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Abstract: A study was conducted on SEBS-based composites granules containing different volume
fractions of carbon nanotubes (CNTSs) using a twin extruder and hot pressing procedure to produce a
SEBS/CNTs membrane. SEM was used to study the membrane's morphology, revealing a 3-D network
of CNTs. TGA was utilized to measure the degradation temperature of SEBS polymer and determine the
actual volume fraction of CNTs. The mechanical properties, electrical conductivity, and cyclic strain
sensing behavior of the SEBS/CNTSs were investigated using a tensile testing machine and pico-ammeter.
Mathematical models were used to fit the measured data, demonstrating the strain sensing potential of
the composites. The composite membrane with 2 wt.% of CNTs exhibited superior electromagnetic wave
absorption performance with a minimum reflection loss (RLmin) value. This study provides promising
opportunities for the development of advanced materials.
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1. Introduction

SEBS (styrene-ethylene-butylene-styrene) block copolymer is a widely used thermoplastic elastomer
due to its excellent mechanical properties, such as high elasticity, flexibility, and toughness [1-4]. In
recent years, research on SEBS-based composites has focused on improving their properties, including
electrical conductivity, thermal stability, and mechanical strength [5-8].

Carbon nanotubes (CNTSs) have attracted significant attention as a promising material in various
fields due to their unique mechanical, electrical, and thermal properties [9-11]. Therefore, researchers
worldwide have extensively used SEBs resin to prepare various functional composite materials in
combination with CNTSs, thus developing strain sensors [12-16]. Besides, CNTs have been extensively
studied in the field of electromagnetic wave (EMW) absorption due to their excellent EMW absorption
performance [17-21]. Many studies have reported on the preparation and EMW absorption properties of
CNT-based composites, which have shown promising results. However, the percolation threshold of
CNTs in composites and the effect of CNT content on the mechanical and electrical properties of the
composite materials have not been fully elucidated. Moreover, most of these studies have focused on
either the strain sensoring behavior or the EMW absorption performance, and the comprehensive of the
effect of SEBS/CNTs membrane composites has not been well investigated.

Therefore, in this study, we prepared SEBS/CNTs composite membranes with different CNT
contents, including multi-wall CNTs, and investigated their mechanical, electrical, and EMW absorption
properties. The results provide fundamental insights into the properties of SEBS/CNTs composites and
demonstrate their potential for various applications, including EMW absorption and strain sensing.

2. Materials and methods
2.1. Preparation of SEBS/CNTs Composite Membranes

Kraton G-1780 was the SEBS polymer granules used in this study, while Orion Engineered Carbons
Co., Ltd provided the carbon nanotubes. Both materials were dried at 80°C for 96 h in a vacuum oven to
eliminate any residual moisture. The raw materials were fed simultaneously into a co-rotating twin screw
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extruder (Leistritz Micro-18/GL-40D) at 60 rpm and 120°C, using a die with a diameter of 1 mm, until
complete extrusion was achieved. The resulting composite filament was pelletized to produce the final
composite granules. The SEBS/CNTSs granules were stored in a vacuum atmosphere until further use. A
Lauffer RMV-250 hot presser was used to produce the SEBS/CNTSs granules into composite membranes
under vacuum at the desired thickness. The membranes were cut into specimens measuring 40 mm x 1
mm for subsequent measurements. Figure 1 illustrates the process of producing the SEBS/CNTSs
membrane.
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Figure 1. Experimental preparation flowchart in this study

2.2. Characterization

The morphologies of the SEBS/CNTs composite membrane were analyzed using a scanning electron
microscope (ZEISS EVO). Prior to analysis, the specimens were coated with a thin layer of gold and
then observed with a secondary electron detector at an acceleration voltage of 10 kV. The thermal
stability of the specimens was evaluated using Thermogravimetric Analysis (TGA) (TA Instruments,
2960) under nitrogen atmosphere, from room temperature to 1000°C at a heating rate of 10 °C/min. The
electromechanical properties of the samples were measured using a tensile testing machine (Zwick,
Z005) coupled with a Keithley 6485 Picoammeter. As shown in Figure 2, the specimens were secured
to the tensile testing machine with a gauge length of 20 mm, and the clapper was enclosed with several
layers of isolated tape. A strain rate of 60 mm/min was applied during the dynamic resistance
measurement while the specimens were stretched. At least 10 specimens were tested for the dynamic
electromechanical measurement, and the data of at least 5 specimens were recorded for the cyclic strain
sensing test. The electromagnetic parameters of the samples were evaluated using a vector network
analyzer (Agilent N5234A, Keysight Technologies, Inc., USA). In this study, the following
nomenclature was used to describe all the samples: CNTL1.5 indicates the designed volume fraction of
CNT in the composite was 1.5 vol. %, while Virgin represents the neat SEBS polymer that was extruded
using the twin extruder under the same conditions as a contrast.
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Figure 2. Schematic diagram of the tensile test setup used for measuring the
input mechanical signal and the output electrical signal during stretching
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3. Results and discussions

3.1. Morphologies
SEM analysis (Figure 3) was conducted to investigate the cross-sectional microstructures of the

stretched SEBS/CNTs composite membrane. The hot-pressing technique used in the study resulted in
most of the CNTs being covered by the polymer. A slight phase separation was observed between the
SEBS/CNTs composite membrane regions that did not participate in the stretching process.
Additionally, the zoomed-in image of the damaged region of the SEBS/CNTs composite membrane
showed a well-dispersed CNTs in the SEBS matrix, indicating the effectiveness of the melt mixing
procedure using the twin extruder.
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Figure 3. Cross-sectional SEM Images of the SEBS/CNTs Composite Membrane

3.2. Thermal Gravity Analysis of the SEBS/CNTSs composite membrane

The TGA measurements of SEBS/CNTSs composite membrane are presented in Figure 4, displaying
the remained mass of all specimens against temperature in different colors. Notably, the weight reduction
for all samples begins at around 400°C, which corresponds to the degradation temperature of SEBS and
implies a practical temperature range for composite applications. Additionally, the weight percentage of
the sample remains stable after 500°C, indicating the composition remaining in the sample after heat
treatment. The value inserted in the figure represents the final remained weight of the samples, and the
difference between this and the remained mass of the Virgin (approximately 0%) reflects the actual
weight fraction of the CNTSs in the composite.

100 4 ‘ﬁ
80
o
& gd |——0
e —— 0.5
=) —1
g 404 |——14
_,_2
—— 25
20
|:|_
T T T T T T T T T
0 200 400 600 200 1000

Temperature [°]
Figure 4. TGA measurement of SEBS/CNTSs composite membranes
for determining weight fraction and thermal behavior

Mater. Plast., 60 (3), 2023, 106-116 108 https://doi.org/10.37358/MP.23.3.5680


https://revmaterialeplastice.ro/

MATERIALE PLASTICE @ @
https://revmaterialeplastice.ro

e
https://doi.org/10.37358/Mat.Plast.1964

3.3. Mechanical properties

Figure 5 displays the stress-strain curves obtained from the tensile testing machine for all six
SEBS/CNTs composite membrane specimens. Notably, despite its flexibility, the SEBS/CNTs
composite membrane exhibits a great strain range. The addition of CNTSs results in decreased elongation
at break compared to that of the virgin SEBS, and the membrane with 2.5% CNTs exhibits minimal
elongation at break compared to the others. This is attributed to the hindrance of CNT particles in the
construction of the continuous phase of the polymeric matrix, leading to lower elongation at break.
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Figure 5. Stress-strain Curve of SEBS/CNTs composite

membrane in this tudy

The Young's modulus of the samples was determined by calculating the slope of the first 20 points
on the stress-strain curve of each sample, and the results are shown in Figure 6 in red. It is observed that
with the increase in CNT content, the Young's modulus of the samples is significantly enhanced, as the
higher fraction of CNTSs in the samples contribute to the linear elastic deformation region of the samples.

Young's Moduls (MPa)
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Figure 6. Young's modulus and tensile strength of SEBS/CNTs
composites at varying CNTSs fraction
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3.4. Electrical Conductivity and Cyclic Strain Sensing Behavior of the SEBS/CNTs Composites
Membrane

The electrical conductivity of SEBS composites increases with increasing CNT filler content. The
percolation threshold, which represents the critical volume fraction of conductive fillers where the
conductivity of the composite increases most rapidly, is used to describe this phenomenon. McLachlan's
equation is a commonly used formula for calculating the percolation threshold in conductive composites
[22, 23].

aml/s_o.cl/s O.fl/t_o.cl/t

(1 B (p) omt/S+oct/S(1-pc)/ e + ¢ O'fl/t+%¢c'tfcl/t =0 (1)

Om, 0, 0 represent the conductivity of the SEBS matrix, SEBS/CNTs composite, and CNTs,
respectively. ¢ is the volume fraction of CNTSs, and ¢, is the critical volume concentration, i.e., the
percolation threshold. The exponent t has a standard value of 0.87. For isotropic composites with
randomly oriented fillers, the exponent s has a standard value of 2. However, in this study, s was set to
1.5 because the CNTSs' distribution was not isotropic from a 3D perspective. Using equation 1, the value
of ¢, was calculated as 1.73%.
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Figure 7. Volume fraction dependence of electrical conductivity
for SEBS/CNTs composite membrane, fitted with McLachlan equation

In order to further study the electrical properties of the composites, specimens CNT2.0 and CNT2.5,
which contain CNTs beyond the percolation threshold, were selected for cyclic sensoring experiments.
The relative change in resistance (RCR) of the electrically conductive composites was calculated using
the following formula [24-26]:

RCR =28 =ERo )

0 Ro

where the 4R, R,, and R denotes the change of the resistance, the initial resistance, and the resistance
under strain in time, respectively.

Figure 8 displays the RCR values of specimen CNT2.5 and CNT2.0 under a strain of 50% during
cyclic tests, shown in blue and red, respectively. The graph shows ten cycles, with clear periodicity
observed for both specimens (10 output peaks). To facilitate comparison between the input strain signal
and the output electrical signal, two dashed lines were included. The CNT2.5 specimen exhibited only
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a slight delay between the input and output signals derived from the SEBS composites, indicating
excellent repeatability and superior recoverability of the SEBS-based composites.
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Fig.8 Graph of RCR value over time for CNT2.5 (blue) and CNT2.0 (red),
recorded during 10 stretching cycles

Figure 9 provides a possible explanation for the observed delay in the output electrical signal of the
CNT2.5 specimen. The diagram shows that during cyclic testing, the CNTs in the composite are
subjected to mechanical deformation, resulting in a change in the distance between them [27]. As the
strain increases, the distance between CNTs decreases, and the electrical conductivity of the composite
increases accordingly. However, as the strain decreases, the distance between CNTSs increases, resulting
in a decrease in conductivity. This process takes time, which explains the delay observed in the electrical
signal of the CNT2.5 specimen.
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Figure 9. Diagram illustrating the change of the created cavity SEBS/CNTSs
composites during stretching

In order to further understand the delayed phenomenon observed in the RCR diagram of the CNT2.5
composite, a diagrammatic sketch was presented in Figure 9. The stretch and recovery processes of the
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SEBS matrix were explained as a uniform elongation and recovery along the stretching direction,
respectively. Meanwhile, the CNTSs in the composite were considered as "nano-springs” that were also
stretched along the same direction during the stretching process. During the recovery process, the
cavities created in the matrix due to the stretching were expected to shrink back to their original size,
completing a cycle during the cyclic test. However, the higher fraction of CNTs in the CNT2.5 composite
(in blue) introduced a higher steric resistance, which hindered the recoverability of the created cavities.
This means that the matrix not only undergoes the expected recovery process, but also an extra recovery
process due to the presence of rigid CNT particles. As a result, the recovery process of the CNT2.5
composite contained an extra step, leading to a delayed phenomenon in the RCR diagram compared to
the composites with a lower fraction of CNTSs particles. The sample CNT2.0, on the other hand, exhibited
the best sensing behavior due to its optimal CNT content that allowed for efficient stretch and recovery
of the matrix without causing excessive steric hindrance.

3.5. Electromagnetic Wave Absorption Performance

In contrast, the imaginary part (&") of the complex dielectric constant of the CNT2.0 membrane, as
shown in Figure 10a, exhibits an increasing trend with the increasing frequency, indicating that
polarization relaxation loss dominates over conduction loss in the material. This is supported by the fact
that the imaginary part of the complex permeability (i") also increases with frequency in Figure 10b,
indicating the presence of magnetic loss in the material. The magnetic loss is caused by the eddy current
generated by the alternating electromagnetic field, which dissipates energy as heat. The overall trend of
the real part of the complex permeability (') in Figure 10b is relatively stable with a slight decrease at
higher frequencies, which indicates that the magnetic properties of the CNT2.0 membrane are less
affected by frequency. The combination of these electromagnetic properties suggests that the CNT2.0
membrane has potential as a microwave absorbing material, particularly in the high-frequency range.
Magnetic loss also contributes to the dissipation of electromagnetic energies. The general magnetic loss
mechanism includes natural resonance, exchange resonance, and vortex loss. As is shown in Figures 5b,
u' and p" reveal no obvious dependence on frequency. p" appears to be stable at low-frequency. The
small formants of p' appeared due to natural resonance. Also, more obvious formants appear at high-
frequency which are caused by exchange resonance.
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Figure 10. Electromagnetic parameters for the membrane, (a) Real dielectric constant &' and imaginary
dielectric constant ", (b) real permeability i’ and imaginary permeability p", (c) attenuation constant o

Moreover, the attenuation constant, which refers to the attenuation or loss of electromagnetic waves
upon entering the absorbing material, can be calculated using an equation [28-30]:

a = Vanf X \/(.Ll”&‘” _ ‘11’8’) + \/(,LLIS” + ‘LIHEI)Z + (/,L”S” _ u'E’)Z (3)

Cc

The absorption performance of the composite membrane was further analyzed using the reflection
loss (RL) method, which is a common parameter to evaluate the microwave absorption properties of
materials [31]. RL represents the amount of energy reflected from the surface of the material, and a
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lower value of RL indicates a stronger absorption ability. The RL values of the CNT2.0 composite
membrane at different thicknesses and frequencies are shown in Fig. 11. It can be observed that the RL
values of the CNT2.0 composite membrane are all below —10 dB, which indicates excellent microwave
absorption properties. Moreover, the RL value decreases with the increasing thickness of the composite
membrane at a certain frequency. This is because thicker composites can provide a longer absorbing
path, leading to more chances for electromagnetic wave absorption. In addition, at a certain thickness,
the RL value decreases with increasing frequency, indicating that the absorption performance of the
CNT2.0 composite membrane is more efficient at higher frequencies. This is due to the fact that higher
frequency electromagnetic waves have shorter wavelengths, which can interact more easily with the
CNTs in the composite and produce more absorption. Overall, the complex dielectric and permeability
properties, as well as the RL analysis, suggest that the CNT2.0 composite membrane has promising
potential as an effective microwave absorbing material.

The electromagnetic absorption performance of the composite membrane can be evaluated using the
transmission line theory and the following equations [32-35]:

Z = \Zin/Zo) = Tt Je  tanh [ (2L5)| Ve, (4)
RL = 20 log|(Zin = 20)/ (Zin + 20| (5)

where Zin is the input impedance of the aerogel, f is the frequency, c is the speed of light, d is the thickness
of the aerogel, and Zo is the impedance in free space. The effectiveness of electromagnetic wave (EMW)
absorption is commonly evaluated by the reflection loss (RL) value, which represents the attenuation or
loss of EMW radiation after it enters the absorbing material. A RL value of -50 dB indicates that 90%
of the incident EMW radiation is absorbed, and the corresponding bandwidth provides information about
the effective absorption bandwidth (EAB) [36,37]. In the case of the SEBS/CNTs membrane, as shown
in Figure 11a, the RLmin value is -4 dB at 16.8 GHz for a thickness of 1.0 mm. The optimization of
impedance matching (|Zin/Zol) results in excellent EMW absorption performance. A value of 1 for |Zin/Zo|
indicates that the absorber has a great impedance match, allowing EMW to easily enter the interior of
the membrane. Figure 11d shows that the value of |Zin/Zo| reaches its maximum value for the membrane
with a thickness of 1.0 mm, indicating that the incident EMW can effectively enter the interior of the
membrane and be converted into heat to be consumed to avoid reflection at the interface with air.
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Figure 11. Electromagnetic wave absorption performance of the SEBS/CNTs composite membrane.
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In addition, Figure 11b and c depict 3D plots and 2D RL diagrams for the SEBS/CNTs composite
membrane at various thicknesses within the 2-18 GHz frequency range. Corresponding 3D and 2D
diagrams for the impedance (Z) of the SEBS/CNTs composite membrane with respect to thickness and
frequency are presented in Figure 11e and f, respectively. The impedance values of the SEBS/CNTs
composite membrane with a thickness of 1-2 mm typically fall within the range of 0.12-0.23 at
frequencies from 8 to 18 GHz, indicating excellent impedance matching as a contributing factor to its
outstanding EMW-absorbing properties.

4. Conclusions

This study focused on the production and characterization of SEBS/CNTs composite membranes
with different CNTs fractions. Morphological analysis and TGA measurements were used to determine
the structure and content of the CNTSs in the composites. The composite with 2.0 wt. % CNTs was found
to have the highest elongation at break, acceptable tensile strength, and Young's modulus. The
percolation threshold of the SEBS/CNTs composites membrane was determined to be 1.73% using the
Mclachlan equation. The cyclic strain sensing behavior of the composite membranes was investigated,
and a sketch based on the steric resistance of the CNTs particles was proposed to explain the delayed
signal phenomena observed in samples with higher CNTs contents. Finally, the SEBS/CNTs composite
membrane with 2 wt.% of CNTs showed superior electromagnetic wave absorption performance, with
a minimum reflection loss (RLmin) value. Overall, this study provides fundamental insights into the
electrical and mechanical behavior, as well as the EMW absorption of the SEBS/CNTs composite
membrane. The findings could guide the development of sensor applications based on mass industrial
production of the composite membranes.
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