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This study investigates the electrical nonlinear properties of ZnO—-polyaniline composite varistors before
and after direct current degradation, as well as the influence of ZnO content variation in the composite.
All samples were fabricated via the hot-pressing method at a temperature of 130°C and a pressure
of 60 MPa. The results show that increasing the ZnO content reduces both the nonlinear coefficient
(from 8.3 to 7.7) and the breakdown voltage (from 560 to 340 V). However, direct current degradation
induced a notable rise in the nonlinear coefficient, most prominently in the 80% ZnO sample, where it
increased from 8.3 to 11.1. All samples showed a slight increase in breakdown voltage (~ 40 V) alongside
a reduction in leakage current. Microstructural analysis via scanning electron microscope reveals two
distinct phases, i.e., ZnO grains and polymer-rich intergranular regions. Post-degradation scanning
electron microscope analysis indicated no significant changes in ZnO grain morphology, suggesting that
the observed electrical shifts are primarily linked to interfacial modifications.
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1. Introduction

Zinc oxide (ZnO)-based varistors with high non-
linear coefficients are highly effective as surge pro-
tectors. They operate by transitioning to a highly
conductive state above their breakdown voltage,
thereby suppressing voltage surges. The non-ohmic
behavior of ZnO varistors arises from thermionic
emission at low electric fields and several conduc-
tion mechanisms at high fields [1, 2]. This behav-
ior is intrinsically related to their microstructure,
which consists of three distinct phases: (i) the Bi-
rich phase surrounding ZnO grains, (ii) the spinel
phase at grain boundaries, and (iii) the ZnO grains
themselves [3-5].

In ZnO-based varistors, the grains and their ad-
jacent insulating intergranular layers form double
Schottky barriers at the grain boundaries. These
potential barriers play a crucial role in regulat-
ing charge carrier conduction under varying electric
field conditions [6-9]. However, varistors with sim-
pler microstructures exhibit superior energy absorp-
tion due to their extensive effective grain boundary
regions [10]. These extended boundaries enhance
energy dissipation during voltage surges, improving
overvoltage protection capabilities [10].

Bismuth oxide is the most important ingredient
to produce nonlinear behavior in ZnO-based varis-
tors, but its high volatility, reactivity, low melting
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point, and tendency to form complex microstruc-
tures have prompted researchers to investigate al-
ternative materials [11, 12]. Among the explored
substitutes, Zn—Pr-based and polymer-based varis-
tors have shown particular promise due to their ad-
vantageous properties [13—-19]. Polymer incorpora-
tion improves both the homogeneity and density of
active barriers in the varistor structure, thereby en-
hancing performance. Moreover, eliminating metal
oxide additives can further reduce the breakdown
voltage, improving energy absorption and surge pro-
tection capabilities [16-20].

The performance of a varistor depends not only
on its primary materials but also on various ad-
ditives that significantly influence its functional-
ity. A critical aspect affecting the performance of a
varistor is degradation, which occurs through multi-
ple mechanisms [21-25]. Two particularly important
degradation mechanisms have been identified in the
literature:

(i) Under an applied electric field, zinc ions mi-
grate to the depletion layer due to chemical
interactions between ZnO grains and grain
boundaries. This process increases the leak-
age current while decreasing the potential bar-
rier height. Notably, greater degradation cor-
relates with higher leakage currents [26, 27].
Oxygen desorption occurs during degrada-
tion, despite prior chemical absorption at the
grain boundaries [21, 26].
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Reducing leakage current is one way to mitigate
its impact. However, various other factors, such as
heat, ultraviolet (UV) light, mechanical stress, and
humidity, can also lead to polymer degradation.
Degradation can cause polymers to become brittle,
fade, or crack [28-31].

In addition to these phenomena, Joule heat-
ing represents a particularly significant degrada-
tion mechanism in composite varistors. This effect
stems from their relatively higher leakage current
compared to ceramic varistors, promoting oxygen
loss and operational damage. While reducing leak-
age current can mitigate this impact, other envi-
ronmental factors — including heat, UV radiation,
mechanical stress, and humidity — may also induce
polymer degradation [28-31]. Such degradation can
manifest as brittleness, discoloration, or cracking
of the polymer matrix. Furthermore, the interac-
tion between ceramic fillers and the polymer matrix
may accelerate degradation, with thermal energy
and Joule heating potentially exacerbating these ef-
fects [32]. Although numerous studies have exam-
ined degradation mechanisms in ZnO-based ceramic
varistors, the degradation behavior of polymer-
based varistors remains unexplored in the literature.
This study investigates the current—voltage (I-V)
characteristics of ZnO—polymer composite varistors
both before and after direct current (DC) degrada-
tion.

2. Experimental details

The doped polyaniline (PANI) used in this study
was synthesized from aniline monomer in its emeral-
dine base form (purchased from Merck) following
the procedure described in [33]. PANI functions as
a critical secondary phase in the composite varis-
tors, playing a significant role in establishing their
nonlinear electrical properties. This additive en-
hances the varistor’s electrical properties, enabling
improved performance across varying voltage con-
ditions while facilitating the formation of barrier
structures at grain boundaries. These barrier struc-
tures are essential for establishing the non-ohmic
behavior characteristic of these devices. Since com-
posite varistors require an intergranular phase with
low conductivity (o ~ 10719 S/cm), the PANI was
de-doped for 8 h using a 2 M ammonia solution [33].
The resulting product was dried at 70°C for 96 h
and underwent multiple grinding cycles. To further
enhance grain boundary resistivity, high-density
polyethylene (HDPE) powder (additive-free, Tabriz
Petrochemical Company) was incorporated as a sec-
ondary polymer. This HDPE addition not only im-
proves electrical properties but also enhances the
composite’s mechanical stability [34-37]. ZnO pow-
der (99.9% purity, Merck) was used as the pri-
mary component for producing ZnO-polymer com-
posite varistors. All powdered materials were sieved
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through a 200 mesh U.S. standard sieve (particle
size < 70 um). Due to the polydisperse nature of
polymers, all constituents were mixed according to
their mass ratios. To optimize composite varistor
performance, samples were prepared with the fol-
lowing compositions by mass:

e 80% ZnO + 20% polymer matrix,

e 85% ZnO + 15% polymer matrix,

¢ 90% ZnO + 10% polymer matrix.

The polymer matrix itself consisted of a 3:1 mass
ratio of PANI to HDPE. All components were pre-
cisely weighed (10~* g accuracy) before processing
to ensure compositional accuracy.

All samples were prepared under identical pro-
cessing conditions. The powder mixtures were ho-
mogenized in a ball mill for 4 h to ensure compo-
sitional uniformity. The resulting composites were
then formed into disk-shaped varistors (diameter
10 mm, thickness 250 pm) via hot pressing at 130°C
under a pressure of 60 MPa.

To investigate the [-V characteristics, a two-
probe method was employed, using a 10 mm copper
probe as the lower electrode and a 6 mm copper
probe as the upper electrode. The I-V characteris-
tics of the samples were re-examined after exposure
to DC stress. All samples were subjected to volt-
ages above their respective threshold values. The
resulting changes in electrical properties were as-
sessed. Microstructural analysis was performed us-
ing a MIRA3 TESCAN scanning electron micro-
scope (SEM).

3. Results and discussions

3.1. The I-V characteristics and nonlinearity

The current—voltage (I-V) characteristic rep-
resents the most critical property of varistors.
Figure 1 demonstrates the nonlinear behavior of all
samples measured at room temperature, revealing
a consistent decrease in breakdown voltage with in-
creasing ZnO content. The corresponding quantita-
tive data are presented in Table I.

All samples exhibited leakage currents in the mi-
croampere range, increasing to over 6 mA in the
breakdown region. Samples containing less than
80 wt% ZnO showed significantly higher breakdown
voltages, while compositions exceeding 90 wt% ZnO
displayed near-ohmic characteristics. Consequently,
these prepared samples proved unsuitable for prac-
tical applications.

Before discussing the results presented in Table I,
it is essential to explore the underlying causes of
the observed nonlinear behavior in the system.
The observed nonlinear behavior originates from
the varistor’s microstructure, comprising conduc-
tive ZnO grains and insulating intergranular phases
(PANI/HDPE). This configuration creates poten-
tial barriers (Schottky barriers) between grains,



Direct Current Degradation and Electrophysical Properties. . .

TABLE I

Comparative analysis of sample performance before degradation (B. Deg) and after degradation (A. Deg).

Sample Nonlinear coef. Breakdown voltage [V] Potential barrier [eV]
B. Deg. A. Deg. B. Deg. A. Deg. B. Deg. A. Deg.

(80% ZnO) 8.34 11.1 560 600 0.0555 0.0607
(85% ZnO) 7.33 8.3 400 440 0.0615 0.0722
(90% ZnO) 7.71 8.08 340 380 0.0788 0.0874
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Fig. 1. The I-V characteristic of the samples be-

fore (B.) and after (A.) degradation.

where narrow intergranular regions form back-to-
back Zener diodes that trap and block charge car-
riers [38—40]. Under an applied electric field, charge
carrier tunneling through these barriers produces a
nonlinear response (as will be discussed in detail
later).

Table I presents the correlation between ZnO
content and nonlinear properties. Increasing the
ZnO content in the mixture reduces the nonlinear
coefficient from 8.3 to 7.7, which is accompanied
by a corresponding decrease in breakdown voltage
from 560 to 340 V. This characteristic of varistor be-
havior stems directly from its microstructural fea-
tures. A varistor consists of multiple micro-varistor
elements, each defined by the grain—intergranular—
grain structure. The total breakdown voltage de-
pends on the number of active micro-varistors
between the electrodes, which is described by
Vo = (V. d)/e, where V; is the breakdown voltage
per barrier (micro-varistor), V;. is the breakdown
voltage of the device, d is the average grain size, and
e is the sample thickness [20]. In composite varis-
tors, the breakdown voltage of individual micro-
varistors depends on two key factors, i.e., the space
between grains and the presence of polymer addi-
tives (PANI/HDPE) that modify the charge tunnel-
ing behavior [41].

Charge carrier tunneling will not initiate at a
given voltage until the distance between two grains
reaches a specific threshold. This condition can be

477

met by increasing the ZnQO content in the compos-
ite, which reduces the spacing between conductive
grains. At a constant thickness, increasing the ZnO
content effectively reduces the space between grains,
thereby lowering both the breakdown voltage and
the potential barrier height. However, higher ZnO
content simultaneously increases electron trap sites
at the grain boundaries, resulting in elevated leak-
age currents.

The increased leakage current reduces the nonlin-
ear coeflicient according to

o 11’1([2) — ln(Il)
= (Vo) — (1)’ M

where V' is applied voltage, K is a constant, I is
the passing current through the sample between two
electrodes, and « is the nonlinear coefficient deter-
mined by the slope of the curve In(Z)-In(V).

Figure 2 presents SEM micrographs corroborat-
ing the structural evolution with ZnO content. At
low ZnO concentrations (Fig. 2a), the polymer ma-
trix forms a continuous phase. With increasing ZnO
content (Fig. 2c), the polymer phase diminishes,
leaving voids between ZnO particles. To validate
this assertion, analysis via Image]J software was
used to calculate the particle-to-void ratio for each
composition (Fig. 2d—f corresponds to Fig. 2a—c, re-
spectively).

I=KV® = a

3.2. Degradation and nonlinearity

All samples were subjected to voltages above
their respective threshold values (voltage equivalent
to the ~ 1 mA electric current). Details are shown
in Fig. 3.

The I-V characteristics of the samples were
measured at room temperature after applying DC
degradation, using the same samples that were pre-
viously tested for their initial -V behavior (Fig. 1).
As shown in Fig. 1 all samples display a simi-
lar response after the application of electric cur-
rent. Notably, the breakdown voltage increased by
~ 40 V. However, the key observation is that the
leakage current decreased while the nonlinear coeffi-
cient showed an increase (Table I). The observed de-
crease in leakage current and increase in breakdown
voltage likely result from component redistribution
within the HDPE matrix induced by Joule heating.
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Fig. 2.
and (d-f) their related occupied ration.

This particle redistribution, known as phase sepa-
ration, is a well-documented phenomenon in poly-
mer composites [42]. Joule heating arises from the
flow of electric current, as described by the equa-
tion Q = RI*t, where @ is generated heat en-
ergy, R is resistance, I is electric current, and ¢ is
time. Although the electric current is relatively low
(~ 9 mA), it induces a rise in the functional tem-
perature. When the temperature approaches 50°C,
thermal runaway occurs, leading to a further tem-
perature increase beyond 70°C (Fig. 3). Following
degradation, thermal stress becomes evident as the
physical structure of the samples undergoes notice-
able changes. In particular, the edges of the samples
located outside the contact area appear crumpled.

The SEM imaging was also performed on de-
graded samples. While DC degradation induced
measurable changes in electrical properties (see
Fig. 1 and Table I), post-degradation SEM anal-
ysis revealed no significant alteration to the ZnO
grain morphology or bulk polymer phase distribu-
tion (see Fig. 4). This confirms that the observed
increases in nonlinearity and barrier heights stem
primarily from interfacial modifications (e.g., PANI
redistribution or trap-state passivation) rather than
bulk microstructural reorganization. Similar behav-
ior has been reported in polymer-composite varis-
tors [16-19]. In contrast to ceramic varistors [7, 21],
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SEM micrographs of samples before degradation: (a) 80% of ZnO, (b) 85% of ZnO, (c) 90% of ZnO,

where grain-boundary phases evolve under stress,
in composite systems, degradation is governed by
the polymer matrix’s nanoscale response to Joule
heating.

As discussed earlier, the nonlinear behavior orig-
inates from the formation of a Schottky barrier at
the grain—intergranular boundary. To confirm this
effect, Pianaro et al. [40] proposed a model describ-
ing the relationship between current density and
electric field as follows

2 BEYV? —pp

J = AT= exp ( T

Here, A denotes the Richardson constant, 3 is a pa-
rameter related to the width of the potential bar-
rier, ¢p represents the interface potential barrier
height, while T and kp represent the temperature
and Boltzmann constant, respectively. According to
this model, as the electric field increases, the barrier
height decreases, facilitating enhanced charge car-
rier tunneling. At a fixed temperature, the Schot-
tky barrier height (¢5) can be determined directly
by measuring the current density in the ohmic re-
gion. This is achieved by plotting the In(J)-E'/? or,
equivalently, In(I)-V*/? dependence. The potential
barrier height is determined by the intercept of this
curve (Fig. 5). The calculated values are summa-
rized in Table I. The results indicate that increasing

(2)
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Fig. 3. Degradation process of samples with dif-

ferent compositions (a—c).

the ZnO content in the mixture raises the potential
barrier height. However, this trend contrasts with
the observed reduction in breakdown voltage and
differs from the behavior reported for Si-PANI-PE
(where PE stands for polyethylene) composite varis-
tors [36]. This phenomenon may arise from the
complex interplay between microstructural charac-
teristics and electrical properties in these materi-
als. Although increased ZnO content enhances the
potential barrier height, it simultaneously modifies
the overall conductivity and tunneling behavior of
charge carriers.

Post-degradation SEM micrographs for the

Fig. 4.
sample with 80% ZnO content. No microstructural
changes were observed post-degradation.
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Fig. 5. The obtained dependence In(1)-V*/? for
calculating the potential barrier of the samples.

To clarify this contradiction in more detail, it is
necessary to revisit and explain some fundamental
quantities.

e The breakdown voltage of a varistor is primar-
ily determined by the number of grain bound-
aries present between the electrodes.

e The potential barrier height at the grain
boundaries plays a critical role in determin-
ing the electrical characteristics of a varistor.

Typically, the increase in a potential barrier height
is associated with a higher breakdown voltage. How-
ever, the introduction of PANI disrupts this estab-
lished relationship. Acting as a dopant, PANI sig-
nificantly modifies the electrical properties in the
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pre-breakdown regime through three primary mech-
anisms: (i) the reduction of the Schottky barrier
height, (ii) the alteration of intergranular resistiv-
ity, and (iii) the modulation of charge transport in
the high-current region.

Consequently, the incorporation of PANI can
invert the conventional barrier height—breakdown
voltage correlation. This phenomenon can be at-
tributed to the inherent properties of organic poly-
mers, which typically either exhibit a complete ab-
sence of intrinsic charge carriers or contain them in
limited amounts. For conjugated polymers, includ-
ing PANI, charge carriers are typically introduced
through a partial oxidation or reduction process in-
volving electron acceptors or donors, respectively.
This doping mechanism facilitates the incorporation
of charge carriers into the polymer structure, en-
abling it to influence the electrical properties of the
composites, which increases its conductivity [43].

Environmental factors such as diffusion of doping
elements and oxygen can gradually degrade the po-
tential barriers, resulting in alterations to the varis-
tor’s electrical characteristics over time. In contrast,
the breakdown mechanism itself, typically initiated
by a tunneling process and accompanied by hole
generation, can cause a sudden reduction in the bar-
rier height and a sharp increase in current. This
occurs despite the fact that the breakdown volt-
age per barrier remains independent of the mate-
rial’s composition or processing [8]. Therefore, al-
though a higher potential barrier height is often
correlated with a higher breakdown voltage, there
can be complex interactions among grain structure
and doping profile. Besides, the breakdown mech-
anisms can lead to deviations from this expected
behavior [44, 45].

Another important issue regarding the In(I)—/V’
dependence in Fig. 5 is that it deviates from the
ideal linear behavior expected for pure “Schottky
emission” due to several factors related to the com-
plex microstructure and conduction mechanisms in
ZnO-PANI composites. This is due to the fact that
these composites consist of ZnO grains (conduc-
tive) and polymer-rich intergranular regions (insu-
lating), creating a heterogeneous system. Although
Schottky emission (thermionic emission over bar-
riers) dominates at low fields, other mechanisms
contribute as the voltage increases, which causes a
deviation from the linear response. The important
parameters are as follows:

e Poole-Frenkel emission or field-assisted ther-
mal excitation of trapped charges in the
polymer matrix [43]. PANI’s emeraldine base
contains amine/imine groups that act as
charge traps. Redistribution alters the trap
density /distribution, affecting Poole—Frenkel
emission and leakage current.

direct or Fowler—-Nordheim tunneling through
thin polymer barriers, especially at high
fields [8, 9].
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So, the nonlinearity in Fig. 5 arises from the com-
petition between Schottky emission and other mech-
anisms (Fowler—Nordheim tunneling and Poole—
Frenkel emission) exacerbated by the composite’s
microstructure and PANI doping. The insulating
polymer interlayers and defects further distort the
ideal Schottky behavior. All of this is evident from
Table I — as the barrier heights increase with ZnO
content, the breakdown voltages decrease, which
contradicts the classic Schottky behavior. This sug-
gests that PANI doping disrupts the conduction
mechanisms by introducing additional conduction
paths to the composite.

4. Conclusions

In this study, we explored how ZnO-polymer
composite varistors behave under electrical stress
and how their performance changes with compo-
sition. It is found that adjusting the amount of
ZmO directly influences key electrical properties —
adding more ZnO reduces the material’s nonlinear
response but allows it to handle higher voltages be-
fore breaking down. Notably, DC degradation in-
duces profound, remarkable electrical changes while
leaving the microstructure intact, as confirmed by
comparative SEM analysis. These findings reveal
that the dominant degradation mechanism is re-
lated to nanoscale PANI redistribution and in-
terfacial barrier modification through Joule heat-
ing. The deviation from ideal Schottky emission in
the In(I)—/V characteristics emphasizes the com-
plex interplay of conduction mechanisms, where
Poole-Frenkel emission and tunneling compete with
thermionic emission across the modified barriers.
Although degradation in ceramic varistors reveals
itself through phase changes at the grain bound-
aries, in the polymer-based system, it manifests
itself through electrical aging behavior separated
from microstructural evolution.
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