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Abstract

®
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In this study, various amounts of carbonyl iron particles (CIPs) were cured into

polydimethylsiloxane (PDMS) matrix under a magnetic field up to 1.0 T to create anisotropy of
conductive composite materials. The electrical resistivity for the longitudinal direction was
measured as a function of filler volume fraction to understand the electrical percolation behavior.
The electrical percolation threshold (EPT) of CIPs—PDMS composite cured under a magnetic
field can be as low as 0.1 vol%, which is much less than most of those studies in particulate
composites. Meanwhile, the effects of compressive strain on the electrical properties of CIPs—
PDMS composites were also investigated. The strain sensitivity depends on filler volume
fraction and decreases with the increasing of compressive strain. It has been found that the
composites containing a small amount of CI particles curing under a magnetic field exhibit a
high strain sensitivity of over 150. Based on the morphological observation of the composite
structures, a two-dimensional stick percolation model for the CIPs—PDMS composites has been
established. The Monte Carlo simulation is performed to obtain the percolation probability. The
simulation results in prediction of the values of EPTs are close to that of experimental
measurements. It demonstrates that the low percolation behavior of CIPs—PDMS composites is
due to the average length of particle chains forming by external magnetic field.

Keywords: conductive composite, polydimethylsiloxane, carbon iron, alignment, percolation
threshold, piezoresistivity

(Some figures may appear in colour only in the online journal)

1. Introduction

A conductive composite consists of two parts: one is the
insulated polymer matrix, and the other is the conductive
filler. These composites possess the properties of both metals
and polymers which are conductive and flexible. Fillers inside
the matrix can be randomly distributed or be aligned. When

0964-1726/17,/045027+11$33.00

the filled particles are magnetizable materials, one way to
produce aligned conductive composites is to apply a magnetic
field during the curing process. This method creates a force
between the fillers that induces the magnetic fillers to arrange
in the direction of the magnetic field into chain-like structures.
The chain-like structures significantly improve the electrical
conductivity of the composites. The electrical properties of

© 2017 IOP Publishing Ltd  Printed in the UK
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Table 1. Results of conductive composites in previous studies.

Authors Material composition ~Modulus Mpa  Gauge factor (AR/Ry) /¢
Isotropic
Ghafoorianfar et al [6] CI-SR 20 50
Abyaneh and Kulkarni [9] Zn-PDMS 30 30
Abyaneh et al [10] Cu-PDMS 80 30
Ni-PDMS 160
Bloor et al [12] Ni-SR 20 33
Shang et al [13, 14] Ni-SR 20 180
Jung et al [11] Cu-PDMS 80 32
Anisotropic
Wang et al [7] CI-SR 2 5
Bica et al [8] CI-Graphene-SR 2 95
Mietta et al [15, 16] Fe;0,@Ag-PDMS 10 140
Jang and Yin [17] Ni-MWCNTs-PDMS 20 80

* SR: silicon rubber, CI: carbon iron, Fe;0,@Ag: Fe;0, particles coated with Ag, MWCNTs: multi-wall

carbon nanotubes.

the composites depend on the volume fraction of the fillers,
the intensity of the magnetic field during the curing process
and the mechanical conditions (such as uniaxial stress). As
the conductive particle-filled composites exhibit a high strain
capacity and excellent electrical properties, applications of
conductive composites can be found in broaden areas such as
an artificial skin and a robotic haptic sensing system [1-3]. In
addition, a few studies have shown that when the conductive
fillers incorporated into a shape-memory polymer the com-
posites exhibits rapid electrical actuation capabilities due to
the synergistic effect of the thermal and electrical proper-
ties [4, 5].

There is a critical particle volume fraction (referred to as
electrical percolation threshold (EPT)), at which the con-
ductivity of the conductive composites rapidly increases by
many orders of magnitude. The percolation threshold is
extremely sensitive to the conducting particle volume fraction
and structures. In previous studies, conductive composites
filled with CI [6-8], Zn [9], Cu [10, 11], Ni [12-14] and
Fe304@Ag [15, 16] particles were produced and tested. The
isotropic composites have very high percolation threshold
(>20vol% in general). In order to achieve a good con-
ductivity of the composites, polymer matrix should be filled
with a large amount of particles that lead to higher cost and
poor mechanical properties. Thus, reducing amount of the
conductive fillers has technological advantages in preparing
conductive composites. In recent studies, a magnetic field was
applied to cure the magnetic particles filled composites to
produce anisotropic conductive composites where the perco-
lation threshold was reduced significantly. Boudenne et al
[18] prepared anisotropic Ni—silicone composites in a magn-
etic field and reduced the percolation threshold from 25 to
2vol%. Goc et al [19] experimentally and Jang et al [20]
theoretically confirmed that the average length of the chains
formed by ferromagnetic particles increased with the increase
of the magnetic field. Their studies implied that it is possible
to control the conductivity of ferromagnetic particles filled

composites by adjusting the external magnetic field during the
curing process. However, the piezoresistive properties of the
anisotropic composites are not as good as expected. The
piezoresistive effect of a material is described by its gauge
factor, which is defined as relative change in electrical
resistivity per mechanical strain. The larger the gauge factor
is, the more sensitivity of the materials in response to
mechanical deformation. The results are reviewed and listed
in table 1.

In addition to align the magnetic spherical particle within
polymer matrix, the stick-like conductive fillers were also
used to generate low EPT conductive composites. It is easy to
understand that the stick-like fillers are preferred to form
conductive networks than the spherical fillers at low amount
[21, 22]. White et al [23] and Gelves et al [24] prepared ECCs
filled with conductive Ag nanowires and Cu nanowires, and
the EPTs were significantly reduced to 2.3vol% and
0.5 vol%, respectively. The low EPTs could be attributed to
the high aspect ratio and the distribution of stick-like con-
ductive fillers. It could be considered that the percolation
occurred when the conductive fillers dispersed well in the
matrix formed the first conductive network. Similarly, carbon
nanotubes (CNTs) had attracted significant interest because of
their small size, large aspect ratio and high electrical con-
ductivity. Thus far, studies on the conductive CNTs filled
ECCs [25-29] have been performed and EPTs were obtained
from less than 0.01 [25] to 1 vol% [27]. The dispersibility of
CNTs in polymer matrix would take great influence on the
EPTs while well dispersed CNTs was important for obtaining
low EPTs. Unfortunately, CNTs tended to aggregate during
the fabrication of composites.

On account of the difficulty in fully controlling the shape,
length and dispersion of stick-like fillers in experiments, the
EPTs of sticks filled ECCs were commonly researched by
Monte Carlo simulation methods [23, 30-36]. As reported in
the previous studies, the aspect ratio [19-35] and the angular
distribution [34-36] of the stick-like fillers were the



Smart Mater. Struct. 26 (2017) 045027

S Dong and X Wang

Table 2. Material components.

CIPs volume fraction % PDMS-A g PDMS-Bg CIPsg
0.1 10 1 0.072
0.2 10 1 0.144
0.5 10 1 0.362
1.0 10 1 0.727
2.0 10 1 1.469
5.0 10 1 3.787

predominant influences on the EPTs. The EPTs reduced with
the increase of the aspect ratio [23, 29, 34, 35].

In this paper, we proposed a way to prepare carbonyl iron
particles-polydimethylsiloxane (CIPs—PDMS) composites
with a very low EPT by applying an external magnetic field
on the CIPs during curing process. The CIPs form chain-like
structures inside the matrix, and the CIPs—PDMS composites
could be regarded as a stick percolation system. The strength
of magnetic fields on the average length of the CIP chains is
investigated by morphological method. The effects of filler
volume fraction, the intensity of applied magnetic field and
mechanical strain on resistivity of the samples are also stu-
died. The EPTs are obtained by fitting the experimental data
to the statistical percolation power law. A simplified two-
dimensional stick percolation network model based on the
CIP chain-like structures is proposed and Monte Carlo
simulations are performed to predict the EPT in comparing
with the experimental results.

2. Materials and experimental study

2.1. Preparation of the CIPs—PDMS composites

The materials used to obtain the conductive composites
include carbon iron particles (Jiangsu Tianyi Ultra-fine metal
powder Co., Ltd, China) and polydimethylsiloxane (Sylgard
184, Dow Corning, USA). The diameter of the carbon iron
particles (referred to as CIPs) ranges from 1.0 to 3.0 ym. The
polydimethylsiloxane (referred to as PDMS) is made up of
two parts: PDMS-A and PDMS-B. Moreover, PDMS-B could
be regarded as a curing agent.

In the first step, PDMS-A and PDMS-B were mixed in
proportion of 10:1 in weight at room temperature and then
loaded with the CIPs. The amount of PDMS and CIPs were
weighed during mixing on an analytical balance, and the
details for different samples are listed in table 2. The mixture
was mechanical stirred for 10 min and was dispersed in an
ultrasonic dispersion instrument for 10 min. There were lots
of air bubbles in the mixture, so it was necessary to put the
mixture into a vacuum drying oven to remove the air bubbles.

In the second step, the mixture was poured into an alu-
minum mold (45 mm in length, 30 mm in width, 2 mm in
thickness), and removed the air bubbles generated in the
process, then sealed the mold. Finally, as shown in figure 1,
the mold was placed in an electromagnet which can provide
highly homogeneous, steady magnetic field up to 1.5 T. The

CIPs aggregated along the direction of the magnetic field into
special chain-like structures. The intensity of the magnetic
field changed with the supply current. The intensity of the
uniform magnetic field (Hyring) used in producing the CIPs—
PDMS composites were 0.2 T, 0.5 T and 1.0 T respectively. A
Gauss meter (BST 200, Hangzhou Parfi technology Co., Ltd,
China) was used to test the intensity of the magnetic field.
Furthermore, the mold was heated to a temperature of over
80° centigrade by a ceramic heating element. The mixture
cured into an anisotropic CIPs-PDMS composite sample in
about 2 h.

2.2. Morphology of the CIPs—PDMS composites

The morphology of the CIPs—PDMS composites was studied
using a field emission scanning electron microscope (FESEM,
SUPRA 55, Germany). The samples were brittle fractured in
liquid nitrogen, then the SEM images were obtained obser-
ving the cross sections. As shown in figure 2(a), the CIPs
were arranged in the direction of the magnetic field to gen-
erate conductive chains varied in lengths. The diameters of
the CIPs distributed from 1 to 3 ym, and the adjacent particles
moved close to each other under the action of the magnetic
field (shown in figures 2(b) and (c)). As shown in figure 2(d),
the CIPs were coated by the polymer matrix but not directly
contacted with each other.

2.8. Percolation properties of the CIPs—PDMS composites

A high resistance /micro current measuring instrument (EST
121, Beijing Electro-Static Test Co., Ltd, China) was used for
the voltammetry measurements. The electrical responses of the
CIPs—PDMS composites to the applied voltage were measured,
and the voltage—current curves of the CIPs—PDMS samples
with different CIP volume fractions were obtained. In the
measurement, the CIPs—PDMS composites were cut into small
samples with 20 mm in length, 20 mm in width and 2 mm in
thickness. Two-point contact direct-current (dc) conductivity
measurement was applied to these tests since the resistances of
the samples were in a high range from ~1 x 10° to 10'* . As
shown in figure 3, the samples were attached between two thin
square copper electrodes with thickness of 0.1 mm in the
center. The electrodes were selected thin enough to make sure
that they touched the surfaces of the samples well. Moreover,
the samples with copper electrodes linked to the EST 121 were
repeatedly compressed and released for 10 times to ensure that
the samples and the electrodes were reliably adhesive before
the electrical resistivity tests.

To evaluate the electric anisotropy of the CIPs—PDMS
composites, electrical resistivity p (€2 cm) were obtained in
the curing direction of applied magnetic field as a function of
the volume fraction ¢ of the CIPs. Considering the effect of
the magnetic field strengths on the electric anisotropy, sam-
ples with various particle components were prepared under
magnetic fields of 0.2 T, 0.5T and 1.0 T respectively. For all
samples, the electrical resistivity was measured with a pre-
compression force of ~1 N to make sure the electrodes and
the samples contacting tightly. The variations of p versus
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Figure 1. (a) Schematic illustration of the curing process. (b) Pictures of the samples.

Figure 2. (a) Lateral view showing the CIPs chains. (b) and (c) images focus on one chain. (d) Magnified view of a CIP coated by polymer
matrix. The scale bars are (a) 100 um, (b) 10 um, (c) 1 pm, (d) 200 nm.

particle volume fraction ¢ were shown in figures 6(a)—(c).
The EPTs were obtained by fitting the experimental data to
the statistical percolation power law:

pox (p—p)™, ()

where p is the electrical resistivity, ¢. is the EPT (i.e. the
critical concentration of CIPs needed to establish a continuous

conductive network), ¢ is the critical exponent. As shown in
figure 4(d), the EPTs of the samples cured under a magnetic
field of 0.2T, 0.5T and 1.0 T were obtained as 1.49 vol%,
0.29 vol% and 0.10 vol%, respectively. It is obvious that the
stronger the curing magnetic field is applied, the lower of the
EPT is. This phenomenon may due to the strength of magn-
etic field affecting the formation of the CIP chains. Higher
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Figure 3. Schematic illustration of the electrical resistivity test.

magnetic field makes more CIPs aggregating in the direction
of field; as a result, longer particle chains forms. The longer
chains are more likely to establish a continuous conductive
network with lower CIPs volume fraction. The EPT as low as
0.10 vol% was obtained while preparing CIPs—PDMS com-
posite samples curing under magnetic field of 1.0 T, which
has not been observed in spherical particles filled conductive
composites.

2.4. Piezoresistive properties of the CIPs—PDMS composites

As reported in previous studies, the electrical resistivity of
conductive composites was extremely sensitive when the
filler content was around the EPT, in which a high piezo-
resistivity of conductive composites could be achieved
[9, 15]. Therefore, in this study, we investigated the piezo-
resistive properties of the CIPs—PDMS composites at particle
volume fractions of 0.1, 0.2, 0.5 vol% when the samples were
cured under 1.0T (the EPT = 0.10vol%) and 1.5, 3.0,
5.0vol% when the samples were cured under 0.2 T (the
EPT = 1.49 vol%). The piezoresistivity of the CIPs—PDMS
composites were obtained by measuring the electrical resis-
tances R along the direction of the particle chains versus the
applied normal stress. The relative resistance changes of the
CIPs—PDMS samples with different particle volume fractions
were plotted as a function of the applied stress as shown in
figure 5(a). All the samples were cured under a magnetic field
of 0.2 T. It shows that the relative resistance change, defined
as AR/Ry, increases rapidly while the stress o increases from
0 to ~50 kPa. However, the relative resistance changes much
slower when the stress is over 50 kPa. Accordingly, the gauge
factors defined as (AR/Ry)/e, are plotted versus mechanical
strain shown in figure 5(b). It is clear to see that the gauge
factors are depended on the applied mechanical strain €. The
gauge factor is higher than 150 for the strain € < 0.01, which
means the electrical resistivity of the CIPs—PDMS composites
is very sensitive to small deformation. On the other hand, the
gauge factor decreases rapidly with increase of the strain.
Similar results are observed in the CIPs-=PDMS composites
cured under the magnetic field of 1.0 T, which are shown in
figures 5(c) and (d). Comparing figures 5(b) and (d), a higher
gauge factor is obtained for the sample with 1.5 vol% particle
volume fraction cured under magnetic field of 0.2 T within
the strain range 0 < € < 0.01. The increase of the content of
CIPs in a certain range may contribute to the large gauge
factor.

3. Observation and simulations

In previous section we had experimentally demonstrated that
alignment of CIPs into PDMS can create conductive com-
posite with low percolation threshold and high piezo-
resistivity. In this section, we will employ statistical method
to obtain average lengths of the particle chains of the CIPs—
PDMS composites for different magnetic fields. These results
are very useful to build the two-dimensional stick percolation
model for the CIPs—PDMS composites. Then we will show
that the electrical percolation behavior of the CIPs—PDMS
composites cured under a magnetic field can be explained by
the two-dimensional stick percolation model.

3.1. Chain-like structures of the CIPs—PDMS composites

The special chain-like structures of the CIPs in polymer
matrix had a significant impact on electrical property of the
CIPs—PDMS composites. A polarization microscope (POM)
was used to observe the details of the CIP chain-like struc-
tures. Firstly, the composites were cut into non-opaque slices
along the direction of the CIP chains. Then set the POE’s
magnification and aperture to get clear images of the CIP
chains. To understand the percolation behavior of the aligned
CIPs—PDMS composites, the most important of this morph-
ology study is observing the lengths and the intersections of
the CIP chains inside the PDMS when cured under different
magnetic field.

Once the magnetic field was applied, a force generated
between the CIPs which was in proportion to the intensity of
the magnetic field. Then the adjacent particles moved close to
each other under the effect of the force to make chain-like
structures along the magnetic field line. But as we can see in
figure 6, the CIP chains were not fully parallel to the magnetic
field line. There was a small angle 6 between the CIP chains
and the magnetic field line, and the angle in this experiment
had been found less than 5°. This result was also obtained
in the work of Mietta et al [34]. More important, the length of
the CIP chains varied in a certain range. The morphology of
the CIP chains was determined by the intensity of the
magnetic field, which was also discussed in some previous
work [19, 20]. There were more CIP chains in the composites
cured in 0.2 T, but the lengths of the chains were much
smaller compared with that in composites cured in 1.0 T. To
evaluate the length distributions of the CIP chains in the CIP—
PDMS composites, dozens of POE images were obtained at
the magnification of 100x. The real lengths of the CIP chains
could be simply calculated according to the scale bar. Lengths
of 170 chains and 135 chains were counted for samples cured
under 0.2 T and 1.0 T magnetic field respectively. Figure 7(a)
shows the histogram obtained for the length distribution of the
chains formed in 0.2 T magnetic field. The average length (I)
of the chains can be obtained by a Gaussian distribution
function fitting the histogram, which is 0.71 mm.

A similar process applying on the samples cured under
1.0T magnetic field, we obtained the average length is
1.14 mm, as shown in figure 7(b). These results are very close
to the work of Mietta et al [34], who studied the structured
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Figure 4. Electrical resistivity of the CIPs—PDMS composites as a function of CIP volume fraction. (a) cured in 0.2 T, (b) cured in 0.5 T,
(c) cured in 1.0 T. Inset: log,,p versus log,,(¢ — ¢.), the solid line represents the model fit given by equation (2). (d) Comparison of the

three EPTs.

magnetorheological elastomer (MRE) composite with magn-
etic Fe;0, silver-covered micro-particles in PDMS.

3.2. Algorithm and simulations

Within the polymer matrix, the CIPs arrange into chains with
a certain length distribution, and a continuous conductive
network may get formed by connections among these chains,
as a result the electric percolation occurs. To understand the
percolation behavior of the aligned CIPs—PDMS composites,
the formation of conductive networks in composites can be
evaluated by Monte Carlo simulations. In the 2D simulation
cell a number of CIP chains described as line segments with a
certain length distribute regularly. Each line segment can be
considered as an ideal electrical conductor. Furthermore, an
intersection of two line segments can be seen as a perfect
conductive junction. It can be determined whether a spanning

conductive network emerges connecting two opposite edges
of the cell and thereby yields a percolation behavior.

Each simulation consists of, starting with an empty
square cell (side a = a, = a, = 2 mm), adding a number
Nchain Of line segments of length L, and determining whether
there is a spanning network between the opposite edges of the
cell. Once the line segments have been generated in the cell,
we should determine which line segments intersect. Let A;
and B; indicate the end points of the line segments, i = 1,
2,..., Nepain, thus the line segments can be considered as
vectors, A;B;. Consider the positional relationship of two line
segments, A B; and A;B,. They intersect if the following
conditions both are satisfied [34]:

(AiB) x AlAy) - (AiB1 x AiBy) <0
(A2By X AA1) - (AaBy X A2Bp) < 0. 2)
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Figure 6. Lateral view of the CIP chains in the CIP-PDMS composites (CIPs 0.1 vol%) cured under various magnetic fields. (a) 0.2 T,
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Initially, each line segment is assigned a unique network
number. If two line segments intersect, the minimum of their
network number is set as their common number. In this way,
small network numbers prevail. Finally, a spanning con-
ductive network is identified when line segments connected to
two opposite edges have common network number. To get a
reliable percolation probability, the simulation should run for
many times. If out of n simulations, k of them exist at least
one spanning conductive network, then k/n is regarded as the
percolation probability. For an acceptable accuracy, 100
Monte Carlo simulations are performed in this study to obtain
each percolation probability. We also accept that the perco-
lation probability >0.5 is an indicative of the existence of
spanning conductive networks.

Based on the experiments, it is found that the percolation
probability increases abruptly with the increase of the volume
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Figure 8. Percolation probability versus the length L for anisotropic
stick percolation system.

fraction of the CIPs indicating that there is an EPT exists. The
EPT in this simulation is defined at the percolation probability
equal to 0.5 (averaged over 100 simulations). In the 2D
simulation cell, 100 line segments are distributed aniso-
tropically. The line segments are assumed at a unified length
that the EPT depends mainly on the average length of the
stick-like fillers and the angle distribution [36]. The orienta-
tion of the line segments are limited by an angle 6 with
respect to a horizontal axis, —5° < 6 < 5° corresponding to
previous experimental observation. As shown in figure 8, the
percolation probability curve versus the length L can be
divided into three phases. Phase I, the percolation probability
is almost equal to 0 when the length L is relatively small.
Phase II, the percolation probability increases drastically with
the increase of L and the percolation threshold occurs when
L = 0.83 mm. Phase III, the percolation probability is always
equal to 1 what means that there is at least one spanning
network in the cell.

The crucial parameter on the EPT is the length of the line
segments. To evaluate the influence of curing magnetic field
on the EPT of aligned CIPs—PDMS composites, the length L
are set to be 0.71 and 1.14 mm in the simulations corresp-
onding to CIPs—PDMS composites cured in 0.2 T and 1.0 T,
respectively. It is clear to see from figure 9 that CIP chains
with length L = 1.14 mm are easier to form spanning net-
works than that with length L = 0.71 mm. As shown in
figure 10, at the length L = 0.71 mm, the percolation prob-
ability with a value of 0.5 is obtained at 177 CIP chains
dispersed in the cell as well as that is obtained at 43 CIP
chains dispersed at the length L = 1.14 mm. In the following
we show how the numbers of chains dispersed in the matrix
cell can be converted into particle volume fraction.

As shown in figure 11, assuming that the CIP chains
arrange along the z-axis direction, View I and View II are the
side view and the top view of the CIP chains respectively. In
View I, Ncpain CIP chains arrange in the z-axis direction,
however, it can be considered approximately that the CIP
chains distribute evenly in the x-axis direction. Therefore, in
View II, the CIP chains can be considered into a square
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formation, and the number of the CIP chains is about Nuyin 2,
i.e. there are Nan> CIP chains in the 3D cubic cell (side
a = 2 mm). The volume fraction of the CIPs in the 3D cubic
cell is described as follows

2
Vo X Nep X Nehain

Pyol = a3 ’ (3)

4 3
VCIP—§><7T><F‘, 4)
Ncp = , %)

2Xr

where ¢, is the volume fraction of the CIPs, Vcp is the
volume of one CIP, N¢jp is the number of the CIPs in one CIP
chain, a is the side length of the cell, r is the average radius of
the CIPs, and L is the average length of the CIP chains.
Substituting equations (4) and(5) into equation (3), we obtain
equation (6) as follows

2 X T X 2 X L X Nepain?
5 )

Pyol = (6)

3Xa

Using above method, the EPTs of the aligned CIPs—PDMS
composites are calculated as 1.29vol% and 0.12 vol%
corresponding to the 177 CIP chains and 47 CIP chains,
which represent the samples with average length of chains of
0.71 mm and 1.14 mm, respectively. These results are in good
agreement with the measured EPT value of 1.49 vol% and
0.10vol% for the CIPs—-PDMS composites cured by a
magnetic field of 0.2 and 1 T.

4. Conclusions

Alignment of carbon iron particles into PDMS under an
external magnetic field can create anisotropic CIPs—PDMS
conductive composites. The conductivity of these composite
materials increases with the curing magnetic fields as well as
the particle volume fractions. There is an EPT in which the
conductivity of the CIPs—PDMS composites rapidly increases
by many orders of magnitude. Both experimental and simu-
lation studies show that CIPs—-PDMS composites curing
under an applied magnetic field of 1.0 T can significantly
reduce the EPT as low as 0.10 vol% which has not been found
in spherical particles filled conductive composites. This very
low percolation behavior of anisotropic CIPs—PDMS com-
posites could contribute to the chain-like structures of the
particles. By examining two samples curing under magnetic
fields of 0.2 and 1.0 T, it is found that the lengths of the CIP
chains forming inside the matrix vary with magnetic field
strengths. The higher magnetic field applies, the longer the
CIP chains are.

Based on the morphological observation of the composite
structures, a two-dimensional stick percolation model for the
CIPs—PDMS composites has been established. A numerical
algorithm is developed to check whether two sticks intersect
and Monte Carlo simulations are performed to obtain the
percolation probability. The simulation results in prediction of
the values of EPTs are close to that of experimental mea-
surements. It demonstrates that the low percolation behavior
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of CIPs—PDMS composites is due to the average length of
particle chains forming by external magnetic field.

Meanwhile, the effects of compressive strain on the
electrical properties of CIPs—PDMS composites are also
investigated. The strain sensitivity depends on filler volume
fraction and decreases with the increasing of compressive
strain. It has been found that the composites containing a
small amount of CI particles curing under a magnetic field
exhibit a high strain sensitivity of over 150.

This work provides a method to create conductive
composite with low percolation threshold and high piezo-
resistivity by mixing alignment of carbon iron into poly-
dimethylsiloxane. The CIPs—PDMS composites can be used
as smart materials to monitor force or deformation. The future
research will focus on improving the composite properties in
piezoresistivity and conductivity so that it can be used in
sensing.
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