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(a) Conventional sintering

(b) Microwave sintering
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Fig. 1 Photos of samples sintered by two sintering methods
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(a) Conventional sintering

(b) Microwave sintering

K2 RGeS T2 % B0 ulee ) Sk ZH 2 SEM JE T

Fig.2 SEM images of grain structure of samples with different sintering processes
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Table 2 True density and relative density of samples with different sintering methods

Sintering process Mass/g Volume/cm® Density/(g-cm ) Relative density/% Error of relative density/%
CS 6h@1600 C 0.483 0.081 5.962 96.472 1.220
MS 40 min@1 500 C 0.475 0.079 6.016 97.354 2.525
70 | MS 1500 C 0.80
e
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(a) Grain size distribution in microwave sintered samples

with different sintering temperatures

Microwave sintering temperature/C

(b) Average grain size at different microwave sintering temperatures
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Fig. 3 Grain size and distribution obtained under different sintering process parameters
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Fig. 4 EDS mapping of microwave sintered sample
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Fig. 6 Comparison of the impedance spectra of samples sintered
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Fig. 7 Equivalent circuit fitted by Zview
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Table 3 Impedance data of conventionally sintered samples
(6 h@1 600 C) at different operating temperatures

Impedance/(Q-cm?)

Temperature/'C
Grain impedance R;  Grain boundary impedance R,
400 316.70 25 524.00
450 110.60 4418.00
500 99.67 1522.00
550 49.29 447.50
600 37.64 201.40
650 19.31 59.94
R4 HORIREEE min@1 500 C)IRXHERR TIERE THIE

SEIRPEITE IR

Table 4 Impedance data of microwave sintered samples (40
min@1 500 C) at different operating temperatures

Impedance/(£2~cm2)

Temperature/ C

Grain impedance R;  Grain boundary impedance R,

400 419.90 18742.00
450 194.10 4819.00
500 140.60 1804.00
550 88.23 619.10
600 54.85 234.00
650 34.81 89.98
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Table S Activation energy of conventionally sintered and
microwave sintered samples

Sintering process Activation energy/eV

CS6h @1600C 1.203
CS10h @1 600 'C 1.117
MS 40 min @1 500 'C 1.071
30
- —@— CS6h@1 600 C
3 [ —@— MS 40 min @1 500 C
g
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Fig. 8 Ratio of grain impedance to ohmic impedance of
samples by two sintering methods at different
operating temperatures
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Fig. 9  Temperature-dependent electrical conductivity of
samples obtained with different sintering conditions
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Table 6 Calculation results of elastic modulus and hardness of conventionally and microwave sintered samples

Sintering process Average elastic modulus E/GPa Error/% Average hardness H/GPa Error/%
MS 40 min @1 300 'C 82.19 3.24 4.541 5.43
MS 40 min @1 350 'C 141.48 3.71 8.567 491
MS 40 min @1 400 'C 164.93 3.11 8.952 5.62
MS 40 min @1 450 C 178.55 2.97 10.302 5.14
MS 40 min @1 500 'C 190.80 2.12 12.379 5.86

CS6h@1600°C 194.68 2.07 11.521 4.98

(a) Complete indentation

(b) Cracks

12 4EREIR SEM
Fig. 12 SEM diagrams of Vickers indentation
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Table 7 c/a values of microwave and conventionally
sintered samples
Sintering process c/a values
MS1300°C 2.0969
MS1350C 2.3105
MS1400 C 23208
MS1450 C 23672
MS1500 C 2.046 5
CS1600°C 2.3691
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Microwave Sintering of Proton-Conducting Electrolyte Yttrium-Doped Barium Cerium
Zirconate and Its Electrochemical and Mechanical Properties

QIN Jiachen, GAO Yan, JIAO Zhenjun, ZHANG Jin, YAN Zilin
(School of Science, Harbin Institute of Technology, Shenzhen 518055, Guangdong, China)

Extended Abstract

Introduction Solid oxide fuel cell (SOFC), as an efficient and environmentally friendly energy conversion device, has attracted
much attention due to its numerous advantages, i.e., high electrical efficiency, low emissions, and high fuel flexibility, compared to
other power generation technologies. To address the degradation issues faced by SOFCs operating at high temperatures, developing
proton-conducting electrolytes as an alternative to oxygen-conducting electrodes is recognized as an effective strategy to lower the
operating temperature of SOFCs. BZCY721 (BaZry7Cey,Y.10;_s), @ proton-conducting electrolyte material used in protonic ceramic
fuel cells (PCFCs), exhibits both high proton conductivity and excellent chemical stability at lower temperatures. However, sintering
the BZCY material typically requires high temperatures exceeding 1 700 ‘C for over 4-5 h, resulting in significant energy
consumption and residual stress induced failures of components. It is thus imperative to explore advanced sintering technology to
fabricate the BZCY electrolyte materials. Microwave sintering is a field-assisted sintering technique that utilizes the heat generated by
the interaction between the specific microwave band and the microstructure of the material to heat the entire material, thereby
achieving the desired density. This method effectively reduces the sintering temperature and significantly shortens the sintering time.

Methods Commercial BZCY721 powder and NiO powder were mixed at a mass ratio of 20:1, and ground in a ball mill for 24 h to
obtain a homogeneous mixed powder. Subsequently, the mixed NiO-BZCY721 powder was blended with a 10% PVA solution at a
mass ratio of 10:1 for wet granulation. The granulated powder of 0.8 g was weighted and pressed into a die with a diameter of 15 mm
at 350 MPa for 30 s. This process yielded circular specimens with the diameter of 15 mm and the thickness of approximately 1 mm.
The experiment was repeated to produce several sets of green samples.

The samples were categorized into two groups for traditional sintering and microwave sintering experiments, respectively. The
samples from the traditional sintering group were placed directly into a box furnace for debinding and sintering. The debinding
process was carried out at a rate of 1 “C/min to 400 C, for 2 h, then heating at 5 ‘C/min to 1 600 ‘C for 6 h, and finally cooling at
5 ‘C/min to 500 C before naturally cooling to room temperature. In contrast, the samples from the microwave sintering group
underwent the same debinding process in the box furnace but were then transferred to a microwave sintering furnace for sintering at
different temperatures and holding time. The mechanical properties and electrochemical properties of the samples prepared using two
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sintering methods were investigated.

Results and discussion Based on the results by the Archimedes method, the density of samples prepared by both traditional
sintering and microwave sintering exceeds 96%. The scanning electron microscopy images reveal that the samples both exhibit a high
degree of density. The grain size distribution is relatively uniform. The statistical analysis of the grain size distribution demonstrates
that as the microwave sintering temperature increases, the overall grain size of the resulting sample decreases, becoming more
uniform. The average grain size of the sample sintered by microwave method at 1500 C is 0.49 um, whereas the average grain size
of the sample sintered by traditional method is 0.53 pm.

The impedance analysis reveals that there is a minimal variance in the impedance of the BZCY electrolyte produced by both
sintering techniques when the operating temperature remains below 500 C. However, once the temperature surpasses 500 C, the
impedance of the sample sintered by microwave method exceeds that of the sample sintered traditional method. This indicates that
the microwave sintered sample exhibits a greater sensitivity at different operating temperatures, resulting in higher impedance values
at elevated temperatures. Among the samples, the conductivity peaked in the sample sintered by traditional method at 1600 ‘C for
6 h reaches a maximum value of 1.01x10 S-em™ at 650 ‘C. Meanwhile, the sample sintered at 1500 ‘C for 40 min exhibits a
conductivity of 6.41x107 S-cm™ at 650 ‘C. Note that the activation energy associated with microwave sintering conductivity is only
1.071 eV.

The sample sintered by microwave method at 1500 C for 40 min exhibits the maximum hardness (i.e., an average value of
12.379 GPa). The sample sintered by traditional method at 1600 C for 6 h demonstrates a slightly lower hardness (i.e., 11.521 GPa),
which is still higher than the sample sintered at 1450 “C. In terms of elastic modulus, the sample sintered by traditional method at
1600 ‘C for 6 h displays the maximum elastic modulus (i.e., 194.68 GPa), slightly surpassing that of the sample sintered by
microwave method at 1 500 °C. According to the Evans and Niihara empirical formulas, the sample sintered by traditional method
at 1 600 °C exhibits a fracture toughness of 0.280 MPa-m"? and 0.305 MPa-m"?, respectively. Also, the sample sintered by
microwave method at 1500 ‘C has a fracture toughness of 0.359 MPa-m"? and 0.347 MPa-m'?, respectively.

Conclusions The density of the BZCY electrolyte with 5% (in mass) NiO sintering aids sintered by microwave method at 1500 ‘C
for 40 min was comparable to that of the sample sintered by traditional method at 1 600 ‘C for 6 h, achieving a density of over 96%.
The grain size obtained by microwave sintering was smaller.

The impedance and conductivity of the sample produced by microwave sintering exhibited minimal differences, compared to
those obtained by traditional sintering. The grain impedance at 650 ‘C measured was 34.81 Q-cm? and the conductivity was 6.41x
10* S-em™'. The grain boundary impedance of microwave-sintered sample decreased as the operating temperature increased. This
decrease could be attributed to the smaller grain size achieved by microwave sintering since a smaller grain size resulted in a greater
number of grain boundaries, thereby increasing the impact on the grain boundary impedance. Furthermore, the activation energy for
conductivity in microwave-sintered samples was only 1.071 eV.

The average hardness of the samples sintered by microwave sintering at 1 500 ‘C for 40 min reached 12.379 GPa, which was
higher than that obtained by conventional sintering at 1 600 ‘C for 6 h. The average elastic modulus of the microwave-sintered
sample reached 190.8 GPa, which was similar to that of traditional sintered samples. According to the statistics of indentation and
crack length in SEM images, the crack type was radial crack. Based on the Evans and Niihara formulas, the results of
microwave-sintered samples were 0.359 MPa-m'? and 0.347 MPa-m"? respectively, which were higher than those of
conventionally-sintered samples.

Keywords solid oxide fuel cells; proton-conducting electrolyte; microwave sintering; electrochemical performance; mechanical
properties



