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Abstract During the high temperature oxidation of an alloy, the growth of a
protective oxide scale selectively consumes one of the alloying elements. This
can be accelerated if a molten deposit is present and dissolves the scale. The
kinetics of Al2O3-scale growth and dissolution in Na silicate were studied by
considering the Al mass balance at the alloy/scale and scale/silicate interfaces.
The analysis was applied to a single-phase γ–NiCoCrAlY alloy exposed to a
SiO2–Na2SO4 deposit at 1100 ◦C, using an oxidation rate constant and effec-
tive Al diffusivity measured after deposit-free oxidation of the same alloy, and
independent measurements of Al solubility and diffusivity in Na silicate. The
simulated Al2O3-scale thickness and Al depletion profile matched well with
the experimental data. The model was then used to assess Al2O3-scale failure
on two alloys with particularly large Cr contents (27 and 35 at. %), which
underwent internal oxidation when exposed to the SiO2–Na2SO4 deposit.

Keywords Oxide growth; Selective oxidation; Silicate deposit

1 Introduction

Alloys and coatings used at high temperatures withstand corrosion through the
formation of slow-growing, compact and adherent oxide scales, e.g., Cr2O3 or Al2O3.
Such a protective scaling behavior may be challenged if a deposit condenses on the
component surface and reacts with the thermally grown oxide. Indeed, at steady-
state, protective scale growth is typically limited by solid-state diffusion in the oxide,
and proceeds at a rate inversely proportional to the scale thickness, i.e.,

dX

dt
=
kp
X

(1)

where X is the thickness, t the time and kp the parabolic constant. Any process
consuming the scale would result in an increased oxidation rate. In recent studies
[1–3], we showed that Al2O3-scale forming NiCoCrAlY compositions in air were
susceptible to accelerated corrosion in the presence of oxide-sulfate deposits. Two
modes of attack were identified, which involved Al2O3 reaction with CaO to form Ca
aluminates, and Al2O3 dissolution in molten Na silicate. Both processes cause an
increased Al consumption and can lead to internal oxidation if the Al flux required
for the scale to grow exceeds that available from the alloy. Thus Al2O3-scale failure
is expected to occur in alloys with an Al concentration below a certain threshold.
The conditions for this are analyzed in the following.
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nement, CEA, Université Paris-Saclay, 91191 Gif-sur-Yvette, France

1

https://orcid.org/0000-0002-9343-8559
https://doi.org/10.1007/s11085-016-9686-0


Oxid Met 87 (2017) 527–539 2

𝑦

𝑋

𝑥

𝑁Al

𝑁Al
0

𝑁Al
m/o

𝑁Al
o/s

𝑗Al
a

𝑗Al
ox

𝑗Al
NS

metal 
alloy

oxide 
scale

silicate 
deposit

𝑑

original alloy surface

Figure 1: Schematic Al concentration profiles developed in a system where an Al2O3 scale
is formed by oxidation of an alloy and consumed by dissolution in a molten silicate.

2 Modeling

The consequences of Al2O3 dissolution in molten Na silicate (NS) are evaluated by
modeling oxide growth kinetics in a manner similar to that adopted in the study
of solid-state reaction with CaO [1]. A thickening rate law is first determined by
adding the contribution of oxide dissolution to that of oxide formation, in a regime
where dissolution is limited by diffusion in the silicate. The Al mass balance is then
derived by considering the Al flux in the alloy, the oxide scale and the silicate. The
situation is illustrated in Fig. 1.

The dissolution rate of Al2O3 is related to the Al flux entering the silicate,(
JNS
Al

)
x=0

, via
(dX)d

dt
= −VAl2O3

2

(
JNS
Al

)
x=0

(2)

where VAl2O3 is the molar volume of Al2O3 (the factor of 1/2 on the right-hand side
accounts for the fact that there are two moles of Al per mole of Al2O3). This flux
is calculated by solving the diffusion equation in the silicate. Assuming the molar
volume of the silicate, VNS, is independent of its composition, Fick’s law may be
written as

JNS
Al = −

DNS
Al

VNS

∂NNS
Al

∂x
(3)

with DNS
Al and NNS

Al the diffusion coefficient and mole fraction of Al in NS, respec-
tively. Further assuming that DNS

Al is constant, the time-dependent diffusion equa-
tion is

∂NNS
Al

∂t
= DNS

Al

∂2NNS
Al

∂x2
(4)

At steady-state, NNS
Al at the Al2O3/NS interface, N

o/s
Al , is constant and equal to the

Al solubility in NS. Equation (3) is then solved to yield [4]

NNS
Al (x, t) = N

o/s
Al erfc

 x

2
√
DNS

Al t

 (5)
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It follows that at the Al2O3/NS interface,(
∂NNS

Al

∂x

)
x=0

= −
N

o/s
Al√

πDNS
Al t

(6)

which is combined with Eqs. (2) and (3) to give

(dX)d
dt

= −1

2

VAl2O3

VNS
N

o/s
Al

√
DNS

Al

πt
(7)

The net Al2O3 growth is obtained by adding the production rate, Eq. (1), and the
dissolution rate, Eq. (7):

dX

dt
=
kp
X
− kd√

t
(8)

where the dissolution constant kd is

kd =
1

2

VAl2O3

VNS
N

o/s
Al

√
DNS

Al

π
(9)

Equation (8) is analogous to that obtained for Al2O3 reaction with CaO [1]. Con-
sidering that X(t = 0) = 0, it is solved to yield the new rate law

X2 = 2k′t (10)

k′ = k2d + kp − kd
√
k2d + 2kp (11)

The simple form of Eq. (10) derives from the choice of parabolic kinetics to describe
intrinsic scale growth: Eq. (1) was used with the underlying assumptions that
scale growth was limited by diffusion in the scale from the start, and that the
oxide diffusivity was constant with time. Strictly speaking, the requirement of a
finite reaction rate at t = 0 involves the existence of a preexisting scale; this and
other transient effects would generate constant and linear terms in the rate law [5].
Furthermore, Al2O3-scale growth is typically limited by grain boundary diffusion,
and oxide grain growth would lead to sub-parabolic kinetics [6, 7]. Nonetheless,
results inferred from the assumption of parabolic kinetics from t = 0 are valuable
owing to their simplicity, and often prove useful in practice.

Within this assumption, Al2O3 growth also follows parabolic kinetics in the
oxidation-dissolution regime, with a rate constant given by Eq. (11). This is now

used to calculate the Al concentration at the metal/oxide interface, N
m/o
Al , according

to Wagner’s analysis [8]. The latter was developed for binary alloys and used a
constant interdiffusion coefficient in the alloy. The case of n-element alloys, n > 2,
is more complex, as interdiffusion is described with a set of (n − 1)2 independent
coefficients. For the sake of simplicity, the present analysis considers instead a
unique, effective Al diffusion coefficient in any given (single-phase) NiCoCrAlY alloy,
denoted as Da

Al. As shown later, the approach is useful if such an effective coefficient

can be measured in the same alloy after oxidation with no deposit. N
m/o
Al is then

given by [8]

N0
Al −N

m/o
Al

1−Nm/o
Al

= F

(√
1

2

kc
Da

Al

)
(12)
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where F is the auxiliary function defined by F (u) =
√
πu(1− erf u) exp

(
u2
)

and kc
the parabolic constant for metal recession. The latter is defined as

d2 = 2kct (13)

where d is the depth of the metal/oxide interface relative to the original alloy surface.
In the absence of dissolution, the mass balance for the Al contained in the oxide

scale is given as
2X

VAl2O3

=
d

Va
(14)

with Va the molar volume of the alloy. This yields

kc =

(
2Va
VAl2O3

)2

kp (15)

When the Al2O3 dissolves in NS, the mass balance in Eq. (14) becomes

2X

VAl2O3

+ nNS
Al =

d

Va
(16)

where nNS
Al is the amount of Al in the silicate per unit surface area, i.e., the accu-

mulated flux of Al into the silicate over time. Combining Eqs. (3) and (6), the Al
flux at the Al2O3/NS interface can be written as

(
JNS
Al

)
x=0

=
N

o/s
Al

VNS

√
DNS

Al

πt
(17)

which yields [4]

nNS
Al =

∫ t

0
JNS
Al (t) dt = 2

N
o/s
Al

VNS

√
DNS

Al t

π
(18)

Using the definitions of kd and k′, nNS
Al can be written as

nNS
Al =

2Xkd
VAl2O3

√
2

k′
(19)

This is introduced into Eq. (16) to give

2X

VAl2O3

(
1 + kd

√
2

k′

)
=

d

Va
(20)

Noting that, by definition, X =
√

2k′t is a solution of Eq. (8), k′ verifies

k′√
2k′

=
kp√
2k′
− kd (21)

The latter can be rearranged to give 1 + kd

√
2

k′
=
kp
k′

. Substituting into Eq. (20)

yields
2X

VAl2O3

kp
k′

=
d

Va
(22)
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Equation (22) together with the definition of k′ and kc, Eqs. (11) and (13), respec-
tively, provide the following expression for kc

kc =

(
2Va
VAl2O3

)2 k2p
k′

(23)

Thus changing from intrinsic oxidation, Eq. (15), to oxidation-dissolution, Eq. (23),
amounts to replacing kp by k2p/k

′ when evaluating Al consumption. The same
expression was arrived at in the case of solid-state reaction with CaO [1] — the
analogy reflects the fact that both Ca aluminate growth and Al diffusion in NS are
diffusion-controlled processes.

3 Materials and experiments

Experimental data were obtained from NiCoCrAlY alloys, based on the fcc–A1 solid
solution γ–(Ni,Co) and the B2 compound β–(Ni,Co)Al, reacted with and without
SiO2–10 wt. % Na2SO4 deposits in CO2–20H2O–1.6O2 at 1100 ◦C. The experimental
procedure is detailed in Ref. [2]. Briefly, 50 h isothermal corrosion experiments were
conducted in a tube furnace under flowing gas, using cast alloys. The gas flow rate
was 100 ml/min, with a linear velocity of 2 mm/s at 1100 ◦C, and a total pressure
slightly over 1 atm. The alloys were cast and vacuum-annealed at the Materials
Preparation Center of the Ames Laboratory [9]. Prior to exposure, 1 mm thick
specimens were ground using SiC paper to a P1200-grit finish. Laboratory-grade
powders were ground and applied as an ethanol-based slurry, producing 30 ± 5
mg/cm2 deposits after evaporation of the ethanol. Sodium was applied as a sulfate,
but it reacted with SiO2 to form a molten silicate in the S-free gas at 1100 ◦C.

At the end of the 50 h experiments, metallographic cross-sections were prepared
and analyzed by electron probe microanalysis (EPMA) using a JEOL JXA 8530F.
Measured intensities were processed via a built-in ZAF calibration procedure, using
pure metals as standards. Two alloy composition profiles were recorded below the
Al2O3 scale in each specimen.

4 Results and discussion

Alloy composition effects were studied by varying the β phase fraction and the Cr
content. In general, β-rich alloys were immune to the Na silicate (NS), and formed
external Al2O3 scales, while some γ-rich alloys suffered internal oxidation [2]. The
situation of exclusive external scaling will be considered to evaluate the validity of
the oxidation-dissolution analysis. The effects of alloy composition on scale failure
will be discussed subsequently.

First, the dissolution constant kd is determined from the solubility and diffusiv-
ity of Al in the silicate, as well as its molar volume. Analysis by SEM–EDS of NS
deposits left after corrosion experiments gave a Na2O fraction of 15 mol. %, close
to the liquid composition expected at 1100 ◦C [10]. This was used with density
and expansivity measurements of Na2O – SiO2 solutions [11] to provide VNS = 27.5
cm3/mol at 1100 ◦C. The influence of dissolved Al on the molar volume, although
possibly significant, is neglected due to lack of adequate data. In corrosion experi-
ments, the NS thickness atop the specimens was found to be variable, and sometimes
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Figure 2: Aluminum concentration profiles measured by SEM-EDS from Al2O3 crucibles
dissolving in silicate mixtures, after 4 h annealing at 1100 ◦C. The best fit of Eq. (5) to the
experimental data is showed by a solid line.

Table 1: Parameters used in the calculation of the Al2O3 dissolution constant, kd, via

Eq. (9). The Al solubility and diffusivity in Na silicate, N
o/s
Al and DNS

Al , were adjusted by
fitting Eq. (5) to Al concentration profiles measured after Al2O3 dissolution in Na silicate
(Fig. 2).

VNS (cm3/mol) [11] 27.5

VAl2O3
(cm3/mol) [12] 25.6

N
o/s
Al (at. %) 6.8

DNS
Al (cm2/s) 4.8 × 10−10

kd (cm2/s) 3.9 × 10−7

no greater than the diffusion length of Al, such that the Al concentration reached
a plateau (larger than 0). It is noted that such an Al accumulation in the silicate
reduces the Al flux, and thus locally affects the Al2O3 dissolution and thickening
rates. In order to obtain reliable values of solubility and diffusivity in the general
case of a thick NS deposit, some Na2Si3O7 powder was annealed in an Al2O3 cru-
cible, with no metal specimen, for 4 h at 1100 ◦C. The Al concentration profile
resulting from the dissolution of the Al2O3 crucible was measured by SEM–EDS

(Fig. 2). Values of N
o/s
Al and DNS

Al obtained by fitting Eq. (5) to the profile using a
least-squares method are given in Table 1, along with the resulting kd (Eq. (9)). A
slight variance is observed in Fig. 2 between the shape of the NS fitted profile and
the experimental data, likely due to variations of VNS or DNS

Al with the Al fraction.

4.1 Evaluation of the model: external Al2O3-scale growth

The analysis of oxidation-dissolution kinetics is now applied to Ni–28Co–19Cr–11Al–
0.1Y (at. %), a single-phase γ alloy at 1100 ◦C, which maintained exclusive Al2O3-
scale formation (Fig. 3). The oxidation constant kp was determined from the average
scale thickness measured after a 50 h oxidation experiment conducted in the same
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Figure 3: Cross-section micrographs of the corrosion products formed after 50 h exposure
to SiO2–10Na2SO4 in CO2–20H2O–1.6O2 at 1100 ◦C. The Ni–28Co–19Cr–11Al–0.1Y (γ)
alloy maintained an external Al2O3 scale, while Ni–30Co–27Cr–12Al–0.1Y (γ–13 vol. % β)
and Ni–33Co–35Cr–7Al–0.1Y (γ) locally underwent internal oxidation (alloy compositions
in at. %).

conditions as the SiO2–Na2SO4 exposure, but with no deposit. It is recognized that
thickness measurements after a single reaction time provide no indication as to the
time-dependence of the oxidation process. This aspect was not studied experimen-
tally. Rather, as indicated in Section 2, intrinsic scaling kinetics were assumed to
be parabolic throughout the analysis. The kp value was thus used with Eq. (11) to
obtain k′, which in turn was used to calculate the expected Al2O3 thickness in the
oxidation-dissolution regime via Eq. (10). These parameters are summarized in Ta-
ble 2. The average thickness measured in Ni–28Co–19Cr–11Al–0.1Y after exposure
to SiO2–Na2SO4, 0.8 ± 0.1 µm, is in good agreement with the calculated value of
1.0 µm.

The analysis is further evaluated by considering the effect of Al2O3 dissolution
on Al consumption in the alloy: the interfacial Al concentration is calculated from
the constants kp and k′, via Eqs. (12) and (23), and compared with Al concentration
profiles measured by EPMA below the Al2O3 scale after the SiO2–Na2SO4 exposure.
Equation (12) requires an effective diffusion coefficient for Al in the alloy. In the
absence of adequate literature data, DNS

Al is obtained from the depletion profiles
measured after the deposit-free oxidation of the same alloy. The expression derived
by Wagner for the depletion profile developed upon a oxidation of a binary alloy [8]
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Table 2: Al2O3-scale thicknesses and thickening constants in the oxidation and oxidation-
dissolution regimes, corresponding to 50 h deposit-free and SiO2–Na2SO4 deposit exposures
at 1100 ◦C, respectively.

Alloy composition, at. % Ni–28Co–19Cr Ni–33Co–35Cr Ni–30Co–27Cr

(phases at 1100 °C) –11Al–0.1Y (γ) –7Al–0.1Y (γ) –12Al–0.1Y (γ–β)

No deposit

X (µm), measured 2.0± 0.4 1.8± 0.3 1.9± 0.4

kp (cm2/s) 1.2× 10−13 9.0× 10−14 1.0× 10−13

Da
Al (cm2/s) 1.2× 10−10 5.9× 10−11

SiO2–Na2SO4 deposits

k′ (cm2/s), Eq. (11) 2.7× 10−14 1.8× 10−14 2.1× 10−14

X (µm), calculated 1.0 0.8 0.9

X (µm), measured 0.8± 0.1 n/aa n/aa

aLocal variations were too important for a meaningful average to be determined.

is used with the effective coefficient DNS
Al :

Na
Al(y, t)−N

m/o
Al

N0
Al −N

m/o
Al

=

erf

(
y

2
√
Da

Alt

)
− erf

(√
kc

2Da
Al

)

1− erf

(√
kc

2Da
Al

) (24)

In Eq. (24), Na
Al(y, t), N

m/o
Al and N0

Al are the Al atom fractions at a distance y
from the original metal surface, at the metal/oxide interface and in the bulk alloy,

respectively (see Fig. 1). In the absence of a deposit, N
m/o
Al and kc are given by

Eqs. (12) and (15), respectively. It follows that for a given N0
Al, and using kp from

Al2O3 thickness measurements (Table 2), Na
Al(y, t) only depends on Da

Al. Equation
(24) was thus fitted to the Al depletion profiles measured by EPMA after oxidation
of Ni–28Co–19Cr–11Al–0.1Y, by adjusting Da

Al, with a least-squares method. The
fitted profile is shown in Fig. 4 along with the experimental data. The procedure
yielded Da

Al = 1.2 × 10−10 cm2/s. This value was then used together with the kp

and k′ from oxidation and dissolution data (Table 2) to calculate kc, N
m/o
Al and

finally Na
Al(y, t) in the oxidation-dissolution regime, through Eqs. (12), (23) and

(24). The resulting profile is plotted in red in Fig. 4 together with the EPMA data
obtained after the SiO2–Na2SO4 exposure. The agreement is excellent, showing that
the mass balance underlying the analysis of oxidation-dissolution kinetics is correct,
and that using a constant, effective diffusion coefficient in the alloy is an acceptable
approximation in this case.

4.2 Application of the model: Al2O3-scale failure

The analysis is now used to study the role of alloy composition in the dissolution-
induced Al2O3 failure. Upon exposure to SiO2–Na2SO4, two of the alloys studied
underwent internal oxidation: Ni–30Co–27Cr–12Al–0.1Y (γ-13 vol. % β at 1100 ◦C),
where internal oxidation was localized, and Ni–33Co–35Cr–7Al–0.1Y (single-phase
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Figure 4: Aluminum concentration profiles measured by EPMA in single-phase γ alloys
oxidized with and without SiO2–Na2SO4 deposit, 50 h in CO2–20H2O–1.6O2 at 1100 ◦C
(symbols). The black lines are best fits of (24) to the deposit-free data (see text for details).
The adjusted Da

Al were used with Eqs. (12), (23) and (24) to calculate the profiles in the
oxidation-dissolution regime, plotted as red lines.

γ at 1100 ◦C), where it was nearly uniform (Fig. 3). This reflects the importance of
the initial Al content in maintaining a sufficient Al flux to the metal/oxide interface.
Yet the Ni–28Co–19Cr–11Al–0.1Y alloy studied above had a slightly lower Al con-
tent than that of Ni–30Co–27Cr–12Al–0.1Y, and still maintained an external Al2O3

scale. This suggests that Al2O3-scale failure may have been favored by the high Cr
levels in Ni–30Co–27Cr–12Al–0.1Y and Ni–33Co–35Cr–7Al–0.1Y. Chromium would
potentially affect the Al flux balance either via a reduction of Al diffusivity in the
alloy, or via modifications of the molten silicate properties, such as its viscosity.

Chromia, like Al2O3, is amphoteric: depending on the silicate composition, it
may behave as a basic or acidic oxide, respectively acting either as a network modifier
(releasing O2−) or as a network former (capturing free O2−), which would decrease or
increase the melt viscosity. At low pO2 , the basic form CrO, i.e., Cr(+II), is expected
to predominate. Potential effects of Cr oxide were studied by adding Cr2O3 or Cr
to Na2Si3O7 powder (past saturation) in Al2O3 crucible dissolution experiments.
Chromium metal was used to buffer a low pO2 , as would be the case if the Cr in
an alloy reacts rapidly with a deposit. Unoxidized Cr particles were still present
at the end of the 4 h exposure. An Na2Si3O7–5 wt. % CaO mixture was included
in the run in order to test for any effect of CaO, which is commonly present in
silicate deposits. Profiles measured by SEM–EDS after 4 h at 1100 ◦C are included
in Fig. 2. No significant effect of the silicate composition was observed on either
N0

Al or DNS
Al — Al did not diffuse any faster in the presence of Cr. This should

be reflected in the Al mass balance, which is verified by calculating kc for alloys
Ni–30Co–27Cr–12Al–0.1Y and Ni–33Co–35Cr–7Al–0.1Y.

As for Ni–28Co–19Cr–11Al–0.1Y, kp values were determined from average thick-
nesses measured after deposit-free oxidation of each alloy. Those and the resulting
k′ values are included in Table 2. After exposure of Ni–30Co–27Cr–12Al–0.1Y and
Ni–33Co–35Cr–7Al–0.1Y to SiO2–Na2SO4, wherever an external Al2O3 was still
present, its thickness had significant local variations, from ∼ 0.1 µm to values as
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large as those measured with no deposit (i.e., ∼ 2 µm); no meaningful average could
be determined. These variations indicate that the alloys did not uniformly follow
the reaction path considered in the present model, a point which will be returned
to subsequently.

For the sake of simplicity, the analysis of Al depletion profiles is only carried
out for the single-phase γ alloy Ni–33Co–35Cr–7Al–0.1Y. Fitting Eq. (24) to the Al
concentration profiles measured by EPMA after oxidation with no deposit yielded
Da

Al = 5.9 × 10−11 cm2/s. This value was then used in Eqs. (12), (23) and (24)
together with the alloy kp and k′ values (Table 2) to simulate the Al profile in the
dissolution-oxidation regime. The result is shown together with the corresponding
experimental data in Fig. 4. The agreement is reasonable, although the shape of
the simulated profile does not quite match the experimental data. This is possibly
a shortcoming of using a constant, effective diffusion coefficient across such a wide
composition range.

The value of Da
Al obtained for Ni–33Co–35Cr–7Al–0.1Y is about half that found

for Ni–28Co–19Cr–11Al–0.1Y (Table 2). The difference is significant and, in addition

to the lower N0
Al, the lower Da

Al contributed to reduce N
m/o
Al in Ni–33Co–35Cr–7Al–

0.1Y, to the extent that it was close to zero in zones were Al2O3 was still present
(Fig. 4). In such a situation, local fluctuations in the oxidation process, which are
unavoidable in practice, would account for Al2O3 breakdown on the rest of the alloy
surface. Yet, even if Da

Al tends to be lower in high Cr alloys, the Ni–30Co–27Cr–
12Al–0.1Y alloy had a significantly larger Al reservoir to start with, such that a low

Da
Al would not, by itself, cause Al2O3 failure. Indeed, values of N

m/o
Al measured in

zones where external Al2O3 was present were about 6-8 at. % — in these zones,
Al2O3 was far from being unstable. This in itself indicates that local Al2O3-scale
failure on this alloy cannot be understood solely based on steady-state diffusion in
the metal and the silicate. Instead, the high Cr concentration must have affected
the transient oxidation behavior in a way that altered the initial conditions of the
oxidation-dissolution process.

5 Future Considerations

The present analysis successfully modeled the kinetics of Al2O3-scale growth during
concurrent oxidation and dissolution in molten Na silicate, despite being based on a
very simple treatment of scale growth and diffusion in the alloy and the silicate. Re-
garding diffusion in the alloy, the rationale was that in a given alloy, the diffusivity
is the same whether a deposit is present or not; this prompted the use of an effective
Da

Al fitted to deposit-free profiles to calculate profiles in the oxidation-dissolution
regime. One limitation of this method is that although the bulk composition is
indeed the same, the composition range spanned in the depletion region is greater
in the presence of a deposit, because of the enhanced Al consumption. As a con-
sequence, the average Da

Al must be different, as noted above in the case of alloy
Ni–33Co–35Cr–7Al–0.1Y.

A thorough analysis would involve numerical modeling of multi-component diffu-
sion using composition-dependent diffusion coefficients. Since the Al concentration
at the alloy/scale interface depends on the Al flux in the alloy, it includes contribu-
tions of the Cr and Co concentration gradients, via off-diagonal terms of the diffusiv-
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ity matrix. Therefore, in lieu of Wagner’s equations, the numerical model would have
to solve the diffusion and oxidation-dissolution problems concurrently, with a finite-
difference scheme such as those used by Nesbitt [13] or Nijdam et al. [14] for example.
This can be extended to multi-phase alloys using a coupled thermodynamic-kinetic
model [15]. Commercial programs such as Dictra [16] provide the tools for such
computation, provided that the oxidation problem is implemented correctly, and
that appropriate thermodynamic and mobility data are available.

As a test of the latter aspect, concentration profiles in the single-phase γ alloys
Ni–28Co–19Cr–11Al–0.1Y and Ni–33Co–35Cr–7Al–0.1Y oxidized with and without
deposit were simulated in Dictra, using the experimentally measured interfacial and
bulk concentrations as boundary conditions. The diffusivities were computed from
the CRALDAD thermodynamic database, which was optimized for high Co and Cr
levels in the NiCoCrAl system [17,18], and the MobNi1 [19] and NIST Ni Superalloy
[20] mobility databases (both gave similar results). In all cases, the simulated profiles
matched the experimental profiles less well than when using an effective Da

Al (the
computed D̃Ni

Al,Al values were higher than our Da
Al values by a factor of 10). The

simulations improved when using the interdiffusion data by Nesbitt and Heckel [21]
for NiCrAl alloys, despite the absence of Co in these data (it was replaced by Ni
in our calculations). We conclude that efforts are needed to better account for the
effects of high Co contents in mobility databases.
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