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Abstract

In this experimental work, the effects of multiwall carbon nanotubes (MWCNTS) on electrical characteristics of zinc oxide—
MWCNT-high-density polyethylene composite varistors have been investigated. All the samples were made at the tem-
perature of 130 °C and pressure of 60 MPa by the hot-press method. Results show that increasing zinc oxide content in the
mixture increases breakdown voltage up to 170 V, where the highest nonlinear coefficient (a ~ 13) corresponds to the samples
with 95 wt% of ZnO. Results with regard to the effects of MWCNT as an additive reveal that increasing its content from 1 to
2.5% in the composites, the breakdown voltage decreases to 50 V, but the highest nonlinear coefficient (~ 14) corresponds to
the sample with 1.5% of MWCNT content. It is also revealed that, heat treatment of the sample at a constant temperature of
135 °C and different time intervals from 2 to 10 h, the sample with 6 h annealing time shows maximum breakdown voltages
(V, =140 V) with the highest nonlinear coefficient (~ 14). Investigation of the potential barrier height of samples shows a
complete consistency with the breakdown voltage variations. The results have been justified regarding XRD patterns and

SEM micrographs of samples.
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Introduction

Zinc oxide with its excellent electrical properties has played
a fundamental role in different branches of physics and elec-
tronics [1, 2]. Zinc oxide has a direct bandgap of 3.37 eV
at room temperature and large exciton binding energy of
60 meV which makes it suitable for a wide range of appli-
cations such as gas sensors, solar cells, photocatalysis and
surge protectors [3—9]. One of the most widespread appli-
cations of ZnO is in the field of surge protector voltage-
dependent devices, called varistors. A varistor is used to
protect electronic circuits against excessive transient ener-
gies or overvoltages [10]. At low voltages, a varistor acts as
an insulator with high resistance and linear (/-V) character-
istic. When the applied voltage approaches a value known
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as breakdown voltage, (I-V) characteristic of the varistor
becomes nonlinear and it acts like a conductor which con-
nects electrical current to the ground [11, 12]. The quality
of a varistor is specified by a parameter called nonlinear
coefficient which is infinite for an ideal varistor. The best-
reported value for nonlinear coefficients is ~ 50 (for ceramic
ZnO-based high voltage varistors) [13]. ZnO-based varistors
have some advantages such as high energy absorption capa-
bility, better thermal properties and low price [14].

The most important disadvantages of ZnO-based ceramic
varistors are their high breakdown voltage, low capacitive
density, complex microstructure, production process, high
annealing temperature (950—-1100 °C), etc. [15-17]. Some
of these difficulties could be solved by changing the combi-
nation of primary materials [18-20], e.g., using a combina-
tion of ZnO and conductive polymers; this kind of varistors
is called composite varistors. The significant advantages
of these varistors are their simple processing route, simple
microstructure, low breakdown voltage, and low fabrication
temperature [21-23].

These composites are usually made of an inorganic
element, e.g., silicon or ZnO, a conducting polymer, e.g.,
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polyaniline or polypyrrole and a thermoplastic material such
as high-density polyethylene (HDPE).

Carbon nanotubes (CNTs) are one of the fantastic groups
of materials with a wide range of applications because of
their exciting electrical, optical, and magnetic characteris-
tics, mechanical strength, and high chemical stability [24,
25]. These characteristics introduce them as one of the
most essential nanomaterials in the nanoelectronic industry
[26-29].

Although there are lots of papers concerning ZnO-based
ceramic varistors with different kinds of additives, the num-
ber of reports about ZnO-CNT composites are rare. Accord-
ing to the literature, the annealing temperature of ZnO—-CNT
ceramic composites is still high and above 1100 °C. For
hybrid composites, it is possible to reduce annealing tem-
perature up to 160 °C, but their nonlinear coefficient is too
low (~6) for surge protection applications [24, 25].

In this study, ZnO—-MWCNT-based composite varis-
tors with a simple preparation route, i.e., single-step press
method as well as low preparation temperature, are intro-
duced. CNTs are two types; single-walled carbon nanotube
(SWCNT) and multiwalled carbon nanotube (MWCNT) [30,
31].

In this study, MWCNT was used because of its high
purity, homogeneous dispersion, ease of mass production,
low production cost per unit, and enhanced thermal and
chemical stability compared to SWCNT [32-34]. The elec-
trical properties of the introduced components are studied as
a function of ZnO and MWCNT contents. Also, the effect of
the annealing time interval is studied. Among different types
of polyethylene, HDPE is a commonly used thermoplastic
polymer because of its high degree of crystalline structure,
competitive market price, etc. [35-38]. In composite varis-
tors, HDPE has been used due to its better mechanical stabil-
ity as well as lower leakage current.

Experimental
Materials

The initial materials which were used in this study are as
follows:

ZnO powder (> 99%—Merck Chemical).

o MWCNTs (internal diameter: ~ 3 to 5 nm, external diam-
eter: ~8 to 15 nm, length: ~ 10 o 50 pm, Research Insti-
tute of Petroleum Industry, Iran).

e HDPE (Tabriz Petrochemical Company, Iran).
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Fig. 1 SEM micrograph of MWCNTs

Table 1 Summarized information about samples with different ZnO
contents and constant ratio of MWCNTs/HDPE (1:4)

No. Sample name ZnO content MWCNTs/
(%) HDPE content
(%)
1 Zn0-85 85 15
2 Zn0-90 90 10
3 Zn0-95 95 5
4 Zn0-98 98 2

Preparation of ZnO-MWCNTs-HDPE composites

ZnO powder was milled and dried at 200 °C for 2 h. This
process was repeated three times. Finally, it sifted using
200 US mesh sieve; so, the size of ZnO particles was less
than 74 pm. After that, HDPE powder was also sifted with
the same sieve. No specific treatment was done on MWC-
NTs, and it was used as it was purchased. Figure 1 shows
the SEM micrograph of MWCNTs.

At the first stage, four samples with different ZnO con-
tent and constant MWCNTs/HDPE ratio (1:4) were pre-
pared according to Table 1. At the second step, four other
samples with different MWCNT content were prepared
according to Table 2, where the ZnO content was constant
(optimum value of ZnO according to electrical behavior).

After weighing initial materials (according to Tables 1,
2), they were mixed by magnetic balls for 10 h. All the
samples were prepared by the hot-press method at the
temperature of 130 °C and pressure of 60 MPa. Final
samples were in a disk form with a diameter of 10 mm
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Table2 Summarized information about samples with constant ZnO
content (95%) and different MWCNTs/HDPE ratios

No. Sample name MWCNT content HDPE
(%) content
(%)
1 MWCNT-1 1 4
2 MWCNT-1.5 1.5 3.5
3 MWCNT-2 2 3
4 MWCNT-2.5 2.5 25
70~
—a—Zn0-98
604 v —e—Zn0-95

I(mA)

0 100 200
V(Volt)

Fig.2 (I-V) characteristics of samples with different ZnO contents

and thickness of 150 pm. Then, samples were annealed
at the temperature of 135 °C for 6 h. To study the effect
of annealing temperature on the electrical properties of
samples, they were annealed at the temperature of 135 °C
at different time intervals, i.e., 2, 4, 6, 8, and 10 h.

I-V characteristics of the samples were obtained by
applying D.C. voltage at room temperature and measur-
ing the current passing through them. At last, the micro-
structures of the composites were studied using a scanning
electron microscopy (SEM), MIRA3 TESCAN system, and
X-ray diffractometer D500 X-ray, Siemens Cu Ka radiation.

Results and discussion

Dependency of electrical characteristics to ZnO
content

1-V characteristic of a varistor includes three regions: (a)
high-resistance region (pre-breakdown region), (b) nonlin-
ear region, and (c) low-resistance region (upturn region)
[1]. Figure 2 shows I-V characteristics of the samples with

different ZnO contents. It reveals that by increasing ZnO
content of samples from 85 to 98%, their breakdown voltage
increases, whereas the relevant leakage current decreases.
No breakdown voltage could be defined for the ZnO-85 sam-
ple because its I-V characteristic tends to be linear. More
decrement of ZnO content results in disappearing nonlinear
behavior.

The behavior of breakdown voltage can be interpreted
regarding related SEM micrographs (Fig. 3). It is clear that,
by increasing ZnO content from 85 to 98%, the occurrences
of two simultaneous phenomena are inevitable. First is that
reducing the amount of MWCNTs at the grain boundaries
decreases the conductivity of the intergranular layer which
leads to a decrease in the leakage current. Second, increas-
ing the number of ZnO grains at a constant thickness leads
to an increase in the number of microvaristors between two
contacts which defines breakdown voltage of the varistor
according to the equation Vg =DV /d=NV, where Vy is
breakdown voltage, D is thickness of the sample, d is the
average grain size of ZnO, Vy, is voltage per grain bound-
ary, and N is the number of microvaristors. According to
the conduction theory of the varistors, breakdown voltage
per microvaristor is about 3.5 V [39, 41]. So, increasing the
number of microvaristors at a constant thickness will lead
to an increase in the breakdown voltage which is consistent
with the results given in Table 3.

In addition to breakdown voltage, the other important
parameter to define a varistor is its nonlinear coefficient.
I-V characteristic of a varistor at the nonlinear region fol-
lows Eq (1):

I=KV* (1)

where K is a constant, V is the applied voltage, I is meas-
ured current which passes through the sample, and « is the
nonlinear coefficient. So, the nonlinear coefficient of a var-
istor can be calculated regarding Eq (2) as the slope of the
In/-InV curve:

a=(Inl,—Inl})/(InV, —InV,) )

Obtained results show that by increasing ZnO content up
to 95%, the value of a increases up to 13 and then decreases.

The reason for this behavior is hidden in two factors:
“grain and grain boundaries” and “the intergranular layer.”
To study this behavior, it is sufficient to calculate the
potential barrier height of the samples. Considering the
conduction mechanism, it is possible to explain the effect
of additives in nonlinear behavior of composites. Among
different models of the conduction mechanisms, the
“space-charge-limited current process in the intergranular
layer with deep traps” has been proposed [13]. According
to the prediction of quantum physics, the electronic wave
function could penetrate the barrier if the potential barrier
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Fig.3 SEM micrographs of the
samples with different ZnO con-
tents: a 85%, b 90% and ¢ 95%
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Table 3 Electrical parameters of the samples with different ZnO con-
tents and constant ratio of MWCNTSs/HDPE (1:4)

No. Sample name  Breakdown  Nonlinear  Potential
voltage (V) Coeff. () barrier height
(eV)
1 ZnO-85 - - 0.205
2 Zn0-90 130 7.5 0.486
3 Zn0-95 140 13 0.535
4 Zn0-98 170 10 0.395

is thin enough. Therefore, the probability of electron tun-
neling through the barrier is not zero. It is known as the
Fowler—Nordheim tunneling mechanism which occurs
above the breakdown voltage. However, below breakdown
voltage, a current passing through a varistor follows the
thermally activated Poole—Frenkel law or Schottky-barrier
law via Eq (3):

1= AT expl(BV: = 4, )/ (kyT)] 3)

where [ is the electric current, V is the electric potential
difference, ¢, is the potential barrier height, ky is the Boltz-
mann constant; T is the temperature, and A and f are con-
stants. [40—43].

Calculating the potential barrier of samples (intersection
of (In/ — 4/V) diagram) indicates that the potential bar-
rier height of the sample ZnO-95 has the maximum value
(Table 3).

@ Springer

To illustrate this behavior, it should be noted that increas-
ing ZnO content from 85 to 95% is equivalent to MWCNT
decrement, so, potential barrier height increases as a result
of an increase in the resistance of the intergranular layer.
This phenomenon increases breakdown voltage as well. By
further increase in ZnO content (up to 98%), although break-
down voltage increases, nonlinear coefficient and potential
barrier height decrease.

This unconventional behavior, which is also reported for
ZnO-based ceramic varistors, is a result of increases in the
number of contacts between ZnO grains due to the high ZnO
content (98%).

MWCNT-dependent electrical characteristics

Regarding the fact that low breakdown voltage and a high
nonlinear coefficient are the main characteristics of an ideal
low voltage varistor, the sample ZnO-95 with the breakdown
voltage V=140 V and a=13 is chosen as an optimized one
to verify the effect of MWCNT content on its characteris-
tics. Obtained /-V characteristics of samples with different
MWCNT contents indicate that increasing MWCNT content
in the composition causes the breakdown voltage to decrease
and leakage current to increase (Fig. 4, Table 4).

Further increase in MWCNT content in the mixture raises
the leakage current more severely. So, the /-V characteris-
tic becomes linear with no definable nonlinear coefficient.
By increasing MWCNT content with a constant amount of
ZnO, the electrical conductivity of the intergranular layer
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Fig.4 (I-V) characteristics of the samples at constant ZnO content
(95%) with different MWCNTs-HDPE ratios

Table4 The breakdown voltages and nonlinear coefficients of the
samples at constant ZnO content (95%) with different MWCNTSs/
HDPE ratios

No.  Sample name  Breakdown  Nonlinear  Potential
voltage (V)  Coeff. (@)  barrier height
(eV)
1 MWCNT-1 170 7.2 0.38
2 MWCNT-1.5 140 14 0.39
3 MWCNT-2 90 5.5 0.36
4 MWCNT-2.5 50 4.5 0.32

increases which results in an increase in leakage current.
However, the nonlinear coefficient does not behave as break-
down voltage and leakage current by increasing MWCNT
content. Among samples, the sample containing 1.5% of
MWCNT has the highest nonlinear coefficient of 14. As it
is discussed in Sect. 3.1, this value of a could be interpreted
regarding the potential barrier height of samples (Table 4).
It is obvious that by increasing MWCNT content, the values
of a and ¢, will change in the same manner. For the sample
MWCNT-1, the contact surface of ZnO grains is high, and
its behavior looks like the sample ZnO-98. After that, the
decrement of the resistance of the intergranular layer, as a
result of MWCNT increment, has the main role on nonlinear
coefficient and potential barrier height.

Heat treatment

In the third step, the sample ZnO-MWCNT-HDPE:
95-1.5-3.5%, with the best nonlinear behavior was cho-
sen to undergo some heat treatments at 135 °C. This is
because HDPE is approximately pasty at this temperature

I(mA)

0 20 40 60 80 100 120 140 160 180
V(Volt)

Fig.5 (I-V) characteristics of the samples annealed at 135 °C for dif-
ferent annealing times

Table 5 Electrical parameters of the samples at different annealing
times

Sintering time (h) Breakdown voltage (V) Nonlinear
Coeff. (a)

0 50 4.5

2 80 54

4 130 7.1

6 140 14

8 110 5.7

10 100 5.2

and surrounds other grains by time. Six samples were pre-
pared precisely under the same condition. According to I-V
characteristics of the samples (Fig. 5), increasing annealing
time up to 6 h causes the breakdown voltage and nonlinear
coefficient to increase and leakage current to decrease. After
that, the phenomena become reversed (Table 5). Hence, the
sample which is sintered for 6 h has the highest breakdown
voltage. Calculation of nonlinear coefficient shows the same
manner, i.e., the nonlinear coefficient of samples increases
up to 6 h sintering interval and then decreases. Figure 6
shows the variation of breakdown voltages and related non-
linear coefficients versus annealing time interval.

This behavior of the samples is entirely justifiable
considering the thermal movement of particles and SEM
micrographs of samples (Fig. 7). Thermal energy makes
particles to redistribute into the minimum energy. Figure 7
explicitly shows the difference between the samples with-
out annealing, 6 h and 10 h of annealing time. For the first
sample, the distribution of the particles is as “they were
pressed” because of the short annealing time. However,
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by increasing annealing time, particles have enough time
to redistribute and the homogeneity of samples increases.
This phenomenon causes the resistivity of the intergranu-
lar phase to increase which is consistent with leakage cur-
rent decrement and breakdown voltages increment. Nev-
ertheless, a further increase in annealing time destroys
samples’ microstructure because of the phase separation

@ Springer

phenomenon. Phase separation is a result of the tendency
of a material to aggregate together to reach minimum
energy. So, the homogeneity and breakdown voltage of
samples decrease, and leakage current increases.

Finally, studying XRD patterns shows all the annealed
samples contain ZnO as a major phase and PE and MWCNT
as a minor secondary phase (Fig. 8). It could be concluded
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that merely the samples’ grain—grain boundary microstruc-
ture is responsible for their nonlinear behaviors.

Conclusion

In this experimental work, the effects of MWCNTSs content
on the electrical characteristics of ZnO-based composites
were studied. Results show that changing ZnO or MWCNT
contents in the mixture leads to an optimum value in both

o o
[
@]
60 65 7!

35 40 45
20

50 55 0

breakdown voltage and nonlinear coefficient. Obtained
results also show that increasing MWCNT up to 1.5%
improves nonlinear coefficient. Finally, heat treatment on
the sample with a mass composition of 95% ZnO and 1.5%
MWCNT which is annealed for 6 h at the temperature
of 135 °C, has the optimum characteristics. This sample
is the best candidate to protect electrical circuits against
surges and overvoltages.
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