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ABSTRACT

Gadolinia doped ceria-alumina (GDC-Al,03) nano composites have been prepared by chemical synthesis
route and sintered using 2.45 GHz microwave energy as well as conventional technique. The electrical
properties of the sintered samples are investigated by ac impedance spectroscopy. It has been observed
that the conductivity of microwave sintered GDC-Al,03; composite is higher than that of conventional
sintered GDC-Al,03 composite and pure GDC sample. Higher concentration of vacancies at the inter-
faces of GDC and Al,03 phases may be responsible for the better conductivity of GDC-Al,03; composite
compared to pure GDC. The fine grain microstructure of microwave sintered samples creates more inter-
faces compared to conventional sintered sample which in turn responsible for the better performance of
microwave sintered composite sample. The micro-structural results of microwave sintered samples also
reveal the presence of elongated, needle like Al,03 grains. The X-ray diffraction results have shown the
formation of additional GdAIO5 phase.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

State of the art yttria stabilized zirconia (YSZ) based solid oxide
fuel cells (SOFCs) require expensive sealing and interface materials
due to their high operating temperature in the range of 800-1000°C
[1]. Doped ceria has been extensively investigated as an alternative
solid electrolyte capable of operating at intermediate-temperature
in the range of 500-700°C. Ceria based SOFCs also exhibit higher
ionic-conductivity than that of ZrO, [2]. However, at lower oxy-
gen partial pressures (below 10-6) Ce** reduces to Ce3* leading to
electronic conduction in addition to the oxygen ion conduction [3].
The resulting electronic conduction through the electrolyte reduces
the open circuit voltage [4]. Mishima et al. [5] demonstrated that
electronic conduction of samaria doped ceria at lower partial pres-
sure could be reduced by adding Y,0j3 stabilized ZrO,. There were
also reports suggesting that the addition of insulating second phase
reduces the electronic conductivity of doped ceria by trapping elec-
trons within space charge regions at the interface between the ceria
and insulating grains [6]. Lee et al. [7] investigated the effect of
Al,03 addition on the sintering behavior of Gd doped CeO, and
observed additional phase formation such as AIGdO3 when more
than 5 mol% Al,03 is added to Gd doped CeO, and sintered above
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1400°C. Moreover, the formation of AIGdO3 phase reduces the Gd
content in CeO, matrix which in turn negatively affects the ionic
conductivity of Ce0,-Al,03 composite [8].

Recently sintering of ceramics using microwave energy received
much attention due to its advantages over conventional sintering
techniques such as lower sintering temperature, reduced sinter-
ing time, volumetric heating and capabilities of producing unique
microstructure that could not otherwise possible to achieve by con-
ventional methods [9-18]. Janney et al. [19] demonstrated that
8 mol% yttria stabilized zirconia for solid oxide fuel cell applications
could be sintered to full density using 2.45 GHz microwaves 150°C
lower than conventional sintering techniques. The purpose of this
work was to synthesise Gd-Ce0,-Al,03 nano composites through
chemical synthesis route and sinter at a lower temperature (below
1400°C) using 2.45 GHz microwave energy and investigate the den-
sification behavior, grain morphologies and electrical conductivity.
The results of microwave sintered samples were compared with
those of conventionally sintered samples.

2. Experimental procedures
2.1. Synthesis and sintering of CeO,-Al,03 nano-composites

The experimental procedure for the preparation of Gd doped
Ce0,-Al;,03 nano-composite is shown in Fig. 1. Alumina sols
were prepared by mixing 12g of reagent grade Al(OC4Hg);
(Sigma-Aldrich, Milwaukee, WI 53201, USA) with 900¢g distilled
water at 75 °C under vigorous stirring for 30 min. About 0.1 mol of
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Fig. 1. Flowchart shows the procedure for the preparation of Gd-Ce0O,-Al,03 nano composite powder.

concentrated HNO3 (Sigma-Aldrich, Milwaukee, WI 53201, USA)
was added to the solution and aged for 48 h at 95°C. The 0.1 mol
of concentrated HNO3 was intentionally selected to form both cir-
cular and elongated alumina particles. A white colored suspension
was formed. The suspension was kept for a week at room tem-
perature and no precipitate was formed and the particles never
settled down. The freshly prepared 125 g of alumina sol, 20.74 g of
Ce(NO3),-6H,0 (Sigma-Aldrich, Milwaukee, WI 53201, USA) and
5.388 g of Gd(NO3),-6H,0 (Sigma-Aldrich, Milwaukee, WI 53201,
USA) were then added together to 700 ml of distilled water. Ammo-
nia solution was slowly added and continued stirring for 6 h at 93 °C
followed by additional 12 h aging. After evaporating the water at
100°C, heat treatment was performed at 900 °C for 4 h in air. The
heat treated powders were ground and sieved through a 38 um
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mesh. Three grams of the powders were die-pressed at 30 MPa and
cold isostatically pressed at 200 MPa into cylindrical green pellets
of diameter 11 mm and thickness of 3 mm. Conventional sinter-
ing of the samples was performed in an alumina tube furnace.
Microwave sintering trials were performed in a 2200 W laboratory
model microwave furnace. The temperature of the samples was
measured with the help of calibrated type C thermocouple. Fig. 2
shows the refractory setup used for microwave sintering. It consists
of 2.45 GHz microwave transparent alumina fiber board insulation
and small pieces of SiC microwave susceptors for preheating the
samples, Fig. 3 compares the heating profiles used for microwave
and conventional sintering of Gd-CeO,-Al,03. The heating rate
was 5°Cmin~! in the case of microwave sintering and 2°Cmin~!
for conventional sintering.

(b)

Fig. 2. Alumina refractory with temperature measurement setup used for microwave sintering (a) and original photograph showing high temperature laboratory microwave

furnace with sintering setup (b).
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Fig. 3. Comparison of microwave and conventional sintering cycles to sinter
Gd-CeO,-Al, 03 composites.

2.2. Characterization of CeO,-Al,03 nano-composites

The microstructures of the powder as well as sintered samples
were evaluated using a Hitachi HF2000 Field Emission Trans-
mission Electron microscopy (TEM) and energy dispersive X-ray
spectroscopy (EDS). TEM specimens were prepared from pellets
along cross-sectional direction. Phase analysis of the prepared
powder and sintered samples was carried by X-ray diffraction
(Philips, XRG 3100 X-ray generator). The prepared powders were
heat treated for 2 h at (a) 300°C, (b) 500°C, (c) 700°C, (d) 900°C
and continued for 4h and 6h at 900°C. The generator was set to
40kV and 20 mA utilizing Cu-Ka radiation. X-ray diffraction pat-
tern was analyzed using a software package JADE 7 (Materials Data,
Livermore, CA). Differential thermal analysis (DTA) and thermo
gravimetric analysis (TGA) were performed using SDT 2960 simul-
taneous DSC-TGA. The experiments were performed in air up to
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Fig. 4. TGA and DTA analysis of Gd-CeO,-Al,03; nano composite powder.

1500 °C with a heating rate of 10 °C min~!. The data acquisition and
processing were carried out using the software Universal Analysis
2000. Densities of the samples were determined using Archimedes
principle with de-ionized water.

AC impedance measurements were carried out in a
Solartron1260 impedance/gain analyzer along with a Centu-
rion Qex furnace. The samples were placed in between two
platinum electrodes connected to the impedance analyzer. Data
were collected with the help of Labview software (Version 6,
National Instruments, 2000) at 100 °C intervals from room tem-
perature using a frequency range of 1Hz to 10 MHz. Nyquist plots
were then generated at each temperature interval and analyzed in
the Z-View software (Version 2.6 Scribner Associates Inc., Southern
Pines, NC, 2002). The conductivity in Scm~! was then determined
for each composition.
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Fig. 5. Series of room temperature XRD patterns of Gd-CeO,-Al,03 powder heat treated at various temperatures starting from room temperature through 900°C (@
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Fig. 6. XRD patterns of conventional sintered Gd-CeO,-Al,03 nano composite at
1450°C for 300 min. The symbol a represents GdAIOs [8].

3. Results and discussion
3.1. Characterization of the starting material

Fig. 4 shows typical thermal curves (TGA-DTA) of
Gd-Ce0,-Al;03 nano-composite powder. The first weight
loss from room temperature to 200°C is associated with an
endothermic peak ~70°C in the DTA curve caused by the loss of
molecular water. One can also observe a second weight loss from
200°C to 300°C as well as an exothermic peak at ~220°C and an
endothermic peak at ~250 °C. The exothermic peak at 200 °C may
be most likely caused by the oxidation of cerium based hydrate
[20] and/or re-crystallization of hydrate. The endothermic peak at
250°C may be due to the decomposition of cerium based hydrate
[20]. Finally, the third weight loss from 300°C to 450°C coupled
with an endothermic peak at 400°C may be due to the loss of
organic residues [21]. X-ray diffraction was performed to study
the crystalline nature and phase purity of prepared Gd doped
Ce0,-Al, 03 nano-composite powders. Characteristic diffraction
peaks corresponding to fluorite like structure were formed around
2 h of heat treatment of the powders at 300°C (Fig. 5). The broad
peaks suggest the presence of small particle sizes. The sharp peaks
at 900 °C indicate that as the heat treatment temperature increases
the particle size also increases. XRD patterns never revealed any
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Fig. 7. XRD patterns of microwave sintered Gd-CeO,-Al,03 nano composite at
1350°C for 40 min. The symbol a represents GdAIOs [8].

secondary phases indicating that alumina remains amorphous
state up to 6 h of heat treatment at 900°C.

3.2. Densification behavior of CeO,-Al;03 nano-composites

The density of microwave sintered sample at 1350 °C for 40 min
is 5.20gcm—3, and conventional sintered sample is 4.13gcm™3
at similar temperature and hold time. However, the conventional
sintered sample reached a density of 5.19gcm~3 when sintering
was performed at a higher temperature of 1450°C for 300 min.
The enhanced densification observed in the case of microwave
sintered samples could be explained based on reverse thermal gra-
dient, a well known phenomenon occurs due to volumetric heating

Fig. 8. Bright field (BF) transmission electron microscopy (TEM) image of the
Gd-Ce0,-Al, 03 nano composite powder, showing the nano-particles.

Fig. 9. The TEM image clearly shows the formation of Al,03; nano-particles. The
dimensions of grain-B is approximately 25nm length and 10 nm width and the
aspect ratio is 2.5. The diameter of grain-A is approximately 15 nm.
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Fig. 10. BF-TEM image of microwave sintered Gd-CeO,-Al,03; nano-composite at
1350°C showing elongated Al,03 grains. The inset shows the high aspect ratio of
one of the Al,03 grains.

nature of microwaves. Center of the sample is at higher tempera-
ture than that of the surface. The difference in temperature causes
reverse porosity gradient which in turn accelerate the densifica-
tion to obtain a higher final density compared to conventionally
sintered samples. One can also correlate the densification behavior
to “microwave effect” a non-thermal driving force which partially
compensate the thermal energy required to reduce the surface area
of the powder particles [22-26]. As a result less thermal energy is

R. Chockalingam et al. / Journal of Power Sources 196 (2011) 1808-1817

Fig. 11. BF-TEM image of Gd-CeO,-Al,03; nano-composite microwave sintered at
1350°C showing the CeO, grains (labeled as A, E, F and H) and CeO, inclusions
(labeled as C, D) within Al,03 grain (labeled as B and G).

required to initiate the sintering process by the use of microwave
energy and densification of the green body could be achieved at a
lower temperature.

3.3. Phase and microstructural analysis of sintered
Gd-Ce0,-Al;,03 composites

XRD result of conventional sintered sample is shown in Fig. 6
and microwave sintered sample is shown in Fig. 7. Both patterns
look almost identical. The major phase identified is Gdg>CepgO019
and minor phases are Al,03 and GdAIO3;. XRD analysis software
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Fig. 12. EDS analysis of the microwave sintered Gd-CeO,-Al,03; nano-composite showing the details of chemical compositions. “A”, “C”, “D”, “E”, “F”, “H” represent CeO3,

and “B”, “G” and “I” represent Al,0s.
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package JADE-7, did not identify the peaks corresponding GdAIO3,
Thus, the peaks representing GdAIO; were identified from the pre-
vious published work of Park and Choi [8] and Lee et al. [7]. In
order to verify the formation of GdAlO3, Lee et al. separately pre-
pared GdAlIO3 by mixing aqueous solution of Al(NO3)3-9H,0 and
Gd(NOs3)3-6H,0 followed by sintering at 1400°C. They also con-
firmed that GdAlO3 phase forms at 1400 °C. Interestingly, in the
present study the GdAlO3 phase was detected at 1350°C in the
case of microwave sintered sample. This could be due to the error
in temperature measurement in a microwave environment using
thermocouple. The thermocouple was in contact with the sam-
ple and measuring the surface temperature of the sample which
is obviously lower than the actual temperature at the center of
the sample due to reverse thermal gradient caused by the volu-
metric nature of microwave heating [18]. The sample surface loses
its heat by convection and radiation at higher temperatures. It is
generally agreed that accurate measurement of the temperature
during microwave processing is very challenging and neither ther-
mocouple nor optical radiation pyrometer provides reliable reading
[16].

Fig. 8 shows the bright field TEM image of the unagglomerated
nano particles. Most of the particles were ~50 nm in diameter. The
TEM image (Fig. 9) shows the formation of Al,O3 nano-particles
with dimensions of approximately 25 nm length and 10 nm width
(B) and 15 nm diameter (A). The formation of Al, 03 particles could
be explained based on the acid/alkoxide ratio selected for the syn-
thesis of Al,03 nano particles. Yoldas [27] observed Al,03 particle
shape changed from round to acicular when the acid/alkoxide ratio
(mol:mol) changed from 0.035 to 0.07. When the ratio increased
from 0.07 to 0.14 the length increased from 50 nm to 100 nm.
Based on the above argument, it is becoming clear that the acic-
ular and rounded Al, 03 particles formed due to specific selection
of acid/alkoxide ratio (0.1). During sintering process the acicular
Al;03 nano particles grown to become elongated Al,03 grains as
shown in TEM image (Fig. 10). Very recently, Zhang et al. [28]
reported in situ growth of elongated Al,03 grains when Al nano
particles were added to a-Al,03 powder. They also observed that
the length of the alumina grains increased when the Al content
increased from 0.01 to 0.1 wt%.

The inset of Fig. 10 shows the high aspect ratio of Al,03 grain.
The fiber like microstructure supports crack deflection and bridg-
ing; thus enhances the toughness of the composite structure [17].
Park and Choi reported [8] improvement in mechanical strength
of Gd doped CeO, with the addition of small amounts of Al,03
A typical bright-field (BF) TEM image of the microwave sintered
sample at 1350°C for 40 min is shown in Fig. 11 and the chemical
composition of different phases is given in Fig. 12. The struc-
ture appears multi phase ceramic composite with Al,03 and CeO,
grains and CeO, particles of nanometer size are frequently trapped
within the Al, O3 grains. The ceria rich phase present either as small
inclusions within alumina grains or forms large grains. Fig. 13 dis-
plays a BF TEM image of the conventionally sintered sample at
1450°C for 5h with a heating rate of 2°Cmin~! and the chem-
ical composition is given in Fig. 14. The phases identified were
(i) Aly03 rich phase with CeO, and Gd;0j3 inclusions, (ii) CeO,
and (iii) Gd,03. Although Al,05 grains appeared both elongated
and rounded, mostly rounded grains were present. The diameter
of the CeO, grains is less than one micrometer in diameter and
the inclusions are less than 200 nm in size. The formation of fine
CeO, inclusions within Al,03 grains could be explained based on
Heuer’s argument [29]. The highly driven grain growth of 50 nm
Al, 05 particles breakaway the grain boundaries and trap the CeO,
particles. Further grain growth of the trapped CeO,, particles is neg-
ligible due to the low lattice diffusivity of Al, Ce and O in Al,0s.
Similar observations were previously reported in the literature
[30,31].

Fig. 13. BF-TEM image of conventionally sintered Gd-CeO;-Al,03; nano-composite
at 1450 °C. The inset shows both CeO; (B) and Gd, 03 (C) inclusions within Al; 03 (A)
grain.

The inset of Fig. 13 shows a single Al,03 grain which clearly
shows the CeO, and Gd,Os3 inclusions. It is very interesting to
see the presence of Gd,Os3 (intra-granular) inclusions indicated
as “C”. This is not the case for the microwave sintered sample
(Fig. 9), for which both intra and inter-granular Gd,03 parti-
cles were completely absent. The diameter of CeO, grains was
finer, of the order of 100nm and rounded shaped compared to
conventionally sintered sample which is about 500 nm in diame-
ter and hexagonally shaped. The results indicate that the longer
holding time of 300min and slower heating rate of 2°Cmin~!
of conventionally sintered sample was responsible for the exces-
sive grain growth compared to microwave sintered sample, where
the holding time was 40 min and heating rate was 5°Cmin~!. In
general, sintering of consolidated powder particles takes place by
the application of thermal energy. Such process is dependent on
diffusion of atoms that combine powder particles into a grain.
Sintering occurs well below the melting point of the material,
but at a temperature high enough to allow an acceptable rate
of diffusion of atoms through surface, grain boundary and grain
to occur, usually greater than one-half of the melting-point of
the material [32]. Surface diffusion of atoms requires less acti-
vation energy compared to grain boundary diffusion and occurs
at lower temperature [33]. In the case of microwave sintering,
one can argue that higher heating rate and volumetric nature of
microwave heating could have been influenced the surface diffu-
sion and suppressed the coarsening of grains that exist at lower
temperatures resulting the development of a fine grain microstruc-
ture [33].



1814 R. Chockalingam et al. / Journal of Power Sources 196 (2011) 1808-1817

E 1500 5 4000
g ) oL E col —
o 1000 {0K GdM g o J — 3500
] o %)
£ b4
z S =4
Z ool [ 5 7w o =)
] @ 9
[ € 1000 = 2000
2w el > 1500 OK
[ = =
= Y = o . gwoou
] 2 4 ] 8 10 ] 10 12 2 500
Energy (keV) Erlargy lkaV) £ ,
] 2 4 6 ] 10 12
Energy (keV)
HiS()() 5000
£ B-CeO '2 -
5 _ 3 4000 0w
1000
_g 9O 300 § 1200 CeM ~ B-CeO
3‘ a 2000 3 toon 10 Cel
G o 2 £ ‘
s o 1m0 £ and | et
- c Al Al Al g % )
= 0 = i : 8 . Jl ‘ l"'CeL
° 12 (L E 7AW 1IN
Energy (keV) ergy (keV) 5 2z 4 8 s m =
Energy (keV)
o 2000 E 800 0
= K 7 1= Cel m
€ =" 0 5 2 :
| ===k | 5 E ool oM
g ) 3
10004 g ; 300 Cel O 1500
- — oK
2 2 200 b 2 1000
1 O 100 " L ]
g T:' 1o Cel 5 500 GdL
= 0 .- g &y . -
1] 2 4 6 8 10 12 0 2 4 6 8 10 12 E 0 T An T T T
Energy (keV) Energy (keV) 0 2 4 6 10 12
Energy (keV)

Fig. 14. EDS analysis of the conventionally sintered Gd-CeO,-Al,03 nano-composite showing the details of chemical compositions. “A” represents Gd,0s, “B”, “D” and “F”
represent CeO, and “C” and “E” represent Al,0s. In the inset “A” represents a single Al,0O3 grain, “B” and “C” represent CeO, and Gd;Os3 inclusions within Al,03 grain.

3.4. Electrical conductivity

The conductivity of GDC-Al,03 composite samples was mea-
sured by employing ac-impedance spectroscopy in air from 400
to 900°C. The temperature of the sample is varied with the help
of a split furnace. The experimental data obtained were fitted
with electrical equivalent circuit model with parallel resistance
and capacitance. The resulting Nyquist plot obtained was differ-
ent from the ideal spectra of GDC, which consists of three distinct
separate arcs representing grain (high frequency arc), grain bound-
ary (intermediate frequency arc), and electrode (low frequency arc)
whose time constant is sufficiently separated over the range of
measurement frequencies [34]. The impedance plots of conven-
tionally sintered GDC-Al,03 sample in the selected temperatures
range of 400-900°C in air are presented in Fig. 15. The plots at
400 and 500°C show only the responses from the bulk with rising
electrode. The grain boundary arc is missing. This may be due to the
increased relaxation frequency of grain boundary polarization [35].
When the measurement temperature was increased above 600 °C
both the responses from the bulk and grain boundary appeared
with electrode arc. It has been found that the total resistance of the
sample decreases with increase in temperature. Fig. 16 shows the
impedance spectra of microwave sintered GDC-Al,03 sample. The
total resistance of the sample found to be decreasing with increas-
ing temperature. The spectrums at 400, 500 and 600°C are quite
similar to the conventional sintered samples, while the spectrums
obtained above 600 °C look different. The grain boundary arcs are
found to be depressed and the arcs which represent grains are
incomplete, suggesting that the time constant of the grain response
is too short. A common feature observed in the impedance spec-
tra of both conventional and microwave sintered samples is the

depressed grain boundary arc above 600 °C. The depressed grain
boundary arc implies a constant phase element (CPE), originates
from the inhomogeneities caused by variations in composition of
grain boundary phase [35]. In the present investigation, one can
probably argue that the depression of grain boundary arcs may be
most likely due to the inhomogeneities caused by the interfaces
between two phase regions such as GDC-AI, 03, GDC-Gd, 03 as evi-
dent in the TEM image (Fig. 17). However, it is important to note
that presently no theory exist to support such an argument.

Fig. 18 compares the ionic conductivity of microwave and con-
ventional sintered GDC-Al,03 composites and pure GDC sample.
The microwave sintered composite sample showed better conduc-
tivity compared to conventional sintered composite and pure GDC
sample throughout the temperature range of interest. It is also
interesting to note that GDC-Al, 03 composite samples showed bet-
ter conductivity than that of pure GDC. Lee et al. [7] gave a plausible
explanation for the increased conductivity observed in Al, O3 added
GDC. They reported that within the solubility limit of Al;03 in CeO-,
(2 mol%) AI3* ions substitute Ce** ions.

The Kroger-Vink notation for such substitution can be written
as [7].

CeOy

AL 0, > 22Al¢, + 300" + Vo** 1)

Oxygen vacancies are created to compensate the charge result-
ing enhanced oxygen ion conductivity. Similar results were also
reported previously by Kang et al. [36]. They observed an increase
of bulk conductivity in GDC when 5 mol% Al, 03 is added. Recently,
Li et al. [37] reported a composite electrolyte made of doped lan-
thanum gallate and samarium doped ceria (LSGM-CSO) with better
conductivity in the temperature range of 250-600 °C than that of
single phase counterpart. They explained the observed high con-
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Fig. 15. The impedance plots of conventionally sintered GDC-Al, 03 sample in the selected temperatures range of 400-900°C in air.
8000 60
6000 400°C 501
T 40 4
631 H B
4000 18.6 KHz ‘ E 301
<
= 201
2000 N
10 1
0 T T T T v 0 . . . . .
0 5000 10000 15000 20000 25000 115 135 155 175 195 215
Z' (Ohms) ' (Ohms)
1000 15
900
800 T .
700 500°C 800°C
600 129 kHz 10 1
500 £ 3.8 MHz
400 £
300 25 18.6 kHz
200 <4— 3.8MHz 1.18 H4 N 1.18 H.
100
0 T T T T T T . 0 . . .
0 500 1000 1500 2000 2500 3000 3500 4000 63 68 7 78 83 o8
Z' (Ohms) 2 (Ohms)
200 4
180 ]
160 600°C 35 900°C
140 3 T
120 % 25
100 0.891MHz E L1 ssumz
<] 79.4 kHz
80 = 151
60 7 KHz N 14
40 148 Hz
20 05
0 0
175 275 375 475 575 675 775 33 34 35 36 37 38 39 40 41 42

Z' (Ohms)
Z' (Ohms)

Fig. 16. The impedance plots of microwave sintered GDC-Al,03 sample in the selected temperatures range of 400-900°C in air.
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Table 1
Activation energy for the sintered samples.

Sample specification CON-GDC MW-GDC-alumina CON-GDC-alumina
Activation energy (eV) 300-600°C 0.87 0.89 0.91
Activation energy (eV) 600-1000°C 1.66 1.35 1.06

Fig. 17. BF-TEM image Gd-Ce0O,-Al,03 nano-composite microwave sintered at
1350°C showing the CeO, grains (labeled as ], E, B and G), Al,03 grain (labeled
as F, D, A and H) and Gd; 03 grain (C).

ductivity of composite is due to the existence of space charge layer
between the two phase regions. Based on the above collective argu-
ments, one can suggest that the higher concentration of vacancies at
the interfaces of GDC and Al, 03 phases is responsible for the better
conductivity of GDC-Al;03 composite compared to pure GDC. The
fine grain microstructure of microwave sintered samples created
more interfaces which in turn responsible for the better perfor-
mance of microwave sintered composite sample. The activation
energy for each case was calculated from the slopes of the linear
fits in the Arrhenius plots and presented in Table 1. At lower tem-
perature (300-600 °C) pure GDC showed lowest activation energy
(0.87eV) for oxygen ion migration, whereas at higher temper-
ature (600-900°C) conventional sintered GDC-Al,03 composite
showed lowest activation energy (1.06 eV). Maier [38] calculated
the conductivity of a two-phase mixture of which one phase is an
ionic conductor and the other phase is an insulator. The approach
selected for solving the oxygen ion transport problem in hetero-
geneous media is a symmetrical, three-dimensional network of

—~ 15
A ®CON-GDC
E os " |
(¥} i [ ] EMW-GDC-Alumina
? s L A CON-GDC-Alumina
g A
Q 15 * u
2 A n
S
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Fig. 18. Conductivity of microwave sintered GDC-Al,03; and conventional sintered
GDC-Al,03 samples compared with pure GDC sample as a function of temperature.

percolating paths which taking into account the blocking effect.
However, analysis of our results by applying Maier’s model is out
of the scope of this paper due to the complex topology of the dis-
tribution of various phases present in our system.

4. Conclusions

Gd-CeO,-Al,03 nano-composites have been synthesized
through chemical route and densified using 2.45 GHz microwave
energy at a lower temperature and dwell time compared to con-
ventional sintering techniques. TEM microstructural analysis of
sintered samples revealed frequent dispersion of CeO, particles
within alumina grains. Al;03 and Gd reacted during sintering and
formed GdAIO3; phase in both microwave and conventionally sin-
tered samples. Microwave sintered GDC-Al, 03 composite samples
exhibited fine grain microstructure and better conductivity than
conventional sintered GDC-Al,03 composite samples and pure
GDC samples. Microwave sintering also favored the formation of
isolated elongated Al, 05 grains with high aspect ratio which offers
a possibility for improved fracture toughness of the composites.
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