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Abstract

This study investigated the influence of DC-thermal stress on the stability of Sh,Os doped
Zn0-V,05-Bi03-Mn0O; based varistor ceramics from 0 to 1 mol%. The materials were
processed using a conventional solid-state technique. The samples were characterized using
XRD, SEM, and EDX techniques. The use of XRD and EDX analyses related to those cited in
the literature confirmed the presence of Zn7Sh.012, MnVOs, BiVO4 and Znz(VOa):
polymorphs as the secondary phase including ZnO hexagonal wurtzite structure and MnO: as
a primary phase. The EDX analyses reveal the presence of the Zn7Sh,O1. spinel phase located
at the triple point junctions, nodal point, and embedded in ZnO bulk grains. Henceforth, the
results showed that Sh,Os doping can improve the stability of the varistor ceramics,
particularly in the phase formation of Zn;Sh,0O12. This contributed to good stability of Sb203
doped ZVBM varistor ceramics in terms of degradation rate coefficient of 2.02x10”7 mA h'?
which was accompanied by low leakage current density around -67%, largest barrier height of
1.54%, breakdown field of 69.83% and « around 72.94%.
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1. INTRODUCTION

ZnO-based varistors ceramics are well described as those electronic ceramic devices that are
typically functioning to protect electronic circuits against unwanted voltage surges [1]. The varistor
current-voltage (I-V) characteristics before the breakdown field displayed high resistance and low
resistance after the breakdown field at which it becomes highly conductive. Besides this, the
fabrication of ZnO varistor ceramic alone is associated with many difficulties which the addition of
small quantities of metal oxides with heavy ionic radius. Their segregation to the grain boundary
resulted in the formation of the Schottky barrier, such heavy oxides include; Sb203, C0304, Bi2O3,
Cr203, V205, etc., are required. Generally, ZnO grain growth is well controlled by the addition of
Sh,03 additive it is considered that the additive affects the formation of Zn;Sh,012 spinel phase
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which is responsible for reducing the grain boundaries mobility and obstructing the grain growth and
also improves stability [2]. Microstructurally, ZnO varistors are composed of many grains and grain
boundaries, which are uniformly distributed throughout the ceramics depending on the type of
sintered ceramic and the additive used.

Another feature of ZnO varistor ceramics that are not thoroughly investigated is their multi-additive
degradation phenomena. In practical application, when a ZnO varistor is exposed to a constant
electrical or thermal stress the varistor degraded due to the constant leakage current and resultant
watt loss [3].

The degradation of ZnO varistor electrical properties is associated with the applied stress. Many
reports have shown that the grain boundary barriers decreased when there is a change in the valance
band of additive atoms and the distribution of electrons and holes close to the grain boundaries. This
is ascribed to the voltage and thermal energy used as responsible for the movement of defective ions
within the grain or on grain boundaries. Consequently, the varistor electrical stability together with
nonlinear characteristics is the major importance of ZnO varistor ceramics [4][5][6]. However, some
reports reveal that such electrical properties can be enhanced when SiO2 and Sb2O3 are added to ZnO
varistors [7], and Zn223Sbos7O4 spinel particles are well contributed to the varistor electrical
degradation reduction [8]. Other than the impurities, thermal treatment can also enhance the varistor
electrical degradation [9][10]. Yet, the effect of heat treatment is not clear with regard to the
enhancement of electrical degradation due to the impurities. Generally, the Sh>Os additive has an
influence on ZnO varistor ceramics positively. Hence, in ZnO varistor ceramics’ electrical
degradation, critical clarification on the effect of the Sb,O3 additive is highly significant.

Numerous research works have been carried out on the effect of Sb,O3 doping on varistor stability in
different systems, but the influence of leakage current density on the stability of Sb.Oz doped
Z\VBM-based varistor ceramics during DC and thermal stress have not been reported yet. In this
work, our primary hypothesis is how the amount of Sb>Os additive would influence the leakage
current for the best stability of ZVBM-based varistor ceramics. To get optimum stability, various
sintering temperatures on a sample without Sh.Os were performed. Further investigation on the
effect of Sb203 doped ZVBM based varistor ceramics on the degradation of electrical properties as
associated to ZnO grain size using scanning electron microscope (SEM), type of elemental
composition (EDX), phase identification (XRD).

2. EXPERIMENTAL PROCEDURE

A high-quality purity of metal oxide powders was carefully selected for the varistor fabrication.

The powders were obtained from Sigma-Aldrich and (99.9%) ZnO, (99.6%) V20s, (99.98%)

-Bi203, (99.6%) Sh.03, and (86.93%) MnO>. The percentage composition is (0.2 mol. %) V20s, (0.7

mol. %) Bi20s3, (0.7 mol. %) MnOz, and (0 — 1 mol. %) Sh2Os. The raw materials were mixed by

ball-milling with zirconia balls in a polypropylene bottle for 24 h in acetone and a small addition of
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deionized water to avoid the sedimentation of heavy particles like Sb20s. 0.75wt% polyvinyl alcohol
binder that was 88% hydrolyzed and an average MW of 88000 was added. The mixture was dried at
110 °C for 19 h in an oven and crushed by means of agate mortar/pestle. The powder was sieved
using 75 micro mesh screens to produce the starting powder. The powder was pressed into discs
(pellets) of a 10 mm diameter and 1 mm thickness at a pressure of 50 MPa. The pellets were sintered
at 1250 °C in air and 4 h holding time, with constant heating rates of 5 °C/min, and finally, furnace-
cooled to room temperature. The sintered samples were polished to 0.89 mm thickness using SiC
paper, P1200. Finally, the silver paste was coated on both faces and then they were heated at 550 °C
for 12 min with electrode areas of approximately 0.238 cm? to form ohmic contacts.

3. CHARACTERIZATION METHOD

The electrical characterization J-E of the samples was recorded at room temperature by using a
source measure unit (Keithley 2400) to determine the nonlinear coefficient («). The varistor electric
field (Eima) was evaluated at 1-10 mA/cm2 current density, and the leakage current density (JL) was
evaluated at 0.85V1ima. The o was obtained using the expression below: [11]

J = KE* Q)
where J is the current density, E is the applied electric field, and a is the constant

(Log j*~log J*)
a= (2

(Log E2-log E1)
with, J1 = 10 mA/cm?and J, = 1 mA/cm?
The DC degradation tests were done for a continuous tress of 0.85E1mA/120 °C/18h. The leakage
current was recorded after each 5 min concurrently using measurement unit meter Keithley 2400
during the stress time. Furthermore, the degradation rate coefficient Kt was calculated using the
expression I = Io + K t*2, where 1. is leakage current at stress time (t) and lo is I at t = 0. The J-E
characteristics were measured at room temperature after the stress.
Scanning electron microscope (SEM, JEOL JSM-6400) together with energy dispersive X-ray
(EDX) were used to determine the ceramic microstructure structure and elements within the
composition. The XRD patterns of the prepared samples were recorded by using (PANalytical
X’Pert Pro PW3040/60, Philips). The samples were radiated with Ni-filtered CuKa radiation (A =
1.5428) within a 20 scan range of 20-80 °C to identify the crystalline phases; the data were analyzed
using X’Pert High Score software. The density of the sintered pellets was measured with a digital
electronic densitometer, and the average grain size was calculated by using the linear intercept
method [12],[13].

D = 1.56L/(MN) 3)
where L is the random line length on the micrograph, M is the micrograph magnification and N is
the number of grain boundaries intercepted by lines.
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4. RESULTS AND DISCUSSION

4.1 Effect of thermal treatment on the phase identification

Figure 1 (a) shows the XRD patterns of the undoped sample sintered at (1200-1300 °C) for the
reference sintering temperature and (b) represents the Sb2Os doping level on ZVBM samples. The
patterns indicate the presence of two main phases such as ZnO hexagonal structure and MnO;

(ICSD code: 00-011-0055). However, MnVVO3 (ICSD code: 00-024-1246), BiVO4 (ICSD code: 00-
012-0293) and Zn3(VOs)2 (ICSD code: 00-034-0378) are the secondary phases identified. The
intensity peaks related to V-species decreased with the increase in sintering temperature [14],
illustrated in Figure 1 (a, b), this is probably due to the volatility of V-species at high sintering
temperature and high doping level of Sb>Os content. The presence of Zn7Sh.O1, secondary spinel
phase was observed with the doping level up to 1 mol% (figure 1b) thus, the intensity peaks are very
weak maybe this is due to the small concentration of the metal oxides [15].
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Figure 1 (a): XRD pattern of sample sintered at various temperatures; (b) Sb>Oz doped ZVBM
varistor ceramics sintered at 1250 °C

5. MICROSTRUCTURE CHARACTERIZATIONS

Figure 2 (a, b, and c) shows the overall SEM microstructure of the undoped and x mol% Sh,03
content sintered at 1250 °C. It can be observed that the microstructure of the ceramic demonstrates
the presence of small grains exists at the grain boundaries and triple point junctions of ZnO bulk
grains. The average grain size increase gradually and the relative density decrease with the
incorporation of 0.6 and 1 mol% Sh>0O3 (Figure 3), the reduction of relative density is attributed to
the presence of pores [16].
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Figure 2: SEM micrograph of Sb>03 doped ZVBM varistor ceramics sintered at 1250 °C (a) 0 mol%
(b) 0.6 mol% and (c) 1 mol%.
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Figure 3: Average grain size, percentage density against molSh,O3 doped ZVBM varistor ceramics
sintered at 1250 °C

Figure 4, shows the EDX spectra of ceramic with 1 mol% Sh20s doped ZVBM varistor ceramics.

It was reported that Sb exists only on grain boundary [7] which is opposed to the present finding.

In this work Sb-species was located at the nodal point, grain boundary, and ZnO grain interior
(spectrum 1, 2, and 3). No peak related to Mn-species diffuses in ZnO grain interiors maybe this is
due to the differences between ionic radii of Mn?* (0.80 A) and Zn* (0.74 A) [17]. Although, the
presence of Mn at the grain boundary and the nodal point is a clear indication that the Mn species
diffuses in the ZnO grain interior [18]. However, the presence of Sb, V, and Bi species are observed
to exist at the grain boundary and nodal point of the ZnO grain (spectrum 2 and 3) [18], [19]. The
existence of Sh-species at the grain boundary and nodal point substantially contributes to the
inhibition of grain growth by forming the Zn;Sh201> spinel phase [19].

Average grain size (um)
(%) Ayisuep eAneloy
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Figure 4. EDX analysis for 1mol% Sh>0O3z doped ZVBM varistor ceramics sintered at 1250 °C.

6. ELECTRICAL CHARACTERIZATION

6.1 J-E CHARACTERISTIC CURVES OF THE VARISTOR

Figure 5(a) shows the J-E characteristic of the undoped sample with sharp switching curves and the
doped sample with broader sharps. The a values decrease suddenly from 15.09 to 7.97 with the
addition of Sb203 up tol mol% through the application of 1250 °C of sintering temperature this is
attributed to the increase of J. from 1x107 to 3x10° mA/cm?, may be due to the high thermionic
emission of current during the heating process as shown in Table 1. As a result, the breakdown field
decreased from 67.75 to 42.95 V/mm, similar behavior was reported by Jiang et al., 2013 [20].
Although, Sbh>0O3 doping in ZVBM varistor ceramics is mainly for two reasons; to control the grain
growth by forming a secondary spinel phase of Zn7Sb2012, and enhance the solubility of ions such as
Zn in Bi2Ogz-rich liquid phase. This is essential for defect distribution form at the grain boundaries
during cooling reported by [21]. on the other hand, the decrease in a values implies that the
solubility of Zn in the V-rich liquid phase is not enhanced by the Sh>Os doping in ZVBM varistor
ceramics also reported by [22]. It can be realized that the low barrier height is due to the substitution
reaction which produces electrons and enhances the donor concentration. As a result, the barrier
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height decreased and the varistor nonlinearity reduced as shown in Figure (5b). The lower the barrier
height is the smaller the o value [20].
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Figure 5 (a): J-E characteristic curves of Sb>Os doped ZVBM varistor ceramics and (b) nonlinear
coefficient, barrier height against mol% sintered at 1250 °C.

Table 1: Average grain size, percentage density, and nonlinear electrical properties of ZVBM
varistor ceramics sintered at 1250 °C

Composition D P o Eb JL o
(mol%) (um) (%)  (eV) (V/Imm) (mA/cm?)
0.0 11.97 90.79 1.69 67.75 1x10* 15.09
0.6 12.09 8955 1.12 50.26 2x10* 9.97
1.0 1252 88.82 1.09 4295 3x10* 7.97

Figure 6 shows Ji_ the results of Sb20O3 doped ZVBM-based varistor ceramics sintered at 1250 °C and
exhibited different stability during the stress of 0.85E1ma/120 °C/18 hrs. Although, the stability of
the undoped sample is largely affected by high J_ after subjecting the ceramic against DC and
thermal stress with a degradation rate coefficient (Kv) of 8.62x10°® mAhY2 (Figure 2), low stability is
related to the high J. per grain boundary [23] and too much distribution of secondary phases [24] as
shown in XRD analysis Figure 1a. It can be observed that with small doping of 0.6 mol%, the K+
gradually improves which is relatively stable with a Kt value of 5.8 x107 mAhY2. It is evidently
revealed that the varistor ceramics doped with 1 mol% Sh>0O3 have shown the best stability having a
Kt value of 2.02x107 mAh*? after the application of DC and thermal stress, illustrated in Table 2,
no thermal runway was recorded. From the macroscopic point of view, low leakage current, even
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grain size, and good barrier height significantly contribute to ZnO varistor ceramics' stability with
the incorporation of rare earth oxides [25]. However, high leakage current density rises the carrier
generation caused by joule heat and results in a repetition cycle between joule heating and leakage
current [26]. The number of conduction paths reduces due to sintered density and eventual

concentration of current.
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Figure 6: Leakage current against stress time during DC accelerated aging stress of sample sintered
at various temperatures; (b) x mol% Sh»Oz sintered 1250 °C.

Figure 7 (a, b, and c) shows the relation between J-E characteristic curves’ behavior before and after
the stress of three different mixes. It can be seen that the curves have shown a significant variation at
the pre-breakdown region with the doping level of Sb,O3 from 0-1 mol%. The variation changes in
nonlinearity (%Aa), barrier height (%A¢), breakdown voltage (%AEima), and leakage current
density (%AJL) of the samples sintered at 1250 °C are shown in Table 2. The undoped sample shows
a little variation shift in J-E curves this is probably due to the high leakage current and the presence
of many secondary phases [27]. The sample doped with 0.6 mol% Sh,Os displays a low variation
rate in terms of %AEy, around -11.78%, %Adp -9.82, and %Aa -16.45 after the DC and thermal
stress. It is adequate to state that the varistor ceramic prepared with 0.6 mol% Sbh>O3 shows good
stability, although there is no significant change in the electrical properties. The stability of the ZnO
varistor is estimated from the Kt value from a degradation point of view [28]. In this work, the best
stability is observed from the sample containing 1 mol% Sh>O3 doping which suppressed the J. by -
67%, possessing Kr value of 2.02x10”7 mAhY2, o improved by 78.97%, ¢ increase by 41.28% and
the Ep increased to 69.83%. As was hypothesized best stability was obtained from the sample
containing 1 mol% doping level which is in contrast to the undoped sample and 0.6 mol%. Thus, J-E
characteristic curves of the varistor ceramic lose their non-opacity slowly with the applied field
leading to the varistor electrical degradation [29]. Among the possible reasons for varistor

electrical properties to degrade is associated with the interstitial Zn?* ions or drift motion of O ions
when voltage is applied. As a result, they migrate inside the grains near the grain boundaries leading
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to the distribution of holes and electrons near the grain boundaries, hence deforming the symmetric
double Schottky barriers [30], [31] [32].
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Figure 7: J-E characteristic curves before and after DC accelerated aging stress of x mol% Sb203
sintered at 1250 °C.

Table 2: Variation change in nonlinear electrical properties, before and after stress and Kt values of
Sb203(0-1) doped ZVBM varistor ceramics sintered at 1250 °C

composition
(mol%) Stress stage Kr () %Aa b %Adb Eb %AEb J %AIL
(mA ht2) (eV) (V/mm) (mA/cm?)
0 Initial 15.09 1.69 67.75 1.0x10*
stressed 8.62x10% | 6.47 -57.12 0.81 -52.07 | 21.23 -68.66 | 3.0x10° 200
0.6 Initial 9.97 112 50.26 2.0x10*
stressed 5.8x107 8.33 -16.45 1.01 -9.82 44.34 -11.78 3.0x10° 50
1.0 Initial 7.37 1.09 42.95 3.0x10*
stressed 2.02x107 13.19 78.97 1.54 41.28 72.94 69.83 1.0x10°3 -67

7. CONCLUSION

The influence of DC-thermal stress on the stability of Sb.O3-doped ZVBM-based varistor ceramics
was successfully investigated. Five different sintering temperatures were initially selected, and 1250
°C was the optimum before doping Sb20s. Then at this temperature through varying Sb20O3z 1 mol%
was observed to give the best stability possessing Kt value around 2.02x10”" mAh*2 accompanied by
low JL of -67%, largest ¢ of 1.54%, Ep of 69.83% and o around 72.94%.
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