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The NiCo,04 spinel coating is applied onto the surfaces of the SUS 430 ferritic stainless steel by the
sol-gel process; and the coated alloy, together with the uncoated as a comparison, is cyclically oxidized
in air at 800°C for 200 h. The oxidation behavior and oxide scale microstructure as well as the electrical
property are characterized. The results indicate that the oxidation resistance is significantly enhanced
by the protective coating with a parabolic rate constant of 8.1 x 10-'> g2 cm~*s~', while the electrical
conductivity is considerably improved due to inhibited growth of resistive Cr,03 and the formation of
conductive spinel phases in the oxide scale.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The interconnect is a critical stack component of solid oxide
fuel cells (SOFCs), which provides electrical connection between
adjacent cells, physically separates the oxidant and fuel gases and
distributes the gases to electrodes. The reduction of operating tem-
perature of SOFCs to below 800 °C makes it possible to use metallic
alloys as the interconnect materials with advantages of easy fab-
rication, low cost, high electric/thermal conductivity and robust
structure integrity [1-4]. Among these alloys, Cr,O3-forming fer-
ritic stainless steels are the frequently selected candidates due to
close match of their coefficients of thermal expansion (CTE) to
those of the cell components [5-8]. However, the thermally grown
Cr,03 oxide scale upon SOFC operation increases the electrical
resistance of the interconnect to an unacceptable level during the
expected service lifetime of SOFCs even at reduced temperatures,
and consequently degrades the performance of SOFC stacks [9,10].
Furthermore, the volatile Cr species, primarily in the form of CrO5 or
CrO,(OH),, generated from Cr,03 tends to deposit on the surface
of cathode and/or the interface between cathode and electrolyte,
leading to a significant decrease in cathode activity and subse-
quent the stack performance [11-13]. This phenomenon is known
as cathode Cr-poisoning, which is an unsolved issue accompany-
ing applications of Cr,03-forming ferritic stainless steels in SOFC
cathode environment. Additionally, the volatile Cr species reacts
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with the glass-sealing materials, which causes stack performance
degradation by increasing the leak rate of reactant gases [14,15].
The double-layer oxide scale structure of (Mn, Cr)304 spinel on top
of Cr, 03, formed on Cr, 03-forming ferritic stainless steels, typically
SUS 430 and Crofer22 APU, may offer some protection in terms of
the Cr-poisoning due to the lower volatility of Cr in the spinel than
in pure Cr,03 [16-18]. However, Cr vaporization from (Mn, Cr)304
spinel may still result in an unacceptable degradation in cell perfor-
mance, and further improvement against the Cr-poisoning is still
necessary [19].

Surface modification via application of a protective coating of
conductive oxides is an effective approach to enhance oxidation
resistance, surface stability, scale adhesion and conductivity as well
as alleviate Cr vaporization [19-23]. It is expected that the coat-
ing will be highly dense, electronically conductive, less volatile and
thermally and chemically compatible with adjacent cell compo-
nents. Perovskite ceramics have been considered as the coating due
to their high electrical conductivity; however, the performance of
such coatings is not as robust as anticipated. The perovskites used
are mixed electronic-ionic conductors; oxide ions can permeate
the coating to oxidize the substrate [24-26]. Generally, spinels can
serve as a barrier to Cr cation migration and possess high elec-
tronic conductivity [7,19,27]; therefore, spinels that contain no Cr
are favored for the coating application to meet all the requirements.

In the present study, NiCo,04 spinel coating was developed on
the surface of SUS 430 stainless steel by the sol-gel process that
is readily applicable to metallic interconnects with various shapes
and configurations. The microstructure and electrical property of
the oxide scale formed on the coated SUS 430 alloy as well as the
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oxidation kinetics were characterized and reported in comparison
with that of the uncoated SUS 430 alloy.

2. Experimental

Commercial SUS 430 stainless steel sheet with a thickness of 1
mm from Yuhang Stainless Steels Ltd. was selected for this study.
The alloy contains 81.15 wt% Fe, 16.68 wt% Cr, 0.63 wt% Mn, 0.69wt%
Si, 0.08 wt% C and residual amount of Ni, Al, P and S. Rectan-
gular coupons with a dimension of 25 mm x 25 mm x 1 mm were
obtained by using an electrical discharge machine, and the surfaces
of the coupons were ground with silicon carbide paper up to 400
grits. The ground coupons were ultrasonically cleaned in acetone
and ethanol, respectively, and dried prior to coating.

The sol-gel solution for preparing NiCo,0,4 coating was made
by using proportional amounts of nickel nitrate hexahydrate
(Ni(NO3),-6H,0), cobalt nitrate hexahydrate (Co(NOs),-6H,0),
citric acid monohydrate and ethylene glycol. Dip coating was con-
ducted to apply the solution onto the surfaces of the prepared
samples. Being dried in an oven, the coated coupons were heat
treated in a reducing atmosphere of 5%H, + 95%N, at 750 °Cfor 2.5 h
and thenin air at the same temperature for another 2.5 h to form the
desired Ni-Co spinel coating. Reducing atmosphere was employed
to alleviate substrate oxidation during the formation of the spinel
coating and enhance the interface adhesion.

Isothermal cyclic oxidation of the Ni-Co spinel coated samples,
together with those uncoated for comparison, was performed at
800°Cin stagnant air. Total 5 thermal cycles in between room tem-
perature and 800 °C were performed within 200 h of oxidation, and
the weight gain after each thermal cycle was weighted using a Sar-
torius BT-25S electronic balance with an accuracy of 10> g. The
crystal structure of all phases and cross-sectional and/or surface
morphology of the as-coated and oxidized samples were character-
ized by a PANalytical X'Pert PRO X-ray diffractometer (XRD) with Cu
Ko radiation and an FEI Quanta 200 scanning electron microscope
(SEM) with an energy dissipation spectroscopy (EDS) attachment.
The electrical property of the oxidized samples was measured using
the standard four-probe dc technique at temperatures in between
500 and 850°C in air.

3. Results and discussions
3.1. Phases and morphology of oxide scale

Fig. 1 shows the XRD pattern of an as-coated SUS 430 alloy
coupon before subjecting it to the oxidation test. Other than the sig-
nal from the substrate, NiCo,04, (Ni,Mn,Cr)304 and Cr,O3 phases
were detected, which suggests that the SUS 430 alloy was oxi-
dized with the formation of (Ni,Mn,Cr)30,4 and Cr,03 during the
heat treatment for coating development. Fig. 2 presents the overall
surface morphology and the EDS elemental analysis of the surface
coating. A homogeneous, crack free and compact oxide scale con-
sisted of small particles on the level of nanometers was formed on
the surface, containing Co and Ni from the solution and Cr, Mn and
Fe from the thermal grown oxides or the substrate. According to the
X-ray diffraction (Fig. 1), Fe should exist in the substrate, instead of
the oxide scale; and Cr and Mn were selectively oxidized upon the
establishment of the coating in the form of Cr,03 and mixed spinel
(Ni,Cr,Mn)304 located at between the substrate and the coating.

Fig. 3 compares the surface morphology and EDS result of the
uncoated (Fig. 3a) and NiCo,04 coated (Fig. 3b) SUS 430 alloy that
were cyclically oxidized at 800°C in air for 200 h. The thermal
grown oxide scale on the surface of the uncoated SUS 430 alloy
exhibits a loosely packed morphology and consisted of angular
prism-shaped crystals with typical spinel structure. The surface

Fig. 1. XRD pattern of the as-coated SUS 430 alloy after heat treatment.

oxide is rich in Cr and Mn (as shown by the embedded EDS analysis
in Fig. 3a) and most likely the (Mn, Cr)304 spinel. In comparison
with that of the uncoated alloy, the oxidized surface of the coated
SUS 430 alloy is much denser and smooth with coarse prism-shaped
crystals embedded in finer well crystallized oxide particles; and no
spallation is observed. The EDS analysis embedded in Fig. 3b shows
that the outmost oxide scale is rich in Mn as well as Ni and Co; and
the intensity of Cr is significantly decreased. This result suggests
that the existence of NiCo,04 spinel coating substantially inhib-
ited Cr migration to excessively form Cr,0O3 and/or MnCr,04 on
the outmost surface of the scale.

Fig. 4 demonstrates an SEM backscattering image of the cross-
section and EDS line scan profile of the uncoated (Fig. 4a) and
sol-gel coated (Fig. 4b) SUS 430 alloy after cyclically oxidized at
800°C in air for 200 h. The thickness of the oxide scale of both sam-
ples is similar, in the range of 1-2 pm; however, the composition
profile is different. For the uncoated, the profile embedded in Fig. 4a
indicates that the scale is comprised of a Cr- and Mn-rich outer layer

Fig. 2. Surface morphology and EDS result of the as-coated SUS 430 alloy.
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Fig. 3. Surface morphology and EDS result of the uncoated (a) and NiCo,04 coated
(b) SUS 430 alloys cyclically oxidized at 800°C in air for 200 h.

and a Crrich inner layer adjacent to the alloy substrate, correspond-
ing to the Mn-Cr spinel and Cr,03, respectively. In the case of the
uncoated, the scale is rich in Cr and Mn in the region that closes to
the substrate and rich in Ni, Co and Mn on the top layer of the scale,
suggesting a fast outward diffusion of Mn from the substrate into
the coating NiCo,04 during the oxidation and a possible changed
coating composition of (Ni,Mn,Co)304.

Fig. 5 shows the XRD patterns of the NiCo,04 coated (a) and
uncoated (b) SUS 430 alloy oxidized at 800°C in air for 200h,
respectively. The thermally grown oxide scale of the uncoated SUS
430 is comprised of MnCr, 04 spinel and Cr, 03 phases. Considering
the morphology and EDS results, it can conclude that the oxide scale
formed on the uncoated alloy demonstrate a duplex-scale struc-
ture with MnCr,04 spinel formed on top of the Cr,03 subscale.
The duplex-scale was also observed by others and may be resulted
from the Mn ions diffuse faster than Cr ions in Cr,03 [16,17]. With
NiCo,04 coating applied onto the surface of SUS 430 alloy, the
major phase in the scale is spinel, and the intensity of the diffraction
peaks from Cr,03 is considerably weaker than that obtained with
the uncoated sample, which suggests that the growth of Cr,03 dur-
ing the oxidation is significantly depressed. As a result, improved

Fig. 4. Cross-section microstructure and EDS line scan profile of the uncoated (a)
and NiCo,04 coated (b) SUS 430 alloys cyclically oxidized at 800 °C in air for 200 h.

Fig. 5. XRD patterns of the NiCo,04 coated (a) and uncoated (b) SUS 430 alloys
cyclically oxidized at 800°C in air for 200 h.
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Fig. 6. Weight gain as a function of cyclic oxidation time for the NiCo, 04 coated and
uncoated SUS 430 alloys at 800°C in air.

electrical conductivity and alleviated Cr evaporation are antici-
pated. It is also noted that the position of diffraction peaks of Cr, 03
and the substrate are identical to that shown in Fig. 1; however, the
peak positions of the spinel in the scale are shifted towards lower
angles, matching neither NiCo,04 nor MnCr,04 spinel. As known,
theionradius of Mn (0.08 nm)is larger than that of Ni (0.069 nm), Co
(0.072 nm) and Cr (0.063 nm); increasing Mn content in NiCo, 04 or
MnCr;, 04 spinel will result in the shift of diffraction peaks to lower
angles. Therefore, considering the EDS results in Fig. 4 and XRD
in Fig. 5 together, it may be able to conclude that the outer layer
of the oxide scale of the coated SUS 430 is primarily Mn-doped
NiCo,04 spinel, and the inner layer is primarily the Mn-rich (Mn,
Cr)304 spinel. Due to the resolution limitation of the obtained XRD
in Fig. 5b, the Mn-rich (Mn,Cr)304 and Mn-doped NiCo,04 spinels
cannot be distinguished in the present study.

3.2. Oxidation kinetics and electrical property

Fig. 6 shows the oxidation kinetics of the coated SUS 430 alloy
sample cyclically oxidized at 800°C in air, along with that of the
uncoated for comparison. Total 5 thermal cycles were conducted
in between room temperature and 800 °C within 200 h of oxida-
tion. In order to understand the nature of the oxidation kinetics
more explicitly, the curves in Fig. 6 are plotted as the square of the
area specific weight gain against the oxidation time. As expected,
the mass gain due to oxidation is increased with the oxidation
time and the square of the weight gain is proportional linearly to
the isothermal time, satisfying the diffusion-controlled parabolic
kinetics described by

(A e ()

where AW is the sample weight gain, A is the sample surface
area, t is the oxidation time, and kp (g2 cm—4s-1), the parabolic
rate constant, is the slope of the straight line in Fig. 6 and a mea-
surement of oxidation resistance. The experimentally obtained k;
of the NiCo,04 coated SUS 430 alloy is 8.1 x10"1>g2cm4s-1,
which is one order of magnitude lower than that of the uncoated
kp=8.3x10~14 g2 cm~4s~1, indicating that the oxidation rate is
remarkably reduced by the protective coating NiCo,04 spinel. This
result is consistent with the cross-sectional observation of oxide
scales. Even though the thickness of the oxide scales of both the
coated and uncoated samples is almost the same, as shown in Fig. 4;
however, the thermally grown oxide scale of the uncoated sample is
much thicker than that of the coated one, as the original thickness of

Fig. 7. ASR of the NiCo,04 coated and uncoated SUS 430 alloys pre-oxidized cycli-
cally at 800°C in air for 200 h as a function of measurement temperature.

the coating is usually around 1.5 um [22]. Previous studies [16,17]
have confirmed that the oxidation kinetics of the uncoated SUS 430
alloy is controlled by the cations outward diffusion to form oxides
on top of the sample surface. The access of O, in air to the outwardly
diffused cations is limited by the NiCo,04 protective layer.

One of the critical requirements for metallic interconnect mate-
rials is a relatively low and stable electrical resistance during
SOFC operation. The area specific resistance (ASR, m$2 cm?), which
reflects both the electrical conductivity and thickness of the oxide
scale, is conventionally adopted as a measure of the electrical
performance of the interconnect. Compared with the electrical
resistance of the formed oxide scale, the contribution of the metal-
lic substrate to the ASR is negligible due to its high conductivity,
and the electrical property of the oxide scale determines the ASR
of the interconnect. Fig. 7 shows the measured ASR of the NiCo,0,4
coated and uncoated SUS 430 alloys pre-oxidized at 800°C in air
for 200 h as a function of testing temperature T. It can be seen that
the ASR increases with decreasing measurement temperature and
log(ASR/T) is linearly proportional to 1/T, obeying the Arrhenius
equation

ASR _ E,
- =A exp (k—T) 2)

where A is a pre-exponential constant, E, is the activation energy,
and k is the Boltzmann'’s constant. The ASR of the coated alloy was
lower than that of the uncoated alloy, although the total thickness
of the oxide scale on coated alloy was slightly thicker than that of
the uncoated alloy. The activation energy for both cases is simi-
lar, around 0.3 eV, but the pre-exponential constant, A~ 7.8 x 10~°
for the uncoated and A~ 6.0 x 10~19 for the coated, is significantly
lowered in the case of the coated sample because of its thinner
thickness of the electrically resistive Cr,03 layer and higher electri-
cal conductivity of Mn-rich Mn-Cr and Mn-doped NiCo, 0,4 spinels
than that of Cr,03 [7,19]. At 800°C, the ASR is 3.3mQ cm? and
13.3 m$2 cm? for the coated and the uncoated alloy samples, respec-
tively.

It is noted that the above improvement is preliminary and was
achieved under the condition of only 200 h oxidation test, and fur-
ther validation of the NiCo,04 coating as a barrier for oxidation
resistance and electrical conductivity enhancements of metallic
interconnects needs to be performed directly in SOFC applica-
tions with the considerations of sol-gel process optimization and
a longer period of testing time.
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4. Conclusions

The NiCo,0,4 spinel coating was applied onto the surfaces of
the SUS 430 ferritic stainless steel by the sol-gel process, and both
the coated and uncoated alloys were cyclically oxidized in air at
800°C for 200 h. The oxidation behavior and the microstructure
of the oxide scales as well as the electrical property were inves-
tigated. Based on the present study, the following conclusions are
reached:

(1) Relatively dense and adherent NiCo,04 spinel coating can be
successful formed onto the surface of the SUS 430 alloy by the
sol-gel process, which results in the formation of an oxide scale
consisting of Mn-doped NiCo,04 on the top surface, Mn-rich
Mn-Cr spinel in the middle and a depressed Cr,03 layer adja-
cent to the substrate after cyclical oxidation at 800 C in air for
200 h.

(2) NiCo,04 protective coating can significantly increase the oxida-
tion resistance of the SUS 430 alloy by limiting the access of O,
in air to the outwardly diffused cations. The parabolic rate con-
stant of the oxidation kinetics is 8.1 x 10~1% g2 cm~4 s~ for the
coated specimen, in comparison with 8.3 x 10-14g2cm4s-!
of the uncoated.

(3) The ASR s significantly lowered by the application of a NiCo,04
coating, which is attributed to the thin thickness of an elec-
trically resistive Cr,03 layer and the formation of electrically
conductive Mn-Cr and Mn-doped NiCo, 04 spinels in the oxide
scale. NiCo,04 spinel is confirmed to be a promising coating
for the metallic interconnects of the intermediate temperature
SOFCs.
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