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Abstract

A thin layer of doped lanthanum chromite on ferritic steel may act as a protective coating to mitigate the Cr volatility problems
and facilitate the use of metallic interconnect in solid oxide fuel cells operated at intermediate temperatures. In this paper, the
LaCrO thin film was successfully synthesized on a ferritic stainless steel substrate by two approaches, i.e. reactive formation and3

sol–gel processing. The coating structures and surface morphologies were analyzed using X-ray diffraction and scanning electron
microscopy. After isothermal oxidation at 8508C for 100 h in air, the electrical resistance of the sol–gel coated samples remained
very low, as compared to that of the uncoated sample after similar thermal exposure. The sol–gel coating also provided effective
protection for the interconnect steel during oxidation of twelve 100-h cycles at 8008C in air, whereas significant spallation and
weight loss were observed for the uncoated steel. The two coating processes(i.e. reactive formation and sol–gel processing) were
compared and their advantages and drawbacks were outlined.
� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

In the planar design of a solid oxide fuel cell(SOFC)
stack, the interconnect acts not only as electrical con-
nection between the single cells but also as the mechan-
ical support of the thin electroactive ceramic parts and
as gas-proof separation of fuel gas(e.g. hydrogen or
methane) and oxidant(e.g. air). Furthermore, the inter-
connects distribute the gas in co-, cross- andyor counter-
flow and act as constructional connection to the external
gas inlets and outlets. Because of the high operating
temperatures(up to 1000 8C), the requirements for
interconnect materials are quite stringent, and a satisfac-
tory solution has not been found so far. An interconnect
material must fulfill the criteria listed below:

● High density(no open porosity). The material must
be impervious to gases to avoid mixing of air and
fuel.

● High electronic and negligible ionic conductivity.
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6340.
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● High creep resistance. The material should not creep
during fuel cell operation.

● High thermal conductivity()20 W m K w1x)y1 y1

for uniform heat distribution in the stack.
● Chemical and physical stabilities in both oxidizing

and reducing environments and also with respect to
cathode and anode.

● Match in coefficient of thermal expansion(CTE)
with other cell components at the fuel cell operating
temperature and during thermal cycling.

Metallic interconnects are preferred over the conven-
tional ceramic interconnects, for planar-type SOFC, due
to their superior electronic and heat conductivity and
low-cost w2–6x. With the current trend in reduction of
the SOFC operating temperature to less than 8008C,
the demands on interconnect material are less severe.
As a consequence, ferritic stainless steels have become
the candidate material for interconnect due to their close
match of CTE with solid electrolyte, and their initial
success as interconnect material has been demonstrated
w7–11x. One major concern with ferritic steels is their
long-term stability and compatibility issues, which are
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related to the Cr volatility and non-protective oxide
products w12x. Furthermore, over long-term exposure
during SOFC operation, the ferritic steel may react with
the LaMnO cathode to form some reaction layers and3

thus reduce the performance of a stack. Indeed, it was
found that during thermal exposure, duplex layers of
Mn–Cr spinel outer layer and Cr O inner layer were2 3

formed upon interaction of the steel with LaMnO3
componentw10,11x. To solve these potential problems,
low-cost surface coatings need to be developed, which
should be dense, electronically conductive, non-volatile
and chemically compatible with other cell components.
Several surface coatings have been used to improve

the oxidation resistance and electronic conductivity of
chromia-forming alloys over the past few yearsw13–
21x, i.e. pre-oxidation in a controlled environment to
form dense, adherent Cr O scalew13x, electron-beam2 3

physical vapor deposition of La layerw14,15x and spray
painting of LaySr oxide layerw16x to form a LaCrO -3

type coating upon thermal exposure, thermal spray to
directly deposit a perovskite coating on the metallic
interconnectw17x. All these coatings led to improved
scale adherence and scale electronic conductivity, while
reducing oxide growth rate and Cr volatility.
In this paper, we investigated the feasibility of depos-

iting a thin, dense, conductive LaCrO -based coating on3

ferritic stainless steel using two cost-effective fabrication
routes (reactive formation and sol–gel process). The
surface morphology and coating structure were charac-
terized. Furthermore, the effects of sol–gel coating on
the oxidation behavior of the interconnect alloy and
electrical resistance of the oxide scale after thermal
exposure in air were investigated. The advantages and
drawbacks of the two coating processes were discussed
in the light of the experimental results.

2. Experimental

2.1. Substrate material

A commercial ferritic stainless steel(Type 444) was
selected for this study. The chemical composition, as
provided by the industrial supplier, was Fe–0.011C–
17.75Cr–1.89Mo–0.44Si–0.26Mn–0.2Ti–0.25Nb–
0.23Ni (wt.%). The steel sheet was cut into small pieces
of 15=11=1.5 mm by an electric discharge machine3

and the samples were carefully polished to a 0.3-mm
finish using alumina abrasives. The samples were
cleaned ultrasonically in acetone for 5 min and then in
methanol for 10 min prior to coating.

2.2. Coating processing

Two separate methods were used to deposit LaCrO3

(Sr-doped or undoped) coating on the samples. The first
method is termed ‘reactive formation’, where three steps

were involved:(1) the steel samples were annealed at
900–12008C in a reducing environment(Arq4%H ),2

i.e. in low partial pressure oxygen, which led to the
preferential formation of a thin, dense and adherent
Cr O layer; (2) La oxide was then deposited on the2 3

sample surface by means of r.f. sputtering for 4–5 h,
using a La O target;(3) the samples were then annealed2 3

in air so that the thermally grown Cr O layer and the2 3

sputtered La O layer could react to form LaCrO layer.2 3 3

The optimal reaction conditions for forming the
LaCrO layer were determined by varying the reaction3

temperature(from 800 to 10008C) and reaction time
(from 10 min to 5 h).
In the second method, the(La Sr )CrO thin films1yx x 3

with different levels of Sr doping(xs0, 0.1, 0.2 and
0.3) were obtained by a sol–gel process based on
organic chelating precursors. The solution for obtaining
the desired(La Sr )CrO coating was prepared using1yx x 3

appropriate amounts of high-purity La nitrate(Alfa
Aesar, REaction , 99.99% pure), Sr nitrate(Alfa Aesar,�

Puratronic , 99.9965% pure), Cr nitrate (Alfa Aesar,�

Puratronic , 99.999% pure), citric acid and distilled�

water. The solutions were mixed together and heated in
a hot plate to get precursor solutions with specific
concentrations. A magnetic stirrer was used to ensure
homogenous mixing. The films were deposited on the
substrate by both spin-coating and dip-coating tech-
niques. For spin coating, the sample with certain amount
of the solution on it was rotated at an average speed of
2000 rpm for 15 s. For dip coating, the sample was
pulled out of the solution at a linear speed of 0.05
cm s . The coated samples were then dried andy1

annealed at elevated temperature to form the desired
phase in the coatings. For high-temperature X-ray dif-
fraction (XRD) study, the coatings were obtained using
a 0.5 M solution to get relatively thick coatings. How-
ever, such coatings were relatively porous; therefore, a
0.3 M solution was used to coat the steel substrate for
oxidation and electrical resistance study. Since the coat-
ing thickness was less than 1mm after one coating run
with the 0.3 M solution, the entire procedure was
repeated six times(six passes) to increase the coating
thickness, with an intermediate anneal of 8008C for 1
h in air.

2.3. Characterization of the coatings

Room-temperature XRD patterns were obtained using
a Philips XRD unit. To determine the optimal conditions
for forming the (La Sr )CrO phase in the sol–gel1yx x 3

coatings, a high-temperature XRD(Scintag PAD X)
was used to monitor the phase changes as the coated
sample was heated in situ in the sample chamber
(Buehler HDK 1.4) of the diffractometer. Surface mor-
phologies and cross-sections were observed using a
scanning electron microscope(SEM) (Hitachi S-4100).
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Fig. 1. SEM surface morphologies of SS-444 samples annealed at 10008C for 5 h (a) in air and(b) in Arq4%H environment.2

The electrical resistance of the sol–gel coated samples
before and after isothermal exposure in air(850 8C for
100 h) was measured from 600 to 9008C using a four-
point DC set-up. An uncoated substrate specimen was
also oxidized in the same condition and its electrical
resistance was measured for comparison. Pt electrodes
were made by covering the two surfaces with Pt paste
followed by placing Pt meshes on top of the paste as
current collectors. A current source was used to provide
a constant current of 0.1 A and the resulting voltage
drop across the sample was measured using a multimeter.
The effects of coating on the oxidation behavior of

the steel were studied by monitoring the weight changes
of both the sol–gel coated and uncoated samples upon
cyclic oxidation. Each cycle consisted of air exposure
at 800 8C for 100 h, followed by furnace cooling; the
total number of cycles is 12, with a corresponding
cumulative exposure time of 1200 h. The surface mor-
phologies of cyclically oxidized samples were examined
in the SEM.

3. Results and discussion

3.1. Reactive formation

The first step in reactive formation of the LaCrO3
layer is to form a thin, adherent and uniform Cr O2 3

layer. Fig. 1 shows the surface morphologies of two SS-
444 samples annealed at 10008C for 5 h in air (Fig.
1a) and in flowing Arq4%H environment(with an2

oxygen partial pressure of;10 Pa) (Fig. 1b),y13

respectively. The SEM observation indicated that the
Cr O layer formed by oxidation in low partial pressure2 3

oxygen was more uniform and adherent than that formed
in air, in agreement with Linderothw13x. There were
many oxide nodules on the sample surface annealed in
air, while the surface of the sample annealed in low
partial pressure oxygen was much smoother. Apparently,
in a low partial pressure of oxygen, Cr O is the main2 3

stable oxide and it is relatively dense, while oxidation

in air leads to the formation of other non-protective
oxides.
Sputtering with a La O target for 4–5 h in an Arq2 3

4H environment led to the formation of an amorphous2

La O layer on the pre-oxidized sample. The substrate2 3

sample was not heated during sputtering; it was esti-
mated that the substrate temperature should be less than
150 8C during sputtering. The cross-sectional view of
the as-sputtered sample is shown in Fig. 2a, clearly
illustrating the double-layer structure after sputtering.
The top layer was the sputtered La O layer with2 3

approximately 1-mm thickness, while the inner layer
was the Cr O layer formed by annealing in flowing2 3

Arq4%H environment at 9008C for 6 h. Both the2

oxide layers were dense and uniform. Note that some
second-phase precipitates in the substrate adjacent to the
Cr O layer were observed. After post-deposition anneal2 3

in air (e.g. 1000 8C for 1 h), a LaCrO layer was3

formed due to the interdiffusion and reaction of the two
layers, as shown in Fig. 2b. The reaction involved in
the LaCrO formation is given by3

1y2La Oq1y2Cr OsLaCrO (1)2 3 2 3 3

This reaction is thermodynamically feasible, with a
Gibbs free energy change(DG ) of y78.6 kJ mol0 y1

298

w22,23x. The presence of some Kirkendall voids was
observed at the initial interface of the two layers, as a
result of the interdiffusion of atoms in the two layers.
The microstructure in Fig. 2b implied the possibility of
incomplete reaction between the two layers after 1 h at
1000 8C. However, XRD indicated that the main phase
in the coating was LaCrO after post-deposition anneal.3

In order to study the kinetics of the reactive formation
of LaCrO and the optimal conditions for forming the3

LaCrO layer, the sputtered coatings were annealed in3

air at 800, 900 and 10008C for various times. Typical
results are shown in Fig. 3, for a sample annealed in air
at 800 8C for different times. Fig. 3a shows the XRD
pattern of the as-sputtered sample, where the main peaks
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Fig. 2. SEM cross-sectional view of(a) double-layer structure of sputtered La O layer and thermally grown Cr O layer and(b) LaCrO layer2 3 2 3 3

formed upon annealing of the double-layer coating.

Fig. 3. XRD patterns after annealing in air at 8008C for different times:(a) as-deposited;(b) 10 min; (c) 30 min; (d) 1 h; (e) 2 h and(f) 5 h.

could be indexed as from Cr O and some amount of2 3

spinel phase formed during the annealing process in low
partial pressure oxygen. Furthermore, there were several
peaks at 2us15.658, 27.228 and 27.978, which were
indexed as the peaks from the La(OH) phase. Appar-3

ently, this phase was formed during air exposure of the
sputtered sample. La O phase is prone to absorption of2 3

moisture when exposed in air, leading to the formation
of the La(OH) phase. After annealing at 8008C for 103

min (Fig. 3b), these peaks disappeared, due to the
desorption of moisture. Interestingly, no peaks could be
detected from La O , possibly due to the amorphous2 3

nature or texture of the as-deposited La O layer. It is2 3

quite common to obtain amorphous layer by sputtering
due to the rapid cooling rate of the coating on the
substrate. After anneal at 8008C for 1 h in air, strong
peaks corresponding to the LaCrO phase were observed3

(Fig. 3d). Further increase in annealing time increased

the intensity of these peaks(Fig. 3e), indicating further
reaction between the La O and Cr O layers. With2 3 2 3

increase in annealing temperature, the time required for
the formation of LaCrO layer was reduced. Apparently,3

the reactive formation process is feasible to synthesize
the LaCrO coatings.3

3.2. Sol–gel processing

Solution-based sol–gel approach for forming the
LaCrO -based coatings is very desirable, as it is a simple3

process with no costly equipment involved. Therefore,
the sol–gel process for synthesizing the doped LaCrO3

coatings was systematically investigated. To study the
gradual evolution of the coating phase structure during
firing and to define the optimal firing conditions, the
samples after spin coating with the 0.5 M solution was
heated in air in the high-temperature XRD specimen
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Fig. 5. SEM surface morphologies of the sol–gel coated sample after
six passes with intermediate anneal at 8008C for 1 h.

Fig. 4. High-temperature in situ XRD patterns captured during heating of the spin-coated sample.

chamber and XRD patterns were captured in situ during
holding of the sample at different temperatures. Fig. 4
shows the high-temperature in-situ XRD results for the
sample coated with(La Sr )CrO . It can be seen that0.8 0.2 3

the reaction started at approximately 6008C and the
perovskite (La Sr )CrO phase was formed at 8000.8 0.2 3

8C. Further increase in the temperature to 10008C did
not change the phase structure significantly; upon cool-
ing to room temperature, the(La Sr )CrO phase0.8 0.2 3

remained stable. Apparently, firing at 8008C is sufficient
to obtain the(La Sr )CrO phase in the coating.0.8 0.2 3

With high solution concentration(e.g. 0.5 M) the
coating was thicker, but was more porous; on the other
hand, it was found that at low solution concentration
(e.g. 0.1 M), the coating thickness per pass was reduced,
yet the resulting coating was more dense and uniform.
A compromise between the coating thickness and the
integrity was reached with a 0.3 M solution. Fig. 5
shows the SEM surface morphologies of the LaCrO3

coatings (dip-coated with 0.3 M solution) after six
passes with an intermediate anneal of 8008C for 1 h in
air, indicating relatively smooth and uniform coating
surface. Subsequently, such coatings were selected for
further characterization in Section 3.3.

3.3. Electrical resistance and oxidation behavior

The area-specific electrical resistance(ASR) meas-
ured using four-point DC method reflects both the
conductivity and the thickness of the surface layer
(oxide scale andyor coatings). It is generally assumed
that the resistivity of the substrate alloy is negligible
compared with that of the thermally grown scale or
LaCrO -type coatings on the surface of the alloys. As a3

result, the measured ASR includes that of the scaley

coating and its interface with the substrate and the Pt
electrode. Since the current(0.1 A) is relatively small,
interfacial polarization is also negligible. Therefore, the
measured ASR is assumed to be that of the scaley
coating.
Fig. 6 shows the Arrhenius plot of the ASRyT vs.

reciprocal of temperature for a number of samples,
where 0.0Sr and 0.3Sr denote sol–gel coatings of
LaCrO and(La Sr )CrO , respectively. With increase3 0.7 0.3 3

in temperature, the ASR decreased and a linear relation-
ship was found between log(ASRyT) and 1yT for each
sample. The results in Fig. 6 indicated that without
LaCrO coating, the oxide scale formed after thermal3
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Fig. 6. Arrhenius plot of ASR of coated andyor uncoated samples
before and after oxidation in air at 8508C for 100 h.

Fig. 7. Weight change vs. cumulative oxidation time during cyclic
oxidation(twelve 100-h cycles) at 8008C in air.

exposure at 8508C for 100 h has a relatively high
resistance. With the application of sol–gel
(La Sr )CrO coatings, the electrical resistance of the0.7 0.3 3

coatingyoxide scale after the same thermal exposure
was much lower than that of the bare substrate, clearly
indicating the effectiveness of coatings in protecting the
substrate from oxidation and in reducing the electrical
resistance of the interconnect material. Furthermore, as
shown in Fig. 6, the coated samples exhibited small
increase in ASR after thermal exposure, which indicated
insignificant degradation in electronic conduction during
the oxidation and hence the excellent protectiveness of
the coatings. Also, from Fig. 6, Sr doping does not
affect the electrical conductivity of the LaCrO coatings,3

i.e. Sr-doped coatings showed ASR values similar to Sr-
free coatings before and after thermal exposure. This is
contrary to the common knowledge that Sr doping
improves the electrical conductivity of the perovskite
phasew24,25x. The fact that the nominal LaCrO coating3

is as conductive as the(La Sr )CrO coating suggests0.8 0.2 3

that we might have a La-deficient La CrO phase in1yx 3

the nominal LaCrO coating. Further study is under way3

to clarify the effect of Sr on the electrical conductivity
of the LaCrO coating.3

The weight changes for coated(LaCrO and3

(La Sr )CrO and bare SS-444 steel samples during0.8 0.2 3

cyclic oxidation(twelve 100-h cycles) at 8008C in air
are shown in Fig. 7. Clearly, the coated samples regis-
tered consistent weight gain due to oxidation, while the
uncoated samples showed weight loss after initial weight

increase. Visual inspection of the oxidized samples
indicated that the notable loss of weight for the uncoated
samples was due to severe spallation of the oxide scale.
Fig. 8 shows the surface morphologies of the oxidized
samples with and without coatings. While the bare steel
substrate exhibited severe spallation(Fig. 8a), the oxide
on the coated samples remained intact after cyclic
oxidation (Fig. 8b), presumably due to the reduced
oxide scale growth andyor increased scale adhesion.

3.4. Comparison of reactive formation and sol–gel
process

The reactive formation process has been successfully
demonstrated to fabricate the LaCrO coatings on SS-3

444 type steel samples. The main advantage of this
process is the thermally grown Cr O layer in low2 3

partial pressure of oxygen is thin, dense and highly
adherent. It has been shown that the templated growth
of LaCrO via the chemical reaction(Eq. (1)) between3

the thermally grown Cr O and physical vapor deposited2 3

La O is feasible and will supposedly inherit the attrib-2 3

utes of the Cr O template. However, there is a drawback2 3

of this process. Kirkendall voids could be observed near
the initial interface between the La O and Cr O layers,2 3 2 3

which might degrade the integrity of the coating. In
addition, introduction of a desired level of Sr dopant in
these coatings might be a challenge to using the sput-
tering technique.
On the other hand, the sol–gel precursor route is a

fast and simple process with much less expensive
equipments involved. It can be easily scaled up for mass
production. Doping with specific levels of elements such
as Sr is also straightforward. The feasibility of the sol–
gel process for synthesizing the doped LaCrO coatings3

has been demonstrated in this work. Initial results



71J.H. Zhu et al. / Surface and Coatings Technology 177 –178 (2004) 65–72

Fig. 8. Surface morphologies of the samples after oxidation of twelve 100-h cycles at 8008C in air: (a) without coating and(b) with
(La Sr )CrO coating.0.8 0.2 3

indicated the effectiveness of the sol–gel coatings in
reducing the electrical resistance of the oxide formed
after thermal exposure and increasing the scale adhesion
after cyclic oxidation. Further optimization of the sol–
gel process is in progress. Key issues being addressed
include (1) finding the best compromise between the
coating thickness and the number of passes needed to
get the required film thickness;(2) defining the optimal
conditions for achieving smooth surface and minimum
porosity and(3) more proactive control of the coating
stoichiometry and doping level to obtain the coating
with best performance.

4. Conclusions

Reactive formation of LaCrO coating on SS-4443

alloy via templated growth from thermally grown
Cr O and sputtered La O layers has been demonstrat-2 3 2 3

ed. Several drawbacks of this method have been identi-
fied, e.g. the formation of Kirkendall voids in the
coating. On the other hand, the sol–gel chelating pre-
cursor approach is a simple, cost-effective method for
synthesizing the LaCrO -based coatings on interconnect3

alloys. The sol–gel coatings improved the oxidation
resistance and scale adhesion of the alloy substrate after
cyclic oxidation in air at 8008C, and the coated samples
show much lower electrical resistance compared to the
uncoated samples after similar thermal exposure for 100
h at 8508C.
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