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ABSTRACT

The conductive and mechanical properties of polymer composites based on styrene-butadiene rubber with
different concentrations of graphene as a filler are studied. Based on the dependence of the resistivity of
composites on the graphene content, the range of its values corresponding to the hopping conductivity
mechanism was determined. For composites of compositions from this range, the sensitivity of the
resistance to the degree of uniaxial stretching, as well as mechanical properties were investigated. The
values of the gauge factor were determined, and it was found that with an increase in graphene content in
the composite, its value first increases and then decreases. It is found that even under minimal stresses in
composites, along with elastic deformations, plastic deformations also develop, and the proportion of the
latter increases with the filler concentration. As a result, complete mechanical relaxation of the composites
does not occur after the applied stress is removed.
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Introduction

In recent years, there has been a significant increase in the number of studies devoted to
polymer conductive composite materials with graphene-based fillers, as well as other
structures in which graphene is used as one of the materials [1-7]. This is due to the
unique physical and chemical characteristics of graphene-containing materials and the
prospects for their application in various fields of science and technology. Polymer
nanocomposite films represent a promising basis for developing sensor devices for use
as elements of wearable electronics [8-10]. These materials are characterized by unique
structural and mechanical properties, which makes it possible to achieve such important
characteristics of composites from a practical point of view as lightness, flexibility, wear
resistance and corrosion resistance, as well as the ability to form products in various
configurations. Devices based on polymer nanocomposites are distinguished by their
miniature size, making them nearly invisible to users when worn continuously.
The development and application of new sensor materials contribute to progress in
various fields such as medicine [11-14], the sports industry [15], professional activities
in hazardous conditions where health monitoring is necessary [16], as well as in game
design and fashion [17]. In addition, polymer nanocomposites are actively used as
triboelectric generators [18].
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One of the promising areas for the use of flexible conductive polymer composites
is their use for the creation of strain sensors [19,20], for which a conductive filler is
introduced into the polymer matrix. The conductive network formed by the filler particles
(e.g., metallic micro- or nanoparticles) is partially destroyed during deformation, which
leads to an increase in the resistance of the composite. However, traditional composites
based on metallic fillers have low flexibility and elasticity, as well as sensitivity to
stretching in a very limited range [21]. In this sense, polymer composites with carbon-
based fillers exhibit better characteristics, which is why composites based on various
polymers with fillers such as graphite [22], graphene [23] or carbon nanotubes [24] have
been actively studied in recent years. However, the properties of the resulting composites
with these fillers depend significantly on the synthesis method, the type of polymer
matrix and filler, as well as the filler content, which initiates further research. It should
be noted that graphene is an excellent choice as a filler material for such composites due
to its conductivity, thermal conductivity, and mechanical properties [25].

This study presents an experimental investigation of the conductive and mechanical
properties of flexible polymer composites based on styrene-butadiene rubber (SBR) as
the matrix and graphene as the filler. The aim of the study was to determine the
dependence of the strain sensitivity of the obtained composites, their elongation under
uniaxial static tension, ultimate strength and relaxation properties on the graphene
content.

Materials and Methods

Styrene-butadiene rubber (SBR) from Sigma-Aldrich was used as the non-conductive
polymer matrix, and powdered graphene was used as the filler.

The process of forming the composite film involved the preliminary dispersion of
the graphene powder in the CCls solvent using magnetic stirring in a sealed flask to
prevent the solvent from evaporating and air from entering the system. SBR granules
were then added to the obtained dispersion in an amount of 5.9 wt. % relative to the mass
of the solvent, after which mixing was continued until the polymer was completely
dissolved. The resulting solution was poured into a PTFE mold and dried in an exhaust
system for 1 h until the solvent was completely removed.

Samples with graphene content ranging from 13 to 33 wt. % relative to the total
composite mass were synthesized. The resistivity p of the obtained films was measured
using the Van der Pauw method. To determine the p dependence on the degree of
mechanical stretching, the samples were fixed in a measurement cell with a movable
part, and electrical contacts were connected to them. After this, step-by-step stretching
was carried out by registering the resistivity values at each stage.

The mechanical properties of the composite films were analyzed using the same
setup without connecting electrical contacts. The strength and relaxation properties were
studied by repeatedly stretching the samples in 10 mm steps. At the end of each cycle,
the sample was held in a stretched state for 5 sec, after which the load was removed, and
after 25 sec the residual length of the sample was measured. The relaxation time was
determined by stretching the sample to 400 % of its initial length and then recording the
change in length every 20 sec until the relaxation process was complete.
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Results and Discussion

To analyze the change in the conductive properties of the composites under deformation,
it is necessary to take into account the percolation threshold for the conductive filler
particles introduced into the dielectric polymer matrix. The main parameter that
determines the properties of the resulting composite is the degree of particle overlap [26].
At high particle concentrations, a continuous conductive cluster is formed, where the
particles directly contact with each other. As the particle concentration decreases, their
arrangement becomes sparser, and the conduction mechanism changes to a hopping
form. With a further decrease in the particle concentration, taking into account their
average size, the probability of such "jumps" significantly reduced resulting in a sharp
decrease in the conductivity of the composite to nearly zero levels. It is the samples with
filler concentrations at which hopping conductivity is realized that are the most
promising for use as active elements in sensor devices. The probability of "jumping” (and,
consequently, the conductivity value) depends exponentially on the distance between the
conductive particles, which makes such composites the most sensitive to stretching.

Thus, to obtain samples with high sensitivity to deformation, it was necessary to
determine the range of graphene concentrations corresponding to the hopping
conduction mechanism. Figure 1 shows the dependence of the resistivity of the
investigated samples at room temperature on the filler mass fraction. From the data
presented it is evident that at graphene concentrations below 33 wt. % a sharp increase
in the resistivity of the samples is observed. This indicates the destruction of the
continuous conductive cluster and the transition to hopping conductivity. For this reason,
samples with graphene concentrations of 30, 24, and 16 % were selected for further
measurements.

100 @

[ J
g =]
é 50 - o
< &

Q
0 1 1 .
20 30 0 20 40 60 80 100
graphene mass fraction, % AL/L . %
”
Fig. 1. The dependence of the resistivity of Fig. 2. Changes in the resistivity of composites
composites at T =300 K on the graphene content under their stretching

For the three composites of the above compositions, Fig. 2 shows the dependence
of the resistivity, normalized to its value in the absence of applied stress, po, on the
relative elongation of the sample under the influence of uniaxial stress, AL/L,-100%,
where Lo is the initial length of the sample, AL is the change in its length under stretching.
For the composites of each composition, the data are provided for the stress ranges in
which they exhibit conductivity.
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As expected, an increase in graphene concentration leads to an expansion of the
applied stress range in which the composite retains its resistivity. A noticeable change in
the resistivity of the composite at the minimum graphene concentration (16 %) occurred at
a stretch of 12 %, while at its maximum concentration (30 %), it occurred at a stretch of
24-30 %. At the same time, the composite with the highest graphene content among those
studied has lower sensitivity to stretching: to noticeably change the resistivity, it had to be
stretched over a significantly greater length. This effect of filler concentration on stretch
sensitivity can be explained by the fact that stretching increases the distance between
particles, which, from the perspective of conductivity values, is equivalent to a decrease in
the filler concentration. Additionally, as noted by the authors of [27], strong stretching of
graphene-containing composites leads to a change in the dimensionality of the filler
particles (transition from a three-dimensional to a two-dimensional case), which should
lead to an increase in the values of the percolation threshold and, consequently, to a
decrease in the effect of stretching on the resistivity value.

For composites of different compositions, the values of the gauge factor were

calculated using the equation:
GF = (Apmax/Po)/(ALmax/Lo), (1)
where Apmax and AL . are the maximum changes in resistivity and length, respectively. This
coefficient characterizes the sensitivity of the resistivity of composites to stretching and
can be used to compare data obtained for different composites [28-33]. As the filler
concentration increases, the gauge factor first rises and then decreases. For the sample
with 16 % graphene content, the gauge factor is GF = 534.7, for the sample with 24 %
content - GF = 2661, and for the sample with 30% content - GF = 340.4. This can be
explained by the fact that increasing the filler concentration leads to two different effects.
The first of these is due to the fact that the range of stress in which the composite retains
its conductive properties increases (see Fig. 2), which should lead to a decrease in the GF
value. The opposite effect on the GF value is caused by the decrease in the resistivity of the
composite in the absence of stress that occurs with an increase in the graphene
concentration (see Fig. 1).

To initially estimate the mechanical properties of the synthesized composites, an
assessment of their tensile strength, an analysis of the nature of the deformations
developing in them under uniaxial static tension, and a study of their relaxation properties
were carried out. The samples were repeatedly stretched with a successive increase in their
extension in 10 mm increments until they failed. After each stretching step, the sample
length L was measured 25 sec after the stress was removed. The obtained results are
presented in Fig. 3 as the dependence of the ratio of the sample length L to its initial length
Lo on its relative elongation under stretching.

As seen from the presented data, the tensile strength decreases with an increase in
filler content and is 565, 542, and 401 % for composites with graphene contents of 16, 24,
and 30 %, respectively. Additionally, it is evident that none of the synthesized composite
samples retain their initial length even under minimal applied stress, which indicates the
occurrence the irreversible plastic deformations in them, along with elastic ones. The slope
of the dependences shown in Fig.3 increases consistently with increasing filler
concentration, which suggests an increase in the proportion of irreversible deformations, i.e.,
the occurrence of the effect of their accumulation under repeated stretching of the sample.
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Fig. 3. The dependence of relative elongation Fig. 4. The dependence of the relative change
of composite samples after stress removal in the length of composites after stress
on the degree of their stretching removal on time

The results of the study of the relaxation properties of the synthesized composites
after stress of 400 % are presented in Fig. 4. Composites of all studied compositions do
not return to their original length even 2-3 min after the stress is removed. This can be
due to the formation of jams of flat filler particles inside the polymer matrices during
stretching [34-36]. The sample with 30 % graphene content practically does not relax at
all, and the sample with 16 % graphene content relaxes, but rather weakly. The composite
with 24 % graphene content demonstrates the best relaxation properties, both in terms
of time and degree of relaxation. Thus, a filler concentration of 24 % is close to the critical
point for the studied composites, above which the improvement of the mechanical
properties is replaced by their deterioration. It should be noted that this result indirectly
corresponds to the data obtained in [37] when analyzing the properties of composites
based on polyvinyl acetate with graphene filler. The authors of [37] studied samples in a
lower range of graphene concentration range than in our study (below its possible critical
value), but found that a consistent increase in the graphene content in composites
initially leads to a significant improvement in their mechanical properties, but then this
improvement slows down.

Thus, the graphene content of 24 % is optimal for the studied SBR-based polymer
composites, as it corresponds to both the maximum strain sensitivity and the best
relaxation properties.

Conclusions

In this study, we investigated the electrical and mechanical properties of polymer
composites based on styrene-butadiene rubber with variable content of graphene as a
conductive filler. It was found that increasing the graphene concentration in the SBR
matrix leads to an increase in the range of value of applied uniaxial stress in which the
composite slightly changes its resistivity. A gradual increase in graphene concentration
first leads to an increase in the sensitivity of composite resistivity to stretching, and then
to a decrease. At the same time, the tensile strength of the composites decreases slightly,
and repeated uniaxial stretching leads to the accumulation of plastic deformations
preventing complete relaxation of the samples after deformation.
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The maximum change in the resistivity under deformation was observed in the
composite with a graphene concentration of 24 %, for which the value of the gauge factor
reaches GF = 2661. This graphene concentration also corresponds to the best relaxation
properties. The obtained data indicate the potential of using the synthesized composites
for the development of sensor devices for flexible wearable electronics.
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