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Influence Factors on Electrophysical Parameters of Composite Varistors

Purpose. The work is aimed to evaluate the influence of the structural state of polymer phase on the response
voltage and nonlinearity coefficient of a multilayer varistor based on zinc oxide. Methodology. Zinc oxide consisted
of 97% zinc oxide and 3% total oxides of Bi,Os, C0304, MNO2, B,03, ShO3, ZrO,, Al,O3. To obtain the composite
of thermoplastic polymers and zinc oxide, non-polar and polar polymers, high pressure polyethylene and polyvinyli-
denefluoride were used. The composites were obtained by hot pressing at the melting temperature of the polymer
phase and a pressure of 15 MPa. After that, using silver paste measuring electrodes 10 mm in diameter were applied
to the surface of the synthesized samples and then current—voltage characteristics were measured. Modification of
composites under the action of gas-discharge plasma was carried out in a special cell that creates a dielectric-gas-
composite system. The composites structure was studied by X-ray diffraction analysis and IR spectroscopy. Find-
ings. The obtained experimental results show that the size of inorganic phase particles significantly affects the cur-
rent-voltage characteristics of the composite varistor: at a given thickness of the composite varistor, the operation
voltage decreases markedly, and the nonlinearity coefficient increases. The influence of electric discharge plasma on
the polymer zinc oxide-composite results in a significant change in the permittivity and the concentration of local
levels at the separation boundary of the composite. The results research showed that electrical plasma effect on the
response voltage depends on the polarity of polymer matrices. Moreover, plasma processing itself significantly
changes the structure of the polymer phase in the composite. Originality. The magnitude of the potential barrier at
the phase boundary is mainly determined by the volume fraction and size of the main structural element of ZnO ce-
ramics. The change in the structural state of the polymer matrix allows adjusting the response voltage and nonlinear-
ity coefficient of volt-ampere characteristic of the multilayer varistor. Practical value. The discovered development
of electron-ion processes in the polymer phase of the varistor indicates the need of taking into account the change in
its service characteristics from the duration and intensity of use. The result obtained shows not only the reason for
the properties change, but also the need to develop the measures to increase the service life of varistor.
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Introduction presence of a potential barrier at the boundaries of
the crystallite-amorphous phase [4, 10, 11]. Such a
structure of Zinc oxide and Silica carbide caused
bipolar conductivity in these materials and the abil-
ity to sharply change the resistance at certain volt-
ages. However, these materials in many cases do

It is known that ceramic semiconductor materi-
als such as zinc oxide (ZnO) and silica carbide
(SiC) are varistor materials. Numerous experi-
mental results show that the formation of the varis-
tor effect in these materials is directly related to the
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not meet the requirements of their practical appli-
cation. It should be noted that the idea of develop-
ing a composite varistor comes from a model of
the formation of the \wvaristor effect in
semiconductor ceramics. In composite varistor,
a polymer matrix functions as an amorphous phase
in ZnO or SiC ceramics; and as zinc oxide and
silica carbide crystallites — microscopic particles
from ZnO or SiC. This combination of components
contributes to the formation of a potential barrier at
the polymer-semiconductor ceramic interface, and
hence the varistor effect. The purpose of this work
is to reveal the formation features of the varistor
effect in a strong heterogeneous system of
polymer-semiconductor ceramics, taking into
account the influence of individual phases on the
varistor properties of this system. It is possible to
represent the first phase as a crystallite, and the
second — as inter crystallite boundaries. Transfer
processes in amorphous-crystalline materials, in
particular in composites, can be conventionally
divided into two groups: through conduction
carried out by the transition of electric charge
carriers through the potential barrier of inter
crystallite boundaries; conduction along polymer
boundaries without participation of zinc oxide
particles [1, 6].

Not so long ago, it was found that among the
many known organic compounds and composites
based on them, there is a small class of multiphase
materials that have a very peculiar combination of
properties: bipolar non-ohmic conductivity, heat
resistance, fairly high mechanical and electrical
strengths, and a symmetrical potential barrier at the
phase boundary. Such substances, called active
composites, include, in particular, varistor based
on polymers dispersed by semiconductor ceramic
particles ZnO [1-3]. A new class of composite el-
ements was formed, the distinguishing feature of
which is bipolar non-ohmic conductivity. Unlike
traditional non-linear devices, they do not contain
asymmetric potential barriers and current-voltage
characteristics (CVC). The scope of these materials
extends from nano-electronic, integrated circuits to
low-power spark gaps (switching elements) for
various purposes [6, 9-11]. The prospect of poly-
mer composites with bipolar conductivity is due to
both wide functionality (for example, in the func-
tion of energy-intensive and low-power varistor)

and relatively simple and low-temperature manu-
facturing technology. The pronounced nonlinearity
of conductivity and the symmetric nonlinear cur-
rent-voltage characteristic of composites based on
polymer-ZnO attract close attention as an active
composite for the varistor. This allows changing
nonlinearity coefficient of the current voltage char-
acteristic, the opening voltage (Uop) (transition
from linear to non-linear current-voltage character-
istic) and operating temperature range in a wide
interval. With the accumulation of experimental
data, the model representation of the formation
mechanism of the varistor effect and the conduc-
tivity of composites changed from a model in
which the main role was attributed to polymer lay-
ers between ZnO particles to a model in which var-
ious grain boundary effects in the zinc oxide parti-
cle itself and the processes occurring on the
boundary layers of the polymer phase with partici-
pation of the ZnO particle. At same time, the struc-
tural state of the ceramic composite has a fairly
significant impact on the complex of technical and
technological properties. For example, such a char-
acteristic as an electric current leakage largely de-
pends on the distribution uniformity of alloying
elements, which in turn determines the height of
the potential barrier [7, 8]. On the other hand, the
observed sensitivity to the presence of oxygen at-
oms is a factor that has a certain effect on the die-
lectric permeability of ceramics. In fact, the detect-
ed dependence of the specified characteristic on
the ratio of grain size to the thickness of the de-
pleted layer is actually dependent on the oxygen
absorption mechanism (Fig.1.) [12]. As follows
from Fig. 1, the characteristic structure of a varis-
tor is ZnO grains separated by thin films consisting
of chemical compounds of alloying elements. In
a more detailed analysis, after a certain treatment,
one can detect dispersed precipitates of chemical
compounds in the most defective places at struc-
ture — in the triple junctions of grains. Such precip-
itates of chemical compounds can affect the devel-
opment of ZnO grain growth processes during
high-temperature treatments during the formation
of varistors.

Additional evidence of the importance of struc-
tural state of ceramics, especially dispersion of the
phase components, are the results of works [8, 13].
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Fig. 1. The typical structure of the varistor [12]

Indeed, the observed low breakdown voltage val-
ues for varistor sintered at higher temperatures are
due to grain growth and a decrease in the number
of grain boundaries between the inner electrodes.
In addition to the number of boundaries between
phases, the layer thickness acquires a certain value.
Based on this, a layer thickness increase should
contribute to an increase in the breakdown voltage
[8]. Another problem of multiphase varistor is the
leakage current. The selection of the optimal struc-
tural state of the ceramics makes it possible to ef-
fectively decrease it. An example is the stability
increase of secondary spinel particles of
Zn,33Sho 6704 during cooling of ceramics. Another
factor of structure state optimization is location of
insulating phase between the skeleton of bismuth-
containing phases, which helps to reduce the varis-
tor current leakage by about two orders of magni-
tude [9]. Asin [8, 11, 13], in [5, 12] the importance
of the dispersion of structural components is em-
phasized. Thus, for ceramics consisting of the main
ZnO phase and oxides of rare earth elements
(Dy-20s, PrgOa1, Pr20s3), the grain size significantly
depends on the sintering temperature. A sintering
temperature increase by only 200°C is accompa-
nied by the grain size increase up to 6 times and
nonlinearity coefficient decrease by 2-2.5 times.
Based on the analysis of the obtained results, it can
be assumed that the most common model
of a highly heterogeneous structure is a polymer-
semiconductor ceramic composite. The size of the
zinc oxide particles should provide a certain ratio
of contact area of the polymer to the volume of the
ZnO particle. It is obvious that zinc oxide particles
appear as the crystalline phase and the polymer is
used as the amorphous phase.

Purpose

Influence evaluation of structural state of the
polymer phase on the response voltage and nonlin-
earity coefficient of a multilayer varistor based on
zinc oxide.

Methodology

Zinc oxide used as a dispersant was obtained as
follows: the composition of semiconductor ceram-
ics was chosen — 97 mol% zinc oxide and 3 mol%,
oxides BizOs, C0304, MnO,, B,0s3, SbOa, ZrOy,
Al;O3 as an alloying component of molecular
weight 0, 96% used ZrO- or Al,O3 based on these
compositions at a temperature of 1573°K, semi-
conductor ceramics ZnO [3] was synthesized. The
zinc oxide powder with a particle size of < 60 um
was prepared from the mixture obtained by mill-
ing. Composites based on thermoplastic polymers
and the zinc oxide were obtained in the following
way: non-polar and polar polymers, high-pressure
polyethylene (PE) and polyvinylidene fluoride
(F2M), respectively, were used as polymers. The
composites were obtained by hot pressing at the
melting temperature of the polymer phase and
pressure of 15 MPa [1, 6]. After that, using silver
paste, measuring electrodes 10 mm in diameter
were deposited on the surface of the synthesized
samples, and then the current-voltage characteris-
tics were measured. Modification of composites
under the action of gas discharge plasma was car-
ried out in a special cell that creates a dielectric-
gas-composite system [2]. Of particular importance
is the determination of the electrical strength of
composite varistors. The article determined the
instantaneous breakdown voltage. The number of
samples used in the test is at least 10. To determine
the instantaneous breakdown voltage, a UPU-10
device was used. The cell used for testing is shown
in Fig. 2.

The electrodes and their configuration corre-
spond to known conditions. The diameter of the
high-voltage electrode is approximately 3 times
smaller than the diameter of the ground electrode.
The electrodes are made in the form of a Ragowski
electrode and ensure the uniformity of the electric
field in the high-voltage -electrode-composite-
grounded electrode system. The structure of the
composites was studied using the methods of
X-ray diffraction analysis and IR spectroscopy.
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Fig. 2. Device for determining the electrical strength
of samples (1 — ground electrode, 2 — high voltage
electrode, 3 — sample, 4 — compression spring)

Discussion of experimental results

To reveal the role of the polymer phase in the
formation of the varistor effect and to determine
the effect of the polymer matrix on the parameters
of the composite varistor, the properties of the
composite varistor were studied using polymers of
different structure and polarity.

Table show the current-voltage characteristics
and the nonlinearity coefficient of composites
based on non-polar (PE) and polar (F2M) (modi-
fied polyvinylidene fluoride) polymers and zinc
oxide. The results obtained show that the polymer
matrix significantly affects the response voltage of
the composite varistor. The same results were ob-
tained for these composites when comparing their
coefficient of nonlinearity of the current-voltage
characteristics. In the first approximation, we be-
lieve that changes in Ugp and B depending on the
structure and properties (polarity) are associated
with interfacial processes at the polymer-ZnO in-
terface.

Table. 1
Opening voltage and nonlinearity coefficient of ZnO-PE and F2M composite varistors
N ZnO (with admixture of Al203) + PE N ZnO (with admixture of Al203) + F2M
Volume percent of | Ugp, V B Volume percent of UV B
samples samples
1| 30%C+70% PE 140 4,86 4 30%C + 70% F2M 140 3
2 | 50%C +50% PE 120 7,6 5 50%C + 50% F2M 132 5
3 | 60%C +40% PE 117 8,7 6 60%C + 40% F2M 120 6,4
L A It is known that interfacial interactions signifi-
1200 cantly depend on the size of the inorganic phase of
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Fig. 3. Grain size influence
of the matrix (1 - 63, 2 - 100, 3 - 200, 4 -315 pum)
on the current-voltage characteristic of a composite
based on polyethylene 30% C + 70% PE

the composites [1, 3]. Therefore, for composites
based on polyethylene, the current-voltage charac-
teristics were studied depending on the size (d) of
Zinc oxide particles (Fig. 3). The obtained experi-
mental results show that the size of the particles of
the inorganic phase significantly affects the CVC
of the composite varistor. At certain (constant)
thickness of the composite varistor, the operation
voltage decreases markedly, and the nonlinearity
coefficient increases. Numerous experimental re-
sults obtained by us show that the impact of elec-
tric discharge plasma on the polymer-zinc oxide
composite leads to a significant change in the per-
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mittivity and the concentration of local levels at the
interface of the composite [1-3].

Fig. 4 shows the dependence of the dielectric
permittivity on the volume content of Zinc oxide
for samples treated under the action of electric dis-
charge plasma. It can be seen that for all volumet-
ric contents, the treatment with electric discharge
plasma leads to a noticeable increase in . This pa-
rameter increases with increasing duration of the
discharge. Fig. 5 shows the changes in the coeffi-
cient of nonlinearity (B) of the I-V characteristics
of the composites before and after their treatment
under the action of a discharge for various volu-
metric contents of the ZnO phase. It can be seen
that plasma treatment significantly increases the
values of f3.

15

10

25 35 45 55 %

Fig. 4. Dependence of dielectric constant on the volume
of content filler in the ZnO — high-pressure polyethylene
composite and treatment by electric discharge
(1 — untreated, 2 — treated for 3 min, 3 — for 10 min)

p
2
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L
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1
5 [l
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Fig. 5. Dependence of nonlinearity coefficient
on the volume content of filler
in the ZnO — high-pressure polyethylene composite
and treatment by electric discharge (1 — untreated,
2 — treated for 3 minutes)

Such a change in ¢ and B testifies to the deter-
mining role of boundary effects in the formation of
varistor properties of composites. This assumption
is also confirmed by the results of changes in the
operation voltage of varistor before and after their
processing under the action of electric discharge
plasma (Fig. 6 a, b). The figure also shows that the
effect of electric discharge plasma on Ugp depends
on the polarity of the polymer matrices (high-
pressure polyethylene and polyvinylidene fluo-
ride). From the beginning, let us consider a possi-
ble change mechanism of Uy, and B of composites
after their modification under the action of electric
discharge plasma. It is known that plasma treat-
ment significantly changes the structure of the pol-
ymer phase of the composite (Fig. 6, b). It can be
seen that intense oxidation of polymer chains oc-
curs: CO, OH, COC, etc. appear. Based on the
fundamental idea that any changes at structure are
accompanied by the appearance of local levels in
the quasi-forbidden band of the polymer phase, the
shift of the Fermi level towards the conduction
band is quite justified.
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Fig. 6, a. The treatment effect of the electric discharge
(1 — without treatment, 2 — treatment for 3 min,
3 — 10 min) on the current-voltage characteristics
composite 60% ZnO + 40% polyvinylidene fluoride

Based on this, it should be expected that struc-
tural changes in the polymer matrix will lead to
a decrease in the response voltage and increase in
nonlinearity coefficient of the current-voltage
characteristic.
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Fig. 6, b. Spectra of components
and composite ceramics
(1- 100% high-pressure polyethylene, 2 — 100% ZnO,
3 —10% ZnO+90% of the high-pressure polyethylene)
depending on the inverse value of the wave length (1/4),
where X is the wave length of the spectral lines)

Some confirmation of this effect is the higher
sensitivity of plasma modification of composites
based on non-polar PE polymer (Figs. 6, a and
6, b). Comparison of the results of the change in
the structure of the polymer phase after exposure to
the electric discharge plasma shows that, all other
things being equal (the value of the discharge pow-
er), the structure change degree in the case of com-
posites with a polymer matrix of polyethylene is
greater. This manifests itself in a relatively large
change of opening voltage and coefficient nonline-
arity.

Originality and practical value

The discovered development of electron-ion
processes at polymer phase of the varistor indicates
the need to take into account the change in its ser-
vice characteristics from the duration and intensity
of use. The result obtained has a certain practical
significance, since it indicates not only the reason
for the change in properties, but also the need to
develop measures to increase the service life of the
varistor.

Findings

1. The analysis of the results obtained indicates
the dependence of operational characteristics of
multilayer varistor on the development of the elec-
tron-ion exchange processes at polymer phase.

2. The magnitude of the potential barrier at the
phase boundary is mainly determined by the vol-
ume fraction and size of the main structural ele-
ment of ZnO ceramics.

3. Changing the structural state of the polymer
matrix allows adjusting the response voltage and
nonlinearity coefficient of volt-ampere characteris-
tic of the multilayer varistor.
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DaKTOpHU BILINBY HA eJIeKTPO(i3uYHI MapaMeTPH KOMIIO3UTHUX BAPUCTOPiB

Mera. Y poOorti mepen6adeHo OIiHUTH BIUIHB CTPYKTYPHOTO CTaHy MOJIMEpHOi (a3u Ha HAIPYTy BIIOWUTTS Ta
koedilieHT HeMmiHIHHOCTI 6araTonIapoBOro BApHCTOpa Ha OCHOBI OKCHAY IIMHKY. MeToauka. OKcHJ| IMHKY CKiIajaa-
Best 3 97 % oxcuay umHKY i 3 % 3 okcuaiB BizOs, C0304, MNO,, B0z, SbO3z, ZrO,, Al,Os. 3a temmeparypu
1 573 °C 3pilicHEeHO CHHTE3 HAITIBIPOBIIHUKOBOT KEpaMik/ Ha OCHOBI OKCHJLy IUHKY. [IJIs1 OTpUMaHHS KOMIIO3UTY 3
TEPMOIUIACTUYHUX MOJIMEpPIB Ta OKCUAY IIMHKY BHUKOPHUCTOBYBJIM HETOJSIPHI Ta MOJISIPHI HOJNIMEPH, MOJIETHIICH
BHCOKOT'O THUCKY Ta TOJiBiHUIiAeHPTOpHI. KOMIIO3UTH OTpUMYBaJIU TapsidiM IPECYBaHHIM 32 TEMIIEpaTypH IUIaB-
TeHHs moniMepHoi (asm i tucky 15 MIla. [Ticis nporo, 3a JOMOMOTro0 CpiOHOI MACTH HA TOBEPXHIO CHHTE30BAaHIX
3pa3KiB HAHOCWIIN BHMIPIOBAJIBHI €J1eKTpoau JiameTpoM 10 MM, a IOTIM BEMIipIOBAIN BOJBT-aMIIEPHI XapaKTepHC-
TUKA. MoaudikyBaHHS KOMIIO3UTIB IIiJ] Ai€I0 Ta30pO3PSIHOI IUTa3MH TPOBOIWIIH B CIEHialbHIA KOMIpII, SIKa CTBO-
pIOE CHUCTEMY JieJeKTPUK — a3 — KOMIO3UT. CTPYKTYpy KOMITO3MTIB IOCII/KYBaJIl METOJaMH PEHTT€HIBCHKOTO
¢azoBoro ananizy ta [Y-crekrpockomii. Pesyabrarn. OTpuMaHi eKCHepHMEHTAIbHI Pe3yJIbTaTH MOKa3yloTh, IO
PO3MIp YaCTMHOK HEOpraHiuHOi (ha3u CYTTEBO BIUIUBAE Ha BOJBT-AaMIIEPHI XapaKTEPUCTUKU KOMIIO3UTHOTO BapHC-
TOpa: 3a 3aJaHoi TOBIIMHHM KOMIIO3UTHOTO BapHCTOPA MOMITHO 3MEHIIYEThCS poOOYa Hanpyra, a Koe(illieHT Heli-
HiifHOCTI 3pocTae. BIUIMB MIa3Mu €NEKTPUYHOTO PO3psily Ha MOJIMEPHUIT KOMIIO3UT OKCHI IIMHKY MPU3BOJHUTH JI0
CYTTEBOI 3MiHH JIEJIEKTPUYHOI IPOHUKHOCTI Ta KOHIIEHTpALii JIOKaJbHUX PIBHIB Ha MEXI MOALTY KOMIO3uUTy. Pe-
3yNbTaTH IOCIIKEHb CBi4aTh, IO BIUIMB €IEKTPHYHOI IJIa3MH HA HANPYTy BIIOUTTS 3aJCKUTHh BiJ MOJIAPHOCTI
noJiMepHux Matpuilb. KpiM Toro, cama masmMoBa 00poOKa CyTTEBO 3MIHIOE CTPYKTYpY MOJIIMEPHOI a3y B KOMITO-
3uti. HaykoBa HoBHM3HA. BenmnmuuHy mnoreHuiiiHOro 0ap’epy Ha Mexi MoAiny (a3 B OCHOBHOMY BH3HA4alOTh
00’€MHOIO YacTKOIO i po3MipaMH OCHOBHOTO CTPYKTYPHOTO eneMeHTa kepamiku ZnO. 3MiHa CTPYKTypHOTO CTaHy
MOJTIMEPHOI MaTpHIi J03BOJISE PETYIIIOBATH HANPYTy BIOUTTS Ta KoedilieHT HENTHIHHOCTI BOJIBT-aMIIEpHOT Xapak-
TepUCTUKU OaraTomapoBoro Bapucropa. IlpakTuyna 3HauMMicTh. BusBieHHH DPO3BHTOK €JIEKTPOHHO-IOHHUX
NIpOLIECiB Y MoJliMepHii (a3i BapucTopa CBIIYUTh NPO HEOOXIAHICTD ypaxXyBaHHsS 3MIHM HOTO CIIy’)KOOBHX XapakTe-
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MATEPIAJIOSHABCTBO

PHUCTHK BiJl TPUBAJIOCTI Ta IHTEHCHBHOCTI BUKOpHUCTaHHA. OTpUMaHHi pe3ylbTaT BKa3ye He TUIBKHA Ha MPUIUHY 3Mi-
HU BIIACTHBOCTEH, ajie i Ha HEOOXIIHICTh pO3pOOKH 3aXOiB [UIA 301TBIICHHS TEPMIHY CIIy>KOU BaprcTopa.
Knrouosi crosa: avopHMii cTan; Mexa; ¢da3a; BApUCTOP; KepaMiKa; eIeKTPHIHIHA CTPyM; IPOBITHICTH
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