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bstract

An economical dip coating process was developed to synthesize uniform, crack-free, and adherent thin nanocrystalline LaCrO3 films on a
erritic stainless steel substrate for the solid oxide fuel cell interconnect applications. LaCrO3 perovskite phase was formed after annealing in air
t 800 ◦C for 1 h for both the LaCrO and La O precursors. The effectiveness of the coating in improving the oxidation resistance of the alloy
3 2 3

as demonstrated by both isothermal and cyclic oxidation tests. The LaCrO3 coatings were found to cause a pronounced reduction in oxidation
ate of the alloy, especially with low La-content precursors. The area-specific resistance of the oxide scales formed on the bare and coated alloy
ubstrates was also evaluated and discussed.

2007 Elsevier B.V. All rights reserved.
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. Introduction

As the operating temperature of solid oxide fuel cell (SOFC)
educes to below 800 ◦C, metallic alloys can be used as the
nterconnect material. Metallic interconnect offers many advan-
ages over ceramic interconnect, such as high thermal and
lectrical conductivity, good ductility, and low cost of raw mate-
ials and fabrication, etc. Cr2O3-forming alloys, such as Ebrite,
rofer-22APU and Haynes 230 are promising candidates for the

nterconnect applications because these alloys form a thin, pro-
ective layer of Cr2O3 scale on the alloy surface upon thermal
xposure. Ferritic Cr2O3-forming alloys are especially attrac-
ive because of their low cost and close match in coefficient
f thermal expansion (CTE) with other fuel cell components.
ne major concern with these alloys is their long-term stability

nd compatibility with other fuel cell components as a result of
ontinuous Cr2O3 scale growth [1–3] and Cr migration to the

athode side through gaseous Cr species [4]. While the Cr2O3
cale growth increases the area-specific resistance (ASR) of the
xide scale, the migration of Cr species to the cathode side can

∗ Corresponding author. Tel.: +1 931 372 3186; fax: +1 931 372 6340.
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ause the degradation of the cathode performance during cell
peration [5–8].

To mitigate these problems, surface modification or sur-
ace coating on the Cr-containing ferritic alloy substrate is an
ttractive approach. The surface coating, if dense and crack-
ree, is expected to act as a seal to the volatile Cr species
nd provide oxidation protection for the metallic substrate.
ome of the major criteria for coating selection are low Cr
vaporation rate, adequate electrical conductivity, close CTE
atch with the substrate, and high thermal stability at SOFC

perating environments. Several perovskite materials, such as
oped LaMnO3, LaCoO3, LaFeO3, and LaCrO3 are potential
hoices. LaCrO3-based coating attracts more attention because
f its high stability in both reducing and oxidizing atmo-
pheres, reasonable electrical conductivity, proper CTE match
ith the metallic substrate, and lower Cr evaporation rate than
r2O3.

There are many techniques to deposit coatings on metallic
ubstrates, such as sputtering [9], electron-beam physical vapor
eposition (EB-PVD), laser ablation [10], chemical vapor

eposition (CVD), screen-printing [11,12], plasma spraying
13], and wet chemical techniques [14–16]. Among these
echniques, both PVD and CVD have the disadvantages of
elatively low deposition rates, expensive equipment, high
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eposition temperature, and/or involvement of corrosive gases
n some cases. Screen-printing is economical and can produce
oatings with thickness larger than 10 �m, but the coatings
re usually porous. The sol–gel route, which is usually for
hin film (less than 1 �m) deposition, offers the advantages
f good homogeneity and composition control, low sintering
emperature, low cost, and ease of scale-up, etc.

Although many attempts have been made to deposit protec-
ive coatings on metallic substrates by various methods [10–17],
ery few papers focused on the effect of the coatings on mass
hange of the alloys and ASR change of the oxide scale over long
eriods of oxidation at high temperatures [9,18]. In this paper,
n economical dip coating process was used to synthesize thin,
ense, and uniform coatings of LaCrO3 on Ebrite substrates
rom both LaCrO3 and La2O3 precursors. It is found that the
eposited La2O3 layer reacts with the thermally grown Cr2O3
o form LaCrO3 upon thermal exposure [15,19,20]. The effec-
iveness of these coatings was evaluated by both isothermal and
yclic oxidation tests at 900 ◦C in air. The surface structures and
orphologies of the coated and bare samples before and after

xidation tests were examined with a number of techniques. The
SR of the coated samples after long-term oxidation was also

valuated.

. Experimental procedures

.1. Coating synthesis

Two series of La2O3 and LaCrO3 precursor solutions
or dip coating were prepared via the following procedure:
a(NO3)3 (99.999% pure, Alfa Aesar, Ward Hill, MA) or
a(NO3)3 with Cr(NO3)3 (99% pure, Sigma–Aldrich, Mil-
aukee, WI) were dissolved in distilled water, citric acid

99.5+% pure, Alfa Aesar, Ward Hill, MA) was then added
s a chelating agent. The solutions were stirred overnight
ntil homogeneous solutions were achieved. These solutions
ere heated on a hot plate at about 80 ◦C to expel water and

chieve a desired concentration. Concentrations from 0.05 to
.25 mol L−1 (M) were used in both cases. A surface tension
elieving agent was added into the solution to increase sur-
ace wettability. A commercial iron-based alloy Ebrite with the
omposition of Fe–26Cr–1Mo–0.02Mn–0.24Si (all in wt.%, as
rovided by the industrial supplier) was selected as the sub-
trate for this study. The as-received sheet was first cut into a
0 mm × 10 mm × 0.5 mm square plate, followed by grinding
nd polishing to a 0.3 �m Al2O3 finish. The polished samples
ere then cleansed ultrasonically in acetone for 5 min prior to
ip coating.

The dip coating process was performed with a KSV sin-
le vessel dip coater (KSV Instrumental Ltd., Monroe, CT),
ith a linear immersing and pulling speed of 1 mm s−1. The

oated specimens were dried at 80 ◦C, followed by calcination
t 600 ◦C for 10 min in the furnace. To build up the thickness

f the coating, the whole coating process was repeated sev-
ral times with intermediate drying and calcinations. Finally,
he coated specimens were annealed at 800 ◦C for 1 h in
ir.
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.2. Oxidation tests

Short-term isothermal oxidation tests of the LaCrO3-coated
pecimens (10 coating runs) were carried out in a Cahn thermo-
alance with a linear heating rate of 75 ◦C min−1 to determine
he oxidation kinetics. The samples were oxidized at 900 ◦C for
0 h in flowing air with a volumetric flow rate of 45 mL min−1.
he mass change of the sample was recorded as a function of

ime.
Long-term cyclic oxidation tests of coated Ebrites (10 coating

uns) were carried out in stagnant air using a box furnace. Each
ycle consists of heating to 900 ◦C in 45 min, holding at 900 ◦C
or 100 h, and furnace cooling to 100 ◦C; the total number of
ycles is 10 for each sample, with a cumulative exposure time
f 1000 h. The mass change of the samples was recorded for each
ycle after the samples were cooled down to room temperature
n a desiccator to avoid moisture pick-up.

.3. Microstructural characterization

The surface structure and morphology of the bare and coated
amples before and after oxidation were analyzed using X-ray
iffraction (XRD) and scanning electron microscopy (SEM).
he thickness of the as-deposited coating or thermally grown
xide scale was estimated by SEM cross-sectional observation
efore and after oxidation.

.4. Electrical resistance of the oxide scales

The ASR of the oxide scale formed on the bare and coated
pecimens after oxidation was measured as a function of tem-
erature in air by using a 2-point, 4-wire approach [21]. The
wo oxidized surfaces of the sample were covered with Pt paste
nd cured at 850 ◦C for 30 min. Two Pt meshes each with two Pt
eads were fixed on top of the Pt paste to collect current. A con-
tant current of 10 mA was passed through two Pt leads on each
ide and the voltage between the other two leads was recorded.
he ASR was calculated according to Ohm’s law, ASR = SV/2I,
here S, I, and V are the Pt covered surface area of the sample,

he applied current, and the measured voltage drop, respectively.
factor of 2 is used to account for the fact that the voltage drop
as measured across two oxide scales formed on both sides of

he sample surfaces.

. Results and discussion

.1. Thin film formation

Fig. 1 shows the surface morphologies of the LaCrO3 coat-
ngs on the Ebrite substrate after annealing in air at 800 ◦C for
h. A uniform, smooth, and adherent coating was achieved

or the whole surface area in all cases. However, the coatings
rom LaCrO3 and La2O3 precursors exhibited different surface

orphological features. For the coatings prepared from low con-

entration LaCrO3 precursor (e.g. 0.05 M precursor), as shown
n Fig. 1(a), the coating consisted of many fine grains of less
han 100 nm in diameter. The coating was very thin since the
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ovskite phase with strong peaks of (1 1 0) and (2 2 0), while the
low concentration precursor (e.g. 0.05 M) resulted in perovskite
structure with a strong peak of (2 0 0). XRD results indicate that
Cr2O3 was also formed on the surface of the substrate in all
ig. 1. SEM surface morphologies of LaCrO3- and La2O3-coated Ebrite sample
oncentration of (a) 0.05 M and (c) 0.25 M, and La2O3 coating with a precursor

rinding marks on the substrate can be clearly seen in the SEM
icture. This conclusion was further confirmed by the low inten-
ity of the perovskite peaks compared to that of the substrate in
he XRD results. However, no cracks or pinholes can be found
n the coatings. For the coating from high LaCrO3 concentration
recursor (0.25 M), which was shown in Fig. 1(c), the grains of
aCrO3 coating were connected to each other to form a network
f fine and roundish dendrite structures, with grain boundary and
few pinholes present in the coating. As the precursor concen-

ration increased, both the thickness and grain size of the coating
ncreased. Perovskite phase was formed without any preferred
rientation in the coating, as implied by XRD results (Fig. 5).
he surface morphology of the LaCrO3 coating from 0.25 M
recursor was very similar to that of the LaCrO3 coatings fabri-
ated through RF sputtering by Orlovskaya et al. [22] and spin
oating by Belogovsky et al. [18]. Compared to the coating by
rlovskaya et al., the coating from sol–gel process was more
niform and smooth over a larger scale.

The LaCrO3 coatings from the La2O3 precursor consisted
f uniformly self-assembled grains, especially for the 0.25 M
recursor. The grain size of LaCrO3 coating decreased with pre-
ursor concentration, from about 300 to 100 nm in diameter as
he concentration of the precursor increased from 0.05 to 0.25 M.
he coatings were also relatively thin as the grinding marks were
till visible in the SEM pictures. The thickness of the coating
ncreased with coating runs. Fig. 2 shows the XRD patterns of

he LaCrO3 coatings from different concentration of La2O3 pre-
ursors with different numbers of coating runs. The intensity of
aCrO3 peaks increased with the La2O3 precursor concentra-

ion and the number of coating runs. It is interesting to note
F
r

oating runs) after annealing at 800 ◦C for 1 h: LaCrO3 coating with a precursor
entration of (b) 0.05 M and (d) 0.25 M.

hat the relative intensity of the perovskite peaks was different
or the precursors with different concentrations. Precursors with
high concentration (e.g. 0.25 M) led to the formation of per-
ig. 2. XRD patterns of La2O3-coated Ebrite samples with different coating
uns and precursor concentrations.
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ig. 3. Isothermal oxidation kinetics of the bare and LaCrO3-coated Ebrite
amples at 900 ◦C for 50 h.

a2O3 precursor coated samples after annealing at 800 ◦C for
h.

.2. Oxidation behaviors of uncoated and coated samples

Fig. 3 plots the mass changes of the bare substrate and
aCrO3-coated substrate at 900 ◦C in air for 50 h, which was
arried out with a Cahn thermo-balance. A near parabolic behav-
or was observed for both bare and coated samples. According
o the parabolic law:

�W

A

)2

= kot (1)

here �W is the weight change, A the surface area of the
ample, ko the parabolic rate constant, and t is the oxida-
ion time. From Fig. 3, the rate constants ko for both bare
nd coated samples were calculated to be 1.07 × 10−12 and
.99 × 10−13 g2 cm−4 s−1, respectively. The parabolic rate con-
tant of the bare Ebrite was very close to that reported by Huang
t al. (9.8 × 10−13 g2 cm−4 s−1) [2] and Belogovsky et al. [18].
he parabolic rate constant of LaCrO3 coated samples was 5

imes lower than that of bare substrate, indicating the effective-
ess of the coating in reducing the oxidation rate of the Ebrite
ubstrate at the early stage of oxidation.

The mass change curves of the bare and coated Ebrite cycli-
ally oxidized at 900 ◦C in air are given in Fig. 4. The samples
ere oxidized for 10 cycles, with each cycle of 100 h and the

umulative oxidation time of 1000 h. All the coated samples
xhibited smaller mass gains than the bare Ebrite substrate
nitially; the bare substrate had an initial weight change of

.40 mg cm−2 for the first 100 h, while the LaCrO3-coated spec-
men from 0.05 M LaCrO3 precursor only had a weight change
f 0.17 mg cm−2, less than half of that for the bare substrate. It
s clearly shown that the coating protected the substrate effec-

e
p
t
r

ig. 4. Mass changes of LaCrO3- and La2O3-coated Ebrite during cyclic oxi-
ation test (ten 100-h cycles) at 900 ◦C in air.

ively from oxidation at high temperatures. For each type of
recursor, the mass gain increased with the precursor concentra-
ion. Overall, the La2O3 precursor-coated specimens had larger
eight gains than the LaCrO3 precursor-coated specimens with
similar precursor concentration, possibly because the La2O3

recursor-coated specimen would consume the Cr2O3 subscale
o form LaCrO3. As the oxidation continued, the oxidation
urves could be divided into two categories. The first category
ith low precursor concentrations of LaCrO3 (both 0.05 and
.10 M) and La2O3 (0.05 M) exhibited a slower mass increase,
hile the second category with high concentrations of LaCrO3

0.25 M) and La2O3 (both 0.10 and 0.25 M) registered a faster
ass increase. No spallation of the coating was observed during

xidation tests in all cases.
The phase structures of the coatings before and after cyclic

xidation tests were characterized by XRD. Because the phase
tructures of the coatings from the same types of precursors
ere very similar, only the results for the coating from the
.25 M LaCrO3 and La2O3 precursors were given here, as shown
n Figs. 5 and 6, respectively. After the oxidation test, Cr2O3
as the major oxidation product formed on the Ebrite sub-

trate without coating, with a small amount of the spinel phase,
s shown in Figs. 5 and 6. For the LaCrO3-coated specimens
Fig. 5), Cr2O3 was also formed between the coating and sub-
trate. However, the peaks of the perovskite coating retained
ven after 1000-h oxidation at 900 ◦C, although the inten-
ity of the LaCrO3 peaks became weaker with oxidation time.
ther than the perovskite and Cr2O3 peaks, spinel phase also

ppeared as a major oxidation product on the coated specimens.
he La2O3 precursor-coated specimens after the oxidation tests
xhibited very similar XRD results (Fig. 6) as the LaCrO
3
recursor-coated specimens, with Cr2O3 and spinel formed on
he coated samples while the LaCrO3 perovskite phase was still
etained.
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ig. 5. XRD patterns of LaCrO3-coated Ebrite before and after cyclic oxidation
est at 900 ◦C in air for different times.

Fig. 7 shows the surface morphology and cross-section of
he oxide scale formed on bare Ebrite substrate after oxidation
t 900 ◦C for 1000 h. The oxide scale was composed of small
r2O3 nodules with about 2–5 �m in diameter. The thickness of

he Cr2O3 scale after oxidation at 900 ◦C for 1000 h was about
–6 �m. Some porosity was observed at the interface between
he oxide scale and substrate.

The surface morphologies of the LaCrO3-coated Ebrite after
he oxidation test were different from that of substrate. The coat-
ng surface from low concentration LaCrO3 precursor (0.05 M)
as composed of very fine particles with isolated large parti-

les on top, see Fig. 8(a). EDS results indicated that the large

articles were pure Cr2O3 which were embedded in a layer of
Fe,Cr)3O4 spinel. Cross-section of this sample [Fig. 9(a)] indi-
ated that there were two layers of oxides formed, the top one
ith (Fe,Cr)3O4 spinel structure and the bottom one Cr2O3. No

i
p
i
a

Fig. 7. Surface morphology and cross-section of the Ebrite substrate after th
ig. 6. XRD patterns of La2O3-coated Ebrite before and after cyclic oxidation
est at 900 ◦C in air for different times.

istinctive LaCrO3 layer could be observed because this layer
as too thin and was partially dissolved into the oxide scale

fter the oxidation test. The thickness of the two oxide layers of
pinel and Cr2O3 was about 0.5 and 2–3 �m, respectively. The
est of the coatings, including the coating from 0.25 M LaCrO3
recursor and all of the La2O3 precursors, exhibited another
eature, as shown in Fig. 8(b)–(d). The coatings were composed
f large, convoluted, “worm-like” grains, which were twisted
ith each other. These elongated grains had a diameter of about
0–20 �m. SEM image with high magnification of these grains
evealed that these grains were made of small particles of 500 nm
n diameter. The thickness of the oxide scale for all coated sam-

les was similar, about 4–6 �m. The thickness of the oxide scale
s consistent with the mass gain after cyclic oxidation tests for
ll the samples.

e oxidation test at 900 ◦C for 1000 h: (a) surface and (b) cross-section.



Z. Lu et al. / Journal of Power Sources 178 (2008) 282–290 287

F les af
c conc

E
s
o
a
t
o
t
s
m
c
s
w
i
L

o
L
i
L

c
r
L
c
s
t

F
L

ig. 8. Surface morphologies of the LaCrO3- and La2O3-coated Ebrite samp
oncentration of (a) 0.05 M and (c) 0.25 M, and La2O3 coating with a precursor

The ultimate goal of forming the LaCrO3 coating on the
brite substrate is to improve the oxidation resistance of the
ubstrate and at the same time, to reduce Cr migration from the
xide scale to the cathode side. Both the isothermal (Fig. 3)
nd cyclic (Fig. 4) oxidation test results clearly demonstrated
hat the coating was effective in reducing the oxidation rate
f the substrate. However, the oxidation behaviors varied for
he different coatings, which is probably due to the different
tructures of the coatings resulting from the specific formation
echanisms. For the LaCrO3 precursor, the perovskite phase

an directly be formed from the precursor since the precur-

or contains both La and Cr; for the La2O3 precursor, La2O3
ill be formed right after film synthesis, then the La2O3 coat-

ng will consume the thermal-grown Cr2O3 scale to form the
aCrO3 perovskite during subsequent annealing. XRD results

L
t
a
n

ig. 9. Cross-section of the coated Ebrite samples after the oxidation test at 900 ◦C fo
a2O3 coating with a precursor concentration of 0.05 M.
ter the oxidation test at 900 ◦C for 1000 h: LaCrO3 coating with a precursor
entration of (b) 0.05 M and (d) 0.25 M.

f the La2O3 precursor-coated samples show no peaks from
a2O3; instead, LaCrO3 and Cr2O3 peaks appeared after anneal-

ng at 800 ◦C for 1 h (Fig. 2). For LaCrO3-coated samples, only
aCrO3 peaks were detected in the XRD patterns (Fig. 5).

The Ebrite substrate had a larger initial mass gain than the
oated samples for the first 100-h oxidation. The mass increase
ate then slowed down after 400-h oxidation. The mass gain of
a2O3 precursor-coated samples from high concentration pre-
ursor (e.g. 0.25 M) had a lower initial mass gain than the bare
ubstrate. Nevertheless, its mass gain increased more rapidly
han that of the bare substrate. After 600-h oxidation, the 0.25 M

a2O3 precursor-coated sample even had larger mass gain than

he bare substrate. An unambiguous explanation is still unavail-
ble at this stage. Clearly, the evaporation of Cr at 900 ◦C could
ot fully account for more rapid weight increase of the 0.25 M

r 1000 h: (a) LaCrO3 coating with a precursor concentration of 0.05 M and (b)
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therefore, includes only that of the oxide scale itself and its
interfaces with the alloy and electrodes. Since in the current
2-probe 4-wire method, a low constant current is used, the inter-
facial polarization is also negligible [2]. Fig. 11 presents the
ig. 10. Simulated curves of mass change due to oxidation and Cr evaporation,
ssuming ko and ke to be 10−12 and 2.6 × 10−11 g cm−2 s−1, respectively.

a2O3 precursor-coated samples, as the following discussions
emonstrated this point clearly.

Due to the Cr evaporation at high temperatures, the net mass
hange of the sample is a combination of oxidation and Cr evap-
ration. Oxidation of the sample will pick up oxygen from the
tmosphere, while Cr evaporation will cause mass loss of the
ample. The mass changes due to oxidation and Cr evaporation
s proportional to the square root of time and time, respectively.
herefore, the weight change of the sample can be expressed as

�W

A
=

√
kot − ket (2)

W, A and ko have the same meanings as in Eq. (1); ke is the evap-
ration rate constant of Cr species. ko has the value at the order
f 10−12 g2 cm−4 s−1 for Ebrite substrate from our results, as
ell as the results by Huang et al. and Belogovsky et al. [2,18].
or pure Cr2O3-forming alloys such as Ducralloy, ke has the
eported value of 1.32 × 10−11 and 4.92 × 10−11 g cm−2 s−1 at
50 and 950 ◦C, respectively [23]. Therefore, ke is approximated
o be 2.6 × 10−11 g cm−2 s−1 at 900 ◦C, assuming ke is exponen-
ial to the reciprocal of temperature. Fig. 10 shows the simulated
urves of mass change over time with the consideration of both
xidation and Cr evaporation. It can be clearly seen that Cr evap-
ration at this temperature will not make significant contribution
o the net mass change. After 1000 h at 900 ◦C, the weight loss
ue to Cr evaporation is about only 6% of mass gain due to oxi-
ation. Therefore, Cr evaporation is not the major reason for the
aster weight increase of La2O3 precursor-coated samples than
he Ebrite substrate, even though the deposition or formation of
aCrO3 thin film on the substrate is expected to suppress the Cr
vaporation because the Cr volatility of LaCrO3 is more than 3
rders of magnitude lower than that of Cr2O3 [24].
One possible explanation for the rapid oxidation of coated
amples from high concentration precursors is related to the so-
alled reactive element effect (REE) [25]. It was discovered long
ime ago that minor additions of rare earth elements in Al2O3- or

F
t

urces 178 (2008) 282–290

r2O3-forming alloys greatly improved the oxidation resistance
nd the scale-alloy adhesion. Although the mechanism of REE is
till not well understood, its commercial application and impor-
ance has been widely recognized and investigated [26–28]. The
mount of reactive element needed in the alloy to produce the
EE is typically between 0.1 and 0.2 at.%. However, amounts
ver 1 at.% generally lead to a deterioration in the scale adhe-
ion and fast oxidation. Our cyclic oxidation results indicates
hat for the same type of precursor, the mass gain increased
ith the precursor concentration. Therefore, the lower precur-

or concentration leads to lower reactive element content in the
urface region of the alloys, which is probably more close to the
esired concentration. Further increase in the precursor concen-
ration seems detrimental to the oxidation resistance, because
f the over-doping of the reactive elements. This conclusion
s further supported by the fact that the La2O3 precursor-coated
amples from 0.05 M precursor had very similar mass gains with
he LaCrO3 precursor-coated ones from 0.10 M precursor up to
00 h oxidation because they essentially had the same La content
n the precursor.

.3. ASR of the oxidized samples

The ASR that reflects both the electrical conductivity and
he thickness of the oxide scale has been adopted to evaluate
he electrical properties of the oxidized samples. It is generally
ssumed that the resistivity of the metallic substrate is negligi-
le compared to that of the oxide scale. The measured ASR,
ig. 11. ASR of the bare and coated Ebrite samples after the cyclic oxidation
est at 900 ◦C in air for 1000 h.
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SR/T of the bare and coated Ebrite samples versus 104/T
fter the oxidation test at 900 ◦C for 1000 h. It is intriguing
hat although the coated samples from low La concentration
recursors had thinner oxide scales than the bare substrate and
igh La concentration precursor-coated samples, all the ASRs
ere very similar, especially at high temperatures. However,

he ASR of bare substrate increased more quickly than that of
he coated ones. Therefore, at low temperatures, oxidized Ebrite
ubstrate possessed the higher ASR than the coated Ebrite sam-
les. Among the coated samples, the one from 0.1 M La2O3
recursor had the lowest ASR after the oxidation test. From
ig. 11, the apparent activation energies, Ea, for the ASR were
btained by fitting to an Arrhenius expression and plotted in
ig. 12:

ASR

T
= A0 exp

(
Ea

RT

)
(3)

here A0 is a constant, R the gas constant, and T is the abso-
ute temperature. The activation energies of the uncoated and
oated samples decreased with La concentration of the precur-
ors, as Fig. 12 illustrates. The uncoated Ebrite has activation
nergy of 1.06 eV, while the activation energies of the coated
amples decreased from 0.98 to 0.85 eV as the La concentra-
ion of the precursor increased from 0.05 to 0.50 M. Huang et
l. [14] reported the activation energies of 0.90 and 0.71 eV
or uncoated and Y-coated Ebrite, which are very similar to
ur results. According to Huang et al., the apparent activation
nergy contains contribution from the electrode/scale interface
�Hi), the oxide scale (�Hm), and the metal/scale interface
�Hj). In our case, because we used the same electrode mate-
ial (Pt) in all electrical conductivity measurements, �Hi should

emain approximately same, so the difference must result from
ither �Hm or �Hj or both. Therefore, the reduction of acti-
ation energy either comes from the change of the oxide scale
ormed on the substrate or the improved oxide scale/alloy inter-

ig. 12. Activation energies for the oxidized samples from the precursors with
arious La concentrations.

D

R

[

[

[
[
[
[

[
[
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ace adhesion. It is still unclear why the sample from a higher
a-content precursor has a reduced activation energy at this
tage.Conclusions

A thin, dense, crack-free, and adherent nanocrystalline
aCrO3 coating was successfully deposited on Ebrite substrate
y dip coating. Different concentrations of the precursor solu-
ions led to different surface morphologies of the coating after
nal annealing at 800 ◦C for 1 h. The coating with 0.05 M
aCrO3 precursor reduced the weight gain of the Ebrite sub-
trate at 900 ◦C from 0.40 to 0.17 mg cm−2 for 100 h and from
.76 to 0.39 mg cm−2 for 1000 h. No spallation was observed in
ll cases. The thickness of the thermally formed oxide scale of
ncoated Ebrite substrate was about 6 �m, while the thickness
or the coated samples from low La concentration precursors
educed to about 3 �m after oxidation at 900 ◦C for 1000 h. The
aCrO3 phase was still retained in the coating after oxidation at
00 ◦C for 1000 h. ASR results revealed that the LaCrO3 coating
lso reduced the ASR of the oxide scale formed during oxidation,
specially at low temperatures. Reactive element effect might be
sed to explain the observed oxidation rate for the coated alloys.
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