.092 0.542 0.565
0.53 4,52 1.020 1.092 0.542 0.559
8.52 1.04 0.122 0.066 0.024 0.023
6.04 3.09 0.109 0.066 0.024 0.028
4.67 4.88 0.086 0.066 0.024 0.027
2.70 7.03 0.061 0.066 0.024 0.024
1.00 8.61 0.050 0.066 0.024 0.023
8.52 1.04 0.450 0.223 0.085 0.094
6.04 3.09 0.346 0.223 0.085 0.096
4,67 4.88 0.290 0.223 0.085 0.096
2.70 7.03 0.230 0.223 0.085 0.094
1.00 8.61 0.191 0.223 0.085 0.091
8.52 1.04 0.790 0.419 0.170 0.182
6.04 3.09 0.606 0.419 0.170 0.182
4.67 4.88 0.511 0.419 0.170 0.179
2.70 7.03 0.415 0.419 0.170 0.178
1.00 8.61 0.347 0.419 0.170 0.173
8.52 1.04 1.150 0.509 0.212 0.295
6.04 3.09 0.725 0.509 0.212 0.226
4.67 4.88 0.625 0.509 0.212 0.227
2.70 7.03 0.510 0.509 0.212 0.225
1.00 8.61 0.420 0.509 0.212 0.214
14.65 15.53 0.130 0.062 0.023 0.019
14.65 15.53 0.375 0.109 0.040 0.056
14.65 15.33 0.400 0.131 0.049 0.060
14.65 15.33 0.960 0.203 0.077 0.172

carbon concentrations in the alloys below ~1.0 wt pet.
These results further indicate that the interaction ef-
fect of chromium and nickel on the carbon activity in
Fe-Cr-Ni alloys and its variation with temperature
have been adequately expressed by Eqs. [20] and [21]
for chromium and nickel concentrations in the range
of 0 to 22 and 0 to 16 wt pct, respectively.
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