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CALCULATIONS OF THE
THERMODYNAMIC DRIVING FORCE
FOR CARBON TRANSPORT IN
SODIUM-STEEL SYSTEMS

by

K. Natesan and T. F. Kassner

ABSTRACT

The thermodynamic activity and solubility of carbon
in Fe-Cr-Ni alloys were calculated in the temperature
range 500-800°C by extrapolation of higher-temperature
data in the Fe-Cr-C and Fe-Ni-C systems. The composi-
tional range for the alloys included that of an 18-8 austen-
itic stainless steel. These results were used with phase-
equilibria information and data for the solubility of carbon
in sodium to obtain an equilibrium relationship between the
total carbon content in the alloys (austenite carbon + carbide
carbon) and carbon concentrations in sodium. The calcu-
lations showed that the Fe-Cr-Ni alloys with nominal initial
carbon contents may undergo carburization or decarburiza-
tion depending upon the carbon concentration in sodium and
the temperature in the range 500-800°C. Computed carbon
concentrations in sodium for incipient carbide formation in
an 18-8 stainless steel are significantly lower (i.e., below
1 ppm) than carbon concentrations commonly reported (i.e.,
15-30 ppm) for stainless steel-sodium systems operating at
temperatures below 700°C.

The phase-equilibria and activity data were used to
explain the observed phenomenon of transfer of carbon
from austenitic steel to sodium when chromium depletion,
due to mass transfer, occurs. In addition, the driving force
for carbon transfer from ferritic to austenitic steel under
isothermal conditions was calculated.



I. INTRODUCTION

Various types of stainless steel are being considered for use as struc-
tural and fuel-cladding materials in sodium-cooled fast breeder reactors.
Ferritic steels with low chromium and molybdenum contents have been sug-
gested for use in sodium-heated steam generators and intermediéte hf?at
exchangers. The major compatibility problems with. the'se mater}als in a
reactor system are: (1) the carburization-decarburization behavior of )
austenitic stainless steel exposed to the sodium environment, (2) cor.ros1on
and compositional changes resulting from mass-tx:aqufer processes involv-
ing the elements (e.g., Fe, Cr, Ni, and Mn) comprising the steel, and (3) de-
carburization of the ferritic steel resulting in a loss of strength of the steel.

The emphasis in this report is primarily on the carburization-
decarburization phenomena and the carbon-transfer problem; subsequently,
it will be shown that these areas are interrelated. Numerous experimental
observations on carburization-decarburization behavior of both stainless
and ferritic steel exposed to sodium have been reported; however, quantita-
tive predictions based on these efforts have been difficult and uncertain.
The problem is complicated by incomplete knowledge of the relative im-
portance of the various carbon species present and of interactions between
carbon and other nonmetallic impurities in liquid sodium. The carbon po-
tential established by the same concentration of the various solute species
(e.g., C, Na,C, and NaCN) will be different, so that one species in sodium
will be more carburizing to stainless steel than another.

Calculations, based upon thermodynamic data, have been made to
determine the effect of variables such as carbon (graphite) concentration
in sodium, temperature, and composition of iron-base alloys [e.g., Fe-12
to 18 wt % Cr-8 wt % Ni, and Fe-2.25 wt % Cr-1 wt % Mo (Croloy 21)] on
carburization-decarburization phenomena. A relationship has been devel-
oped for the total carbon content of Fe-Cr-Ni alloys in equilibrium with
specified carbon concentrations in sodium in the temperature range 500-
800°C. The chromium concentration range from 12 to 18 wt % takes into
account the effect of chromium depletion, due to mass transfer, from
18-8 stainless steel in sodium systems. The thermodynamics of carbon
transfer between the ferritic and austenitic steel has also been explored
over the temperature range 500-800°C.

In all the computations, carbon was considered as the major im-
purity in sodium and any interaction between carbon and other impurities
(e.g., oxygen and nitrogen) was assumed negligible. At present, similar
calculations for other carbon species in sodium are limited by the lack of
accurate free-energy data in the case of Na,C,, and the absence of data on
the interaction effect of nitrogen on the carbon activity coefficient in sodium
containing NaCN. When these data become available, the relative carburizing
potentials of these two species can be evaluated and compared with that of
graphite by following the methods outlined in this report.



II. THERMODYNAMIC ASPECTS

A. Carbon Activity in Fe-Cr-Ni Alloys

Quantitative data in the literature on the activity and solubility of
carbon in Fe-Cr-Ni alloys are scarce, in the temperature range of interest
in sodium technology. An attempt is made in this report to calculate the
thermodynamic activity and solubility of carbon in Fe-Cr-Ni alloys in the
temperature range 500-800°C by extrapo-
lating the available high-temperature data.
For this purpose we started with the Fe-C
8 binary system! (see Fig. 1), and then con-
sidered the effects of chromium and nickel
on the binary carbon activity and solubility.
The carbon solubility in metastable austen-
ite at lower temperatures was obtained by
extrapolating the y-Fe;C phase boundary
below 723°C.
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TEMPERATURE, °C

a+FesC
Chromium is a carbide former that
400— _| weakly interacts with iron and strongly re-
o E 12 3 duces the carbon activity coefficient in aus-
CARBON, wf % tenite. Nickel is an austenite stabilizer
306-454 Rev. 1 that increases the activity coefficient of

carbon in austenite, thereby resulting in a
decrease in carbon solubility. The austen-
ite in 18 wt % Cr-8 wt % Ni stainless steel is not thermodynamically stable,
but the kinetics of the Yy—>a + carbide transformation is negligibly slow so
that, for all practical purposes, the 18-8 stainless steel may be considered
as fully austenitic.

Fig. 1. Fe-C Phase Diagram

The effect of chromium on the activity of carbon in austenite at
1000°C was studied by Schenck and Kaiser? and by Bungardt et al.>»* The
results of these investigations agree fairly well. Bungardt et al.* deter-
mined the activity of carbon at 1000°C in the Fe-Cr-C system, with chro-
mium contents up to 9 wt % and carbon contents up to 4 wt %, by equilibrating
the alloys with H,-CH,4 gas mixtures. Their results are shown in Figs. 2
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Fig. 2
The Effect of Chromium on the Carbon Activity
in Fe-Cr-C Alloys at 1000°C.# The numbers on
the curves indicate the wt % Cr in the alloys.
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and 3. Stawstrom and Hillert® mad
Type 304 stainless steel at 725°C b
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Fig. 3. Isoactivity Lines in the Fe-Cr-C System at
1000°C.% The numbers on the linesindi-
cate the carbon activity. I=+y phase, II=
Y +(Fe,Cn)qCg, Il = y+ (Fe,Cr)7C3 +
(Fe,Cr)4C, and IV = 4 (Fe,Cr),C.

e measurements of carbon activity in

y equilibrating the steel with a Fe-
16 wt % Ni alloy in a partial vacuum
of 150 Torr. They reported a carbon
activity in the steel of about 0.01, with
graphite as the standard state.

In Fig. 4, the activity of carbon
along the y-carbide phase boundary at
1000°C is plotted as a function of chro-
mium content of steel from the data of
Bungardt et al.* The standard state for
carbon is the solubility limit for car-
bon in the Fe-C binary (y-Fe;C phase
boundary) and is assigned an activity
of unity. The carbon activity in an
18-8 stainless steel at 725°C, from
the data of Stawstrom and Hillert,
yields a value of 0.014, on the basis
of y-Fe;C phase boundary as standard
state (see Fig. 4). Since the logarithm
of carbon activity varies linearly with

the chromium content of the alloy at 1000°C, a similar relation was as-

sumed at 725°C. The effect of 8 wt
alloys at 1000°C (see Fig. 4) is neg

% Ni on the carbon activity in Fe-Cr-C
ligibly small for the chromium range

12-18 wt %, as may be calculated from the data in the Appendix. Therefore,
the results in Fig. 4 were used to obtain a semilogarithmic plot of carbon

Fig. 4
A Plot of Carbon Activity at the Y-
carbide Phase Boundary as a Function
of Chromium Content in Fe-Cr-Ni
Alloys. The data at 1000°C are for
Fe-Cr-C alloys and at 725°C for an
Fe-18 wt % Cr-8 wt % Ni alloy.
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activity in Fe-Cr-8 wt % Ni alloys versus reciprocal temperature (see
Fig. 5). This figure can be used to obtain the carbon activity values at

lower temperatures.

B. Solubility of Carbon in Fe-Cr-Ni Alloys

The carbon solubility values in Fe-Cr-8 wt % Ni alloys at different
temperatures were computed, in the manner described in the Appendix, by

TC
1000 800 700 600 500
1.0
E T T T T T 3
i 12% Cr 1
15 % Cr
ol =
o e ]
o b 4
00l -
F 18 % Cr 3
= 4
0001 | | | | | |
07 08 09 10 1l 1.2 1.3
10%/7,°k”!

306-451 Rev. 1
Fig. 5. Temperature Dependence of Car-
bon Activity at the Y-carbide
Phase Boundary in Fe-Cr-8 wt %
Ni Alloys for Various Chromium
Levels in the Alloy

applying the interaction effect of nickel
and chromium on the solubility of carbon
in Fe-C austenite. These calculations
were made using the Fe-Ni-C data of
Heckler and Winchell,® the Fe-Cr-C data
of Bungardt et al.,* and the results of
Rocha's” sensitization studies on

18-8 stainless steel. Figure 6 shows

the carbon solubilities (y-phase boundary),
as a function of chromium concentration,
in Fe-Cr-8 wt % Ni alloys at different
temperatures. A semilogarithmic plot
of carbon solubility versus reciprocal
temperature for alloys with chromium
levels of 12, 15, and 18 wt % is shown

in Fig. 7.

C. Distribution of Carbon between Sodium
and Fe-Cr-8 wt % Ni Alloys

The distribution coefficient, which
is the equilibrium ratio of carbon concen-
tration in an Fe-Cr-Ni alloy to the carbon
concentration in sodium, was derived by
equating the partial molal free energies

of carbon in the alloy and the sodium. The calculations made here are
based on the thermodynamic treatment of the partitioning of oxygen between
refractory metal and sodium discussed by Kassner and Smith.?

Fig. 6
Temperature Dependence of the
Y -phase Field in Fe-Cr-8 wt %
Ni Alloys

306-458 Rev. 1
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12 : The temperature dependence of
G e £ i the solubility of carbon in liquid sodium
| was evaluated from the results of Longson
i o 1 and Thorley:’
€ - 1 Clppm)* = 5.03 x 107 exp(-13740/T). (1)
E t The solubility of carbon in sodium, as a
El j2% 0 function of reciprocal temperature, is
§ i) §  shown in Fig. 8. The solubility of car-
g f { bonin Fe-Cr-8 wt % Ni alloys was cal-
- L 15% Cr 4 culated earlier and is shown in Fig. 7.
E i The distribution coefficient for carbon
T BREE 1 in the Fe-Cr-8 wt % Ni alloy-sodium-
| | 5 | | carbon system was obtained by setting
%7 ola ols R the partial molal free-energy change
0%/, °K" equal to zero for the reaction
306-457 Rev. 1
Fig. 7. Temperature Dependence of C(Na) C(alloy);
Carbon Solubility in the Fe- - o
Cr-8 wt % Ni Alloys AR F_(_:_(a.lloy) - Fg(Na)’ (2)

where C(Na) denotes carbon in solution in sodium, and C(alloy) is carbon
in solution in the alloy. The partial molal free energy of carbon in the

alloy at the 7y-carbide phase boundary with
graphite as the standard state is given by

Fc(alloy) = RT In ac(alloy)- (3)
c C(alloy

Following the formalism of Kassner and Smith,®
the result is

) =, o
2C(alloy) _ 2C(alloy) exp{Fg(gr) s Fg(alloy)},
ag(Na) a%_:(Na) R
(4)
where
a'og(alloy) = saturation activity of car-

bon in the alloy

0 - -
3C(Na) = saturation activity of car-
bon in sodium

fC(gr) = partial molal free'energy
of graphite = 0

R = gas constant

T = absolute temperature.

*ppm designates parts per million by weight.

RC
1000 800 700 600 00
T

C(Na), CARBON IN SODIUM,ppm

'OF ppm C(N0)=5.03% 107 exp(-13740/T)

Ll

ol | N e AR
o.

i
T 08 093 1.0 [N] 2 L3
10%/ 1K™

306-456 Rev. 1

Fig. 8. Temperature Dependence
of Carbon Solubility in
Sodium?



If the carbon in the alloy and the sodium obeys Henry's law (ac = kNg), the
distribution coefficient in terms of atom fraction of carbon is -

£ N¢(alloy) Nog(alloy) exn “}:Q_(alloy) (5)
Nc(Na) = Ng(na) R o

where
NoC(alloy) = saturation atom fraction of carbon in the alloy
NC(Na) = saturation atom fraction of carbon in sodium;

or, expressing the concentrations in ppm, we obtain

Cc(all C¢ -F
g s CQ(a oy) _ Qo(alloy) o C(alloy) ' (6)
C(Na) C&(Na) BE
where
Cog(alloy) = saturation concentration of carbon in the alloy, ppm
COC(Na) = saturation concentration of carbon in sodium, ppm.

The carbon activity and solubility data for the alloys (see Figs. 5
and 7, respectively) and the carbon solubility values for sodium (see Fig. 8)
were used with Eq. 6 to evaluate the carburizing

We potential of carbon in sodium at different tempera-
1 tures, which is s}\own in Fig. 9. It is evident from
1 this figure that sodium containing more than
1 0.65 ppm carbon will lead to precipitation of
(Cr,Fe),;Cq carbide in Fe-18 wt % Cr-8 wt % Ni
1 alloy at 700°C.

(=}

Ty

2 On the other hand, if depletion of chromium

occurs at the surface of the steel due to the disso-

lution processes, then, with 0.65 ppm carbon in

sodium, no carbide precipitation will be observed

near the surface in the alloy. In fact, if the chro-

1 mium level drops to 12 wt % at the surface of the

1 alloy, then precipitation at the surface is expected

oL ——5— only if carbon in solution in sodium exceeds
Lo 2.6 ppm at 700°C.

306-460 Rev. 1

C(Na), CARBON IN SODIUM, ppm
5
T

°

T T

CiNo)+ ALLOY (C sat)=
(Cr.Fey Cy

Fig, 9, Temperature Dependence D. Activity of Binary Carbides in Mixed Carbides

of Fe-Cr-8 wt % Ni Alloy
(C sat) --C(Na)--Carbide In the Fe-C and Cr-C systems, the binary
Equilibrium carbides Fe;C, Cr;;C¢, Cr;C;, and Cr;C, have been

13
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reported. As a result of the intersolubility of th~e binary carbide.s in th:
Fe-Cr-C system, the corresponding mixed carb1d§s (Fe,Cr);C with up to
15 wt % chromium, (Cr,Fe);3C with up to 30 wt % iron, and (Cr,Fe);Cs
with up to 60 wt % iron are formed.!° On the assu.mptmn that the free ;
energy of mixing in the mixed carbides is fiue entirely to the entropﬁr o
mixing of metallic atoms with no contribution due to carbon and no e.:at

of mixing, Richardson'! has shown that there should .be a power relat1f)n-
ship between the activity and mole fraction of Mn;C in the mlxe.d carbide
(Fe,Mn);C. The ideal mixing model has been successfully applied by
Butler et al.'? to (Fe,Mn),C; carbide, and they have shown very good agree-
ment of the experimental data with the model. The model may be applied
to solid solutions of carbides in which the metal atoms are similar in size
and properties. The behavior of chromium is probably similar t? that of
manganese in mixed carbides, since Fe, Cr, and Mn are similar in struc-
ture and properties. Therefore, the model was applied to (Cr,Fe);;Cq
carbide in our calculations.

E. Compositional Changes during Carbide Precipitation

In any Fe-Cr-8 wt % Ni alloy, a solubility limit for carbon exists
at different temperatures, as shown in Fig. 7. If the solubility limit for
carbon is exceeded because of the carbon potential in sodium, then precip-
itation of a second phase [e.g., (Cr,Fe),3Cq, (Cr,Fe);Cs, or (Fe,Cr);C]
occurs, depending on the temperature and chromium content of the alloy
and on the carburizing potential in sodium. For the range of chromium
levels in the alloy between 10 and 20 wt % and for the temperature range
500-800°C, the (Cr,Fe),;Cy carbide is expected. Such carbide precipita-
tion was reported by Bogers and Chirer'® and Hiltz'* when carbon concen-
trations in the sodium were low. At high carbon concentrations, the
(Cr,Fe);C; carbide was reported by Hiltz and by Anderson and Sneesby.!®
The calculations in this report were made only for a range of carbon con-
tents for which (Cr,Fe),;Cy is expected in the temperature range 500-800°C.

For a given chromium concentration in an alloy, the concentration
of chromium in austenite decreases, while that of carbon increases, as the
carbide is precipitated. This compositional change in the austenite is ac-
companied by the precipitation of carbide with a higher (Fe/Cr) ratio so
that the larger the carburization, the richer the carbides in iron. Such an
observation was reported by Valibus!® during studies on the carburization
of steels in sodium. These compositional changes during precipitation are
indicated schematically by the arrows in Fig. 10. With the assumption of
local equilibrium between the precipitated phase and the austenite, isoactiv-

ity lines similar to those in Fig. 10 were constructed at different tempera-
tures from the reaction

%Cr(y) =@k = %Crncﬁ (in mixed carbide). (7)



The equilibrium constant K for Reaction 7 is

1/6

i et N o
K= — . (8)
23/6
ac(y)aCr(y)
CrasCe The free-energy change for Reaction 7,
as a function of temperature, is given'! by
MasCo AF3os-1673°K = -16,380 - 1.54T. (9)
t The measurement of activities in the
3 Fe-Cr binary systemat 1200°C by McCabe et al.!”
§ showed that chromium exhibited a slight positive
z deviation from the Raoult's-law line. On the
other hand, the chromium activity measurements
ISOACTMITY LINES made by Jeannin et al.,'®in the temperature range
1040-1300°C, indicated substantial positive devia-
tion from the Raoult's-law line. Therefore, with
or without justification, as a first approximation
5 YCr Was assigned a value of unity in our calcula-
ol tions of isoactivity lines at 500, 600, 700, and
308-2091 Rev. 1 800°C.
Fig. 10

A Schematic Diagram of the Change .Fo.r any <.:hromium content in the alloy,
in Composition of the Austenite and these tie lines will establish a relation between
the Carbide during Carburization the total carbon content (carbon in austenite +
carbon in carbide) and the carbon concentration
in austenite. From the above relationship, and the relation between carbon
in austenite and carbon in sodium (see Fig. 9), a dependence of the total
carbon on the carbon concentration in sodium was obtained for various chro-
mium levels in the alloy at different temperatures. Figures 11-13 show this
relationship at different temperatures for Fe-Cr-8 wt % Ni alloys with 18,
15, and 12 wt % chromium in the alloy, respectively.

Figure 11 indicates that if an 18-8 stainless steel is exposed to
liquid sodium containing about 2 ppm carbon in solution at 700°C, the sur-
face will exhibit a total carbon concentration of about 0.59 wt %. The sur-
face concentration probably is established in a short time compared with
the duration of most experiments. If the specimen is exposed to the so-
dium for a sufficient time, the entire specimen will attain a uniform total
carbon concentration of 0.59 wt %. A decrease in temperature for the
same carbon concentration in sodium will result in a much larger surface
and uniform carbon concentration in the alloy upon equilibration, as can be
seen from Fig. 11. The alloy at lower temperatures will obviously take a
much longer time to reach the final equilibrium state. An attempt is made
in a later section to examine the kinetics of the process.

15
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Fig. 11. A Plot of Total Carbon Content in

an Fe-

18 wt % Cr-8 wt % Ni Alloy vs Carbon
Concentration in Sodium at Different
Temperatures. The carbide contribution

to the total carbon in these curves
from the M23Cg type.
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Fig. 12. A Plot of Total Carbon Content in an

Fe-15 wt % Cr-8 wt % Ni Alloy vs
Carbon Concentration in Sodium at
Different Temperatures. The carbide
contribution to the total carbon in
these curves is from the Mg3Cg type.

Fig. 13

A Plot of Total Carbon Content in an
Fe-12 wt % Cr-8 wt % Ni Alloy vs
Carbon Concentration in Sodium at
Different Temperatures. The carbide
contribution to the total carbon in
these curves is from the MgaCg type.
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A number of investigators”'zo have reported that, in corrosion
tests, the chromium concentration at the surface of Types 316 and 304
stainless steel decreases upon exposure to flowing sodium. Surface con-
centrations for chromium as low as 8 wt % have been determined for
Type 316 stainless steel and 15 wt % for Type 304 stainless steel following
a 2000-hr exposure to flowing sodium at 705°C.2° The calculations suggest
observable differences in the carbon concentration profile and the carbide
distribution within the diffusion zone during the carburization of an Fe-
18 wt % Cr-8 wt % Ni alloy, depending upon whether chromium depletion
had or had not occurred. For example, Fig. 11 shows that an Fe-18 wt %
Cr-8 wt % Ni alloy exposed to sodium containing 2 ppm carbon in solution
at 700°C will result in a surface carbon concentration of 0.59 wt %. How-
ever, if the chromium concentration near the surface was depleted to
12 wt % and the alloy exposed to sodium under the same conditions, the
surface carbon concentration will be 0.08 wt % (see Fig. 13) with no car-
bide precipitate. Even though no precipitate is expected at the surface of
the alloy, carbide can precipitate within the alloy at a depth where the
chromium and the carbon concentrations are sufficient for the y-carbide
equilibrium to prevail.

Roy et al.?’ reported that Type 304 stainless steel decarburized
when exposed to liquid sodium at 705°C, and the process was accompanied

by chromium depletion. The observed phenome-

non of chromium depletion accompanied by car-
bon transfer from the alloy to sodium may be
examined by using Fig. 14. In this figure X%:r
MGy and ch represent the initial concentrations

of chromium and carbon in the alloy. It may
be noted that th®e total carbon in the alloy is
higher than the solubility limit for carbon in
the alloy. Let us assume, for simplicity, that
the carbon activity in sodium is the value re-
quired to yield a total carbon concentration of
Xb in the alloy. In a large sodium system, the
carbon concentration and activity in the sodium
will change very little as the alloy becomes de-
pleted in carbon to a final value Xf . Conse-
quently, the final carbon concentration in the
Foxt Xt CARBON ——» alloy Xé will be established by an isoactivity
line, as shown in Fig. 14. As the chromium
concentration in the alloy decreases because
B e Teahgror of corrosion mass-transfer, decarburization
from an Alloy Exposed to to a new equilibrium carbon level in the alloy
Sodium will occur.

CrasCe

CHROMIUM ——»

ISOACTIVITY LINES

Fig. 14, A Schematic Diagram Re-
lating Decarburization to

Quantitatively, Type 304 stainless steel initially has about 0.07 wt %
carbon and 18 wt % chromium (i.e., x} , = 18.0 wt %; Xg = 0.07 wt %). At
705°C, a carbon concentration of 0.68 ppm in sodium (see Fig. 11) will yield
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a total carbon value of 0.07 wt % in the alloy. If the alloy lost chrorr‘lium
such that Xfc — 15.0 wt %, then the carbon content in equilibrium with the
i using the distribution coefficient for 15 wt %

alloy may be calculated by o i
chrczlmium alloy at 705°C. The distribution coefficient Ky at 705°C can be

computed by using Figs. 7 and 9:
730
Ky (for 15 wt % Cr alloy) = = 520.

Therefore,

Xfc = Ky x C(Na) = 520 x 0.68

"

354 ppm = 0.035 wt %.

f
Similarly, if the chromium in the alloy decreased to 12 wt % (XCr =
12 wt %), then

1100 -
e —g x0.68 = 268 ppm = 0.027 wt %.

Thus, the observed phenomenon can be explained provided the carbon
activity in the sodium is low but not sufficiently low to produce carbon
transfer in the absence of chromium depletion. A more quantitative com-
parison between observations and these calculations will require a precise
analysis of the carbon concentration in sodium.

At present it is not prudent to use the curves in this report to assess
the driving force for athermal carbon transfer in stainless steel from high
to low temperatures because of the meager data for the temperature depend-
ence of the carbon activity in the Fe-Cr-Ni alloys (see Fig. 5).

F. Carbon Solubility and Activity in Ferritic Steel

Ferritic steels with low chromium and molybdenum contents are
being considered for use in sodium-heated steam generators because of low
cost and lack of susceptibility to water-side stress-corrosion cracking. This
type of steel was found to be satisfactory up to about 540°C, but the steel
decarburized at a significant rate above this temperature in a sodium en-
vironment.?! An Fe-2.25 wt % Cr-1 wt % Mo steel section from sodium-
loop piping that had operated at 590°C for 20,000 hr was found to be almost
completely decarburized. The carbon content of the piping decreased from
the initial value of 0.105 to about 0.025 wt %. The decarburization causes
the material to lose tensile strength and reduces its stress-rupture life.
F.urthermore, the carbon transferred to the sodium can carburize any
high-temperature austenitic stainless steel that is used in the system,
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with a resultant loss in ductility of the stainless steel. The rate of decar-
burization depends on the temperature as well as upon the carbon activity
in the steel and in sodium.

The thermodynamic activity of carbon, as a function of carbon con-
tent in an Fe-2.25 wt % Cr-1 wt % Mo steel, was calculated starting from
the aFe-C binary system and considering the interaction effect of molyb-

denum and chromium on carbon. The cementite
T T T solubility curve in the aFe-C binary, from the
Fe-AWRM=C work of Smith,?* is shown in Pig: 15,

i

Molybdenum is a ferrite stabilizer that,
at constant carbon activity, decreases the activity
coefficient for carbon and thereby results in an
increase in concentration of carbon in aFe. The
effect of 1 wt % molybdenum on the solubility of
carbon in aFe! is also shown in Fig. 15. The
- effect of chromium on the activity coefficient of
carbon in aFe was studied by Petrova et al.?
00— ‘ - They determined the chromium-carbon interac-
o mcmson :z% 03 tion parameter in oFe, f Cr) - 0.50. This pa-

; rameter was found to be almost temperature
306-463 Rev. 1 insensitive. By using this parameter, the solu-
Fig. 15 bility of carbon in Fe-2.25 wt % Cr-1 wt % Mo
alloy was calculated, and the result is shown in

Fe-C

8

TEMPERATURE, °C

Fe-2.25wt %
Cr=iwt % Mo-C

The a-phase Field in Fe-
2.25 wt % Cr-1 wt % Mo Fig. 15. The calculation showed that at 700°C

Steel as a Function of the above alloy can dissolve up to 0.33 wt %
Temperature carbon before precipitating carbide.
L

Dyson and Andrews’* studied the carbides precipitated in alloy
steels containing up to 4 wt % chromium and about 0.4 wt % molybdenum
by fluorescence analysis and lattice-parameter measurements. They es-
tablished the composition of carbide as the M,C; type, with an Fe/Cr ratio
of about 1/3. The carbide contained very little molybdenum. Furthermore,
the composition of the carbide was found to be temperature insensitive in
the temperature range 600-700°C. As before, the activity of carbon in
equilibrium with the carbide (Fe,Cr),C; with a (Fe/Cr) ratio of 1/3 was
computed by using the power relationship for the activity of Cr;C; in the
mixed carbide and the free energy of formation!! of Cr;Cj:

AFY/3(Cr,C,) = -14000 - 2.0T. (10)

The carbon activities in the alloy at the a-carbide phase boundary thus com-
puted are 0.78 at 700°C, 0.352 at 600°C, and 0.124 at 500°C.

The distribution coefficient for carbon in the ferritic steel-sodium-
carbon system was obtained by setting the partial molal free-energy change
equal to zero for the reaction
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C(Na) = C (ferritic alloy); AF = —fg(alloy) - f(_:(Na)' (11)

The results of the calculation are presented in Fig. 16. The ferritic steel
commonly used contains only about 0.1 wt % carbon and, if we assume that

Henry's law (ac = kNg) is applicable for carbon
in the steel, the distribution coefficient may be
used to calculate the relation between the car-

r";i?;:"c’.lij'""“ bon concentration in sodium and that in the fer-

e ritic steel. This relation and the relation between
carbon in an 18-8 stainless steel and that in so-

dium are shown in Fig. 16.

It is evident from this figure that the fer-
ritic alloy exposed to sodium containing 1 ppm
carbon will not decarburize up to a temperature
of about 600°C, while at temperatures above
600°C, decarburization will occur. The driving
force for decarburization of the alloy increases
with increasing temperature.

C(Na), CARBON IN SODIUM,ppm

nn(;7 0‘! 0; I[O Ill I‘E 13 4
10%/1, " It may also be seen from Fig. 16 that, if
306-462 Rev. 1 the 18-8 stainless steel and the ferritic alloy are
iz, 16, Temperanis Dependence exposed to sodium free of carb_on (i.e., below
e el o s 0.08 ppm), no carbon transfer is expected from
tenitic Steel--G(Na)-- ferritic to austenitic steel below 510°C. At
Carbide Equilibria temperatures above 510°C, carbon transfer
from the ferritic to austenitic steel will occur
under isothermal conditions. A calculation of the carbon activities and
solubilities in these alloys shows that isothermal carbon transfer may be
completely prevented at 600°C, if the carbon concentration in the ferritic
alloy can be reduced to about 240 ppm. However, in an athermal system
where the austenitic steel is at a higher temperature, the driving force
for carbon transfer diminishes in comparison with that in an isothermal
system.

III. KINETIC ASPECTS

The carburization of stainless steel involves the diffusion of car-
bon in austenite accompanied by carbide precipitation. If stainless steel
is exposed to liquid sodium with a carbon activity larger than that in the
alloy, then carbon from the sodium diffuses into the alloy and precipitates
som.e fraction of the concentration of elements such as chromium, niobium,
or titanium as a dispersed carbide. In the initial stages of precipitation,
carbides with high (Cr/Fe) ratios will be precipitated. As the process
continues, the carbides in any given region will become richer in iron, and
the austenite will become richer in carbon and leaner in chromium. The
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process will continue until an equilibrium between the carbide and the aus-
tenite is established, and this equilibrium is dependent on the carbon con-
centration in sodium, as may be seen in Fig. 11, Furthermore, as the total
carbon in the precipitated region increases, the volume fraction of carbide
to austenite increases; that is, as the process continues, more and more
chromium will be present as carbide. As is evident, the assumption that
all of the chromium in the precipitated region in the alloy is present as
carbide would greatly underestimate the precipitated zone thickness for

any given reaction time. For this reason the mathematical models devel-
oped in the literature?”? for internal oxidation processes are not directly
applicable to the carburization of stainless steel. The driving force for
carbon diffusion is the difference between the carbon concentration in aus-
tenite at the surface of the alloy (established by the carbon concentration

in sodium) and the solubility limit for carbon in austenite containing 18 wt %
chromium and 8 wt % nickel. Isoactivity lines for carbon may be constructed,
as indicated earlier, and the variation of carbon concentration or activity in
austenite across the precipitated layer may be computed assuming local
equilibrium between the austenite and the carbide.

It is to be mentioned, however, that since diffusion occurs only by
virtue of a composition, or more precisely, an activity gradient, any sys-
tem in which diffusion occurs is not in equilibrium; consequently, reasoning
based on an equilibrium diagram alone cannot be strictly valid. We assume,
as has been done by others, that equilibrium prevails locally even though the
system as a whole is far from equilibrium; in other words, diffusion is slow
compared with the rate of reactionto form a new phase. Even with the as-
sumption of local equilibrium between the carbide and the austenite, it is
difficult to determine the rate at which the precipitation front advances into
the alloy because the carbon concentration profile across the precipitation
region for various thicknesses of precipitated zone is not known. Thus, it
becomes necessary to conduct experiments to establish these concentration
profiles for various precipitation thicknesses and for different carbon con-
centrations in sodium.

The conditions of temperature in the range of 450 to 800°C and carbon
concentrations in sodium between 0.1 and 2 ppm have important implications
on the rate and mode of carburization of stainless steel in sodium. For a
given carbon concentration in sodium, as the temperature increases the
driving force for carburization was shown to decrease while the diffusion
coefficient for carbon increases. Since the rate of carburization depends on
the product of the driving force and the diffusion coefficient, a maximum in
the rate is anticipated at some temperature between 450 and 800°C for a
given carbon concentration in the range of 0.1 to 2.0 ppm in sodium. At any
temperature the rate will also increase with an increase in carbon concen-
tration in sodium.
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IV. EFFECT OF CARBURIZATION ON THE
MECHANICAL PROPERTIES OF STAINLESS STEEL

Kirschler and Andrews” studied the effect of carburization on the
strength properties and ductility of Types 304 and°316 s'tainless .stee'I .
exposed to sodium with high carbon activity at 650°C using 60 mil tl:111c
specimens. The Type 304 stainless steel was found. to 1"1ave aRa b i
carburized layer in 500 hours with carbon penetration %nto the gra1n
boundaries ahead of the layer. In these alloys the tensile and yleld.strengt}-l
increased while the ductility decreased. Similar tests conducted with 15 mil
specimens that had been carburized to similar case depths showed greater
losses in ductility and increases in strength than were anticipated for the
thinner cross sections. Even though these tests showed marked effects on
the mechanical properties, the carburization of these alloys in sodium was
mainly confined to regions near the surface due to relatively short exposure
times. For longer exposures at lower carbon activities in sodium, more
representative of the reactor systems, the alloys would be carburized in
their entire cross section; and similar, if not greater, effects on the mechan-
ical properties would be anticipated.

Furthermore, at temperatures below about 600°C, the mode of car-
burization will undergo a transition from carbide precipitation within the
grains to predominantly the grain boundary regions. The high diffusion
rate at the grain boundary coupled with a large driving force can result
in a significant amount of carbide in this region at the lower temperatures
even though the total carbon content of the stainless steel will be lower
than that indicated by the curves in Fig. 11. The effect of the localized
carburization on mechanical properties such as fatigue life and ductility
under these conditions has not been established; however, the problem
should be considered since the properties may be affected adversely. The
problem also becomes important from the standpoint of evaluating the effect
of a carbon excursion within reactor systems.

V. CONCLUSIONS

I.  An equilibrium relationship was obtained between the total car-
bon (carbon in austenite + carbon in carbide) in Fe-Cr-Ni alloys and the
carbon concentration in sodium at various temperatures. The calculations
showed that the Fe-Cr-Ni alloys with nominal initial carbon contents may
undergo carburization or decarburization depending upon the carbon con-
centration in sodium and the temperature in the range 500-800°C. For the
same carbon concentration in sodium, the equilibrium total carbon in the
alloy increases with a decrease in temperature. Furthermore, at a fixed
temperature the total carbon content in the alloy increases with an increase



in the carbon concentration in sodium. Beyond a certain carbon concentra-
tion in sodium the type of carbide precipitated will change from (Cr,Fe);;Cq
to (Cr,Fe);C;. We believe that the carbon content in sodium necessary to
yield (Cr,Fe),C; is above that of practical interest in reactor systems.

2. The carbon concentrations in sodium required for incipient car-
bide precipitation at the various temperatures are well within the solubility
limit for carbon in sodium at those temperatures; however, they are sig-
nificantly lower than values commonly reported for stainless steel-sodium
systems (e.g., 15-30 ppm). Recent carbon analyses of the EBR-II primary
sodium have yielded values as low as 0.8 ppm.*® The results in this report
suggest that the carbon level in EBR-II sodium is indeed this low and prob-
ably is somewhat lower because of the sizeable area of stainless steel in
contact with flowing sodium at temperatures of about 500°C.

3. We conclude that, if the carbon concentration in sodium is in
equilibrium with Type 304 stainless steel and, if selective mass transfer
of chromium occurs, the alloy will tend to decarburize (i.e., chromium
and carbon transfer will occur simultaneously from the alloy to sodium).
However, if a carbon excursion occurs in a stainless steel-sodium system
that has undergone chromium mass transfer, then both the chromium and
the total carbon concentrations at the alloy surface are necessary to estab-
lish the driving force for carbon diffusion and carbide precipitation.

4. The transfer of carbon from ferritic steel (with 0.1 wt % C) to
austenitic stainless steel under isothermal conditions is inevitable at tem-
peratures above 510°C. The driving force for the process increases with
an increase in temperature; however, carbgn transfer can be reduced by
lowering the carbon concentration in the ferritic steel; for example, at
600°C the carbon concentration must be decreased to 240 ppm. In a non-
isothermal system where the austenitic steel is at a higher temperature,
the driving force for carbon transfer diminishes compared with that in an
isothermal system.

5. The reliability of the calculations in this report would be en-
hanced if the carbon activity values were determined experimentally in
Fe-Cr-Ni alloys in the temperature range 500-800°C. The carburizing
potentials established by various carbon species in sodium are needed to
evaluate their relative importance. For this purpose, better techniques
are needed for the analysis of low concentrations (less than 1 ppm) of the
different carbon species in sodium. An experimental program in the above
areas is in progress. The results should lead to an understanding of the
mechanism and kinetics of carbon transport in sodium-steel systems and
thus provide a basis for predicting the effect of both carbon excursions
and long-term carburization-decarburization processes on the integrity
of reactor components.
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APPENDIX

Fe-C austenite at different temperatures

ili £ bon in
i The effect of nickel on the

ined f the phase diagram (Fig. 1).
T T . vyc in Fe-Ni-C austenite in the temperature

by Heckler and Winchell® as

Ni 2
In yc = 7.5XC + 623 1)XNi. (12)

activity coefficient of carbon
range 800-1200°C was given

where
Xc = mole fraction of carbon in the alloy
Xni = mole fraction of nickel in the alloy
; 3L
) :<_ﬂ = 1.3 +3.5x 10%/T
& XNi /1,y
NG
T = temperature, °K.

The interaction parameter €(CN1) was used to compute the difference
in the concentration of carbon between y-Fe and Fe-8 wt % Ni austenite as
a function of carbon activity in the austenite at temperatures of 800 and
1000°C. This is shown in Fig. 17. It is
evident from this figure that the concen-
tration of carbon in Fe-8 wt % Ni austenite
is dependent upon the carbon activity in
the alloy.

10p

L and

ol

The effect of chromium on the Fe-
C binary carbonactivity at 1000°C was eval-
uated from the results of Bungardt et al.?
(see Fig. 3). A plot of the difference in the
solubility of carbon in Fe-Cr austenite and
the carbon concentration in y-Fe, per wt %
L ‘“'“Lf. ey Cr, at isoactivity, for various chromium
cRe-cre-su %Ny o levels in the Fe-Cr-C alloys, is shown in
306-597 Rev. 1 Fig. 18. To compute the chromium effect
at temperatures below 1000°C, a relation
between temperature and carbon content
of an 18-8 stainless steel proposed by
Rocha’ was used:

L

il

Fig. 17

The Difference in the Concentration of
Carbon between y-Fe and Fe-8 wt % Ni
Austenite as a Function of Carbon Ac-
tivity in the Austenite at Temperatures

of 800 and 1000°C6 In Yo = 1.02 - (7000/T), (13)



where
Xc = mole fraction of carbon in the steel
T = temperature, °K.
S T T T
~— Ol - Fig. 18
(5] E 3 . :
2 E 3 The Difference in the Solubility of Carbon
& C 0027 i in a Fe-Cr Austenite and the Carbon Con-
q‘.' i : centration in Y -Fe, per wt % Cr, at soac-
23 9008 tivity for Various Chromium Levels in the
= ool ' 1000°C Fe-Cr-C Alloys. The numbers on the
E 3 curves indicate carbon activity values at
t ss . the indicated chromium levels.
( 00185 el
000i 1 1 1 I 1
0 a 8 12 6 20 24
CHROMIUM, wt % 306-452 Rev. 1

Equation 13 yields a carbon solubility value of about 0.045 wt % at
700°C, whereas the carbon activity at 700°C is 0.0185 from Fig. 5. The
interaction effect of 18 wt % chromium on carbon in austenite at 700°C
was obtained by subtracting from 0.045 wt % the effect of 8 wt % nickel
(from Fig. 17). The effect of chromium on the carbon solubility at differ-
ent chromium levels in the alloy at temperatures of 1000°C and at 700°C
was assumed the same and is shown in Fig! 18. The same procedure was
used to compute the effect of chromium at lower temperatures.

By using Figs. 1, 17, and 18, the carbon solubility values in Fe-Cr-
8 wt % Ni alloys at different temperatures were computed, and are shown
in Figs. 6 and 7.
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