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Aluminum source in an Al-Fe coating reacts with molten carbonate and develops a protective LiAlO; layer
on the coating surface during operation of molten carbonate fuel cells (MCFC). However, if aluminum
content in an Al-Fe coating decreases to a critical level for some reasons during MCFC operation, a stable
and continuous LiAlO, protective layer can no longer be maintained. The aluminum content in an Al-Fe
coating can be depleted by two different processes; one is by corrosion reaction at the surface between
the aluminum source in the coating and molten carbonate, and the other is inward-diffusion of aluminum
atoms within the coating into a substrate. In these two respects, therefore, the decreasing rate of aluminum
concentration in an Al-Fe coating was measured, and then the influences of these two aspects on the lifetime

of Al-Fe coating were investigated, respectively.
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1. Introduction

Separator plates of molten carbonate fuel cells (MCFC)
are usually made of stainless steels such as AISI 316L
or AISI 3108, but these materials are not suitable to use
because they corrode rapidly in the wet-seal environments
of MCFC."™¥ Al-Fe coatings, therefore, have been applied
to separators of MCFC.”® In order that an Al-Fe coating
maintains its protective function for the durability re-
quirement of 4 x 10*h, the coating needs to contain enough
aluminum to form a protective LiAlO, layer. However,
if any coating does not originally contain enough aluminum
content, or the aluminum content in the coating decreases
to a critical level by some reasons during MCFC operation,
a stable and continuous LiAlO, protective layer cannot
be maintained any longer. Instead, less protective layers
such as LiFeQ, build-up, indicating that the coating loses
its endowed function. Sasaki ef al.” examined the corrosion
behavior of various Fe-Cr-Ni-Al alloys in the eutectic
(Li,K)2CO; melt for 1000h at 650°C. In their results, stable
ALOs and Cr,0O; were formed on the surface of a Fe-Cr-
Ni-18.6Al (wt%) alloy, but iron oxide was observed for
a Fe-Ni-4.7Al alloy and a Fe-Ni-Cr-10.5Al1 (wt%) alloy.
Also, in the study by Frangini,” an Fe-23.2Al-Zr-C-B
(wt%) alloy showed a high corrosion resistance due to
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the fact that a continuous aluminum oxide was formed
on the surface in the eutectic (Li,K),CO; melt at 650°C.
On the other hand, Zeng et al.” reported that corrosion
products formed on a Fe-24.4A1-0.12B (wt%) alloy were
consisted of external LiFeO, and inner ALQO; after an
immersion test in the eutectic (Li,K)»CO; melt for 100h.
These results mentioned above reveal clearly that nature
of corrosion products formed on a surface in the eutectic
(Li,K)»CO; melt at 650°C depends on aluminum contents
in coatings or alloys. In other words, a protective LiAlIO,
layer would not form on the surface if coatings or alloys
do not contain sufficient aluminum

Over a long term operation of MCFC, a decrease in
aluminum concentration in an Al-Fe coating can takes
place by following two main factors. First, aluminum
concentration decreases while corrosion products are for-
ming on the surface by a continuous chemical reaction
between aluminum source in the coating and molten car-
bonate salt outside. Second, it also happens while aluminum
atoms within the coating layer are diffusing inward a
substrate. In this study, therefore, the decreasing rate of
aluminum concentration in an Al-Fe coating was measured
with respect to both the corrosion process and the inward
diffusion process, respectively. And then, influences of
two factors on the lifetime of an Al-Fe coating was inve-
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stigated individually, with the assumption that the pro-
tective function of an Al-Fe coating ends when the alu-
minum concentration at the coating surface reaches a
critical aluminum level.

2. Experimental procedures

2.1 Critical aluminum level

Four Al-Fe coated specimens containing various amounts
of aluminum (viz. Fe-8Al, Fe-15Al, Fe-25Al and Fe-36Al
(at%)) were prepared by using a single-source evaporation
method.'” The Al-Fe coatings were fully immersed in the
eutectic carbonate mixture of 62 mol Li>CO; and 38 mol
K:CO; at 650°C. Following the immersion test, the
corrosion products formed on the coated specimens were
identified to find out the critical aluminum level for the
formation of a protective LiAlO, layer.

2.2 Al-Fe coating specimen

Aluminum was coated with a thickness of approxima-
tely 30um on a commercialized stainless steel (AISI 316)
by using an electron-beam evaporation method. During the
aluminum coating process, the vacuum level of a chamber
was maintained below 5 x 10”torr, and the temperature of
the substrate was kept at 350°C. To change the pure Al
coating layer into an Al-Fe coating layer, the aluminum
coated AISI 316l specimen was placed in a vacuum
furnace under 10™torr and heat-treated for 3h at 850°C.
After the heat-treatment, the 30gm-aluminum coating layer
is changed into the B2-AlFe coating layer with a thickness
of approximately 50um. Composition of the top coating
surface is analyzed as 50.2A1-36.6Fe-7.6Cr-5.6Ni (at%),
and aluminums are distributed uniformly in the range of
47~50 at% throughout the Al-Fe coating layer.

2.3 Evaluation of Al-Fe coating's lifetime

The Al-Fe coating specimen was used to investigate the
influences of following two factors on the coating's life-
time: 1) corrosion reaction between aluminum and molten
carbonate at the surface, and 2) inward diffusion of
aluminum into the substrate. Firstly, in order to measure
the decreasing rate of aluminum concentration due to the
corrosion reaction at the surface, corrosion kinetics was
examined by measuring weight changes versus immersion
time in the eutectic carbonate mixture of 62 mol Li>CO;
and 38 mol K,COs at 650°C. Then, the change of aluminum
content in the coating was calculated by combining the
weight change data with a depleted amount of aluminum
in the coating. Secondly, in order to measure the decreasing
rate of aluminum concentration due to the inward diffusion
of aluminum into the substrate, a diffusion test was con-
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ducted in an argon gas atmosphere up to 8000h at 650°C,
and the change of aluminum concentration at the surface
was analyzed by EDS. Ultimately, influences of two factors
on the Al-Fe coating’s lifetime were investigated indivi-
dually, based on the assumption that an Al-Fe coating's
lifetime is the time which is taken until an initial aluminum
content has decreased to a critical level.

3. Results and discussion

3.1 Critical aluminum level

An immersion test was carried out to examine a critical
aluminum content required for the formation of a con-
tinuous protective LiAlO, layer in molten carbonate. Fig.
1 shows the results of XRD on Fe-Al coating specimens
after a 24 h immersion test in the eutectic Li/K carbonate
melt at 650°C. The XRD results reveal that the Fe-8Al
specimen showed sharp LiFeO, peaks and broad and weak
LiAlO; peaks. The sharp LiAlO, peaks began to appear
in the Fe-18Al specimen. The intensities of LiAlO, peaks
increased with aluminum content in the Al-Fe coatings.
The corrosion products of the Fe-25Al coating specimen
consisted of LiFeO,, a-LiAlO; and y-LiAlO;. In addition,
only LiAlO, peaks were observed from the Fe-36Al
specimen, indicating that LiAlO; scale formed completely
on the surface. It was observed from the test results that
aluminum contents required for the formation of a stable
and protective LiAlO; in the eutectic Li/K carbonate melt
at 650°C should be higher than 25 at %.
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Fig. 1. XRD analysis of various Fe-Al coated specimens after
immersion in eutectic (Li,K);CO; melt at 650°C for 24 h.

3.2 Influence of corrosion

If'an Al-Fe coating forms a compact and continuous
oxide on the surface by the chemical reaction with molten
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carbonate without any degradation by local corrosion, the
effective lifetime of the coating can be estimated by
examining corrosion kinetics of the coating. If the oxi-
dation of an Al-Fe coating follows a parabolic law in the
eutectic (Li,K)COs melt at 650°C, the change of aluminum
content (AC=C,-C;) in the coating after a given time can
be calculated by balancing the weight change (Am) for
an oxide growth with the depleted amount of aluminum
in the coating, then the following can be written.' "%

C -C
A-Am=Ak ¥ ="2—t.p.p
, w0 * (1)

where C, is the initial aluminum concentration (wt%), C;
is the aluminum concentration at time t, p is the density
of the coating layer, h is the coating thickness, and A
is a constant based on the atomic weight ratio of aluminum
and outside reactants like oxygen and/or lithium (i.e. ALOs

= 1.125 and LiAlO, = 0.692). Therefore, the decreasing:

rate of aluminum concentration influenced by the corrosion
process can be predicted from Eq. (1). In a real case, the
aluminum decreasing by the inward diffusion of aluminum
atoms into a substrate should be considered. However, Eq.
(1) can be applied usefully in estimating the decreasing
rate of aluminum only due to the corrosion reaction.
Furthermore, it may be noted that when the aluminum
concentration reaches a critical aluminum level (Cy)), the
protective function of the Al-Fe coating ends as described
in the introduction chapter. In this respect, the lifetime
of the Al-Fe coating can be calculated from Eq. (1),
introducing the values of C,, Cai, and k.

Fig. 2 shows weight changes versus immersion time for
the Al-Fe coating specimen in the eutectic (Li,K),CO; melt
at 650°C. As shown in Fig. 2, the weight per unit surface
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Fig. 2. Parabolic rate constant for corrosion of an Al-Fe coating
in eutectic (Li,K),CO; melt at 650°C.
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Fig. 3. XRD analysis for an Al-Fe coating after immersion in
eutectic (Li,K)2CO3 melt for 4000h at 650°C.

area increases linearly with the square root of time,
indicating that the scales formed on the Al-Fe coating in
the eutectic (Li,K),CO; melt at 650°C grow in conformity
with a parabolic raw. Fig. 3 shows the result of XRD
analysis for the Al-Fe coating specimen after an immersion
test of 4000h, and reveals that the surface scale formed
on the Al-Fe coating is a and 7-LiAlO,. Especially, the
value of the parabolic rate constant (k,) for the Al-Fe
coating in the eutectic (Li,K)2CO; at 650°C is measured
as approximately 5.625x 10"’ - cm™ + s from the least
square fit of the data in Fig. 2.

Now, as the values of k,, C,, and h were determined,
the lifetime of the Al-Fe coating in the eutectic (Li,K).CO;
at 650°C can be calculated. For example, it can be con-
sidered that an Al-Fe coating has following properties:
50.2 at% (32.8 wt%) for an initial aluminum concentration
(Cy), 50um for a thickness (h), 5.625 X IO'ISg2 cem? ¢!
for a parabolic rate constant (ky), and 5.59¢g - em” for a
density (p) taken from an AlseFeso alloy.m Additionally,
taking 25 at% (13.9 wt%) for a critical aluminum con-
centration (Caj) into account (Fig. 1), then the calculated
lifetime of the Al-Fe coating is 2.8 X 10°h. This value is
very high considering the durability requirement of 4 X
10°h for commercial MCFC applications, although it
should be considered that the lifetime of the coating is
in proportion to the square of a coating thickness as seen
from Eq. (1). Consequently, it can be summarized that
the influence of corrosion on the lifetime of the Al-Fe
coating is not so serious, and this is basically due to the
fact that the Al-Fe coating has a small parabolic rate
constant of 5.625 ><10']5g2 cem™ ' in the eutectic
(Li,K),CO; melt at 650°C.
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3.3 Influence of inward diffusion

In the previous section, the influence of corrosion on
the lifetime of an Al-Fe coating was discussed. However,
aluminum concentration in an Al-Fe coating can be also
decreased by the inward diffusion of aluminum atoms into
a substrate as well as the corrosion reaction between
aluminum and molten carbonate at the surface. Accor-
dingly, in this section, the decreasing rate of the aluminum
concentration caused by the diffusion process was inve-
stigated, and then the influences of inward diffusion on
the lifetime of an Al-Fe coating was studied.

To find out the decreasing rate of aluminum concen-
tration caused by the inward-diffusion of aluminum within
an Al-Fe coating, the diffusion behavior of aluminum in
an Al-Fe coating layer should be examined. In fact, not
only Al atoms diffuse inward a substrate, but also Fe, Ni
and Cr atoms diffuse outward an Al-Fe coating layer from
a substrate during MCFC operation. Plus, the diffusion
coefficient of aluminum in an Al-Fe coating changes as
aluminum concentration changes, and phase transforma-
tion-can takes place. Because of all these phenomena, it
is very complicated to express an accurate diffusion model
in a mathematical equation. Therefore, a simple Al-Fe
coating system with following characteristics is introduced
in this study. It is assumed that the Al-Fe coating has
a uniform composition with an AlFe phase and a thickness
of h. It is also assumed that the diffusion coefficient (D)
of aluminum does not change with diffusion time. In other
words, at initial time (t = 0), there is a uniform aluminum
composition of C, within the Al-Fe coating layer (0 <x<
h), and no aluminum exists in a substrate (x >h). And,
for a boundary condition, the concentration gradient at the
surface of the coating (x=0) is not existed as time
increases (t > 0). Next, the aluminum concentration at the
top surface is the important factor determining what kinds
of corrosion product form in the eutectic (Li,K)CO; melt
at 650°C. Therefore, when the aluminum concentration at
the surface (C;) is calculated at x=0, the following
equation can be obtained via Fick's second law.""

C)
C, )y \2VDr @)

Looking at Eq. (2), it can be noticed that the surface
aluminum concentration (Cs) is proportional to an error
function, and the value of C can be calculated if the initial
aluminum concentration (C,) and the diffusion coefficient
(D) of aluminum in the coating layer are known. Moreover,
the lifetime of the Al-Fe coating can be estimated,
substituting a critical aluminum concentration (Ca;) as Cs.
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Fig. 4. Surface aluminum concentration changes versus diffusion
time for an Al-Fe coating at 650°C. The solid line represents
calculated values based on eq. (2).

Besides, it can be seen that the lifetime of the coating
is proportional to the square of a coating thickness.
To examine the decreasing rate of aluminum concen-
tration by the inward diffusion of aluminum, the Al-Fe
coating specimen (viz. 30um-aluminum coating followed
by heat treatment for 3h at 850°C) was exposed in an
inert gas atmosphere at 650C. At the same time, alu-
minum concentrations versus diffusion time at the coating
surface were measured by EDS. Fig. 4 shows the ex-
perimental data for aluminum concentration changes
(C/C,) at the surface, and the calculated values based on
Eq. (2) are presented together with the experimental data
in Fig. 4. First of all, Fig. 4 shows that the decrease in
aluminum concentration at 2000h is lower than the
predicted value. This is thought to be associated with
microstructure of the coating. Namely, the initial Al-Fe
coating right after the heat-treatment seems to contain a
loose microstructure providing rapid diffusion paths.
However, as time passed 4000h, a trend is seen that the
experimental data started to follow the plot based on Egq.
(2). At this point, the diffusion coefficient of aluminum
corresponds to about 4x 10" cm” - sec”. The measured
aluminum concentration after 8000h starts to deviate from
the calculated values. This can be attributed to the fact
that aluminum concentration in the coating layer decreased
with diftusion time, resulting in the increase of aluminum
diffusivity. In general, when aluminum content decreases
in an AlFe alloy, the long-range order parameter of B2-
AlFe phase also decreases, then the aluminum diffusivity
also increases.'®'” Looking into recent diffusion studies
in Al-Fe phases, Mehrer e al.'®"” measured the diffusion
coefficient of aluminum over wide temperature ranges by
using 114m In as a substitute of aluminum, for which an
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affordable radiotracer is not available. According to the
result, the self-diffusion coefficient is approximately 1.6 X
10"em” « sec”’ and 1.8 x 10™%em” - sec™ for FesoAlso and
FessAlgs alloy, respectively, at 650°C.

Although it is difficult to predict precisely the de-
creasing rate of aluminum concentration due to various
reasons mentioned above, the influence of the inward-
diffusion of aluminum on the lifetime of the Al-Fe coating
can be estimated to some degree from the experimental
data in Fig. 4 and Eq. (2). For instance, an Al-Fe coating,
which has a thickness (h) of 50um and a surface aluminum
concentration (C,) of 50.2 at%, can be considered. In
addition, it is assumed that a critical aluminum con-
centration (Ca)) is 25 at% by using the previous result
(Fig. 1). Then, the lifetime of the Al-Fe coating is 1.9 X
10*h for a diffusion coefficient of 4x 10 cm” - sec™
obtained from the results in Fig. 4, and 4.8 x 10*h for a
diffusion coefficient of 1.6 x 10" "cm” - sec’ taken from
the result in FesoAlsg alloy by Mehrer ef al. ') These values
are smaller than the value that was calculated in the case
of the influence of the surface corrosion on the lifetime
of the Al-Fe coating. This means that the decreasing rate
of aluminum caused by the inward diffusion of aluminum
is much higher than that of aluminum caused by the
surface corrosion. Consequently, it can be stated that the
inward diffusion of aluminum has a predominant influence
on the lifetime of the Al-Fe coating.

4. Summary

In order to estimate the lifetime of an Al-Fe coating
in the eutectic (Li,K).CO; melt at 650°C, an Al-Fe coating
specimen was used, which has a thickness of approxi-
mately 50um and a surface aluminum concentration of
50.2 at%. First of all, this study is based on the assumption
that when an initial aluminum concentration at the coating
surface decreases to a critical level (i.e. 25 at%) not able
to form a protective LiAlO; layer, the coating loses its
protective function and this point of time is defined as
the lifetime of the coating. Firstly, in the aspect of the
surface corrosion reaction, the lifetime of the Al-Fe
coating was estimated at 2.8 X 10°h. This result means that
the influence of the surface corrosion on the coating's
lifetime is not so high considering that the durability
requirement of commercial MCFC application is 4 X 10°h.
In addition, the basic reason for the result is that the Al-Fe
coating has a small parabolic rate constant of 5.625 %
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IO'lsg2 -em™ - s in the eutettic (Li,K),CO; melt at 65

0C. Secondly, regarding the inward diffusion of alumi-
num, the lifetime of the Al-Fe coating could be expected
about 48x10°h from a diffusion test and a simple
diffusion model. This result indicates that the influence
of the inward-diffusion is much larger than that of the
surface corrosion reaction on the lifetime of the Al-Fe
coating in the eutectic (L1,K),CO; at 650°C.
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