














domes are increasing during high temperature exposure: the grooves
in TiCrAlYO coatings subjected to 1500 oxidation at 800�C are
much deeper than that of as deposited coating. This can be attributed
to thermal grooving phenomena. In this process, species transport
takes place by surface diffusion along the interfaces, by volume dif-
fusion through bulk or by evaporation–condensation mechanism
resulting in a thermodynamically favorable reduction of the total
surface energy.39

Figure 8 presents ASR data from the coatings described in Table
II. The ASR values for all of these coatings having a thick TiCrA-
lYO bond interlayer (Table II, all items except the Item No. 5) are
prohibitively high for the SOFC(IC) application. Figure 8 (bottom)
presents ASR data from Fig. 8 (top), emphasizing the lowest ASR
coatings. It has been demonstrated by this work that small variations
in coating elemental composition result in substantial differences in
ASR, thus ASR can be effectively engineered into SOFC(IC) coat-
ings, if the coating deposition system permits elemental-level con-
trol, such as is the case for LAFAD coating system. The best ASR
results were obtained on samples made of 441 SS with a
CoMnTiCrAlYO coating (Table II, item 5) having a thickness of
�3 lm and deposited with an ultra-thin TiCrAlYO bond layer
(<50nm). The elemental composition of this coating is shown by the

EDS line scan in Fig. 9. It can be seen from the ASR results presented
in Fig. 8 that this coating has a low ASR (<50 mX� cm2), which does
not increase noticeably after 1500 h of high temperature exposure in
contrast with all the other coatings. This nanocomposite multi-ele-
mental oxi-ceramic coating can be considered as the most promising
candidate for SOFC-IC application. Still, the optimal thickness and
elemental composition of this coating has to be further optimized to
meet performance requirement when deposited on actual IC plates. It
has to be noted that an Al-rich bond interfacial sublayer, which is
very useful to improve coating adhesion, is detrimental to ASR val-
ues. Therefore, the adhesion and cohesion toughness of the coating,
as well as its high temperature thermal-mechanical stability and bar-
rier properties vs their electronic conductivity have to be secured via
adjustment of coating composition with the balance between AlCrO
component responsible for the barrier properties and CoMnO compo-
nents responsible for electronic conductivity, while keeping the
AlCrO rich interfacial sublayer at lowest thickness range. The thick-
ness of the coating must also be optimized. It can be noted that even
with an AlCrO based oxiceramic coating as thin as 0.3 lm, a consid-
erable reduction of TGO growth was obtained as presented else-
where.24 Figure 10 illustrates this case with SEM cross section images
of a CoMnTiCrAlYO coating (Table II, item #5), which shows excel-
lent adhesion and stability (minimal TGO growth) after up to 1500 h
in 800�C air. While the coating is stable (minimal thickness changes),
the coating elemental composition stratifies during the exposure,
which helps explain the changing ASR values during IC and stack
testing, as discussed below.

Figure 9. (Color online) EDS line scan across 3 lm thick CoMnTiCrAlYO
coating as deposited (see sample ID in Table II, item 5).

Figure 10. SEM cross-section of the optimized CoMnTiCrAlYO nanocom-
posite coating (Table II, Item #5) as-deposited and after high temperature
exposure in ASR test environment.

Figure 11. (Color online) Voltage drop
across 6 test cells during 450 h test in
SOFC stack at VPS. Cells #3 and #5 were
provided with CoMnTiCrAlYO nanocom-
posite coating having ultra-thin alumina-
rich adhesive bond layer as presented in
Table II, item #5 (courtesy of Versa
Power Systems).
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Characterization of LAFAD protective coatings performance in
a SOFC stack.— An optimized nanocomposite coating (Table II,
item #5) deposited with an ultra-thin, Al-rich, bond layer (<4 nm)
was tested within SOFC stacks by VPS to determine the efficacy of
the coating strategy developed through this program. This optimized
CoMnTiCrAlYO nanocomposite coating having an ultra-thin alu-
mina-rich bond layer (Table II, item #5) was tested in a six-cell stack
at VPS. The six-cell SOFC test stack included two coated intercon-
nects in contact with cells #3 and #5 (CoMnTiCrAlYO coating (Table
II, item #5)). The other three cells were connected with uncoated
interconnects. The objective of this test was to study the effect of the
protective coating on degradation and performance vs temperature
and test duration time and to compare the results with a standard
stack. Stack cell voltage profiles are presented in Fig. 11. Cells #3
and 5 initially showed low-voltages, but recovered significantly with
time, reaching comparable levels with other cells by the end of the
450 h test. These coatings performed significantly better than those
with thicker alumina-rich bond layers (e.g., coating #4 in Table II).

SEM images of the cross-sections of the coated and uncoated cou-
pons taken from the interconnects subjected to this test are shown in
Fig. 12, which reveals a substantially inhibited TGO growth on the
coated interconnect. Although the optimized oxi-ceramic coating of
Table II, item #5, underwent the entire 450 h SOFC stack test, the
performance of the IC’s with this coating was still lower than that of
the uncoated samples due to the high electrical resistivity of this coat-
ing. This coating has demonstrated exceptionally good adhesion and
protective properties; the voltages improved during a hold at high
temperature but were still lower than those of other cells. The cross
section of these coated interconnects in a post-test analysis revealed a
high Al content of around 13 atom %. This amount is much lower
than the previous tested interconnect coatings, which had 23 atom %
of Al (Table II, item #4). Since the influence of the low-conductivity
bond layer on the overall electrical conductivity of this coating has
been eliminated, the next step toward optimization of this coating for
SOFC-IC applications will be to further reduce the non-conductive,
alumina-rich phases in this nanocomposite coating.

Summary

The continued TGO scale growth observed on uncoated FSS
coupons makes them unsuitable for long-term use as SOFC inter-

connects. For this reason, it is imperative to develop effective pro-
tective coatings. An advanced coating deposition process has been
developed to enable the use of inexpensive metallic alloys as inter-
connect components in planar SOFC systems. Significant improve-
ments over uncoated SS was observed by the use of LAFAD
coatings:

• Lower and more stable ASR values;
• Improved high-temperature oxidation resistance; and,
• Nearly complete inhibition of Cr volatility.

Exceptional high temperature stability was demonstrated by a
nanocomposite TiCrAlYO coating deposited by the unidirectional
LAFAD vapor plasma source. This coating retains its chemical,
structural and mechanical properties, with excellent adhesion after
1500 h at 800�C in the ASR test environment. However, since this
coating is a poor conductor, it cannot be used as a protective coating
for the FSS ICs without the addition of other elements. This coating
can be recommended for a seal of the SOFC-ICs. The addition of
Co and Mn to the basic TiCrAlYO composition has demonstrated
good potential by forming electronically conductive spinel phases,
which are thermochemically stable and can survive long-term
exposures in the SOFC-IC environment. Preliminary testing of the
prototype metal ICs with LAFAD coatings in a SOFC stack has
demonstrated that optimizing the CoMnO content in the TiCrAlYO
matrix, while keeping the TiCrAlYO bond layer within an ultra-thin
range can provide high electrical conductivity, excellent thermal-
mechanical stability, and good diffusion-barrier properties for the
coated ICs during long term service life in thermal cyclic condi-
tions. More work is needed to optimize this promising coating com-
position and structure, with the optimal thickness expected to be in
the range between 0.5–3 lm. The high deposition rate of this coat-
ing by the LAFAD process which surpasses other conventional vac-
uum processing technologies makes it a cost effective approach in
mass production of SOFC components
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