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ABSTRACT

Zinc oxide (ZnO)-based varistor ceramics, incorporating
varying amounts of Y,03/CeO,, were fabricated through a two-
step solid-state reaction method involving pre-calcination and

subsequent  sintering  processes. ZnO  powder and
corresponding additives served as raw materials in the
production. The investigation of phase composition,

microstructure, and electrical properties employed techniques
such as X-ray diffractometry (XRD), scanning electron
microscopy (SEM), and direct current electrical measurement.
The findings revealed that varistor ceramics sintered at 950°C,
using powder pre-calcined at 800°C and doped with an
appropriate amount of Y0, exhibited enhanced electrical
properties. Conversely, the introduction of varying
concentrations of CeO; did not contribute to the improvement
of the electrical characteristics. The CeO,-doped samples
displayed lower breakdown voltages and nonlinear coefficients
compared to the undoped sample (MO). The addition of Y,03
proved effective in improving the nonlinear coefficient but
resulted in a decrease in the breakdown voltage withstand
capability of the samples. A Y,0;3; content of 0.5% was
identified as a suitable compromise, balancing both factors.
Notably, ZnO varistors doped with 0.5 mol% Y.0;
demonstrated optimal comprehensive electrical properties,
featuring a breakdown field of 620 V/mm and a nonlinear
coefficient of 45. These results suggest that Y»0s doping holds
promise as a viable strategy for achieving varistor ceramics
with outstanding electrical performance.

Keywords: Electrical properties; rare earth oxides; ZnO-
Bi»Os-based varistor; CeO2, Y20s.

1. Introduction

Zinc oxide (ZnO)-based varistors are extensively
employed for overvoltage protection and voltage
stabilization due to their capacity to manage significant
surges and exhibit nonlinear characteristics. Typically,
ZnO-based varistor ceramics are formulated by sintering
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ZnO powder with minor additives. In particular, Bi>O3 is employed as the varistor-forming
agent, introducing nonlinear characteristics to ZnO varistor ceramics. Traditional dopants
include various metal oxides such as Sh203, C0304, MNnOg, and Cr203 [1-6]. Throughout
the sintering process, these oxides undergo reactions with ZnO, leading to the formation
of distinct phases, including the spinel phase Zn;Sb2O», the pyrochlore phase
Zn,Bi3Sh3014, and the Bi2Os-rich liquid phase. The pyrochlore phase emerges within the
temperature range of 750-850°C, and with increasing temperature, it decomposes into
spinel and the Bi,Oz-rich liquid phase at 950-1050°C. Recent investigations have indicated
that the incorporation of rare earth elements as dopants can influence the microstructure
evolution of ZnO varistors, effectively controlling the grain size of ZnO. For instance, Tu
et al. [7] observed that the addition of YOz resulted in the formation of a new phase,
leading to a reduction in grain size. Additionally, Bernik’s group achieved a reduction in
ZnO grain size from 11.3 um to 5.4 pm and an increase in the breakdown field from 150
V/mm to 274 V/Imm by adopting a high-temperature solid-phase method and introducing
Y203 to the ZnO-Bi,03 system [8]. This confirmed the efficacy of Y.0Os3 as a potent
inhibitor of grain growth, thereby enhancing the breakdown field. K.VV. Mahesh et al.
incorporated Y203 into nanosized ZnO powder, resulting in a varistor with a grain size of
2 um [9]. To summarize, the doping of Y203 has proven to be an effective and convenient
method for improving the electrical properties of ZnO varistors. However, limited research
has been conducted on the addition of CeO», a widely recognized rare earth oxide (REO),
to ZnO-Bi,03 based varistors in the existing literature. Cao et al. reported that the inclusion
of CeOz led to a decrease in the average grain size from 7.3 to 6.7 um and an increase in
breakdown voltage from 438 to 501 V/mm when the CeO> content ranged from 0 to 0.2
mol%. The nonlinear coefficient exhibited an initial increase from 38 to 51 with the
addition of CeO, up to 0.1 mol%, but further doping resulted in a decrease to 44 at 0.2
mol%. Given the prevailing trend among researchers and manufacturers to focus on
achieving varistors with high voltage gradients and improved electrical responses, it is
imperative to prioritize investigations into the addition of REOs, such as CeO, to the ZnO-
Bi.O3 based varistor formulation, followed by thorough evaluations.

This study presents the preparation of ZnO-based varistor ceramics through the
sintering of pressed disks comprised of pre-calcined powder mixtures of ZnO and various
additives. The comparison of the effects of Y203 and CeO2 on ZnO-Bi203 based varistors
is undertaken with the aim of achieving an enhanced electrical response for potential
applications. Simultaneously, the influence of sintering temperature on the microstructure
and electrical properties of the ceramics is systematically investigated.

2. Experimental procedures

Zinc oxide (Zn0O)-based varistors were synthesized utilizing the solid-state reaction
route. High-purity raw materials with a nominal composition of (95.4-x) mol% ZnO, 0.7
mol% Bi20s, 0.5 mol% Cr203, 0.5 mol% C0304, 1.0 mol% Sh,03, 1.0% SiO2, 0.9 mol%
MnO2, and x% Y203/CeO> (with x values of 0, 0.25, and 0.75 for Y203, and 0, 0.25, 0.75,
and 1% for CeO,) were meticulously blended through ball milling for 9 hours. The
resulting mixture was subsequently dried at 60°C for 12 hours, followed by pre-calcination
at 800°C for 1 hour in an air environment. Following pre-calcination, a polyvinyl alcohol
solution (5 wt%) was introduced to the pre-calcined powder, and the composite was then
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pressed into disks (15 mm in diameter and approximately 1.5 mm in thickness) under a
pressure of 100 MPa. Subsequently, the disks underwent sintering at temperatures of
900°C, 950°C, 1000°C, or 1100°C for a duration of 2 hours in air. Finally, both surfaces
of the sintered disks were meticulously polished and coated with silver paste to create
electrodes, which were formed through heat treatment at 400°C for 1 hour. This detailed
synthesis process ensures the controlled fabrication of ZnO-based varistors with varying
compositions, particularly incorporating Y203 and CeOz, for subsequent evaluation of their
electrical properties.

The nominal varistor voltages, Vima and Vioma, were measured at 1 mA and 10
mA by an MY-3 kV meter at room temperature, respectively. The breakdown field, Ep
(V/mm), was calculated by the equation:

Eb = Vima/H 1)
in which H is the thickness of the specimen in mm.
The nonlinear coefficient a was calculated via the equation:

a=1/log (Vioma / Vima) 2

The crystal structure of the samples was characterized using a DX-1000
diffractometer with Cu Ka radiation operating at 40 kV/25 mA. The micrograph of the
varistors was characterized via an SEM (J6510-LV) and the elemental distribution of the
varistors was characterized by the energy-dispersive X-ray spectroscopy (EDS).

3. Result and discussion

3.1. Effect of REO contents

Figure 1 illustrated the XRD patterns of samples doped with 0.5% of Y,03/CeO2,
in which the ZnO phase, spinel phase (Zn7Sh2012), pyrochlore phase (Zn2BizSh3014), Y-
rich phase and Ce-rich phase can be determined. After the doping of Y203/CeO,, new
peaks corresponding to Y-rich phase and Ce-rich phase appear at near 30 deg.
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: Zn,Sb,Bi,0,, -M0-CeO,-0.5%
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Figure 1: XRD patterns of ZnO varistors doped 0.5% of Y203/CeO>
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The SEM micrographs depicted in Fig. 2 illustrate samples with varying contents
of [mention the specific material, e.g., Y203 or CeO;]. The results reveal a substantial
presence of numerous small particles distributed at the ZnO grain boundaries. As the
concentration of rare earth oxides (Y203 and CeO) increases, the quantity of secondary
phase particles at the ZnO grain boundaries exhibits a discernible upward trend, resulting
in a reduction in the average size of the ZnO particles. This phenomenon can be ascribed
to the following factors: the ionic radii of Y3* ions (0.093 nm) and Ce** ions (0.097 nm)
surpass that of Zn?* ions (0.074 nm) [10-12]. Consequently, the solid solubility of Y** and
Ce* ions in the ZnO grain is notably low. The outcomes of XRD and EDS analyses, as
depicted in Fig. 3, further corroborate that Ce** and Y** ions predominantly localize at the
ZnO grain boundaries, forming Y-rich and Ce-rich phases. These secondary phases
effectively impede the growth of ZnO grains through a pinning effect. The intricate
interplay between the foreign ions and the ZnO matrix leads to the observed reduction in
ZnO particle size, emphasizing the role of rare earth oxides in influencing the
microstructural evolution of the varistor material.
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Figure 2: SEM micrographs of the samples with different content of Y,03/CeO2:
a) X = 0%; b1-b3: x=0.25; 0.5; 0.75% Y»03; cl-c4: x=0.25; 0.5; 0.75; 1% CeO-
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Figure 3: EDS analysis of the sample with/without 0.5% mol of Y203/CeO>

The substitution reaction of Y3*/Ce** for Zn?* causes lattice defects in ZnO grains,
releasing the oxygen during the process, which is represented by the Kroger-Vink [13-15]
defect symbol as:

Y,0; 22, 2Y;, + 205 4 2¢ + 1/20, (3)
Zn0
CeO, — Cezn +e’ +1/20, (4)

The defect reaction not only provides O for the enhancement of the interface state
density Ns, but also produces positron centers and additional current carriers and the lattice
defects and deep bulk traps are formed.

Figure 4 and Table 1 presented below provide a comprehensive overview of the
current-voltage (I-V) characteristics and key electrical parameters of the varistor samples,
based on experimental data and quality assessments. The research findings indicate a
significant influence of the rare earth oxide additives on the threshold voltage values (Eb,
V/mm), as well as the nonlinear coefficient a. Notably, the presence of rare earth oxides
notably impacted the Eb values. For sample MO, which lacks rare earth oxide additives,
the Eb value is 1425 V/mm. However, for samples with rare earth oxide additives, this
value significantly decreases. In the case of Y203-doped samples, the Eb value decreases
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from 1166 VV/mm for the 0.25% Y03 sample to 1125 VV/mm for the 0.75% Y03 sample.
Regarding CeO.-doped samples, the Eb value exhibits negligible variation at 0.25% and
0.5% doping levels by mass (1400-1420 V/mm). Nevertheless, as the doping level
increases to 0.75% and 1% by mass, this value decreases sharply to approximately 1100
V/mm. The analysis of the nonlinear coefficient reveals a contrasting trend between Y203
and CeO; additives. Sample MO possesses a nonlinear coefficient value of 32, while Y0z3-
doped samples exhibit values ranging from 30 to 35, and 18-23 for CeO,-doped samples.
These results indicate a significant reduction in the nonlinear coefficient due to CeO;
doping. The nonlinear coefficient values for Y20s-doped samples may vary depending on
the Y203 content, with the highest coefficient (35) observed for the 0.5% Y 20s-doped
samples. For CeO2-doped samples, the 0.5% doping level demonstrates the best electrical
characteristics among various doping levels (Eb = 1420; a = 20). At the 0.75% CeO:
doping level, the nonlinear coefficient is improved (reaching a value of 22); however, the
Eb value experiences a notable decrease (down to 1134 V/mm). Therefore, the 0.5%
doping level was selected for investigating the influence of sintering temperature.
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Figure 4: E-J curves of samples doped with various amounts of Y>O3(a) and CeO: (b)
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Table 1: E-J parameters of samples with different content of Y,03/CeO>

Samples Eb (V/mm) o Samples Eb(V/imm) | «
MO 1425 32 MO0-Ce02-0.25% 1400 18
MO0-Y203-0.25% 1166 31 MO0-Ce02-0.5% 1420 20
MO-Y203-0.5% 1154 35 MO0-Ce02-0.75% 1134 22
MO0-Y203-0.75% 1125 30 MO0-CeO2-1% 1109 23

3.2. Effect of sintered temperature

The specimens underwent sintering at varying temperatures (900-950-1000-
1100°C) for a duration of 2 hours, and their SEM images are illustrated in Figure 5 below.
The outcomes reveal substantial alterations in the structural characteristics of the
specimens with increasing sintering temperatures. The particle sizes of the samples
experienced a notable escalation, accompanied by a more tightly organized structure. At
900°C, the structure exhibited significant non-uniformity due to excessively low sintering
temperatures, resulting in numerous phases that had not completed the transformation
process into the final product. Additionally, an observed trend indicates that as the sintering
temperature rises, the ZnO particle sizes also increase significantly, potentially
contributing to a reduction in the threshold voltage.
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Figure 5: SEM micrographs of the samples with 0.5% content of Y>03/CeO-
at different sintered temperature (900; 950; 1000; 1100°C)

The electrical characteristics of the investigated samples are detailed in Figure 6
and Table 2 below. Results demonstrate a consistent trend in the variations of electrical
properties for both the undoped sample (MO) and the rare earth-doped sample (MO with
rare earth additives) as the sintering temperature increases. The threshold voltage values
of all samples decrease with escalating sintering temperature, while the nonlinear
coefficient values exhibit a corresponding reduction. The substantial decrease in threshold
voltage values with increasing sintering temperature aligns with the structural analysis
discussed earlier. A notable decline in threshold voltage values is observed when the
sintering temperature increases from 950 to 1000°C. The highest nonlinear coefficient
value achieved is 45 for the sample with 0.5% Y203 doping at 1100°C. However, it is
noteworthy that this sample exhibits a relatively low threshold voltage (only 620 VV/mm)
compared to other samples. Hence, the choice of sintering conditions should be tailored
depending on the specific application requirements. For samples necessitating a high
nonlinear coefficient, an increase in sintering temperature is advisable. Furthermore, our
observations indicate that the addition of CeO. does not yield significant improvements in
electrical properties for the investigated system.
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Figure 6: E-J curves of samples doped with 0.5 % mol of Y203 (b) and CeO: (c)
at different sintered temperature in comparison with MO (a)

Table 2: E-J parameters of samples without/with 0.5%mol content

of Y203/CeO: at different sintered temperature

Samples Eb (V/mm) o
MO0-900 1560 25
MO0-950 1425 32
MO0-1000 1180 35
MO0-1100 950 42
MO0-Ce0»-0.5-900 1500 18
MO0-Ce0»-0.5-950 1420 20
MO0-Ce0,-0.5-1000 1220 31
MO0-Ce0»-0.5-1100 1050 36
MO0-Y>03-0.5-900 1430 15
MO0-Y203-0.5-950 1154 35
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Samples Eb (V/mm) o
MO0-Y203-0.5-1000 830 40
MO0-Y203-0.5-1100 620 45

When compared to various alternative varistor materials outlined in Table 3, the
varistor ceramics based on ZnO-Bi203 -Y203 (presented in this study) exhibit favorable
processing temperatures along with outstanding electrical characteristics.

Table 3. Electrical properties of rare earth doped ZnO based varistor
ceramics and some alternative ceramic materials

Composition Eb (V/mm) o
Zn0-Bi203 -Y 203 (present work) 620 45
Zn0-Bi,03 -Sc,03 [16] 278 54
Zn0-Bi,03 -Er.03 [17] 280 46
Zn0-Bi203 -Yb203 [18] 999 22.3

4. Conclusions

In conclusion, the addition of CeO, at various concentrations does not contribute
to the enhancement of the electrical properties of the samples. CeO2-doped samples
consistently exhibit lower threshold voltage values and nonlinear coefficient values
compared to the undoped MO sample. The incorporation of Y,03 proves beneficial in
improving the nonlinear coefficient, albeit at the expense of a reduction in the withstand
threshold voltage of the samples. A Y203 content of 0.5% strikes a balance between these
two factors. The sintering temperature significantly influences the characteristics of the
samples. Higher sintering temperatures enhance the nonlinear coefficient but concurrently
lead to a substantial decrease in the withstand threshold voltage. A sintering temperature
of 950°C appears relatively suitable for the investigated system, providing a balanced
compromise between the desired electrical properties. ZnO varistors doped with 0.5 mol%
Y203 demonstrated optimal comprehensive electrical properties, featuring a breakdown
field of 620 V/mm and a nonlinear coefficient of 45.
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TOM TAT

ANH HUONG CUA OXIT KIM LOAI HIEM DPEN CAU TRUC
VA TiNH CHAT DPIEN CUA VARISTOR DUA TREN ZnO-Bi2Os:
PHAN TiCH, SO SANH GIUA Y203 VA CeO;

Nguyén Trung Huy!, Nguyén Vin Trang!, Cao Thi Hong’,
Nguyén Thi Xuyén', Vo Thi Kiéu Anh', Nguyén Quang Dwong!,
Nguyén Tuin Anh',Lé Ping Quang!, P Quang Thim'

Vién Ky thudt nhiét doi, Vien Han 1am Khoa hoc va Céng nghé Viét Nam
Ngay nhan bai 27/02/2024, ngay nhan dang 08/4/2024

Cac loai gbm varistor dya trén oxit kém (ZnO), két hop vai lugng Y203/CeO2 khéc
nhau, dugC san xuét thong qua phuong phap phan tng thé ran hai budc bao gom qua trinh
tién xir Iy va qué trinh nung chay sau d6. Bot ZnO va céc chat phu gia twong tmg duoc sir
dung lam nguyén liéu trong qué trinh san xuat. Viéc nghién ciu vé thanh phan pha, cdu
trdc vi md va tinh chat dién duoc thyc hién thong qua cac ky thuat nhu nhidu xa tia X
(XRD), kinh hién vi dién tar quét (SEM) va do dién trg dong dién mot chiéu tryuc tiép. Két
qua cho thay rang gém varistor dugc nung & 950°C, str dung bot duoc nung qua & 800°C
va pha tron véi luong Y203 phil hop, di cho thay tinh chat dién dugc cai thién. Nguoc lai,
viéc thém vao nong do khac nhau cua CeO, khong gop phan cai thién cac dic tinh dién.
Céc méu dugc pha tron véi CeO hien thi dién 4p ngudng thip hon va hé s6 phi tuyén chua
duoc cai thién so voi mau khong pha tron (M0). Viéc thém Y203 da ching to hiéu qua
trong viéc cai thién he s6 phi tuyén nhung dan dén giam kha nang chiu dién 4p ngudng cua
cac mau. Ham luong Y203 14 0,5% tuong ddi phi hop, can bing ca hai yeu té. bang chu
y, varistor ZnO pha tron véi 0,5 mol% Y03 di cho thay tinh chat dién tong hop t6i wu,
Véi gia tri E» 620 V/mm va hé sé phi tuyén 1a 45. Nhiing két qua cho thdy riang pha tron
Y203 htra hen thu dugc duoc gém varistor véi hiéu suit dién duoc ting cuong, dac biét 1a
gia tri hé s6 phi tuyén.

Tir khoa: Tinh chét dién; oxit dat hiém; ZnO-Bi,Os varistor; CeOy; Y20s.
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