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a b s t r a c t

Fe–Ni alloy is electrodeposited on ferritic stainless steel for intermediate-temperature solid oxide fuel cell
(SOFC) interconnects application. The oxidation behavior of Fe–Ni alloy coated steel has been investigated
at 800 ◦C in air corresponding to the cathode environment of SOFC. It is found that the oxidation rate of
the Fe–Ni alloy coated steel becomes similar to that of the uncoated steel after the first week thermal
vailable online 5 December 2009
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olid oxide fuel cell
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exposure, although the mass gain of the coated steel is higher than that of the uncoated steel. Oxide scale
formed on the uncoated steel mainly consists of Cr2O3 with (Mn,Cr)3O4 spinel. However, a double-layer
oxide structure with a Cr-free outer layer of Fe2O3/NiFe2O4 and an inner layer of Cr2O3 is developed on
the Fe–Ni alloy coated steel. The scale area specific resistance (ASR) for the Fe–Ni alloy coated steel is
lower than that of the scale for the uncoated steel.
xidation
rea specific resistance

. Introduction

Solid oxide fuel cells (SOFCs) are electrochemical devices that
irectly convert chemical energy from fossil fuel into electricity [1].
hey have received a great deal of attention due to their advantages
uch as low emission, fuel flexibility and high efficiency. However,
ome major technical hurdles related to materials must be over-
ome in order to commercialize SOFC technologies [2–4]. One of
hem is interconnect materials that connect individual cells into
lectrical series in a cell stack and separate fuel and oxidant gases. In
rder to perform their intended functions, the interconnects must
ulfill some stringent criteria [5] such as a match in coefficient
f thermal expansion (CTE) with other cell components, stabil-
ty in both oxidizing and reducing atmospheres at the operating
emperature, high electronic and thermal conductivity, chemical
ompatibility with both anode and cathode materials.

With the reduction in SOFC operating temperatures to the range
f 600–800 ◦C [6–9], it is possible to employ cost-effective high
emperature oxidation resistant alloys as SOFC interconnects to
upplant the conventional LaCrO3-based ceramics which suffer

rom high expense and difficulties in fabrication. Ferritic stain-
ess steels are among the most promising candidates for SOFC
nterconnects due to their electrically conductive oxide scale, good

echanical properties, ease of fabrication, low cost and thermal
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expansion match with other cell components [2,10–15]. How-
ever, one challenge associated with ferritic stainless steel is the
migration of chromium via chromia scale evaporation. Volatile Cr
species from chromia scale can migrate to and poison the cathode
or the interface between cathode and electrolyte [16,17], lead-
ing to the degradation of SOFC performance [18–23]. To solve the
problem, some coatings have been developed on ferritic stainless
steels. Especially, Cr-free coatings are highly desirable to hinder the
vaporization of chromia scale. Perovskite coatings such as slurry-
coated (La,Sr)MnO3 [24], spin-coated or electron beam physical
vapor deposited (La,Sr)CoO3 [25] and radio frequency sputtered
(La,Sr)FeO3 [26,27] oxide coatings on Fe–Cr alloys were evaluated
for intermediate-temperature SOFC interconnects application. In
addition to perovskite coatings, Mn–Co spinel oxides [28–31] were
investigated as an electrically conductive and protective coating
on ferritic stainless steels. They appear to be effective in mitigat-
ing chromium migration and minimizing surface oxides scale area
specific resistance.

Previous research indicated that (Fe,Ni)3O4 spinel layer ther-
mally grown on Fe–Ni alloys in SOFC cathode environment had a
high electrical conductivity and CTE match with other cell compo-
nents [32]. In this study, Fe–Ni alloy is deposited on the ferritic
stainless steel using the cost-effective technique of electrode-

positing, followed by thermal exposure in typical SOFC cathode
operating environment. It is expected that the Fe–Ni alloy layer
can be converted into a (Fe,Ni)3O4 spinel layer which covers the
chromium oxide formed from the steel substrate. The oxidation
behavior of the coated steel in air at 800 ◦C is investigated and

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:gengsj@smm.neu.edu.cn
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he electrical resistance of the oxide scale thermally grown on the
oated steel is measured. The potential of the Fe–Ni alloy as SOFC
nterconnects coating will be discussed.

. Experimental

.1. Electrodeposition

Rectangular coupons of 15 mm × 10 mm × 1.0 mm were cut
rom the ferritic stainless steel sheet (nominal weight percent:
6.4% Cr, 0.28% Si, 0.13% Mn, 0.005% P, 0.005% C, 0.004% S, and the
alance Fe) by electric-discharge machining (EDM). After drilling a
.5-mm diameter hole in the upper center, each coupon was ground
o 1000 grits with SiC sand paper, ultrasonically cleaned in acetone,
ollowed by rinsing in alkaline and acid solutions, respectively, and
hen electrodeposited in the solution with pH value adjusted to
.5, containing 40 g L−1 NiSO4·6H2O, 5 g L−1 NiCl2·6H2O, 20 g L−1

eSO4·7H2O and 10 g L−1 H3BO3. The stainless steel substrate was
sed as the cathode and nickel plate was used as the anode. The
xperimental procedure was carried out as described recently [33].
e–Ni alloy was electrodeposited at 60 ◦C under a cathode current
ensity of 27 mA cm−2 for 5 min, resulting in an around 3.0 �m
hick Fe–Ni alloy coating on the steel surface as shown in the next
iscussion.

.2. Oxidation testing

Oxidation testing of the Fe–Ni alloy coated and uncoated steels
ere conducted in a box furnace. The coupons were hung in alu-
ina crucibles, oxidized at 800 ◦C in air for totally 3 weeks. The
eight of each coupon was measured after furnace cooling to room

emperature following each 1-week thermal exposure. The phase
tructures of the oxide scales formed on the coupons were iden-
ified with X-ray diffraction (XRD). The surface morphologies and
ross-sections of the oxidized coupons were observed using scan-
ing electron microscopy (SEM) with an energy dispersive X-ray
pectroscopy (EDX).

.3. Scale area specific resistance measurement

Electrical resistance of oxidized coupons was measured using
-point method from 600 to 800 ◦C in air. The measurement appa-
atus was design as shown in Fig. 1. Two of the oxidized surfaces
ere covered with Pt paste. Each Pt foil had two welded Pt leads.

wo alumina rods and springs were used to apply pressure and

lamp the assembly together during measurement. One pair of
eads was used to apply a constant current and the other pair was
or voltage measurement. A constant current of 10 mA was used in
he measurement reported in this paper. At each temperature, the
esistance (R) was calculated according to the Ohm’s law, R = V/2I.

Fig. 1. Schematic apparatus for oxide scale area specific resistance measurement.
Fig. 2. SEM surface (a) and cross-section (b) images of as-electrodeposited Fe–Ni
alloy on ferritic stainless steel.

The area specific resistance (ASR) of the oxide scales which reflected
both the electrical conductivity and the thickness of the oxide
scale was then equal to R multiplied by the area that the Pt paste
covered.

3. Results and discussion

3.1. Morphologies and phase structure of as-electrodeposited
Fe–Ni alloy

Fig. 2 shows the surface and cross-section morphologies of the
Fe–Ni layer coated ferritic stainless steel. The electrodeposited
Fe–Ni layer was continuous and dense with an average thickness
of about 3.0 �m, and was well bonded to the steel substrate. Anal-
ysis by EDX indicated that Fe and Ni contents in the Fe–Ni layer
was 41.7 and 58.3 wt.%, respectively. The composition of the as-
electrodeposited Fe–Ni layer was close to that of Fe–60 wt.% Ni alloy
on which (Fe,Ni)3O4 spinel oxide was mainly formed after thermal
exposure in air at 800 ◦C [32]. The phase structure of the electrode-
posited Fe–Ni layer was comprised of Fe–Ni alloy with preferred

orientations of (1 1 1) and (2 0 0) as shown in Fig. 3, which is consis-
tent with that reported in recent study [33]. It is obvious that Fe–Ni
alloy layer has been successfully electrodeposited on the ferritic
stainless steel.
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steel surface were Fe-rich oxide by the analysis of EDX. The Fe- and
Ni-rich oxide was detected in flat areas. Based on the XRD and EDX
analysis, the ridge-like mounds should be Fe2O3, and the Fe/Ni-rich
oxide should be NiFe2O4 spinel, as shown in Fig. 6b.
Fig. 3. XRD patterns of Fe–Ni alloy coated and uncoated steels.

.2. Oxidation behaviors

The oxidation kinetics of the Fe–Ni alloy coated steel in air at
00 ◦C was compared with that of the uncoated steel. Their spe-
ific mass changes as a function of oxidation time are shown in
ig. 4. The coated steel experienced an initially large specific mass
ain, followed by a transition to slower oxidation kinetics similar
o that of the uncoated steel after the first-week thermal exposure,
mplying a protective oxide scale formation between the substrate
nd the surface oxides developed during the initial rapid oxidation
tage.

Fig. 5 shows XRD patterns for oxidized coupons in air at 800 ◦C.
he oxide scale formed on the uncoated steel after a 3-week oxida-
ion consisted of Cr2O3 and (Mn,Cr)3O4, consistent with the phase
tructure of surface oxide scale developed on Fe–Cr–Mn ferritic
teel [11]. However, the oxides including NiFe2O4, Cr2O3 and Fe2O3
ere thermally grown on the coated steel after oxidation in air at

00 ◦C. In addition, the phase structure of the oxide scale formed
fter 1 week was similar to that after 3 weeks, indicating that the
xide scale was stable during the oxidation time from the first week
o the third week.

The surface morphologies of the uncoated and coated steels after
xidation of 3 weeks in air at 800 ◦C are shown in Fig. 6. The inserted
re higher magnitude images from the square zone in Fig. 6a and b,
espectively. The surface oxide scale formed on the uncoated steel
as relatively uniform except some areas with crack and severe

pallation, while the surface oxide scale developed on the Fe–Ni

lloy coated steel was not uniform with some ridge-like mounds.
mall flakes in Fig. 6b were observed most likely due to slight
pallation from the ridge-like mounds. From the inserted higher
agnitude images, it can be seen that the surface scale morphology

ig. 4. Oxidation kinetics of Fe–Ni alloy coated and uncoated steels in air at 800 ◦C.
Fig. 5. XRD patterns of the oxide scale formed on uncoated and coated steels after
oxidation in air at 800 ◦C: (a) uncoated steel oxidized for 3 weeks; (b) coated steel
oxidized for 1 week; (c) coated steel oxidized for 3 weeks.

of the coated steel is completely different from that of the uncoated
steel. After oxidation of 3 weeks, the ridgy mounds on the coated
Fig. 6. SEM surface morphologies of uncoated (a) and coated (b) steels after oxi-
dation for 3 weeks in air at 800 ◦C, the inserted magnitude images from the square
area in (a) and (b), respectively.
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ig. 7. Cross-section images of uncoated (a) and coated (b) steels after oxidation for
weeks in air at 800 ◦C.

The cross-section images (Fig. 7) of the coupons after a 3-week
hermal exposure confirmed subsequently the difference between
he oxide scales formed on the uncoated and coated steels. The
xide scale grown on the uncoated steel consisted of Cr2O3 with
Mn,Cr)3O4 spinel from the combined evidence of XRD and EDX,
nd some micro-gaps at the oxide–substrate interface were obvi-
usly observed in Fig. 7a, which might lead to cracking or severe
pallation of the surface scale as indicated in Fig. 6a. In contrast,
he oxide scale developed on the coated steel was comprised of
double-layer oxide structure with an outer Cr-free layer and an

nner Cr-rich layer, as shown in Fig. 7b showing the cross-section
icrostructure with EDX line scan of the coated steel after oxi-

ation for 3 weeks at 800 ◦C in air. The outer layer of the oxide
cale was confirmed to be Fe- and Ni-rich oxide, and no Cr was
etected. Moreover, Fe-rich oxide was detected on the scale sur-
ace, consistent with the formation of the Fe2O3 mounds on the
xide surface, as depicted in Fig. 6b. The inner layer was Cr-rich
xide. Based on the XRD (Fig. 5) and EDX line scan (Fig. 7b), an outer
e2O3/NiFe2O4 layer atop an inner Cr2O3 layer was developed on
he coated steel after thermal exposure. It is noted that the NiFe2O4
pinel layer appears to have improved surface scale adhesion to the
teel substrate. Just a few pores at the oxide–substrate interface
ere observed in Fig. 7b. Furthermore, the bonding between the

nner Cr2O3 layer and the outer NiFe2O4 spinel layer was a little
oo strong due to their CTE match [14,32]. The Cr2O3 layer with an
round 2.0 �m thickness was formed on both uncoated and coated
teels, indicating that the formation of the outer NiFe2O4 spinel

ayer did not reduce the growth rate of the inner Cr2O3 layer. The
uter oxide layer was around 3.0–3.5 �m thick and was close to
he thickness (3.0 �m) of the Fe–Ni alloy deposited on the steel,
mplying no severe oxide spallation for the coated steel. The Cr-
ree outer layer of Fe2O3/NiFe2O4 was converted from the Fe–Ni
Fig. 8. Scale ASR for the coated steel after oxidation for 3 weeks in air at 800 ◦C, as
compared to that for the uncoated steel.

alloy electrodeposited on the steel substrate from which the inner
layer of Cr2O3 was developed. It was the formation of the protective
inner Cr2O3 layer that improved oxidation resistance of the coated
steel after the initial rapid mass gain. As shown in Fig. 4, the mass
gain only slightly increased with oxidation time after the first-week
exposure.

3.3. Electrical properties of oxide scales

Fig. 8 shows the ASR of oxide scales developed on the uncoated
and coated steels after oxidation in air at 800 ◦C for 3 weeks. Appar-
ently, the scale ASR for the coated steel was lower than that of
the scale for the uncoated steel, although the oxide scale (around
5.0 �m thick) formed on the coated steel was thicker than that
(around 2.0 �m thick) formed on the uncoated steel. The afore-
mentioned indicated that the thickness of Cr2O3 layer formed on
both uncoated and coated steels was similar. The lower scale ASR
for the coated steel can be attributed to the formation of the
electrically conductive Fe2O3/NiFe2O4 outer layer [32] and subse-
quently reduced contact resistance between the Pt current collector
and Fe2O3/NiFe2O4. Moreover, a significant amount of micro-gaps
existed between the oxide scale and steel substrate as shown in
Fig. 7a, which might increase the resistance to electrical conduc-
tion for the uncoated steel. In addition, the Cr2O3 layer of the coated
steel could have been doped with elements from the Fe–Ni coating,
thereby lowering its resistance, which needs further analysis of the
two Cr2O3 layers from the coated and uncoated steel, respectively.

In summary, the Fe–Ni alloy is a promising candidate as
Cr-free coatings on the ferritic stainless steel interconnect for
intermediate-temperature SOFC, as the Cr-free Fe2O3/NiFe2O4
outer layer converted from the Fe–Ni alloy was electrically conduc-
tive and could suppress the evaporation of the Cr2O3 inner layer
developed from the steel substrate. While the outer oxide layer
exhibited an overall good adherence with the inner Cr2O3 layer
after 3-week thermal exposure in air at 800 ◦C, further assessment
should be conducted for the electrodeposited Fe–Ni alloy coatings,
as the outer oxide layer did not reduce the growth rate of the
inner chromia layer which could thicken, subsequently leading to
cracking/spallation of the surface oxide scale or an increase in scale
ASR during the long-term operation lifetime expected for the SOFC
stacks.
4. Conclusion

Fe–Ni alloy was electrodeposited on the ferritic stainless steel
as a method to improve high temperature electrical conductivity
and to suppress the Cr evaporation. The Fe–Ni alloy was oxi-
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ized to Fe2O3/NiFe2O4 layer beneath which Cr2O3 layer was
hermally developed from the steel substrate in air at 800 ◦C. The
e2O3/NiFe2O4 layer not only acted as a protective barrier to reduce
he Cr evaporation, but also improved the electrical performance
f the steel interconnect.
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