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Solubility and Diffusivity of Carbon in Metals

INTRODUCTION

The solubility and diffusivity of carbon in
metals have been the subject of consider-
able interest in metallurgy. Recent studies
have shown that they are also directly rele-
vant to many catalytic reactions, e.g.,
metal-catalyzed gas—carbon reactions (7, 2)
and filamentous carbon growth on metal
catalysts (3—-70). Many investigations have
been made on ferromagnetic metals, of
which nickel is of particular interest in the
present study. The following discussion is
based on nickel but is also pertinent to
other metals.

Large discrepancies exist in the literature
on the experimental values of solubility and
diffusivity of carbon in nickel, and these
discrepancies remain unexplained. The re-
ported solubilities vary within approxi-
mately a factor of 2, whereas diffusivity
data scatter over an order of magnitude. A
basic source for the discrepancies lies in the
deficiencies of the experimental techniques
which have been used to measure these
properties; this is especially true for solu-
bility.

There have been two approaches
adopted for measuring solubility. The first
approach entails decomposing CH, or CO
on the metal and measuring the amount of
carbon in the metal at a. = 1. The respec-
tive reactions are CHy — C + 2H, or 2CO
— C + CO,. The activity of carbon, ac, is a.
= K,P(CH4)/P(H;)* or a. = K,P(CO)/
P(CO,), respectively, where K is equilib-
rium constant for the pertinent reaction and
P is partial pressure. Thus, solubilities are
obtained by using ratios of CH4/H, or CO/
CO; corresponding to a. = 1 (11-16). Ex-
cept Schenck ef al. (14), who used a micro-

balance to measure the weight gain in situ,
all others equilibrated the gas/metal system
for long periods of time (1-6 days) and sub-
sequently quenched the metal and analyzed
its carbon content.

The second approach for solubility mea-
surement is by direct contact of nickel and
a graphite powder for a prolonged period of
time, followed by annealing, cooling, and
analysis for carbon content (17, 18). Poly-
crystalline nickel foils were used in all
cases (in both approaches) except that of
Eisenberg and Blakeley (I8) who used a
single crystal. The solubilities obtained by
this approach are higher than those ob-
tained by the first approach.

The first approach is based on the as-
sumption that the carbon formed on the
surface of nickel is 8-graphite, the free en-
ergy of formation (AG) of which is zero (as
the standard state). However, a number of
experimental results have shown that a
much more carburizing atmosphere than
that corresponding to a. = 1 is needed for
carbon deposition on Ni (/9, 20) and Fe
(21). Thus the carbon deposit on the surface
has a positive AG and is less stable than
B-graphite. The experimental values of AG
of carbon on Ni are about +3 kcal/mol at
700 K, decreasing to about +1 kcal/mol at
900 K, as measured by both Dent et al.
(19) and Manning et al. (20).

There are at least two causes for the posi-
tive AG of surface carbon. One derives
from the structure and bonding of the sur-
face carbon; the surface carbon is bonded
to the metal and possibly also with other
carbon atoms. In fact, many different forms
of carbon on metal surfaces have been iden-
tified in terms of their reactivities toward
H; and O, (22-24). These carbons are more
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reactive and less stable than B-graphite.
Another cause for the positive AG pertains
to filamentous carbon. Filamentous carbon
is formed on polycrystalline metals (espe-
cially Ni) with grain sizes less than 0.2-0.5
um. The filament consists of graphite
sheets in a scroll-like structure, and a sig-
nificant amount of strain energy is associ-
ated with this structure (25, 26). The AG
has been shown to increase with decreasing
Ni crystallite size (26). Still another possi-
ble cause for the positive AG is associated
with an intermediate carbide phase which
may exist on the surface of the metal at low
temperatures (e.g., near 550°C for Ni; Refs.
(27, 28)). All these causes can contribute to
the positive AG. No attempts have been
made to resolve these contributions.

The techniques for measuring diffusivity
of carbon in metals have been reviewed re-
cently by Bergner (29).

PROPOSED TECHNIQUE AND RESULTS
TGA Technique

The proposed technique is a rapid ther-
mogravimetric (TGA) technique which can
be used to measure solubility and diffusiv-
ity simultaneously. More important, satura-
tion can be guaranteed as the carbon con-
tent is monitored in situ.

The technique is illustrated via the TGA
results shown in Fig. 1. Prior to the experi-
ment, the metal is thoroughly reduced in H,
at a high temperature, e.g., 750°C for data
shown in Fig. 1. This step also helps mini-
mize surface impurities, which at low levels
have negligible effects on carbon formation
(26). A gas mixture of H,/CH,4 or CO/CO,
where a. = 1 is admitted at time zero and
the weight gain history is recorded as
shown in Fig. 1. As discussed in the preced-
ing section, the saturation of carbon in the
metal requires a. to be greater than unity
because of the positive free energy of for-
mation of the surface carbon. In the exam-
ple shown in Fig. 1, carbon saturation oc-
curs at a. = 1.2-1.3. Thus stepped weight
gains are obtained as the activity of carbon
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Fi1G. 1. Weight gain in metal with stepped increases
in carbon activity in the gas phase (a. = KPPCH‘,/P%{Z).
Saturation in this example is at a, = 1.2-1.3. (A) Car-
bon filament growth on small grains; (B) carbon encap-
sulated on large grains or single crystals.

in the gas phase is increased stepwise until
saturation is reached. At the saturation
point, one of two consequences follow if
the carbon activity is further increased. (1)
A continual weight gain results from the on-
set of carbon filament growth. This was ob-
served in our experiments with Ni foils
which contained grains less than 0.3 um in
size. This should also occur with supported
metals with small sizes. (2) No further
weight gain or a continual, miniscule weight
gain follows, as the metal is totally encap-
sulated by carbon which has little catalytic
activity for CH, or CO decomposition. This
was observed in our experiments with Pt
and Pd wires as well as Ru powder (which
had an irregular flaky shape with sizes in
the order of 1 um). Finer increments in a.
should be used for higher accuracies.

The diffusivity of carbon in the metal can
be readily calculated from the weight gain
history by matching with the solution of the
diffusion equation. An example is shown in
Fig. 2. In diffusivity measurement, how-
ever, the saturation of carbon is not re-
quired; only the equilibrium weight gain is
needed. Thus each increment in a. will
yield a diffusivity, and a. may be well below
unity. It is known that the Fickian diffusiv-
ity has a strong dependence on concentra-
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Fi1c. 2. Diffusivity of carbon in Ni at 750°C by fitting
TGA data (squares) to solution of diffusion equation:
D = 2.0 x 10~° cm?/s (solid line); 4.0 x 10-% cm?/s
(dashed); 6.0 x 10-° cm?/s (dotted).

tion (30) because the concentration gradient
is used instead of a chemical potential gra-
dient. The concentration dependence can
be obtained from the TGA technique.

The free energy of formation of the sur-
face carbon can also be obtained from the
technique based on the carbon activity at
the saturation point. If more than one type
of carbon is formed, such information
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would pertain to the least active type of car-
bon.

RESULTS AND DISCUSSION

The H,/CH, system was used in this
study. Both gases were supplied by Linde
Division with the following stated purities:
H, UHP grade at 99.999% and CH, Custom
grade at 99.99%. Four metals were used: Ni
foil (0.025 mm thickness, Alfa Products,
Puratronic grade), Pt (0.2 mm diameter
wire), Pd (0.2 mm diameter wire); both Pt
and Pd were from Ernest Fullam, Inc., at a
nominal 100% purity, and Ru powder (ir-
regular flaky particles at approx. 1 um size,
99.997% purity) was from Alfa Products.

As discussed in the Introduction, a num-
ber of investigations have been made on the
solubility and diffusivity of carbon in Ni.
The data on the other three metals studied
here are scarce indeed. The solubilities of
carbon in Pd and Pt at temperatures above
900°C were measured by Siller et al. (31),
by equilibrating the metal with graphite
powder.

The solubility and diffusivity data ob-
tained by using the TGA technique are
summarized in Table 1. Nickel was used as
the test case for the technique. At 700°C, a
carbon activity of 1.4 was needed to reach

TABLE 1

Solubility, AG of Surface Carbon (AG.), Solubility Parameters (AH, and AS.), and Diffusivity
of Carbon in Metal

T Solubility AG(a,) AH, AS, D
°C) (at%) (kcal/mol) (kcal/mol) (kcal/mol/K) (cm?/s)
Ni 700 0.29 0.78 (1.4) 9.64 —1.69 x 103 4.0 X 10~°
750 0.37 0.68 (1.3)
Pt 700 0.66 0.35(1.2) 3.86 —6.09 x 103 1.0 x 107
800 0.79 0.39 (1.2) 1.2 x 107
Ru 700 0.15 0.53 (1.3) 4.17 —8.55 x 1073
800 0.19 0.39 (1.2)
900 0.23 0.42(1.2)
Pd- 550 0.32 0(1.0) 5.0 x 109
600 0.41 0 (1.0) 1.5 x 10-8
650 0.55 0 (1.0 3.5 x 108
700 0.71 0(1.0) 6.5 x 10-8

¢ The ‘‘solubility’’ values for Pd were measured at a. = 1 and were below saturated values.
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saturation. The free energy of formation of
the surface carbon may be calculated by

AG, = —RTIn (D

KP
K,(B-graphite)’
where K, is the actual equilibrium constant

2

_ acPHz
=
Pcy,

2

and K,(B-graphite) is the value based on a.
= 1 for B-graphite. The value for the free
energy of formation of surface carbon at
700°C was 0.78 kcal/mol. The free energy
of formation decreased to 0.68 kcal/mol at
750°C. These values were in reasonable
agreement with those of Manning ef al.
(20). The solubilities in Ni were higher than
those reported in the literature where the
values corresponding to a. = 1 were taken
as the solubilities (/6). The strong depen-
dence of carbon content in Ni on carbon
activity in the gas phase is illustrated by the
following for 700°C (in at.%): 0.20 (a. = 1);
0.22 (a. = 1.1); 0.25 (a. = 1.2); 0.27 (a. =
1.3); 0.29 (a. = 1.4). The diffusivity of car-
bon in Ni was 4.0 x 107? cm?/s (Fig. 2).
Typical literature values were 6 x 107°
cm?/s (11) and 1.7 X 1072 cm?/s (29).
These are in good agreement with our
value.

For the case of a dilute solid solution or
quasi-regular solution, it can be shown that
the temperature dependence of the solubil-
ity is (32)

AI_{C] [A S.
X

RT R ] )

_C [_
1-2c. ©*P

where C. is the solubility in atomic fraction,
AH, is the relative partial enthalpy of car-
bon, and AS, is the relative partial excess
entropy. For Pd in which C may prefer tet-
rahedral sites, 1 — 2 C. in Eq. (3) would
be replaced by 2 — 2 C.. The values for
AH, and AS. are also given in Table 1.
The solubilities of carbon in Pt at 700 and
800°C were in excellent agreement with the
values extrapolated from those at above
900°C measured by Siller er al. (31) using

209

the graphite/metal equilibration technique.
The temperature dependence of diffusivity
of C in Pt appeared to be too low since the
activation energy was only 1.6 kcal/mol.
The low activation energy indicated that
the diffusion was dominated by grain
boundary diffusion, which usually becomes
dominant at low temperatures.

The available data on Ru and Pd are also
included in Table 1. Diffusivity data in Ru
were not available due to the irregular
shape of the Ru particles. It is interesting to
observe the appreciable solubilities of car-
bon in Ru. Using Eq. (3), the solubility may
be extrapolated to the temperature region
for methanation and Fischer-Tropsch reac-
tions, e.g., 300°C. The extrapolated solubil-
ity at 300°C is 0.35% (atomic) or 4.1 X 1073
(wt.). At this solubility, a carbon atom can
find, on average, the nearest carbon neigh-
bors approximately 14 Ru atoms away.
This is not a negligible solubility.

A final comment should be made con-
cerning the solubilities measured by equili-
brating the metal with graphite powder (/7,
18, 31). These solubilities are higher than
other published data and, in principle,
should be the true solubilities. Although a
B-graphite powder was used (in contact
with the metal) in the measurement, the sol-
ubility should not be regarded as that corre-
sponding to a. = 1. It has been known from
the studies on metal catalyst channeling in
graphite in gas—carbon reactions that car-
bon dissolves in metal from the edges of
graphite, and the carbon atoms on the basal
plane of graphite do not dissolve (2, 3). The
edge atoms on the graphite layer are unsat-
urated (with a free sp? electron) and are ac-
tive. The free energy of formation of these
edge atoms should be positive and greater
than that required for saturation of carbon
in metals.

In summary, a rapid and versatile tech-
nique is suggested for the simultaneous
measurement of solubility and diffusivity of
carbon in metals. The technique can also
provide information on the free energy of
formation of the surface carbon, as well as



210

the concentration dependence of the Fick-
ian diffusivity. Four metals were included
in this study. Of particular interest to catal-
ysis is that a significant solubility of carbon
in ruthenium has been observed.
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