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This study investigates a ZnO varistor exhibiting both high energy-handling capability and exceptional stability under high-
temperature conditions. The results indicate that the sintering temperature and subsequent post-heat-treatment signi῿�cantly 
a�ect the varistor's energy capacity and resistance to degradation. A systematic investigation of the microstructural and 
phase transformations induced by varying thermal processing conditions revealed that specimens sintered at 1200 °C and 
post-annealed at 600–800 °C achieved optimal performance, primarily due to grain boundary stabilization and the formation 
of bene῿�cial intergranular phases.
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Introduction

ZnO varistors operate as nonlinear resistive devices, 
where electrical conduction in the pre-breakdown 
region is thermally activated and highly sensitive to the 
applied DC voltage [1-3]. In this regime, the conduction 
mechanism is primarily governed by thermionic 
emission, as well as defect-related processes occurring 
at grain boundaries. Under continuous electrical stress, 
performance degradation is often linked to an increase 
in resistive leakage current, which may ultimately result 
in thermal runaway. Accordingly, effective suppression 
of leakage current is essential for enhancing varistor 
stability and prolonging operational lifetime [4, 5].

Extensive research has emphasized the critical role of 
intergranular Bi₂O₃ phases in blocking charge transport 
and maintaining nonlinear behavior. In particular, the 
β- and δ-phases of Bi₂O₃ are known for their high ionic 
conductivity, which significantly contributes to energy-
handling performance in ZnO-based systems [6, 7]. 
However, these beneficial phases are highly sensitive 
to thermal processing conditions, and volatilization of 
Bi₂O₃ at elevated temperatures can severely degrade both 
the electrical and thermal stability of the varistor.

Therefore, optimizing post-sintering annealing conditions 
to stabilize the β- and δ-phases without inducing 
excessive grain growth or Bi loss is crucial. In this 
study, we propose a strategy to simultaneously achieve 
high energy capability and superior thermal degradation 
resistance by carefully tailoring the post-heat-treatment 

temperature after primary sintering. Through a systematic 
investigation combining microstructural analysis and 
electrical characterization, we demonstrate that post-
annealing at 600–800 °C following sintering at 1200 °C 
enables the formation of stable intergranular phases, 
thereby maximizing varistor performance under severe 
electrical stress.

Experimental Procedure

Materials and Preparation
Samples were prepared with the composition: ZnO 

+ 1 mol% Bi2O3 + 1 mol% Sb2O3 + 0.2 mol% Al2O3 
+ 0.4 mol% NiO + 0.4 mol% MnO. The role of Al₂O₃ 
doping in ZnO-based varistor composition has been 
previously investigated in terms of microstructure and 
nonlinearity enhancement [8]. In this study, a modified 
composition containing 0.2 mol% Al₂O₃ was adopted. 
The slurry was prepared using wet ball milling for 24 h 
with ZrO₂ balls at 180 rpm and a ball-to-powder weight 
ratio of 10:1. Granules were obtained via hot-air drying, 
followed by uniaxial pressing (13 Bar, 10 s) into square 
pellets (40 × 40 × 10 mm). Green bodies were sintered 
at 1100–1300 °C (3 h, air) with natural cooling, followed 
post-heat-treatment processes were performed under the 
conditions shown in Table 1 below. A silver electrode 
(39×39 mm) was formed on the sintered body using 
the screen-printing method. Next, the microstructure 
of the specimens was observed via field emission 
scanning electron microscopy (S-4800, Hitachi, Japan) 
with energy-dispersive X-ray. X-ray diffraction (X-pert 
PRO-MPD, Philips, Netherlands) was used to identify 
the phases of the sintered ZnO varistors, and X-ray 
fluorescence (ZSX Primus, Rigaku, Japan) was used for 
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the quantitative analysis.

Electrical Measurements
Energy capability was measured using a lightning 

impulse current generator (KERI-ICG-400kA, Korea 
Electrotechnology Research Institute, South Korea). The 
applied waveform was a 10/350 µs standard impulse with 
a peak current of 12.5 kA, as shown in the schematic and 
waveform in Fig. 1. The impulse current was monitored 
using a Pearson model 1423 current sensor (1.2 MHz 
bandwidth, DC to peak), while the corresponding voltage 
was measured with a Tektronix P6015 high-voltage 

probe (70 MHz bandwidth, DC to peak). The captured 
waveforms were recorded on a TDS3032 digital storage 
oscilloscope (Tektronix, USA) with 300 MHz bandwidth 
and 2.5 Gs/s sampling rate.

The test was conducted in accordance with the IEC 
61643-11 standard [9], specifically aligning with the 
Class I surge protective device (SPD) testing protocol. 
As described in Clause 8.3.4.4 of the standard, the 
procedure involves applying single current impulses up 
to Iₙ to assess the thermal and electrical robustness of 
the device under test. In our study, each varistor sample 
was subjected to a single high-energy 10/350 µs impulse 
to evaluate whether catastrophic failure or a more than 
10% variation in varistor voltage occurred. This test was 
not intended to evaluate cyclic endurance, but rather 
to determine the maximum energy-handling capability 
under simulated lightning surge conditions.

To ensure reproducibility, five specimens were tested 
for each condition, and the maximum withstand energy 
was reported. No post-pulse degradation or re-ignition 
was observed, confirming that the impulse energy 
capacity can be reliably verified using this one-shot 
destructive evaluation method. This approach reflects 
the intent of IEC 61643-11 for validating varistor 
components in high-energy SPD applications.

The high-temperature accelerated deterioration test 
was conducted using a high-temperature accelerated 
deterioration testing apparatus (KERI-HTADT-1kV, 
KERI, South Korea), where the maximum continuous 
operating voltage (MCOV, DC) was applied at 85 °C 
to measure the resistance component of leakage current 
for 100 hours.

Results and Discussion

Microstructure Observation
As shown in Fig. 2, the average ZnO grain size 

Table 1. Sintering and post-heat-treatment conditions for ZnO varistor specimens.
Specimen  

name
Sintering temperature 

(℃)
Soaking time 

(Hours)
Post-heat treatment temperature 

(℃)
Soaking time 

(Hours)
S1

1100 3

0 -
S2 400 1
S3 600 1
S4 800 1
S5

1200 3

0 -
S6 400 1
S7 600 1
S8 800 1
S9

1300 3

0 -
S10 400 1
S11 600 1
S12 800 1

Fig. 1. (a) Schematic diagram of the impulse current generator 
and (b) the applied waveform (10/350 µs, 12.5 kA).
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increased significantly with rising sintering temperature: 
approximately 8–10 µm for S3 (1100 °C), 18–20 µm 
for S7 (1200 °C), and 23–25 µm for S11 (1300 °C), 
as measured by the linear intercept method. This grain 
growth directly influences the varistor voltage, which 
is inversely related to the number of grains per unit 
thickness. The BSE images reveal increased contrast 
and phase separation in S7, indicating the presence of 
spinel phases (e.g., ZnSb₂O₆) at the grain boundaries, 
which help suppress abnormal grain growth. In contrast, 
the S11 sample exhibits irregularly large grains and 
less-defined boundary phases, likely due to bismuth 
volatilization, which may compromise microstructural 
stability at elevated temperatures [10, 11]. 

To quantify the bismuth distribution, XRF analysis 
was conducted and the results are shown in Fig. 3. The 
bismuth content decreased significantly from S3 to S7, 
then slightly from S7 to S11, suggesting progressive 
volatilization of Bi₂O₃ with increasing sintering 
temperature [12].

Phase Identification and Energy Capability
XRD analysis results are presented in Fig. 4. Distinct 

β- and δ-Bi₂O₃ phases were identified in samples sintered 
at 1100 °C (S3, S4) and 1200 °C (S7, S8), which are 
known to enhance ionic conductivity. However, in the 
1300 °C-sintered samples (S11, S12), the β and δ phases 
disappeared, and only α-Bi₂O₃ remained, indicating 

Fig. 2. SEM images of the microstructure at different sintering 
temperatures.

Fig. 3. Amount of Bi element determined via XRF.
Fig. 4. XRD patterns under different sintering and post-heat-
treatment temperature conditions.
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volatilization of bismuth oxide at elevated temperatures. 
Peak indexing matched standard ICDD files (#01-072-
0404 for β-Bi₂O₃). The absence of low-angle peaks at 2θ 
~27° and 30° confirmed the loss of these polymorphs. 
SEM images (Fig. 2) show a decrease in grain boundary 
contrast in S11, correlating with reduced Bi retention. 
Quantitative XRF results support this trend.

The appearance of shifted peaks in S4 is attributed 
to the substitutional incorporation of Mn and Ni ions 
into the ZnO lattice. Additionally, the variation in spinel 
phase intensity across samples suggests that spinel 
formation is influenced by both sintering conditions and 
dopant concentrations [13].

Energy capability was tested using a single 12.5 kA, 
10/350 μs impulse. The failure criterion was defined 
as catastrophic fracture or a >10% increase in varistor 
voltage. Each data point represents the average of five 
samples with standard deviation shown as error bars in 
Fig. 5. Samples sintered at 1200 °C and annealed at 
600–800 °C (S7, S8) ddemonstrated the highest current 
density of 0.86 ± 0.03 kA/cm². In contrast, those sintered 
at 1300 °C (S9–S12) showed a significant drop to below 
0.5 kA/cm², likely due to volatilization of Bi₂O₃ and the 
subsequent disappearance of β and δ phases with high 
ionic conductivity. Although the 1100 °C samples (S1–
S4) retained these bismuth phases, their grain boundaries 
appeared to be excessively enriched with amorphous 
Bi₂O₃, which may have limited effective ionic transport. 
These results align with the phase composition and 
microstructure observations from XRD, SEM/BSE, and 
XRF analyses.

Thermal Stress and Electrical Stability
As shown in Fig. 6, the leakage current behavior 

of samples sintered at 1200 °C varied significantly 
depending on the post-heat-treatment condition. S5 
(no annealing) and S6 (400 °C) exhibited a continuous 
increase in resistive leakage current over 100 hours, 

reaching up to ~135 μA and ~85 μA respectively, 
likely due to Zn diffusion into the depletion layer and 
insufficient grain boundary stabilization [2]. In contrast, 
S7 and S8 (600 °C and 800 °C annealed) showed a 
steady decrease in leakage current, suggesting that 
oxygen adsorption played a critical role in stabilizing the 
depletion layers and suppressing interstitial Zn migration 
[14]. Meanwhile, the 1300 °C-sintered samples (S9–
S12) exhibited increased leakage current under all post-
treatment conditions, likely due to Bi₂O₃ volatilization, 
which hindered the formation of a resistive and stable 
intergranular phase [15-17].

Fig. 5. Test results of energy capability under a 10/350 µs 
waveform.

Fig. 6. Leakage current behavior under high-temperature 
accelerated stress (85 °C for 100 h) at different post-heat-
treatment conditions.



High surge energy capability and deterioration stability in ZnO varistors: role of sintering… 511

Conclusions

Post-annealing at 600–800 °C following sintering 
at 1200 °C led to the development of ZnO varistors 
exhibiting both high energy-handling capability (above 
0.85 kA/cm²) and excellent thermal stability. These 
enhancements are attributed to the formation of β- and 
δ-Bi₂O₃ phases, which promoted ionic conduction, and 
to the stabilization of grain boundaries through effective 
oxygen adsorption. This study confirms that careful 
optimization of sintering and post-annealing conditions 
is essential for ensuring the long-term reliability and 
performance of ZnO-based varistor.
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