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Abstract Silver-coated fly ash cenospheres were embedded in silicone-rubber to
form conductive composites. The electrical resistivity of the composites was
examined and compared under different tensile strains. The electrical resistivity was
a linear function of tensile strain under quasi-static load at linear viscoelastic area of
the composites. Under cyclic strain, the peak of the electrical resistivity decreased
and the offset was compared with the peak of strain and stress over time. For the
stress relaxation test, the electrical resistivity displayed a change from linear to
nonlinear under crescent transient strain. All of the changes were attributed to the
breakup and rebuilding of the conductive networks in the composites.

Keywords Conductive polymer composites - Tensile strain - Electrical resistivity -
Stress relaxation

Introduction

Due to environmental considerations and rising energy costs, customers have asked
for additional requirements on electromagnetic shielding materials [1]. Electrical
conductive polymer composites (ECPC) were obtained when particles of good
conductors (carbon black, graphite powder, carbon fiber, and microparticles of
metals) were implanted into an insulating polymer matrix [2-5], which has become
a popular material for electromagnetic shielding over the last decade. The properties
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of the materials depend on the atomic and microstructure of the materials. The
electrical conductive polymer composites present positive temperature coefficient
(PTC) or negative temperature coefficient of resistance (NTC) effect under a
temperature field [6], and positive pressure coefficient (PPC) or negative pressure
coefficient of resistance (NPC) effect under pressure [7, 8]. New interesting
electrical resistivity properties are expected when the composites are stretched
under different tensile strains. To enhance electrical conductivity of the materials, it
is necessary to increase the ratio of fillers. And the materials will have high density,
poor mechanical performance, and high prices [9].

In this article, silver-coated fly ash cenospheres have been selected as electrical
conductive particle fillers. The conductive composites have high conductivity, low
density and can reduce cost. The studies of the electrical resistance of the
conductive composites at different tensile strains centers mainly on obtaining the
conductive characteristics for use in electromagnetic shielding applications.

Experimental
Materials

Silicone-rubber (ChenGuang Research Institute of Chemical Industry China, 110-2)
was used as a matrix. The resistivity is about 100 TQ cm. Silver-coated fly ash
cenospheres were obtained by electroplating samples which were produced in the
laboratory, with an average diameter of 34 um and powder density is 1.793 g cm ™.
Figure 1 shows the SEM micrograph (a) of silver-coated fly ash cenospheres. The
surface component of impurities and deposited silver (b) were measured with

energy dispersive spectroscopy (EDS).
Fabrication of test pieces
First, silver-coated fly ash cenospheres and silicone-rubber were mixed in a twin-

roll rubber mixing mill at room temperature for 8 min. After a compression molding
at 160 °C under 8 MPa for 15 min, the mixture was precured by heating at 180 °C

30KV  X5,500  2pm ke

Fig. 1 SEM micrograph a and surface component b of silver-coated fly ash cenospheres

@ Springer



Polym. Bull. (2011) 66:955-963 957

/—copper wire
12.5mm , 4mm

copper wire

copper electrode | - 75mm—
test piece ——

I
copper electrode

Fig. 2 Shape and dimensions of test piece

Fig. 3 Dispersion of silver-coated fly ash cenospheres in silicone-rubber

in an electric blast drying oven for 3 h and cured at 200 °C for 3 h. Finally, the
dumbbell-shaped test pieces were cut from the composites by a special knife.
Figure 2 shows the shape and dimensions of the test piece with a thickness of
0.86 mm. The volume content of silver-coated fly ash cenospheres in silicone-
rubber was 63%. Figure 3 shows the dispersion that silver-coated fly ash
cenospheres in silicone-rubber.

Measurements

Electrical resistance measurements were simultaneously performed along with the
mechanical tests. The resistance of the sample was measured with a digital
multimeter (UNI-T China, UT804), with the range of 10 pQ-40 MQ. Before the
tensile testing, the width and the thickness of the specimens were measured with a
micrometer. The electrical resistance of both the copper wires and electrodes was
reset before each recording. Tensile tests were performed using a CMT 4000 creep
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testing machine (MTS systems) under three types of conditions: (1) under
displacement control the samples were stretched to break at the speed of 0.5 mm/
min, (2) cyclic tensile strains were calculated to 55, 60, and 65% for up to 20 cycles
at the speed of 20 mm/min, (3) the specimens were stretched to tensile strain of 54,
58, and 61% in 1 s, and the displacement was maintained at 1200 s for the stress
relaxation. Three specimens of each condition were tested. The microstructures of
the samples were observed by SEM (JSM-6390LV, Japan).

Results and discussion
Electrical resistance change during sample break

The surface resistance of a sample can be estimated by the well-known relationship
given by Ohm’s law:

l

where R; is the surface resistance of the sample, p; is the surface resistivity of the
material, / is the length between contacts, and b is the width of the middle dumbbell-
shaped sample. The electrical resistance change is defined as AR/R:

Ajzp,(l+8)—p0

Ro Po @

where AR and R, are the increased electrical resistance and initial electrical
resistance, respectively. ¢ is the tensile strain of the sample, pg is the initial surface
resistivity, p, is the surface resistivity when strain is the . Figure 4 shows the
relationship between stress, strain, and electrical resistance change obtained during
constant tensile speed up to break. The AR/R, had a tiny change before 50% strain,
and sharply increases from 58 up to 107 at the strain range of 64—77%. The warp of
the electrical resistance change curve due to the conductive networks was
destructuralized.

Assuming that the resistivity of each single conductive networks in the sample is
equal:

1
nuQ

where n is the total number of conductive networks, Q is the charge quantity of each
single conductive network and p is the transfer rate of Q all under the electric
intensity of 1. The damage level function of conductive networks f(n) is used to
explain the change of the material electrical resistance in the equation:

AR
—=f(n)(l+¢) —1. (4)

Ry
The value of f(n) tends to be 1 at the composites linear viscoelastic area. Figure 5
shows the relationship between the strain and the resistance change at the

Ps 3)
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Fig. 4 Stress and resistance versus strain under constant tensile speed
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Fig. 5 The relationship between strain and ﬁ—f at the composites linear viscoelastic area

composites linear viscoelastic area. The curve of the fitting AR/R corresponds to
the strain of composites. The ladder phenomenon of resistance change shows that
the conductive networks need some time from deformation to breakup. Figure 6
shows the SEM micrographs of surface of the sample before and after tensile
testing. The phase separation of matrix and fillers was observed after the tensile test
in micrograph (b) compared with the original micrograph (a).

Electrical resistance response under cyclic tensile strains

Figure 7 shows the stress and electrical resistance change with tensile loading at
increasing strain amplitudes. The strain essentially returned to 30% at the end of
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Fig. 6 SEM micrographs of surface of a composites before a and after b tensile test
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Fig. 7 Resistance response under cyclic loading

each cycle. The Mullins effect [10] was observed as the peak stress decreased with
time. It might be hypothesized that the retraction stresses of an elastomer were
independent of silver-coated fly ash cenospheres when the stress at the maximum
strain was constant. Under the same strain amplitude, the peak of electrical
resistance was very high before the yield stress but decreased over time. As the
matrix undergoes cyclic tensile, the decentralized conductive particle cross-linked,
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producing more conductive paths. If drawing a vertical line from the peak/valley of
electrical resistance curve up to the stress and strain curves, it can be observed that
the peak electrical resistance appeared earlier than the peaks stress and strain with
increasing time. In the composites system, silver-coated fly ash cenospheres and
silicone-rubber were an agglutinate at first, but phase separation will occur under
cyclic tensile. As a result, the peaks became offset due to different accelerations
between the matrix and the filler movements.

Electrical resistance response with stress relaxation behavior

Figure 8 shows the stress relaxation curves and electrical resistance change under
different transient tensile strains. The electrical resistance decreased slightly with
the material stress relaxation under transient tensile strain of 54% (a) and 58% (b).
When the transient tensile strain rose to 61% (c), the electrical resistance curve
displayed two peaks before the linear movement decreased. There was a vacancy
between 18 and 48 s due to the electrical resistance value that exceeded the
measurement range of the digital multimeter. The nonlinear change of the electrical
resistance during the constant strain shows that the conductive behaviors of
composites were the response to the stress relaxation of silicone-rubber before the
critical strain. Under the critical strain, the electrical resistance rose dramatically or
significantly since the conductive networks had been broken apart. After a short
time, the electrical resistance decreased again with the restoration of the conductive
networks as a result of the viscoelastic properties of silicone-rubber. For the second
peak, we deduce that the network conductivity responds strongly to the elastic
properties of the polymer molecules.

Conclusions

Silver-coated fly ash cenospheres were embedded in silicone-rubber to form
conductive composites. The electrical resistivity of the composites was examined
and compared using different tensile strains. Under constant tensile speed, the
electrical resistivity was a linear function of the tensile strain within the linear
viscoelastic area and then sharply increased at the critical straining of the
composites. The step-like changes in the electrical resistance proved that the
conductive behavior of the composites depended on the changing network
conditions from deformation to destruction. The peak of the electrical resistivity
decreased as did the offset with increasing time under cyclic strain due to the
rebuilding of prior existing networks containing conductive particles. For the stress
relaxation test, the electrical resistivity changed from linear to nonlinear under
incremental changes in transient strain. The conductive networks’ responsiveness is
largely responsible for the silicone-rubber’s viscoelastic behavior characteristics as
they approach and attain critical strain loading.
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Fig. 8 Resistance change and stress relaxation at a 54%, b 58%, and ¢ 61% strain
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