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Currently used ferritic stainless steel interconnects are unsuitable for practical applications in solid oxide
fuel cells operated at intermediate temperatures due to chromium volatility, poisoning of the cathode
material, rapidly decreasing electrical conductivity and a low oxidation resistance. To overcome these
problems, a novel, simple and cost-effective high-energy micro-arc alloying (HEMAA) process is proposed
to prepare LaCrO3-based coatings for the type 430 stainless steel interconnects. However, it is much
olid oxide fuel cells
erritic metallic interconnect
igh-energy micro-arc alloying technique
anthanum chromite
xidation
ontact resistance

difficult to deposit an oxide coating by HEMAA than a metallic coating due to the high brittleness of oxide
electrodes for deposition. Therefore, a Cr-alloying layer is firstly obtained on the alloy surface by HEMAA
using a Cr electrode rod, followed by a LaCrO3-based coating using an electrode rod of LaCrO3–20 wt.%Ni,
with a metallurgical bonding between the coating and the substrate. The preliminary oxidation tests
at 850 ◦C in air indicate that the LaCrO3-based coatings showed a three-layered microstructure with a
NiFe2O4 outer layer, a thick LaCrO3 sub-layer and a thin Cr2O3-rich inner layer, which thereby possesses
an excellent protectiveness to the substrate alloy and a low electrical contact resistance.
. Introduction

Solid oxide fuel cells (SOFCs) are energy generation systems
hich convert electrochemically chemical energy of fuel and oxi-
ant gases into electricity, with the advantages of high efficiency
nd reduced emissions [1]. Unlike lower temperature fuel cells,
OFCs can use a variety of fuels such as hydrogen, carbon monoxide,
r even natural gases. Thus, over the past years, SOFCs have received
ncreased attention around the world. Although significant pro-
resses have been achieved, SOFCs are still facing great obstacles
o their commercialization, mainly relating to cell materials issues
2,3]. As one of the critical components of a planar SOFC stack,
nterconnects connect individual cells in series, perform as current
onductors between cells, and separate the anodic and the cathodic
ases. The reduction of SOFCs operating temperatures from around
000 ◦C to 600–800 ◦C has made it possible to use metallic materi-
ls as interconnects materials to replace ceramics such as LaCrO3
4]. Differing from doped LaCrO3 ceramics, metallic materials have
he advantages of low cost, higher mechanical strength and higher

hermal conductivity. Moreover, metals are easy to be fabricated
nto complex shapes. However, metals can be oxidized to form an
xide scale at the operating temperatures of SOFCs, leading to the
ncrease in electrical contact resistance, and thus to the deterio-
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ration of the long-term cell performances. This kind of oxidation
restricts the use of many of commercial Fe-based and Ni-based
alloys as interconnect materials. Of the commercial high tempera-
ture alloys, Cr2O3-forming alloys are the leading candidates, among
which ferritic stainless steels are the most promising materials for
SOFC interconnects, due to their good mechanic properties and
electronic conductivity, good thermal compatibility with other cell
components, ease fabrication and low cost. In the relatively high-
operating temperatures of SOFCs, ferritic stainless steels usually
form a scale composed of two layers, a Mn–Cr spinel outer layer and
a chromia subscale [5]. The growth of chromia scale leads to a high
contact resistance, while volatile Cr species from the chromia scale
may form in the presence of water vapor, giving rise to the contam-
ination of the cathode or the cathode–electrolyte interface [6,7].
Two different methods have been attempted to solve these prob-
lems. One is to modify the composition of alloys for interconnects,
by which more conductive and more thermodynamically stable
oxides are formed [8] (for example Crofer 22 APU and ZMG232
alloys). However, the Cr evaporation remains high enough to affect
cell performances. The other measure is to add thin layers of surface
dopents [9,10] such as Y, La, and Ce that can improve the adhesion
and growth kinetics of the oxide scale, or to apply a conductive

and protective coating on the stainless steel interconnect, such as
a Mn–Co spinel protective layer and perovskite coatings [11,12].
Perovskite oxides, such as (La,Cr)CrO3 and (La,Sr)MnO3, have been
extensively investigated as protective coatings for ferritic stain-
less steels interconnect due to their high electrical conductivity,

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:clzeng@imr.ac.cn
dx.doi.org/10.1016/j.jpowsour.2010.01.023
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trode. The electrode is composed of perovskite oxide LaCrO3 and
metallic Ni. Ni powder as a binder can increase the electric con-
ductivity of LaCrO3 electrode at room temperature to meet the
demands for HEMAA deposition.
Z.J. Feng, C.L. Zeng / Journal of P

hermal compatibility and stability in the oxidizing environments
12–20]. Numerous techniques have been developed to deposit
erovskite coatings on stainless steel substrate, such as sputter-

ng [16], screen-printing [17], sol–gel [18], electrodeposition [19]
nd plasma spraying [20]. Among these techniques, sputtering has
he advantages of precise composition control and low deposition
emperature, but the deposition rates are relatively low and equip-

ent is expensive. Screen-printing is economic and can produce
hick coatings, but the coatings are usually porous. The sol–gel
oute exhibits the advantages of good homogeneity and composi-
ion control, low sintering temperature and low cost, but is usually
or thin film deposition. Electrodeposition is economic and can pro-
uce thick coatings, but the coatings are usually composed of a
etallic layer incorporated with some conductive particles. Plasma

praying has been widely used to prepare high temperature coat-
ngs. However, equipment for this technique is relatively expensive,
nd the deposition process of coatings usually produces high
oise.

In this study, a novel, simple and cost-effective process based on
igh-energy micro-arc alloying (HEMAA) has been considered to
eposit compact LaCrO3-based coatings on ferrite stainless steels.
EMAA is a microwelding technique using short-duration, high-
urrent electrical pulses to deposit an electrode material on a
etallic substrate, and thus normally can produce high-quality dif-

usion coatings at a lower cost, with a minimal thermal distortion or
icrostructural changes of the substrate due to low energy transfer

nvolved in the HEMAA process.

. Experimental

Type 430 ferritic stainless steel was used as the substrate alloy
or the present work. The steel plates were cut into specimens
ith the size of 10 mm × 10 mm × 1.5 mm, followed by grinding
ith 150-grit SiC paper, and degreasing with acetone. The prepa-

ation of LaCrO3-based coatings on all sides of the specimens is as
ollows. A Cr-alloying layer was firstly obtained on the specimen
urface by HEMAA using a Cr electrode rod, with a succession of
ulse discharge depositing operation under the conditions of mid-
le voltage and middle frequency. To avoid heating and oxidation
uring deposition, the substrate area was kept at room tempera-
ure by a strong jet of argon gas. Then, LaCrO3-based coatings were

eposited on the surface of the Cr-alloying layer by HEMAA. Due
o the high brittleness of pure LaCrO3 electrodes, a sintered rod
f LaCrO3–20%Ni (in weight percent), prepared by mixing LaCrO3
owders with Ni powders, cold-pressing, and then sintering at high

Fig. 1. X-ray diffraction pattern for the sintered LaCrO3–Ni electrode.
ources 195 (2010) 4242–4246 4243

temperature in vacuum, was used as the electrode for the deposi-
tion of LaCrO3-based coatings, with a succession of pulse discharge
depositing operation under the conditions of low voltage and mid-
dle frequency.

The oxidation of the uncovered and covered 430SS was con-
ducted in a high temperature furnace at 850 ◦C in air. The samples
were weighed every 20 h.

The electrical contact resistances of the uncovered and coated
steels were measured preliminarily using a setup described else-
where [21]. Both surfaces of the samples were covered by platinum
paste, and then platinum foils were placed on top of the pastes as
current collectors.

X-ray diffraction (XRD) and scanning electron microscope (SEM)
equipped with energy dispersive X-ray (EDX) spectrometer were
used to examine the oxidized specimens.

3. Results and discussion

3.1. Characterizations of LaCrO3 coatings

Fig. 1 shows the XRD pattern of the sintered LaCrO3–20%Ni elec-
Fig. 2. Surface morphology of LaCrO3 coating.

Fig. 3. XRD pattern of LaCrO3 coating deposited on type 430 stainless steel.
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on type 430 stainless steel. (a) General view; (b) amplified view of (a).
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steel in the initial stage can be expected and is ascribed to that
Fe and Ni existing in the LaCrO3 layer diffuse outward to form Fe
and Ni oxides over the LaCrO3 coating. XRD analysis confirmed the
Fig. 4. Cross-sectional morphologies of LaCrO3 coating deposited

Fig. 2 shows the typical surface morphology of LaCrO3 coating
eposited on the alloy surface. The coating surface exhibits a molten
ppearance which is the characteristics of HEMAA process. Mean-
hile, some small cracks were also observed, due to high cooling

ates in argon and relatively inherent high brittleness of LaCrO3-
ased coatings. Fig. 3 shows the X-ray diffraction of the coating
eposited on 430SS. The coating is mainly composed of LaCrO3 and
Ni,Fe)Cr2O4. During HEMAA deposition, mass transfer occurs, i.e.
aCrO3 and Ni transfer from the LaCrO3–Ni electrode to the alloy
urface, and some elements such as Cr and Fe from the substrate
lloy to the coating. (Ni,Fe)Cr2O4 results from high temperature
eaction during HEMAA process.

Fig. 4 shows the cross-sectional morphology of the coating. The
oating is composed of a thick external layer mainly consisting of
right phase LaCrO3 with some gray phases (Ni,Fe)Cr2O4, a very
hin Cr2O3-rich middle layer, and a Cr-rich alloying layer. Mean-
hile, cracks were observed partly across the coating and along

he scale layer/Cr-rich layer interface.

.2. Oxidation behavior

Fig. 5 shows the oxidation kinetics of the uncoated and the

oated 430SS at 850 ◦C in air. The mass for the coated steel increased
harply in the initial stage, followed by a very low increase, while
he bare steel followed an approximate parabolic oxidation law
ith a much lower mass gain. The fast mass gain for the coated

ig. 5. Oxidation kinetics for the uncoated and LaCrO3 coated 430 stainless steel at
50 ◦C in air.
Fig. 6. XRD pattern for the coated 430SS after oxidation at 850 ◦C in air for 200 h.
presence of Ni and Fe oxides, as shown in Fig. 6. The decrease
in the Ni content of LaCrO3–Ni electrodes and the increase of

Fig. 7. Surface morphology of the coated steel after oxidation at 850 ◦C in air for
200 h.
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potential for preparing LaCrO3-based coatings on ferritic stainless
Fig. 8. Cross-sectional morphologies of the coated steel after oxida

oating’s compactness help to reduce the formation of Ni and Fe
xides.

Fig. 7 shows the surface morphology of the coated steel after
xidation at 850 ◦C in air for 200 h. Though some nodules were
bserved, the molten appearance of the original coating was
etained to a certain extent. Fig. 8 shows the cross-sectional mor-
hologies of the coated steel after oxidation at 850 ◦C for 200 h. The
xide scale consists of three layers, a gray external layer of NiFe2O4,
thick bright LaCrO3 sub-layer incorporated with small amounts
f fine Cr-rich oxides, and a thin Cr2O3-rich inner layer. HEMAA
rocess can induce the mass transfer of some elements such as Fe
nd Cr from the substrate alloy into the LaCrO3 layer. As a result,
i and Fe from the coating can diffuse outward to form an external
iFe2O4 layer over the LaCrO3 layer during oxidation at 850 ◦C, with
fast oxidation mass gain as observed. The consumption of Ni and
e in the coating and the formation of a Cr2O3-rich inner layer give
ise to the decrease in the oxidation rate. Beneath the scale is a Cr-
nriched substrate alloy layer where many gray Cr-rich particles
ontaining around 73 at.%Cr are distributed over the bright sub-
trate alloy with a Cr content of around 23 at.% still higher than the
s-received substrate alloy. The presence of a Cr-rich layer is helpful
o the formation of a Cr2O3-rich scale at the substrate/LaCrO3 layer
nterface, thus further improving the oxidation resistance of alloy.
t is noted that some micro-pores are present at the sustrate/Cr2O3-
ich layer interface, which bring harms to the adhesion of LaCrO3
oatings. It was found that if LaCrO3–Ni composite coatings were
pplied directly onto the alloy surface without a Cr-alloying treat-
ent, the coatings exhibit poor adhesion, and cannot offer good

rotection to the alloy. Therefore, Cr-alloying by HEMAA is an
mportant pretreatment to obtain a protective LaCrO3–Ni compos-
te coating. Recently, Shaigan et al. [19,22] developed novel and
lectrodeposited composite Ni–LaCrO3 and Co–LaCrO3 [23] coat-
ngs for AISI 430 stainless steel, respectively. The oxide scale, which
orms on the surface of Ni–LaCrO3 coated steel, consists of a LaCrO3-
lled chromia-rich subscale and an outer layer of Ni–Fe mixed
pinel [19,22], while that for the Co–LaCrO3 coated steel is com-
osed of two layers of cobalt containing spinel, a Co–Fe spinel as
he mid-layer containing LaCrO3 particles and Co3O4 as the top
ayer, and a chromia-rich inner layer also containing LaCrO3 par-

icles [23]. Moreover, these coatings exhibit a low area-specific
esistance (ASR) after oxidation at 800 ◦C in air, due to the pres-
nce of conductive LaCrO3 particles in the chromia-rich subscale
nd good adhesion. For the present study, the protection of the
omposite coatings is offered by the compact LaCrO3 sub-layer plus
t 850 ◦C in air for 200 h. (a) General view; (b) amplified view of (a).

Cr2O3-rich inner layer. It is also expected that the external Ni/Fe-
rich complex spinel can act as an effective barrier against chromium
evaporation in the presence of water vapor. However, cavities form
along the substrate alloy/scale interface during oxidation, which is
detrimental to the oxidation resistance and the electrical contact
resistance of the coated steel.

Preliminary electrical contact resistance measurements by
electrochemical impedance spectroscopy indicated that the area-
specific resistance for the LaCrO3 coated steel was increased from
around 0.035 to 0.055 � cm2 at 850 ◦C after oxidation for 50
and 100 h, respectively, and then changed little with time up to
200 h. These values are obviously smaller than the value of around
0.1 � cm2 for the bare steel after oxidation at 850 ◦C for 100 h. The
increase in ASR for the coated steel is related to the formation of an
outer Ni/Fe complex spinel layer, an inner Cr2O3-rich scale, and cav-
ities along the substrate/scale interface. Much work is still needed
to improve the adhesion of LaCrO3-based coatings.

4. Conclusions

A compact LaCrO3–Ni composite coating has been deposited
successfully on the type 430 stainless steel by high-energy micro-
arc alloying process using a LaCrO3–20 wt.%Ni electrode, with a
metallurgical bonding between the coating and the substrate. The
as-received coating was mainly composed of LaCrO3 with some
(Ni,Fe)Cr2O4. The coated steel suffered from a fast mass gain at the
initial oxidation stage at 850 ◦C in air, followed by a low oxidation
rate. The oxide scale on the coated steel after oxidation consisted of
three layers, an external NiFe2O4 layer, a thick LaCrO3 middle layer
incorporated with some small Cr-rich oxides and a thin Cr2O3-rich
inner layer. The fast oxidation of the coated steel at the initial stage
is related to that Ni and Fe existing in the coating diffuse outward
to form Ni and Fe oxides over the LaCrO3 coating. The area-specific
resistance for the coated steel increased from around 0.035 � cm2

after oxidation at 850 ◦C in air for 50 h to 0.055 � cm2 for 100 h,
which is obviously lower than the value for the uncovered steel.
The preliminary results indicate that HEMAA exhibits application
steels. More work is still needed to improve the quality of coatings,
namely to optimize the deposition parameters and to construct
coatings with a composition gradient so as to produce coatings with
excellent protectiveness and thermal compatibility to the substrate
alloys.
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