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Abstract
We studied the dependence of the E–J characteristics on the sintering conditions in varistor fillers, the filler content in the polymer matrix and

for different polymers and suggest a possible nonlinear electrical-thermal switching mechanism. The nonlinear coefficient and breakdown field of a

sample with 100 vol.% varistor fillers sintered at 950 8C for 5 h were 12.24 and 135 V/mm, separately. A decrease in the amount of filler content in

polymeric matrix or using a fortified polymer improved the electrical properties by increasing the breakdown field to the 263–964 V/mm range and

decreasing the leakage current density in the 1.06 � 10�5 to 1.13 � 10�10 A/cm2 range. This varistor–polymer composite can exhibit two

nonlinearities in electrical conductivity. In the conducting state above the varistor filler breakdown, the polymer matrix reduces the conductivity, if

a critical temperature is reached. Thereby the over voltage is limited by the fillers (i.e. varistor effect) and the over current is limited by the polymer

matrix (i.e. positive temperature coefficient effect).
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1. Introduction

Many researches have been devoted to the electrical

characteristics of metal–polymer composites [1–4]. Carbon

black and metal powders, e.g. Al, Ag and Ni, have been used as

fillers. However, the composite properties of electrically

nonlinear particles dispersed in an insulating matrix have

received little attention in the literatures [5–8]. A conspicuous

reason for this study is the widely used applications for these

composites in current-limiting resetable switches, controlling

electrical fields and limiting dangerous over voltages. Doped

zinc oxide varistor materials are the most common choice today

for lightening impulse protection or other forms of electrical

discharges. When varistor powders are used as fillers in an

insulating polymer matrix, they can impart strong electrical

nonlinearity directly to the composite. In general, at critical

filler content the varistor fillers are well separated and the
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composite is insulating. The filler resistance is only slightly

higher than that of the polymer. The nonlinear conductivity is

initially dominated by the effective grain boundaries of these

fillers. The conductivity increases rapidly as more percolation

paths form until the breakdown field is reached. Considerable

polymer expansion then occurs, leading to rapidly increasing

resistance when the temperature increases towards the melting

point. The common understanding of the nonlinear electrical-

thermal switching and device operation is based on the coupling

of nonlinear electricity, Joule heating and positive thermal

resistance coefficient (PTRC) in the composites [9]. This allows

us to combine the nonlinear electrical behavior needed with

polymer processing properties to control a high field or

electrostatic discharge protection for electronics.

2. Experimental

In this study, we combined sol–gel and standard ceramic

processing to produce fine varistor powders as functional fillers.

The first steps in producing functional fillers (varistor powders)

are similar to the processes developed by Duran et al. [10]. The
d.
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Fig. 1. Schematic diagram of the in situ IR imaging system and the I–V

measurement system.

Fig. 2. ZnO-based varistor filler sintered at 950 8C for 5 h.

Fig. 3. J(E) characteristics of ZnO varistor and varistor filler sintered at 950 8C
for 5 h.
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precursor powders obtained from spray drying are composed of

zinc oxide, boundary formers (Bi2O3 + Sb2O3) and conductiv-

ity enhancers (CoO + MnO) [11–15]. The agglomerate can

have diameters of 0.1–1 mm. The precursor powers are sintered

between 850 and 1100 8C for 5 h into varistor powders. The

varistor powder morphology with a number of grain boundaries

was observed by scanning electron microscopy (SEM). The

number of grain boundaries and the electrical properties of each

filer particle can be adjusted over a large range by adjusting the

composition and sintering conditions. The shape of the filler is

almost spherical. The varistor agglomerates were selected as

varistor fillers by sieving with the filler particle sizes between

0.1 and 1 mm. These fillers can be compact or dispersed

depending on the processing conditions.

Thermoset and thermoplastic polymers have been used as an

insulating matrix. We used epoxy (Echo chemical Co. Ltd.),

which has a low viscosity (2250 cps/25 8C) at room tempera-

ture. The varistor powder was mixed with epoxy and degassed

using a three roll miller (EXAKT 120E-450). The composite

composed of 45.01 vol.% filler was cured at 110 8C for 10 min.

Linear low density polyethylene (melting temperature

Tm = 122 8C, melt flow index = 2 g/10 min), low density

polyethylene (melting temperature Tm = 111 8C, melt flow

index = 0.923 g/10 min) and high density polyethylene (melt-

ing temperature Tm = 131 8C, melt flow index = 0.04 g/10 min)

were compounded in a double-cone mixer (Chin Yi machinery

Co. Ltd.) for 30–60 min separately. The filler content varied

from 14.1 to 100 vol.%. The sample with 100 vol.% filler

content (i.e. varistor composed of varistor agglomerates) was

pressed into a disc of 10 mm in diameter and 1 mm in thickness

at a pressure of 80 MPa and other samples with 14.1–

45.01 vol.% were hot pressed into discs of 10 mm in diameter

and 1–1.5 mm in thickness at a pressure of 30 MPa. Each

sample was then coated with silver paint on both sides for

electrical contacts in the current–voltage (I–V) measurement.

The I–V characteristics of varistor agglomerates were estimated

by measuring the sample with 100 vol.% filler content. And the

electrical properties of all samples were measured by an

electrometer (Keithley 237). The breakdown field (EB) was

measured at a current density of 1 mA/cm2. The nonlinear

coefficient (a) of the breakdown field was estimated for the

current density ranges from 0.5 to 5 mA/cm2 using the equation

J = KEa, where K is a material constant. The leakage current

density was defined as the current density at 0.8EB. In situ

infrared (IR) thermal imaging (SC2000, FLIR) connected with

electrometer (Keithley 237), as shown in Fig. 1, was used to

monitor the macroscopic electrical-thermal switching of the

varistor–polymer composite.

3. Results and discussion

The typical morphology of the functional filler sintered at

950 8C for 5 h is shown in Fig. 2. The figure shows the zinc

oxide grains. The lighter areas are the grain boundaries that

produce the varistor effects.

Fig. 3 shows a comparison of the current density (J)–electric

field (E) characteristic of a varistor composed of varistor
powders and a ceramic varistor material. The ceramic was

sintered under the same conditions as the varistor powders. In

the case of a varistor composed of varistor powders, the leakage

current density increases and the breakdown field decreases



Fig. 4. J(E) characteristics of LLDPE polymer composite varistors under

different filler contents. The filler sintering condition was 950 8C, 5 h.

Fig. 5. J(E) characteristics of polymer composite varistors each under a

different polymer matrix, LLDPE, LDPE, HPDE and EPDM, respectively.

The filler content was 45.07 vol.% and sintered at 950 8C, 5 h. The dashed line

is obtained from Ref. [17].
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compared to the ceramic varistor. The breakdown field decrease

is attributed to the lower density. The inhomogeneous contact

explains the shift in the leakage current density. Although the

nonlinear property of a varistor composed of varistor powders

seems not good enough, these varistor powders exhibit a

confirmed varistor effect. Consequently, the desired character-

istics are sensitive to the powder preparation conditions.

Because polymer material has great potential for future

applications, LLDPE was used as an insulating matrix material

in the following experiments. We varied the amount of the

functional filler in these experiments. Fig. 4 shows the

breakdown field–current density (E–J) characteristic depen-

dence on the filler fraction. Increasing filler content leakage

current density leads to decrease breakdown field. This is due to

the lower contact resistivity of the fillers in LLDPE. The

changes in breakdown fields and nonlinearity coefficients are

listed in Table 1. The other thing that we have seen is an effect

from the polymer matrix. In the past, one always assumed that

the polymer matrix was just a binder that would not have any

other effects, however, there are some specific effects. We have

looked at epoxy, low density polyethylene, high density

polyethylene, EPDM, etc. from many experiments and found a
Table 1

The electrical characteristics of polymer composite varistors with different filler

contents

Weight

ratio

Volume

content

(vol.%)

Nonlinear

coefficient

(a)

Breakdown

field, EB

(V/mm)

Leakage current

density

(A/cm2)

1:1 14.10 a a a

2:1 24.71 32 924 1.13E�10

3:1 32.99 31 589 2.53E�09

4:1 39.63 22 427 1.72E�08

5:1 45.01 18 263 1.06E�05

The densities of filler and LLDPE are 5.606 and 0.92 g/cm3, separately.
a The value cannot be measured by the voltage-limit (1 kV) of Keithley 237 I–

V electrometer.
difference in the material response as a function of the polymer

materials as shown in Fig. 5 [16]. For example, the breakdown

field in the same filler fraction is higher than that in a

comparable epoxy sample. This is due to the higher contact

resistivity of the fillers in LDPE compared to epoxy. The epoxy

matrix shrinks during curing and thus brings the fillers into

more intimate contact than the LDPE matrix. It can be expected

that an even stronger reduction in the current could be realized

if the insulating polymer matrix is fortified, e.g. by cross-

linking or adding another insulating polymer with a higher

melting point. The changes between these polymers are just as

considerable as those achieved by changing the sintering

conditions. By combining filler preparation and percolation

effects, composites with a wide range of electrical properties

can be produced [17].

Polyethylene is known to have strong thermal expansion

close to the melting point which can be used to produce PTCR

effects. In combination with varistor fillers the two effects can

be combined to form a nonlinear electrical-thermal switching
Fig. 6. J(E) characteristics of LDPE polymer composite varistors composed of

45.01 vol.% fillers. The filler sintering conditions were 950 and 1100 8C, 5 h.
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device. The basic manifestation of the macroscopic electrical-

thermal effect is that applying a voltage beyond some threshold

value yields a large increase in the macroscopic resistance. This

effect is exhibited in Fig. 6 by the electric field–current density

characteristics of a self-protecting device made of a varistor–

LDPE composite. These curves are achieved by changing the

sintering conditions in Fig. 6. Fig. 7 shows the electrical-

thermal dependence of this composite for an example using

45.01 vol.% varistor filler in an epoxy matrix. The high-current

paths are visualized by the increase in temperature caused by

Joule heating. In the nonlinear regime (B), the current increases

exponentially and is then limited to a certain value in the upturn

regime (C). The nonlinear phenomenon can be explained by the

semiconducting behavior of the varistor filler. As expected from
Fig. 7. Composite nonlinear electrical-thermal dependence of the epoxy polymer c

1100 8C for 5 h and the compositewas cured at 120 8C for 10 min. A is prebreakdown re

be visualized by the increase in temperature caused by Joule heating; C is upturn re
semiconductor physics, resistivity depends exponentially on

temperature. Starting around 100 8C the epoxy matrix expands

strongly due to the melting of crystalline areas. This leads to a

separation of the varistor fillers and then increasing resistivity.

This is known as the electrical-thermal switching effect. Thus

the nonlinear electricity determined by the quality of effective

grain boundaries of the varistor fillers dominate the overall

behavior only as long as the micro-contact resistances are

smaller than the filler resistance. The resistance effects are

always accompanied by losses in the form of heat. The PTCR

effects can be used to limit the dissipated energy because the

melting polymer does not allow a further increase in the

electrical field. Little information is available on microscopic

filler contacts in composites, in particular about the possible
omposite varistors composed of 45.01 vol.% fillers. The fillers were sintered at

gion with very low current; B is nonlinear region with high-current paths which can

gion with limited current which is controlled by the melting point of epoxy.



Fig. 8. The evolution of J(E) characteristics change with the varistor–polymer composite interior structures.
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presence of very thin insulating polymeric layers penetrating

the contact areas. If these interfacial layers are present with a

thickness large enough to suppress tunneling, they add a high

contact resistance and strongly affect the composite character-

istics.

The results described above are accounted for by the

competition between the melting and tunneling contacts.

When the applied field is larger than the breakdown field and

melting does not occur, there is a relatively wide distribution

of current paths, i.e. the nonlinear effect. On the other hand,

when the applied field is further increased and local melting

occurs, the melting eliminates a portion of the connections and

creates new tunneling paths at the same time. Thus, we can use

Fig. 6 and previous literatures [5,6] to suggest that the

nonlinear electrical-thermal switching mechanism as illu-

strated in Fig. 8.

By careful optimization of the varistor filler properties, the

micro-contacts and processing, a varistor–polymer composite

with highly nonlinear electrical-thermal switching properties

can be realized. This new approach could open new possibilities

in over voltage protection and electric field control. Such a

composite is needed at the edge of the semiconducting cable

screen near the cable end, where high electrical fields must be

limited to avoid flashovers or damage to the cable.

4. Conclusions

We have shown that polymer composites containing varistor

fillers exhibit nonlinear electrical-thermal switching properties.

Above the breakdown field, the nonlinear effect dominates and

then melting takes place. Using the PTCR and varistor effects in

one material, the composite becomes multifunctional. They can

act as varistors due to the nonlinear electricity of the effective

grain boundaries inside each individual filler, and as PTCR due
to micro-contact separation from the insulating polymer matrix

expansion. This composite can be tuned to specific applications

[8] by adjusting the matrix, the formulation and the sintering

conditions for the varistor fillers.
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