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Abstract
ZnO-Bi2O3-metal oxide systems are successfully utilized as varistors due to their non-linear I-V behavior. The electrical 
properties of ZnO-based varistors strongly depends on grain boundary phase composition and microstructural features. In 
this study, ZnO-based varistors containing different amount of CuO (0–2 mol%) were sintered by conventional and spark 
plasma sintering (SPS) methods, which resulted different I-V characteristics. While the samples sintered by SPS method 
were observed to have smaller grain size, more homogenous microstructure and higher density, grain boundary thickness 
reduced due to removal of bismuth, which was the result of high vacuum environment during sintering step. Since the bar-
rier thickness of SPSed samples decreased, a lower breakdown electrical field (Eb) value was recorded in comparison to 
conventionally sintered samples. It was also detected that Eb values of both conventional and SPS samples increased with 
increasing CuO content.
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Introduction

Zinc oxide (ZnO) is one of the most important metal oxides 
used as an n-type semiconductor due to the reasons as 
availability, environmentally friendly, and low cost of raw 
materials [1]. ZnO-based varistors are used to protect elec-
tronic circuits against voltage fluctuations thanks to their 

non-linear current–voltage (I-V) behavior, which is defined 
as the change in resistivity of a material at different applied 
voltages. When critical voltage is exceeded, the varistor 
protects the circuit elements thanks to the reduction in its 
electrical resistivity which results the current passing on 
varistor preferentially [2–5]. The electrical characteristics 
of ZnO varistors are strongly dependent on the phases and 
the microstructural properties such as grain size, shape, and 
distribution. A remarkable difference between resistivity of 
grain boundaries and grains are obtained by the dispersion of 
the additive phases, segregate at the grain boundaries during 
sintering. This difference in resistivity value is influenced by 
size and uniformity of additive phase as well as processing 
conditions [6]. The microstructure of ZnO varistors consists 
of conductive ZnO grains as matrix and various metal oxides 
which act as insulating barrier surrounding ZnO grains. 
Therefore, three characteristic regions present in I-V curves 
of the ZnO varistors. At low voltages, the insulating barrier 
between the grains results in a very high and almost Ohmic 
resistivity, which is called as pre-breakdown or Ohmic 
region. At a certain voltage, the threshold or breakdown 
voltage, the system enters the breakdown region in which 
the current increases abruptly, and the dependence of current 
on voltage is described by the empirical relation:
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where α = d [log (I)] / d [log (V)]. High nonlinear coefficient, 
which means faster time-response and more effective pro-
tection to devices, is regarded as the most significant index 
in varistor applications [7]. This parameter is a measure of 
the element nonlinearity, which varies with different volt-
age values. At higher current densities, the voltage starts 
to increase again resulting in an upturn region of the I-V 
characteristic [2].

The stability of ZnO varistors can be increased by glass 
and metal oxide additions. There are various additives inves-
tigated in the literature such as Sb2O3, MnO, BaO, Cr2O3, 
and CuO. [8–13]. Bi2O3 is one of the most attractive materi-
als for ZnO varistors since it facilitates sintering by reducing 
the sintering temperature, promoting grain growth, and sta-
bilizing nonlinear current–voltage characteristic of the mate-
rial [9, 14, 15]. Peiteado et al. [16] made a kinetic analysis of 
grain growth to describe the relationship between breakdown 
voltage-sintering variables of ZnO-based varistors. They 
found that the varistor breakdown voltage can be calculated 
from the average size of the zinc oxide grains for a certain 
range of sintering conditions. This provides the evolution 
of varistor microstructure in a gradual and controlled man-
ner and the distribution of the electrical interphases remains 
stable [16]. Rubia et al. [14] reported uncontrolled Bi2O3 
evaporation during sintering and this can heavily impair 
the electrical properties of the varistors. They expressed 
considerable loss of bismuth as a result of interaction with 
the sintering atmosphere. Although increase in the surface 
area of Bi2O3 resulted an improved oxidation resistance, it 
also caused to increase in Bi evaporation. Therefore, they 
emphasized in their studies that there should be an optimum 
area/volume ratio, which balances both effects. Xu et al. [9] 
studied the I-V properties of the ZnO-Bi2O3 based varistor 
systems, which were sintered in three different routes (open 
sintering, closed crucible, and within powder beds) at the 
sintering temperatures in the range of 1000–1200 °C. They 
observed that the microstructure and, therefore, the electrical 
properties of varistors highly effected by the sintering meth-
ods and temperatures [9]. Mansour et al. [6] investigated 
the microstructural and electrical properties of ZnO-based 
varistors containing different amount of CuO. It was stated 
that the non-linear coefficient (α) and density increased with 
increasing CuO content. Similarly, Apaydın et al. [8] exam-
ined the effects of CuO addition into ZnO and showed that 
higher the amount of CuO promoted the grain growth.

Nowadays, progresses in nanotechnology have resulted 
in reduction of the size of the electronic devices as well as 
varistors. Therefore, there is always a strong demand for 
ceramic varistors with a much finer microstructures [17]. 
Indeed, such a microstructure yields a larger number of grain 
boundaries per unit volume and hence allows the production 

(1)I = kV�,
of components with identical performances with a lower 
weight to volume ratio in contrast to those currently on the 
market [17]. In order to achieve this, spark plasma sinter-
ing (SPS), which enables improved densification at much 
lower temperatures in short sintering times by loading with 
electrical energy, is a potential technique. Macary et al. 
[18] sintered ZnO-Bi2O3 varistor system via SPS method 
at relatively low temperatures between 550–600 °C. They 
reported that Bi2O3 leads to reduction in metallic bismuth 
transformation in an unexpected manner, which facilitates 
sintering at much lower temperatures. Beynet et al. [17] 
manufactured Bi2O3 and Zn7Sb2O12 doped ZnO varistors 
by SPS at a temperature less than 400 °C lower than that of 
conventional sintered samples. They reported that the SPS 
inhibited growth of ZnO grains and reduced the transforma-
tion of Bi2O3 to metallic Bi during sintering.

It is well-known in the literature that the CuO contri-
bution to ZnO increases the average grain size, breakdown 
voltage, nonlinearity coefficient, and density, while decreas-
ing the leakage current [6, 19]. However, the effects of CuO 
addition to the ZnO-Bi2O3 system have not been sufficiently 
clarified in the literature. In this study, the microstructural 
and electrical properties of ZnO-based varistors prepared in 
ZnO-Bi2O3-CuO system (99-x mol% ZnO, 1 mol% Bi2O3, x 
mol% CuO composition) were investigated. Moreover, two 
different sintering technique (conventional and SPS) were 
utilized for the densification of the compositions and their 
effects on microstructural and electrical properties of the 
ZnO-based varistors were investigated, comparatively.

Experimental procedure

The powder batches were prepared by precise weighing of 
ZnO, Bi2O3, and CuO powders (99.99% pure) with a four 
digit scale in proper amounts. While the amount of Bi2O3 
was kept constant for all composition (1 mol%), the content 
of CuO was altered between 0–2 mol%. The compositions 
were homogenized in isopropyl alcohol medium by a plan-
etary ball mill for 2 h at a rotational speed of 300 rpm. The 
slurries were then dried by a rotary evaporator. The powders 
were compacted under 300 MPa into discs with the diam-
eter and height of 13 mm and 2 mm, respectively. In order 
to prevent evaporation of Bi2O3, the conventional sintering 
temperature was selected as 1000 °C, which is slightly lower 
than a typical sintering temperature of ZnO-based varistors 
(1100 °C or above) reported in literature. In case of SPS, 
the samples were sintered at 800 °C, slightly lower than that 
of conventinal sintering thanks to the contribution of elec-
tirical current and mechanical loading on densification. The 
volatilization of Bi2O3 deteriorates the grain boundaries, and 
the large grain size of ZnO reduces the grain boundary areas 
between electrodes, causing a low breakdown electric field 
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[15]. In addition, the literature [17] and [18] stated that the 
SPS method is generally performed at lower temperatures. 
For these reasons, conventional sintering was carried out at 
1000 °C and SPS at 800 °C. For conventional sintering, the 
pellets were sintered at 1000 °C for 1, 2, and 3 h at a constant 
heating and cooling rates (10 °C/min) under atmospheric 
condiditons. In case of SPS, compositions were transferred 
to a cylindrical graphite die with an inner diameter of 20 mm 
and sintered between the Cu-Be rams of SPS furnace at 
800 °C for 5, 10, and 15 min dwell time under the uniaxial 
load of 16 kN. The surfaces of inner wall of die, upper, and 
lower punches in contact with the powder were covered by 
graphite papers for isolation. After SPS, the surface of the 
samples was ground with suitable SiC grinding papers in 
order to remove the carbon diffusion layer.

The bulk densities of the sintered samples were deter-
mined by the Archimedes method. The phases present in 
sintered samples were identified by X-ray diffraction (XRD) 
method.The thermal behavior of the compositions during 
sintering was determined by an optical dilatometer. The 
analysis were performed with a heating rate of 10 °C/min 
under atmospheric conditions. The microstructures of the 
samples were investigated by a scanning electron micro-
scope (SEM) in backscattered electron (BE) mode. The 
elementel analysis of the samples was performed by energy 
disperse X-ray spectroscopy (EDS) attached to this SEM. 
The average ZnO grain size was calculated from the SEM 
images of each sample by using the Clemex software.

In order to determine electrical properties of the sintered 
samples, top and bottom surfaces of the sintered pellets were 
covered by gold–palladium alloy with a sputtering device. 
The I-V measurements of the varistor samples were carried 
out with high voltage source. The nonlinear coefficient (α) 
of the samples was obtained by Eq. (2) as follows:

where J1 and J2 are current densities and equal to 0.1 mA.
cm−2 and 1 mA.cm−2, respectively. E1 and E2 are the elec-
trical fields corresponding to J1 and J2, respectively. The 
breakdown electrical field Eb is determined as the field at 
current density 0.1 mA.cm−2.

Results and discussion

Densification and microstructural properties 
of samples

The change in density of the sintered samples as a function 
of CuO content is given in Fig. 1. The density of the samples 
sintered by the conventional method and SPS increased with 

(2)∝=
logJ2 − logJ1

logE2 − logE1

CuO content due to the reduction of eutectic temperature of 
the system, which is well agreed with [20]. The increase in 
densification of SnO2-based varistors with CuO addition was 
also reported by Hu et al. [21]. Moreover, varistors produced 
by SPS method have been formed in a denser structure in 
comparison to the ones sintered by conventional method.

The thermal analysis curves of varistors containing dif-
ferent amounts of CuO are shown in Fig. 2. The first endo-
thermic peak represents the eutectic point of the ZnO-Bi2O3 
system, while the second peak, which becomes more promi-
nent with the addition of 1% to 2% CuO, indicates the forma-
tion of Bi2CuO4 shown in Fig. 2a. The last peak indicates 
the formation of Bi38ZnO58. The thermal shrinkage curve 
in Fig. 2b shows the eutectic point of the ZnO-Bi2O3 sys-
tem (numbered 1) decreases from 744 to 699 °C with the 
increase of CuO. In the same graph, it is seen that the forma-
tion temperatures of Bi2CuO4 and Bi38ZnO58 decrease with 
the increase of CuO content. Ikeda et al. [20] and Devisov 
et al. [22] found the same phase formations in their studies 
for similar varistor systems.

Figure 3a and b shows the back scattered electron (BE) 
SEM images and-EDX analysis taken from the points A, 
B, and C in corresponding image of 2% CuO doped ZnO 
sample sintered by conventional and SPS methods, respec-
tively. While ZnO was observed as in gray color (1), the 
Bi-rich intergranular phase located around ZnO grains and 
triple pockets was seen as white regions (2). It is clear that 
the amount of Bi-rich intergranular phase in SPSed sample 
is much lower than that of conventionaly sintered samples. 
This is thought to be the result of high vacuum environment 
during SPS which causes evaporation of Bi2O3 from the sys-
tem. According to the EDX results, Bi, Cu, and O elements 
were detected in the composition of the dark phase (3) rarely 
seen in the microstructure of conventianaly sintered samples. 
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Fig. 1   The change in density of sintered samples as a function of 
CuO content
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On the other hand, this phase almost was not observed in the 
microstructure of SPSed sample (Fig. 3b).

XRD curves of varistors sintered with conven-
tional method and SPS are shown in Fig. 4a and b. Fig-
ure 4a shows ZnO, Bi2O3, Bi38ZnO58, and Bi2CuO4 phases 
formed in varistors produced by conventional sintering. It 
is seen in Fig. 4b that ZnO, Bi2O3, and Bi38ZnO58 phases 
are formed in varistors sintered by SPS. The spinel forma-
tion was inhibited for SPSed samples due to the lack of 
Bi2O3 in the system. The formation of bismuth rich grain 
boundary phase as weel as spinel and pyrochars phases 
at triple pockets of conventionaly sintered ZnO-based 

varistors was also reported in [10, 18, 23]. In addition, 
De la Rubia et al. [24] and Straumal et al. [25] reported 
the formation of Bi38ZnO58 phase in ZnO-Bi2O3 phase 
systems.

SEM images of 0–2% CuO doped samples sintered by 
conventional and SPS methods are shown in Fig. 5. The 
increase in CuO content resulted to increase in grain size of 
both conventionally sintered and SPSed samples. It is clear 
in Fig. 5 that microstructures of the samples sintered via 
SPS method were much finer and homogeneous in compari-
son to the samples sintered by conventional method. This 
was attributed to the improved sintering mechanisms by the 
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Fig. 3   SEM–EDS analysis of 
sintered samples. (a 1 h sintered 
by conventional method at 
1000 °C, b sintered by SPS for 
5 min at 800 °C)

 Zn 

(wt%)

Bi 

(wt%)

Cu 

(wt.%)

O 

1 80.34 - - 19.66 

2 11.83 83.42 1.86 2.89 

3 - 74.68 12.86 12.46

 Zn Bi Cu O 

1 80.78 - - 19.22 

2 34.34 59.42 2.20 4.05 
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effect of electrical current and mechanical pressure, which 
result efficient densification without any excessive grain 
growth. Another difference between the microstructures of 
the samples was the amount of Bi2O3-rich grain boundary 
phase. It was known that ZnO-Bi2O3 binary system has a 
eutectic reaction of ~ 738 °C [20], which is approximately 
100 °C lower than sintering temperature utilized in this 
study. Moreover, the eutectic temperatures of the composi-
tions were assumed to be lower than 738 °C in the presence 
of CuO, and, therefore, the evaporation became severe with 
increasing CuO content.

The change in grain size of the sintered samples were 
measured by linear intersection method on SEM images to 
compare grain growth of the samples sintered by two differ-
ent techniques (Fig. 6 The grain size of the samples, sintered 
both conventional and SPS methods, increased with increas-
ing CuO content. While the grain size of the convention-
ally sintered samples containing different amount of CuO 
increased parabolically, a slight and linear increment was 
observed for SPSed samples (Fig. 6). The increase in grain 
size was attributed to the reduction of eutectic temperature 
and the increase in liquid phase during sintering. This result 
is well agreed with [8]. The inhibition of the grain growth in 
SPSed samples was attributed to the much lower sintering 
temperature in limited dwell time.

Electrical characterization of the samples

The E-J curves of the sintered samples are shown in Fig. 7. 
The breakdown electrical field Eb is determined as the field 
at current density 0.1 mA.cm−2. The nonlinear coefficient 

α was obtained by Eq. (1). The E-J curves of the conven-
tionaly sintered samples (0–0.5–1% and 2 CuO doped) for 
1 h at 1000 °C are shown in Fig. 7a. As the CuO content 
increased to 0–0.5–1 and 2%, the breakdown electrical field 
(Eb) increased by 121.2, 126.3, 199, 225.32 V/mm, respec-
tively. This increase is attributed to higher thickness of the 
insulating barrier around the conductive ZnO boundaries in 
the presence of CuO. The E-J curves of the sintered samples 
(0–0.5–1% and 2 CuO doped) for 5 min at 800 °C by SPS 
method are shown in Fig. 7b. Similar to the convention-
ally sintered samples, the increase in CuO content increased 
the breakdown electrical field (Eb) values. As the CuO ratio 
increased to 0–0.5–1 and 2%, the breakdown electrical 
field (Eb) increased by 13.03, 19.81, 29.21, 77.61 V/mm, 
respectively. The Eb values for SPSed samples were much 
lower than that of conventionally sintered ones. This was 
assumed to be the result of severe evaporation of bismuth 
in the vacuum environment during SPS. The removal of 
bismuth from the system decreases the Eb value because 
it causes a decrease in the barrier in the ZnO varistor sys-
tem [15]. Rubia et al. [14] stated that bismuth has a criti-
cal importance for the formation of electrically active grain 
boundaries and large amounts of evaporated Bi reduce the Eb 
value in the ZnO-Bi2O3 varistors system, because of which 
they produced in shapes with different area-to-volume ratios.

Figure 8a–c shows Eb and α curves of conventionally sin-
tered at 1000 °C for 1, 2, and 3 h, respectively (calculated by 
the Eq. (1) in the range of 0.1–1 mA/mm2). It was observed 
that Eb and nonlinear coefficient (α) of the samples increased 
with increasing CuO content but decreased with sintering 
time. Both max. Eb (225.32 V/mm) and max. α (34.5) values 

Fig. 4   XRD analysis of samples (a conventional sintered (0–0.5–1 and 2 CuO doped) varistors at 1000° C for 1  h, b SPS method sintered 
(0–0.5–1% and 2 CuO doped) varistors at 800° C for 5 min
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were measured in the sintered for 1 h with 2% CuO added 
sample. The effects of CuO doping on (Co, Nb, Cr) doped 
SnO varistor were investigated by Hu et al. [21]. They stated 
that 0–0.2 mol% CuO additive reduces the leakage current 
value and adding more than 0.2% CuO increases the leak-
age current value. In addition, they reported the addition of 

CuO into the SnO2 varistor, which decreased the Eb value. 
Similarly, Mansour et al. [26] added Cr2O3, Bi2O3, and NiO 
layers at different rates to the ZnO-CuO system and observed 
nonlinear coefficient (α) increased with the increase of CuO 
contribution in ZnO-based varistors.

Fig. 5   SEM images of samples 
(a %0 CuO, b %0.5 CuO, c %1 
CuO, d %2 CuO doped conven-
tional sintering at 1000 °C for 
1 h; e %0 CuO, f %0,5 CuO, g 
%1 CuO, h %2 CuO doped SPS 
method at 800 °C for 5 min)

836 Journal of the Australian Ceramic Society (2022) 58:831–839
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Figure 8b–d shows Eb and α curves of samples sintered 
by SPS at 800 °C (calculated by the Eq. (1) in the range of 
0.1–1 mA/mm2). It was observed that Eb value increased 
with increasing CuO, but decreased with increasing sintering 
time. The maximum Eb (77.39 V/mm) value of the samples 
by SPS method was measured for 5 min sintering with 2% 
CuO addition. Besides, the maximum nonlinear coefficient 
(α) (17.6) value for the samples by SPS method was obtained 
from 5 min sintered sample with 1% CuO addition.

Conclusion

In this study, the microstructural and electrical properties of 
ZnO-Bi2O3-CuO (%99-x mol ZnO, 1% mol Bi2O3, %x mol 
CuO composition) based varistors prepared by conventional 
and spark plasma sintering (SPS) methods were compared. 
The following results were obtained:

•	 The samples produced by SPS method were observed 
to have smaller grain size, more homogenous micro-
structure, and higher bulk density. While the maximum 
relative density of 99.21% was obtained in the varistors 
sintered with SPS, the relative density of the varistors 
sintered conventionally was determined as 93.4% of the-
oretical density. With the addition of CuO into system 
from 0 to 2%, the grain size of the samples prepared by 
conventional sintering was measured as 8.47–23.55 µm. 
In case of SPS, the grain size was measured between 7.72 
and 12.56 µm.

•	 It was observed that grain boundary thickness decreased 
in SPS due to bismuth removal resulted by vacuum dur-
ing sintering. Since the barrier thickness of the samples 
produced by SPS method decreased, lower Eb values 
were obtained.

•	 The Eb value of both conventional and SPS samples increased 
with increasing CuO content. It has been measured that the 
Eb of varistors sintered with SPS is considerably lower than 
that of sintered conventionally because of the evaporation of 
Bi under vacuum conditions during SPS.
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