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Abstract

In this work, microwave (MW) was used to sinter atmospheric plasma-sprayed 8 mol% yttria stabilized zirconia (YSZ) electrolytes coatings. Three
types of coatings were studied: pure YSZ coating, 5 wt% BaTiO3 filled YSZ coating and 10 wt% BaTiO3 filled YSZ coating. Microstructures and
ionic conductivities of as-sprayed and MW-sintered coatings were characterized. The results indicated that that the pure YSZ coating can hardly
be sintered by the MW sintering and it can only be heated up to 900 ◦C. For two composite coatings, BaTiO3 particles distributed in the composite
coating act as a good MW susceptor and thereby, a good heat source for sintering YSZ matrix. After a MW sintering at 1450 ◦C for about 30 min, an
obvious structural modification was noticed: the lamellar and columnar crystal features of as-sprayed plasma-sprayed YSZ coatings were modified
to equiax crystal in the sintered coatings. Ionic conductivity of sintered 5 wt% BaTiO3 filled YSZ composite coatings were elevated to about twice
of as-sprayed coating. A further increase of BaTiO content to 10 wt% in the composite coating enhanced the sintering efficiency, however, the
3

ionic conductivity of composite coatings was decreased.
© 2008 Elsevier Ltd. All rights reserved.
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. Introduction

Recent developments in solid oxide fuel cells (SOFCs) show
hat the biggest challenge for its industrial application is to
educe manufacturing cost.1 Therefore, the low cost manu-
acturing processes for SOFCs components are expected. At
resent, in most advanced SOFCs, 8 mol% yttria stabilized zir-
onia (YSZ) is widely used as electrolyte material due to its
igh performances in terms of oxygen ionic conductivity, ther-
al and chemical stability. Many technical routes, e.g. reactive

putter deposition, sol–gel, chemical vapor deposition (CVD),
lurry coating and vacuum slip casting, were used to prepare

SZ electrolyte coatings.2–4

Plasma spraying is a promising method due to its high depo-
ition rate, low cost and high flexibility. Low pressure plasma
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praying (LPPS) and atmospheric plasma spraying (APS) are
mployed to deposit YSZ electrolyte coatings.5–15 It has been
ointed out that, compared with APS YSZ coating, LPPS
SZ coating has a higher ionic conductivity and lower gas
ermeability.8 However, the relatively low cost of APS makes
his technique more competitive.

A plasma-sprayed YSZ coating is formed by a stream of
olten droplets impacting on a substrate. Individual molten

roplets spread to thin lamellas, the stacking of which consti-
utes the deposit. As a result, a plasma-sprayed YSZ deposit
s generally of lamellar structure. Pores, vertical cracks and
on-bonded interfaces were always presented in the obtained
SZ coating.16 Due to the lamellar structure and limited bond-

ng characteristic between lamellae, as-sprayed coating always
xhibits decreased mechanical and electrical properties. Pre-

ious studies indicate that the ionic conductivity of APS and
PPS YSZ electrolyte coating are about one-fifth to one-fourth
f the bulk YSZ electrolyte.13,17 In order to improve the coat-
ng electrical performance, some post-treatment techniques were
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Table 1
Thermal properties of BaTiO3 and ZrO2

Specific heat (J/g) Thermal conductivity (W/m K) Dielectric loss factor (2.45 GHz)

1000 ◦C 1000 ◦C 25 ◦C 1000 ◦C
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aTiO3 0.59
rO2 0.64

eveloped by means of conventional heat sintering,18 chemical
olution densification technique13,19 and spark plasma sintering
echnique.7,12

Microwave (MW) sintering is a relatively new technique
mployed for sintering of ceramics. The advantage of MW
intering is volume heating and thereby, a uniform and rapid sin-
ering is possible.20 Additionally, compared with conventional
intering process in which heating begins from the material
urface, MW sintering lowers thermomechanical stresses in
aterials due to more uniform heat distribution.21 For a given
aterial, the power absorbed per unit volume could be calculated

s follow22:

= 2πfξ0ξ
′′|E|2 = 2πfξ0ξ

′
r tanδ|E|2 (1)

here E is the magnitude of the internal electrical field, ξ′′ is
he relative effective dielectric factor, ξ0 is the permittivity of
ree space, f is the microwave frequency, ξ′

r is the relative dielec-
ric constant, and tan δ is the energy loss required to store a
iven quantity of energy. Product of ξ0ξ

′′ (or ξ0ξ
′
r tanδ) is called

ielectric loss factor. The dielectric loss factor determines the
aterial coupling property, according to which materials can be

lassified into: transparent (low dielectric loss materials) – MW
ass through with little, if any, attenuation; opaque (conductors)
MW are reflected and do not penetrate; and, absorbing (high

ielectric loss materials) – absorb MW energy to a certain degree
ased on the value of dielectric loss factor.21

In general term, most ceramics have a low dielectric loss

actor or are transparent to MW radiation. When a low dielec-
ric loss factor material is subject to MW radiation, it may be
eated up slowly and this can lead to a plasma formation in
he cavity.20 One solution for this problem is to use a susceptor

t
i

Fig. 1. SEM powder morphologies
2.2–3.2 180 >180
2.2 0.0034 0.053

nstalled together with the low dielectric loss factor material in
he MW cavity.20,23,24 Correspondingly, the heating mechanism
s a combination of microwave heating and conventional heat-
ng by the filled susceptor. BaTiO3 is an ideal candidate material
or MW susceptor because of its high loss factors. The thermal
roperties and dielectric loss factor of BaTiO3 and ZrO2 are
hown in Table 1.20 It is clearly seen that BaTiO3 is a good MW
uspector candidate.

The investigations on MW sintering ceramic were very active
n recent years, however, most of the previous efforts contributed
o the sintering of bulk materials.25–27 It could be pertinent
o indicate that microwave sintering of plasma-sprayed YSZ
lectrolyte coatings was not reported before. In this paper, the
easibility of MW sintering on APS YSZ electrolyte coating
as studied. With considering the low dielectric factor of YSZ,
aTiO3 powders were incorporated into the YSZ powders to
eposit composite coatings. BaTiO3 is chosen as a MW suspec-
or material due to its high dielectric loss factor and its excellent
ecomposition resistance as well. The latter characteristic is very
mportant for plasma spraying process in which the feed-stock

aterials are subjected to a high temperature plasma flow. The
s-sprayed YSZ and BaTiO3–YSZ composite coatings were sin-
ered using a MW furnace respectively. The influence of BaTiO3
nd its content on the sintering efficiency, coating structure and
onic conductivity were investigated.

. Experimental
A commercially available 8 mol% YSZ powders (Marion
echnologies, France) was used as feedstock material. Fig. 1(a)
llustrates the morphologies of the YSZ powders. Powder size

of: (a) YSZ and (b) BaTiO3.
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Table 2
APS parameters used for deposition of coatings

Current (A) Power (kW) Ar (SLPM) H2 (SLPM) Carrier gas (Ar, SLPM) Spray distance (mm) Gun traverse speed (mm/s)

600 39.5 35 12 3.5 100 400
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Coating microstructures were examined before and after
MW sintering by scanning electron microscopy (SEM, JSM-
6360LV, JEOL, Japan). An energy dispersion spectroscopy
(EDS) analysis was performed on coating cross-sections. The
Fig. 2. Outline and inner structur

istribution was measured with a laser particle size analyzer
Mastersizer 2000, Malvern Instruments, UK). It exhibited a
istribution with D10 of 4.88 �m, D50 of 25.60 �m and D90 of
8.71 �m.

BaTiO3 powders (Inframat, USA) have an average diameter
f about 0.7 �m. The morphology of this powder was shown in
ig. 1(b). Generally, only the powders with a diameter in the
istribution of 5–100 �m can be used as feedstock for plasma
praying process. In order to increase the flowability of the fine
owders, the small BaTiO3 powders were agglomerated with
wt% PVA solution and were finally meshed to get a diameter

ange under 50 �m. Then, the powders were dried in a furnace
t 200 ◦C for 2 h. The obtained agglomerated BaTiO3 powders
ere incorporated into the YSZ powders with 5 and 10 wt%

ontents, respectively. The mixed powders were mechanically
lended for 20 min to get a homogenous mixture.

Three types of coatings, pure YSZ, 5 wt% BaTiO3–YSZ and
0 wt% BaTiO3–YSZ, were deposited using an APS system
A-2000 with F4MB torch, Sulzer Metco AG, Switzerland).
owders were fed into plasma stream by 10-Twin systems
Plasma-Technik AG, Switzerland) during spraying. Spraying
arameters are shown in Table 2. The coatings were deposited
n aluminum plates of dimension 4 cm × 6 cm × 0.3 cm. Prior
o spraying, the substrates were grit-blasted with alumina grits
t a pressure of about 0.2 MPa. A robot (ABB, Sweden) was
mployed to move the torch in order to achieve a uniform
nd reproducible deposition. Thickness of as-sprayed coatings
as controlled at about 800 �m. After deposition, the specimen

as cut into squares of 1.5 cm × 1.5 cm with cutting machine

Accoton-5, Struers, USA). Then, the substrates of specimens
ere dissolved using a sodium hydroxide solution to obtain

reestanding specimens for MW sintering.
F
a

the microwave sintering system.

The square freestanding coatings were positioned in a
icrowave sintering system (MW720, Püschner, Germany). The

utline and inner structures of the microwave power system are
hown in Fig. 2. In this work, sintering process was performed
nder an ambient pressure in air. Three 2.45 GHz microwave
enerators were adopted simultaneously to get a homogenous
icrowave field in the cavity. Power of three generators was

000, 3000 and 1200 W, respectively. Coating surface temper-
ture was measured by an infrared camera and was recorded
ynamically with a computer.
ig. 3. XRD patterns of pure YSZ, 5 wt% BaTiO3–YSZ, 10 wt% BaTiO3–YSZ
s-sprayed coatings with YSZ and BaTiO3 powders.
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Fig. 4. SEM polished cross-section microstructure with SEI mode (a) and BEI mode (b), fractal cross-section microstructure (c) of pure YSZ as-sprayed coating.

Fig. 5. SEM polished cross-section microstructure (a), SEM fractal cross-section microstructure (b), polished surface EDS chemical mapping analysis (c) and EDS
chemical point analysis (d–f) of 5 wt% BaTiO3–YSZ as-sprayed coating.
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Fig. 5. (

hase constitutions of both powder coatings were characterized
y X-ray diffraction analysis (XRD-6000, Shimadzu, Japan)
sing a Cu K� radiation. A 2θ scanning rate of 5◦ min−1 was
sed during test.

Ionic conductivity of coatings was measured using a potentio-
tat/galvanostat based on a three-electrode assembly approach.
o ensure the measuring area of the circular planar sample,
latinum glue was pasted on both sides of the sample with a
pecific effective area of 1 cm2. The pasted sample was dried
t 100 ◦C for 30 min and then heated to 900 ◦C with a heating
ate of 5 ◦C min−1 and kept at 900 ◦C for 30 min. According
o the linear relation between current and potential difference,
he resistivity and subsequently conductivity was determined.13

ore details on ionic conductivity measurement are available
lsewhere.7,8

. Results and discussion

.1. Microstructure of as-sprayed plasma-sprayed YSZ

oatings

Fig. 3 shows the XRD patterns of the as-sprayed coatings
nd the starting powders. Being consistent with the starting

s
t
a
l

nued ).

owders, YSZ coating consists of well-crystallized single cubic
irconia phase. For 5 wt% BaTiO3–YSZ coating, no obvious
aTiO3 peak was found. This was ascribed to the low content
f BaTiO3, since XRD analyzer was difficult to determine a
ow content phase (less than 5%) in composite materials. In
ontrast, BaTiO3 peaks were clearly shown in the XRD pat-
er of 10 wt% BaTiO3–YSZ coating. Clearly, all the peaks in
0 wt% BaTiO3–YSZ coating correspond to those in the BaTiO3
nd YSZ powders. This indicates that no phase transformation
ccurs in the plasma spraying process.

Fig. 4(a) shows polished cross-sectional microstructure of
s-sprayed YSZ coating. It exhibits a relatively dense struc-
ure. For increasing contrast between YSZ and coating defaults,
etection with backscattered election image (BEI) mode was
sed as shown in Fig. 4(b). Fig. 4(c) shows the fractal cross-
ectional microstructure of the as-sprayed YSZ coating. It can
e found that the YSZ coating shows a typical plasma-sprayed
eramic coating, which has a lamellar microstructure (as labelled
n Fig. 4(c)) and presents columnar crystal microstructure in a

ingle lamella. These structural features are closely related to
he APS spraying features, in which a deposit is formed by

stream of molten droplets impacting on the substrate. The
amellar structure of the coating with limited lamellar interface
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SZ (b

b
p

s

Fig. 6. Temperature recording of pure YSZ (a), 5 wt% BaTiO3–Y
onding and vertical cracks leads to an anisotropy of coating
roperties and also a reduction of ionic conductivity.13,17

Fig. 5(a) and (b) shows polished and fractal cross-sectional
tructures of 5 wt% BaTiO3–YSZ as-sprayed coating. Being

a
l
e
a

Fig. 7. SEM polished cross-section (a and b) and fractal cross-section (c a
), 10 wt% BaTiO3–YSZ (c) coating surfaces during MW heating.
like to the pure YSZ coating, the composite coating also has a
amellar microstructure. Fig. 5(c) gives the distributions of the
lements Zr, Y, Ti, Ba determined by the EDS chemical mapping
nalysis of the composite coating. The distribution of Ba shows

nd d) microstructure of 5 wt% BaTiO3–YSZ MW sintered coating.
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hat the BaTiO3 was well melted and flatted during the spraying
rocess. Further to observe the microstructure of the composite
oating in high resolution and chemical point mapping analy-
is as shown in Fig. 5(d)–(f), it could be verified that BaTiO3
owders were well molten and flatted in the as-sprayed coating,
hich was confirmed by EDS chemical point analysis.

.2. MW sintering

The three types of freestanding coatings were sintered in the
icrowave sintering system. Fig. 6(a) shows heating curve of

ure YSZ coating during MW sintering. The pure YSZ coating
an only be heated to less than 900 ◦C. The limited heating effi-
iency was attributed to the low dielectric loss factor of pure YSZ
aterial. Regardless the significant increase of the dielectric loss

actor when increasing temperature, even at a temperature of
000 ◦C, the factor of YSZ is still very low (0.05320). During
W heating process, much MW energy was absorbed by the

tmosphere instead of the YSZ sample. This results in a plas-
as formation in the cavity. Additionally, a heat transfer occurs

etween the sample and the environment. When the heat transfer
nergy equals to that of sample absorbed from MW radiation,
he coating temperature could not be further elevated.

Compared with pure YSZ coating, 5 wt% BaTiO3–YSZ and
0 wt% BaTiO3–YSZ coatings can be heated to 1450 ◦C rapidly.
s seen from the comparison of Fig. 6(b) and (c), an increase

n BaTiO3 content leads to a higher heating efficiency of the
oating. Moreover, as marked in the Fig. 6(b), a fluctuation was
bserved on the heating curve. This may be caused by plasma
ormation during the early stage of microwave sintering of 5 wt%
aTiO3–YSZ coating. In high temperature region, there is no
uctuation found on the heating curve. As aforementioned, in

he high temperature range, the composite coating has a higher
ielectric loss factor and this may be the reason why no plasma
ormation in late stage.

For the composite coatings, the sintering of YSZ matrix can
e considered as a hybrid heating: by traditional heat transfer
nd by MW radiation. During MW sintering process, BaTiO3
hase were heated preferentially and presented a higher temper-
ture than YSZ matrix. As a result, BaTiO3 could be regarded
s traditional thermal sources for the YSZ matrix and therefore
eat transfer from the BaTiO3 particles to the matrix occurs. If
he heat exchange between the sample and the environment was
ot considered, the following equation can be obtained:

dT

dt
= PV − Qe

ρVC
= 2πfξ0ξ

′′|E|2V − Qe

ρVC
(2)

here Qe is the heat transfer from the BaTiO3 to YSZ materials
y means of thermal conduction, heat radiation and convection;
is the temperature of BaTiO3 and t is the time; ρ and C rep-

esent respectively the massive density and the heat capacity of
aTiO3; V is the volume of BaTiO3 phase.
.3. Microstructure of MW-sintered coatings

Fig. 7(a) and (b) shows polished cross-sectional microstruc-
ure of MW-sintered 5 wt% BaTiO3–YSZ composite coatings

c
p

ig. 8. XRD patterns of 5 wt% BaTiO3–YSZ and 10 wt% BaTiO3–YSZ MW-
intered coatings with their as-sprayed coatings.

n a low and high resolution. The sintered coating exhibits a
istinct structure from that of the as-sprayed one. Only indepen-
ent pores were present in the sintered coating. Fig. 7(c) and
d) shows fractal microstructure of the sintered coating. It was
learly observed that the sintered coating shows equiax crystal
tructure, which was very different from the lamellar structure of
he as-sprayed coating. Pores were apparent between the equiax
rystals. After MW sintering, intrinsic features of as-sprayed
SZ coating, such as non-bonded interface and vertical cracks,
ave disappeared. The structural modification has a significant
ffect on coating ionic conductivity. This will be discussed in
he next section.

Fig. 8 shows XRD patterns of MW-sintered 5 wt%
aTiO3–YSZ and 10 wt% BaTiO3–YSZ composite coatings
ompared with the as-sprayed coatings. Only YSZ phase was
etected in the XRD pattern in both as-sprayed and MW-sintered
wt% BaTiO3–YSZ coatings due to the low BaTiO3 content.
ith respect to the 10 wt% BaTiO3–YSZ coatings, BaTiO3 and
SZ phases were clearly noticed in the XRD patterns of the as-

prayed and sintered coatings. However, it should be noted that
new phase Ba(Ti1−xZrx)O3 is apparent in the MW sintered

oating. The substitution of Ti4+ in BaTiO3 with Zr4+ in YSZ
s completed during sintering process, which was confirmed by
RD and Raman spectroscopy in other study.28

An EDS chemical mapping analysis of the MW-sintered
0 wt% BaTiO3–YSZ coating was conducted as shown in Fig. 9.
nterestingly, compared with Fig. 5(c), an aliquation of BaTiO3
Ba(Ti1−xZrx)O3) phase occurs and BaTiO3 (Ba(Ti1−xZrx)O3)
hase tends to assemble in the interface of equaix crystals. This
an be attributed to the distinct difference of the melting points
f the two materials (1640 and 2700 ◦C for BaTiO3 and YSZ,
espectively).

.4. Ionic conductivity
Fig. 10 shows the ionic conductivities of the three as-sprayed
oatings measured from 600 to 1000 ◦C. Ionic conductivity of
ure YSZ as-sprayed sample was 0.035 S/cm at 1000 ◦C. This is
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Fig. 9. Polished cross-section surface EDS chemical mapping anal

F
B

c
a

c
i
t
s

B
t
t
B
1
s
M
i
c
h
m

ig. 10. Arrhenius relation of σT and 1000 T−1 for the YSZ, 5 wt%

aTiO3–YSZ and 10 wt% BaTiO3–YSZ as-sprayed coatings.

onsistent with the results in our previous study.13,17 BaTiO3, as
n insulator in the composite coating, interrupts the oxygen ionic

l
d
B
b

ysis (a and b) of 5 wt% BaTiO3–YSZ MW-sintered coating.

onduction in YSZ matrix and consequently decrease the coating
onic conductivity. It can be found that ionic conductivity of
he as-sprayed 5 wt% BaTiO3–YSZ and 10 wt% BaTiO3–YSZ
amples are 0.026 and 0.020 S/cm at 1000 ◦C, respectively.

Fig. 11 shows the ionic conductivity of MW-sintered 5 wt%
aTiO3–YSZ and 10 wt% BaTiO3–YSZ coatings compared to

hose of the as-sprayed pure YSZ coatings. After MW sintering,
he ionic conductivities of the 5 wt% BaTiO3–YSZ and 10 wt%
aTiO3–YSZ coatings are enhanced to 0.054 and 0.035 S/cm at
000 ◦C, respectively. These values are about twice of the as-
prayed coatings. Compared with the pure YSZ coating, the

W-sintered 5 wt% BaTiO3–YSZ coating exhibits a higher
onic conductivity by about 60%. The improvement of ionic
onductivity is related to the structural modification after MW
eating. After MW sintering, the lamellar microstructure was
odified to equiax crystal. The bonding ratio between the
amellae was significantly improved and thus the ionic con-
uctivity was increased. However, for the MW-sintered 10 wt%
aTiO3–YSZ coating, the ionic conductivity is only compara-
le to the as-sprayed pure YSZ coating. As aforementioned, too
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ig. 11. Arrhenius relation of σT and 1000 T−1 for the YSZ as-sprayed, 5 wt%
aTiO3–YSZ and 10 wt% BaTiO3–YSZ MW-sintered coatings.

uch BaTiO3 content could interrupt ionic conduction in YSZ
atrix and restrict the improvement of ionic conductivity of

omposite coating.

. Conclusions

In this study, the feasibility of MW sintering on APS YSZ
oatings, with BaTiO3 as MW susceptor, was investigated. Fol-
ow conclusions can be drawn:

1) Pure APS YSZ coating can only be heated to less than
900 ◦C in the MW cavity due to its low dielectric loss fac-
tor, whereas the BaTiO3–YSZ composite coating could be
easily heated to 1450 ◦C.

2) For the BaTiO3–YSZ composite coating, the BaTiO3
particles were regarded as distributed heat sources in
YSZ matrix. The lamellar structure of the as-sprayed
BaTiO3–YSZ composite coatings is modified to equiax
crystal in MW-sintered coatings. BaTiO3 transformed to
Ba(Ti1−xZrx)O3 during MW sintering process and assem-
bles to the interface after MW sintering.

3) Ionic conductivity of MW-sintered composite coatings was
about one time higher than that of as-sprayed coatings. Com-
pared with ionic conductivity of the pure YSZ coating, the
MW-sintered 5 wt% BaTiO3–YSZ coating presented a 60%
higher conductivity.
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