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a b s t r a c t

La0.8Sr0.2Ga0.8Mg0.2O3 (LSGM) deposit in free standing planar shape was prepared by atmospheric plasma
spraying (APS) to examine the coating microstructure and electrical conductivity to aim at applying APS
LSGM to solid oxide fuel cells (SOFCs). The electrical conductivity of the plasma-sprayed LSGM coating
was investigated. The coating microstructure was characterized by X-ray diffraction and scanning electron
microscopy. The result showed that a fraction amorphous phase was present in the as-sprayed LSGM

◦

eywords:
olid oxide fuel cell
lasma spraying
oating
a0.8Sr0.2Ga0.8Mg0.2O3 (LSGM)

deposit, which starts to recrystallize at the temperature of 785 C. The electrical conductivities of the
LSGM with recrystallization treatment are 0.04 and 0.09 S cm−1 at 1000 ◦C at the directions perpendicular
and parallel to the coating surfaces, respectively. The electrical conductivity at perpendicular direction is
about one-tenth that of sintered bulk at 1000 ◦C. This result is due to the lamellar structure feature with
the limited interface bonding which dominates the electrical conductivity of APS coatings. The activation
energy for ion conduction within APS-deposited LSGM deposit depends on temperature range. The change
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. Introduction

With the development of solid oxide fuel cell (SOFC), one of the
ajor concerns is to reduce its operating temperature from 1273 K

o that lower than 1073 K. A reduction of operating temperature
ill allow for easing the serious problems involved in high temper-

ture operation, such as the materials selection of current collector
nd degradation of cell components. To reduce the operation tem-
erature, utilizing the high ionic conductive materials than the
onventional Y2O3 stabilized ZrO2 (YSZ) as an electrolyte is much
oncerned recently. The perovskite oxide, LaGaO3 doped with mag-
esium and strontium, exhibits a higher ionic conductivity than YSZ
ver a wide range of oxygen partial pressure with a typical conduc-
ivity about 0.10 S cm−1 at 800 ◦C [1,2]. It is therefore expected that
he operating temperature of the SOFC can be decreased by using
aGaO3-based oxide as the electrolyte of SOFC.

On the other hand, the commercialization efforts on SOFC sys-

ems are recently oriented to cost reduction in order to compete

ore effectively with other traditional power generating methods.
tmospheric plasma spraying (APS) is regarded as one of the most
romising processing method for the production of solid oxide fuel
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hat the ion transportation dominant changes with temperature.
© 2008 Elsevier B.V. All rights reserved.

ells because of its fast deposition rate and cost-effective char-
cteristic compared with other film formation processes such as
lectrochemical vapor deposition (EVD) [1], vacuum plasma spray-
ng (VPS) [2], sol–gel methods [3], dip-coating [4], sputtering [5],
nd so on. APS has been widely employed to fabricate anode [6],
athode [7], and interconnector [8] which are used to assemble
OFCs. Many attempts have been made to deposit electrolyte by
PS. Although a fraction of porosity from several percent up to
0% can be formed in the thermal spray coatings [9], which may

ead to significant gas permeation and limit the energy conversion
fficiency, it was demonstrated that through post-spray densifying
reatment the gas permeability of APS electrolyte can be adjusted
o the level satisfactory for SOFC operation [10–13].

The previous investigations have shown that the dense APS YSZ
oating can be obtained by impregnating yttrium and zirconium
itrate solution into the coating followed by heat treatment at
00 ◦C for 30 min [12,13], and the output performance of single
ell fabricated by APS was promising. The open circuit voltage is
omparable to the theoretical value and the maximum power den-
ity can reach 900 mW cm−2 [14]. Therefore, APS electrolyte with
ost-spray densifying treatment can also be applied to assemble

OFC.

In this study, the La0.8Sr0.2Ga0.8Mg0.2O3 (LSGM) coating was
eposited by APS and the coating microstructure and electri-
al conductivity were characterized. The influence of coating
icrostructure on its electrical conductivity was examined to

http://www.sciencedirect.com/science/journal/03787753
mailto:licx@mail.xjtu.edu.cn
mailto:xie.yingxin@zte.com.cn
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Fig. 1. Cross-sectional morphology of LSGM feedstock powders.

eveal the dominant microstructure parameters over electrical con-
uction of APS LSGM coating.

. Materials and experimental

.1. Sample preparation

La0.8Sr0.2Ga0.8Mg0.2O3 powder used for spray deposition in this
tudy was prepared by a conventional solid phase reaction and sin-
ering processes with La2O3, SrO, Ca2O3, and MgO. LSGM powders
ere embedded in epoxy resin for their microstructure exami-
ation. After metallographic grinding and polishing, the powder
pecimens were characterized using a scanning electron micro-
cope. The cross-sectional morphology of LSGM feedstock is shown
n Fig. 1. The nominal particle size ranges from 10 to 55 �m. The
ree standing LSGM specimens (Ø16 mm × 1.2 mm) was prepared
y a commercial plasma spraying system (GDP-80, 80 kW class, JIU-
IANG) under a plasma power of 22.4 kW (32 V × 700 A) and a spray
istance of 100 mm. An Ar plasma was used to melt and acceler-
te the powders. Argon was used at 0.8 MPa. The flow of argon was
xed to 47 l min−1. The LSGM coating was deposited with plasma

et traversing perpendicularly to sample surface. During spraying,
he gun held horizontally was set to move over a support in a recip-
ocating manner at a speed of 320 mm s−1 with a step of 3 mm.

The crystalline structure of both powder and deposited coat-
ng was characterized by X-ray diffraction analysis (XRD) (Rigaku
/max-2400). Scanning electron microscope (SEM) was employed

o characterize the morphology of powders and microstructure of
he coating.

.2. Measurement of electrical conductivity

The electrical conductivity of the LSGM deposit along the lamel-
ar direction was measured by a four-probe dc method. The free
tanding specimens were 20 mm in length and 8 mm in width and
pproximately 700 �m in thickness. The measurement of electri-
al conductivity of LSGM coatings perpendicular to the lamellar
irection was carried out using potentiostat/galvanostat based on

dc three-electrode approach from 600 to 1000 ◦C. The impedance

pectroscopy was tested at a frequency range of 0.1 Hz to 30 kHz
sing a combined system of potentiostat/galvanostat and frequency
esponse analyzer. Platinum slurry was pasted on both sides of
he sample in an area of a diameter of 10 mm. The pasted sample

c
p
o
L

ig. 2. XRD pattern of the as-sprayed LSGM coating in comparison with those of the
tarting powder and the annealed specimens.

as dried at 100 ◦C for 30 min and then heat-treated at 850 ◦C for
0 min. The heating rate was 5 ◦C min−1. The platinum reference
nd counter electrodes were connected to one side of the sam-
le, while the working electrode was connected to the other side.
he electrical conductivity of the plasma-sprayed LSGM deposit,
nnealed at 850 ◦C for 30 min, at the directions perpendicular and
arallel to the direction of LSGM deposit surface was measured.

. Results and discussions

.1. Microstructure of the plasma-sprayed LSGM

The XRD patterns of the as-sprayed LSGM coating and starting
owder are shown in Fig. 2. From the XRD pattern, the start-

ng LSGM feedstock only consisted of a single perovskite phase.
owever, a broad peak, which suggests the formation of an amor-
hous phase, was present in the XRD pattern of plasma-sprayed
SMG besides peaks of LSGM perovskite phase. The formation of
he amorphous phase is associated with the rapid quenching of
roplets in plasma spray process. This result was also reported by
a et al. [15].
In order to determine the recrystallization temperature of the

morphous phase in the as-sprayed LSGM deposit, the DSC anal-
sis was carried out at a heating and cooling rate of 5 ◦C min−1 at
he ambient atmosphere. Fig. 3 shows the DSC curve obtained for
he as-sprayed LSGM deposit. It can be seen from the DSC curve,
n exothermic reaction took place at about 785 ◦C. It was con-
idered that this reaction corresponds to the recrystallization of
he amorphous phase in the as-sprayed deposit. To confirm the
ecrystallization of the as-sprayed LSGM deposit, the deposit was
nnealed at temperatures of 600, 700, and 800 ◦C and the XRD pat-
erns of the annealed coatings were shown in Fig. 2. It can be found
hat full crystallization was achieved after a post-heat treatment at
00 ◦C for 150 min. This fact is consistent with the DSC analysis. It
an also be found that the phase content did not change obviously
hen the deposits annealed at the temperature of 1150 ◦C for 10 h.
owever, from the XRD pattern, it is evident that a little amount of
gO phase was present in the post-annealed deposit.

Fig. 4a shows typical surface morphology of LSGM coating. It

an be recognized that the coating was deposited by well-flattened
articles. The vertical micro-cracks in flattened particles can be
bserved from the surface of the coating. This fact means that the
SGM coating was deposited by sufficiently molten spray parti-
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third total apparent interface [18]. The lamellar structure, especially
Fig. 3. DSC curve of the as-sprayed LSGM coating.

les. Fig. 4b shows a typical morphology of fractured sample, by
hich the lamellar structure of plasma-sprayed ceramics is clearly

evealed. It was clear that the coating consists of lamellar splats.
he non-bonded interface between splats was evidently present in
he coating. This is because a thermally sprayed deposit is formed
y a stream of molten droplets impacting on the substrate fol-
owed by flattening, rapid solidification, and cooling processes and
eposition of individual droplet is comparably independent. Fig. 4c
hows a polished cross-sectional microstructure of APS LSGM coat-
ng obtained by SEM. The voids are present in the coating, resulting
rom the insufficient filling and incomplete wetting of molten liquid
n previously formed rough coating surfaces. However, the lamellar
tructure is not clearly observed in Fig. 4c. This result is due to the
imitation of the direct observation of the coating microstructure
hrough microscopy analysis [16]. The lamellar structure feature
f thermal spray coating with limited lamellar interface bonding
eads to the anisotropy of coating properties and the reduction of
lectrical conductivity [12].

.2. Electrical conductivity of the plasma-sprayed LSGM

Fig. 5 shows the electrical conductivity of the plasma-sprayed
SGM coating as a function of temperature. The electrical con-
uctivity was measured at the both directions perpendicular
nd parallel to the coating surface. The electrical conductivity of
SGM coating in both directions increased with the increase of
easurement temperature. The measurement yielded electrical

onductivities of 0.04 and 0.09 S cm−1 at 1000 ◦C for the LSGM
oating at the directions perpendicular and parallel to the coating
urface, respectively. The electrical conductivity at parallel direc-
ion was about two times that along the perpendicular direction.
his result clearly revealed that LSGM coating prepared by plasma
pray presented an anisotropy in electrical conductivity.

According to the result reported by Ishihara et al. for LSGM with
he same compositions as that used in the present study [17], the
lectrical conductivity of LSGM bulk will be about 0.4 S cm−1 at a
emperature of 1000 ◦C. Therefore, it can be found that the electrical
onductivity of LSGM coating along the direction perpendicular to
oating surface is only about one-tenth that of LSGM bulk with the
ame compositions. On the other hand, the electrical conductivity

t the direction parallel to coating surface was about one-fourth
hat of bulk material.

Thermally sprayed coating has a typical lamellar structure. Voids
ncluding the non-bonded interface between splats and vertical

f
i
f
t

ig. 4. Surface and cross-sectional morphology of plasma-sprayed LSGM coating: (a)
urface morphology; (b) morphology of fractured cross-section; (c) mircostructure
f polished cross-section.

racks in individual splats are present in the coating. Only lim-
ted lamellar interfaces between splats in a plasma-sprayed ceramic
eposit are bonded together. The maximum bonding ratio between

amellar interfaces, which is defined as the ratio of the total bonded
nterface area to the total apparent interface area, is about one-
raction of the non-bonded interface area, dominates the mechan-
cal and physical properties of the coating. The microstructural
eatures of thermal spray coating leads obviously to not only reduc-
ion of coating parameters (e.g. mechanical properties including
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grain following the result reported by Huang et al. if grain boundary
is regarded as short-range order region. Due to the difference of
the activation energy of grain boundary from intragrain, the con-
tribution of different regions to the total electrical conductivity will
ig. 5. Influence of temperature on the electrical conductivity of the plasma-sprayed
SGM measured at both the directions perpendicular and parallel to the coating
urface.

oung’s modulus, fracture toughness; thermal conductivity, elec-
rical conductivity) but also the anisotropy in coating properties.
he previous investigations have showed that the electrical con-
uctivity of LSM [19] and YSZ [12] coating deposited by APS was
ne-fifth to one-third that of corresponding bulk materials. The
lectrical conductivity of plasma-sprayed LSGM coating obtained
n this study is lower than those previous results.

It has been reported that the electrical conductivities of LSGM
hanges with different Sr and Mg concentrations. The conductivity
f LSGM increases with the increase of Sr addition or Mg addition
rstly, and after it reaches the maximum, then it tends to decrease
17,20–22]. The electrical conductivity of La0.8Sr0.2Ga1−yMgyO3 will
e increased by 50% as the content of Mg increase from y = 0.05 to
.2 [20]. It can be found from the XRD patterns as shown in Fig. 2
hat a little amount of MgO phase was present in the post annealed
eposit. Therefore, it was considered that the electrical conductiv-

ty of plasma-sprayed LSGM coating is dominated by two factors.
ne factor is the lamellar structure and bonding condition between

amellae in the coating and another one is the content of Mg which
hanged in the post-heat treatment.

.3. Mechanism of electrical conduction of the plasma-sprayed
SGM coating

Fig. 6 shows the impedance spectra of the plasma-sprayed LSGM
oating obtained at 950 ◦C in air. The resistance for ion transfer
n a solid electrolyte consists of two parts: grain boundary resis-
ance and intragrain resistance. The impedance spectroscopy can
e employed to separate these contributions from the total resis-
ance, which is interpreted with the aid of the parallel-connected
esistor–capacitor (R–C) equivalent circuit [23]. With the equip-
ent used in this study, two arcs were present in the spectra at

igh temperature test range. The intercept of left semicircle in the
pectroscopy presents the grain boundary resistance of the coating
Rgb), while the intersection between the spectra at higher fre-
uency and the real axial presents the intragrain resistance (Rg),
nd the low frequency semicircle is attributed to electrode response
Rdl) [23–25].
The temperature dependency of the intragrain and grain
oundary conductivity of a typical plasma-sprayed LSGM coat-

ng determined by ac impedance technique was shown in Fig. 7.
he total electrical conductivity was attributed to the sum of the
ntragrain and grain boundary resistances. It can be found that

F
o

ig. 6. Impedance spectra of the plasma-sprayed LSGM coating tested at 950 ◦C and
he adopted R–C equivalent circuit.

he intragrain conductivity dominates the total conductivity at the
emperature higher than 700 ◦C because the resistance of grain
oundary is much less than the intragrain resistance, while with
he decrease of temperature from 700 ◦C mentioned above the ten-
ency in Fig. 7 shows that the influence of the grain boundary
onductivity gradually becomes dominant over the total conduc-
ivity.

It is clear that the activation energy depends on tempera-
ure range. This phenomenon has been reported for zirconia- or
eria-based systems by several investigators [25–28] although the
emperature where the activation energy changes is different with
ifferent systems. According to the intragrain–intergrain model
29], ion conduction will be dominated by the intragrain resistance
n the high temperature regime and dominated by grain boundary
esistance at lower temperatures. It can be found from Fig. 7 that
he activation energy of grain boundary conductivity is higher than
hat of intragrain conductivity. The average activation energies of
rain boundary and intragrain are 0.80 and 1.54 eV, respectively. It is
eported that the presence of short-range order would increase the
ffective activation energy for ion conduction [20]. It is reasonable
hat the activation energy of grain boundary is higher than intra-
ig. 7. Temperature dependency of the intragrain and grain boundary conductivities
f plasma-sprayed LSGM determined by ac impedance technique.
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hanges with temperatures. This phenomenon is consistent with that
bserved for bulk LSGM [21]. Therefore, it is evident that the dom-
nant factors to the ion conduction of LSGM deposit changes with
emperature range.

. Conclusions

The as-sprayed LSGM coating contained a fraction of amorphous
hase resulting from the rapid quenching of droplets in plasma
pray process. Full crystallization was achieved after a post heat
reatment at a temperature of 800 ◦C. The plasma-sprayed coating
resented a typically lamellar structure. The measurement yielded
he electrical conductivities of 0.04 and 0.09 S cm−1 at 1000 ◦C for
he LSGM coating at the directions perpendicular and parallel to
he coating surface, respectively. The electrical conductivity at the
erpendicular direction is about one-tenth that of sintered one at
000 ◦C. This fact suggested that the lamellar structure feature with
he limited interface bonding dominates the electrical conductivity
f APS coating.

It was found that the activation energy for ion conduction within
PS deposited LSGM deposit depends on temperature range. The
esults can be explained by the changing dominance of electrical
onductivity from the grain boundary impedance at low tempera-
ure to the intragrain impedance at high temperature.
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