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ABSTRACT: In this study, styrene-butadiene-styrene tri-block copolymer/multiwalled carbon nanotubes (SBS/MWNTs) were prepared
by means of a solution blending method. To enhance the compatibility between SBS and MWNTs, the SBS grafted MWNTs (SBS-g¢-
MWNTs) were used to replace MWNTs. The MWNTs were chemically hydroxylated by the dissolved KOH solution with ethanol as
solvent and then reacted with 3-Aminopropyltriethoxysilane (APTES) to functionalize them with amino groups (MWNT-NH,). The
SBS-g-MWNTs were finally obtained by the reaction of MWNT-NH, and maleic anhydride grafted SBS (MAH-g-SBS). The SBS-g-
MWNTs were characterized by X-ray photoelectron spectroscopy (XPS), Fourier transform-infrared spectroscopy (FT-IR), transmis-
sion electron microscopy (TEM), scanning electron microscope (SEM), and thermogravimetric analysis (TGA). The results showed
that the SBS molecules were homogeneously bonded onto the surface of the MWNTs, leading to an improvement of the mechanical
and electrical properties of SBS/SBS-g-MWNTs composites due to the excellent interfacial adhesion and dispersion of SBS-g-MWNTs
in SBS. A series of continuous tests were carried out to explore the electrical-mechanical properties of the SBS/SBS-¢-MWNTs com-
posites. We found out that, near the percolation threshold, the well-dispersed SBS/SBS-¢-MWNTs composites showed good piezoresis-
tive characteristics and small mechanical destructions for the development of little deformation under vertical pressure. © 2015 Wiley
Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 42945.
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ity, thus minimizes the influence on the microphase separation
and the mechanical properties.

INTRODUCTION

As one of the most widely used thermoplastic elastomers,
styrene-butadiene-styrene triblock copolymer (SBS) possesses
advantages of both conventional rubbers and plastic polymers,
originated from its unique microphase separation, has attracted
much attention in recent years.' There have been many stud-
ies engaged to expand the application fields of SBS, such as get-
ting SBS modified with different functional groups or
incorporating various fillers into SBS matrix.*> Among them it
is practical to design carbon black as fillers to improve the
mechanical property and impart it with some functionalities,

Carbon nanotubes (CNTs), which have displayed the combina-
tion of superlative mechanical, thermal, and electronic proper-
ties have caused great interests in science.''™" Due to the
intrinsic superiority, the CNTs are promising fillers incorporated
into SBS. However, the field that seeks to incorporate CNTs as
polymer composite reinforcements has been beset by some cru-
cial problems, such as the poor dispersion when mixed into the
polymer matrix and the lack of interfacial bonding which limits
load transfer from the polymer matrix to the nanotubes.'®' To

such as electrical conductivity, thermal conductivity, and perme-
ability resistance.”” Nevertheless, too much carbon black
impedes the microphase separation of SBS and strongly deterio-
rates the mechanical properties of the resulting composite.'
Thus a new kind of fillers should be found to reduce the con-
tent of conductive filler required to achieve adequate conductiv-
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overcome the disadvantages, an immense effort has been done
such as high shear mixing, aid of surfactants, in situ polymer-
ization and chemical functionalization.”**” For instance, Lu
et al®® reported that SBS was reinforced with multiwalled car-
bon nanotubes (MWNTs) by the interaction through melt mix-
ing. The tensile strength of SBS/MWNTs composites containing
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Figure 1. Schematic synthesis of route for SBS-g-MWNTs.

7 wt % MWNTs was 17.1 MPa, about 66% higher than that of
pure SBS. However, the amount of functionalized MWNTs is
small and there are still some MWNTs without any polymer
coating, which leads to partially degradation of MWNTs in the
matrix of SBS. To enhance the compatibility between SBS and
MWNTs, the hydroxylated styrene-butadiene-styrene tri-block
copolymer (HO-SBS) and the acyl chloride-activated MWNTs
(MWNTs-COCI) were used to replace SBS and MWNTs, respec-
tively which has been reported by Wu et al.*® The highest tensile
strength among nanocomposites, obtained from the sample of 4
wt % MWNTs, is 17.23 MPa. But in the process to prepare
MWNT-COCI, the acid-treatments may largely destroy the
structure of MWNTSs, which would affect the properties of SBS/
MWNTs composites. So that further studies about SBS/MWNTs
composites should be conducted.

So far, no research was reported about the covalent grafting of
SBS onto the surface of MWNTs, which could improve the dis-
persion of MWNTs in SBS matrix as well as increase their inter-
facial adhesion. In this study, SBS/SBS-grafted MWNTs
composites with SBS containing maleic anhydride (MAH;
MAH-¢-SBS) and amine functionalized MWNTs were prepared.
This study is devoted to prepare the nanocomposites from SBS
and MWNTs by a solution processing method and to explore
the mechanical, electrical and piezoresistive properties. The
SBS-grafted MWNTs filled with SBS showed improved mechani-
cal performance compared with the pure SBS and SBS rein-
forced with traditionally functionalized MWNTs. We believe
that the improvement was due to the covalent bonding of poly-
mer chains to MWNTSs, where strong chemical bonds and a
conjugated network between the nanotubes and polymers were
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established. Moreover, the SBS-grafted MWNTs had obvious
effects on the SBS elevated electrical conductivity and it really
perform good piezoresistive characteristics. It is a new way to
synthesis SBS/SBS-grafted MWNTs composites with different
MWNTs ratios and the conductive polymer composites.

EXPERIMENTAL

Materials

MWNTs (purity >95%, diameter 10 nm—20 nm) produced by
chemical vapor deposition were obtained from Shenzhen Nano-
tech Port Co., Ltd. (China). MAH-g-SBS (2 wt % MAH) was
prepared in this group. SBS (4402) was from Yanshan branch of
China Petroleum Chemical Co. (3-Aminopropyl)-triethoxysilane
(APTES) was purchased from the Chengdu Organic Chemistry
Institute (China).

Synthesis of the Styrene-Butadiene-Styrene Copolymer-

Grafted Multiwalled Carbon Nanotubes (SBS-g-MWNTs)

The scheme of synthesis route for the SBS-g-MWNTs, mainly
through hydroxylation, amino functionalization and SBS modi-
fication of MWNTs, was showed in Figure 1. Previous studies
about hydroxylation and amino functionalization of MWNTs
were conducted in this work.’®! In a typical hydroxylation pro-
cedure, a large beaker was used as the container, 2.5 g of pris-
tine MWNTs were added to the dissolved KOH solution with
ethanol as solvent (40 g of KOH and 400 mL of ethanol). After
ultrasonic dispersion for 30 min, the solution was refluxed for
12 h in a three-necked flask. The mixture was then respectively
filtered by a membrane with a pore size of 0.2 um, thoroughly
washed with ethanol and deionized water three times and dried
at 80°C under a vacuum for 12 h. The resulting product was
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designated as MWNT-OH. The amino functionalization of
MWNTs was carried out with an excess of APTES solution in
mixed solution (2.0 g of MWNT-OH, 300 mL of DMEF, 300 mL
of toluene, and 30 mL of APTES). To ensure sufficient reaction,
the mixture was stirred at 80°C for 10 h. Finally, the designated
MWNT-NH, was obtained after washing with DMF and tolu-
ene, filtering, and drying procedures.

To synthesis SBS-¢-MWNTs, before MAH-g-SBS and MWNT-
NH, were blended in a mixer at a speed of 80 rpm at 110°C for
1 h with a weight ratio of 10:1 (15 g of MAH-¢-SBS and 1.5 g
of MWNT-NH,), the MAH-¢-SBS should be dissolved in
300 mL of toluene and the MWNT-NH, would be separately
dispersed in toluene under ultrasonication to form a mixture.
The temperature was turned down to 80°C and 30 mL of trie-
thylamine was added as catalyst for another 36 h of reaction
followed by washing with toluene, filtering, and drying.

Preparation of SBS/MWNTs and SBS/SBS-g-MWNTs
Nanocomposites

SBS/MWCNTs composites were prepared by solution processing
as following procedures. SBS was dissolved in the toluene with
the ratio of 1:9 by weight to form a solution. MWCNTs were
separately dispersed in toluene under ultrasonication to form a
mixture. The SBS solution was poured into the mixture of
MWCNTs/toluene. The mixture was under continuous stirring
for 4 h. Meanwhile toluene was removed from the mixture.
After all the toluene evaporated, resulting SBS/MWCNTs com-
posites were obtained. The concentrations of MWCNTs in SBS
are 1%, 3%, and 7.5% by weight. The SBS/SBS-g-MWNTs
nanocomposites could be obtained as the same way above but
to replace MWCNTs with SBS-g¢-MWNTs and the concentra-
tions of MWCNTs in SBS were designed as 0.5 wt %, 1 wt %, 3
wt %, 5 wt %, 7.5 wt %, and 10 wt %. The composites were
finally compression molded at 15 MPa and about 180°C for 10
min to form discs of 10 mm in diameter and 4.2 mm in thick-
ness as well as dumbbell shape samples of 50 mm in length,
5.3 mm in width, and 3.2 mm in thickness. Two pieces of cop-
per sheet were mounted onto the opposite wide surfaces of the
discs sheets to ensure good electrical contact with DC current—
voltage measurements for resistance (R) under piezoresistive
tests at room temperature.

Measurements

X-ray photoelectron spectroscopy (XPS) was recorded on a
Kratos-AXIS ULTRA DLD (Shimadzu Co., Japan) with an Al
Ko X-ray source. Fourier-transform infrared (FT-IR) analysis
was performed on a PerkinElmer Spectrum model 100 FT-IR
spectrometer (Bruker Instruments Inc., Germany). Transmission
electron microscopy (TEM) images of the nanocomposites were
obtained with a JEM-2100 with 200 kV (Techcomp Ltd., Japan).
Scanning electron microscope (SEM) images of the nanocompo-
sites were obtained with a Hitachi S-4800 (Techcomp Ltd.,
Japan). Thermal gravimetric analyses (TGA) were conducted at
10°C/min from room temperature to 700°C under a nitrogen
flow using a TGA 209 F1 analyzer (NETZSCH, Germany). Ther-
mogravimetric and differential scanning calorimetry analyses
(TG-DSC) were performed by a thermal analysis instrument
(STA 449C, NETZSCH, Germany) from room temperature to
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Figure 2. The experimental setup used to determine piezoresistive proper-
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ties. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]

850°C at a temperature-ramping rate of 10°C/min in an air flow
of 50 mL/min. The tensile strength and young’s modulus of the
composites were measured at room temperature with an R-9100
mechanical tester from Shen Zhen Rerer Instrument Co., Ltd.,
China. The strain rate was 5 mm/min with a load of 1 kN. The
electrical resistivity was measured by a ZC36 megger from
Shanghai No. 6 Electricity Meter Co., Ltd., China. The piezore-
sistive properties were measured using uniaxial dynamic pres-
sure equipment in combination with DC current-voltage
measurements (EST122 and HB-Z103-2AC source/measure
units) from Shanghai No. 6 Electricity Meter Co., Ltd., China.

A special instrument (Figure 2) is introduced in this work to
explore the electromechanical properties of SBS/SBS-g-MWNTs
composites. At first, a vertical pressure is given to the compo-
sites and then get the pressure released, during which a dial
indicator was used to measure the changed thickness of the
samples (Ad). To avoid destroying the framework of the solid
composites, the changes will be controlled under 5% thickness
of the samples. Then the electrical resistance of SBS/SBS-g-
MWNTs composites (R) was calculated from the slope of -V
curves measured, at room temperature, with EST122 picoam-
meter and HB-Z103-2AC high voltage DC power supply. At
last, the electrical resistivity of the composites (p) during the
pressure-release program was calculated by:

_ R-A

d-Ad

where R is the electrical resistance of the samples, A is the area
of the electrode, d is the thickness of the samples, and Ad is the
changed thickness of the samples.

o

RESULTS AND DISCUSSION

Grafting of SBS onto the MWNTs

The FT-IR spectra of pristine MWNTs, MWNT-OH, MWNT-
NH,, and SBS-g-MWNTs was showed in Figure 3. For the pris-
tine MWNTs showed in Figure 3(a), the appearance of a rather
weak and broad absorption band at 3520 cm™' was due to the
presence of -OH groups on the surface of the pristine MWNTS;
this resulted from either ambient atmospheric moisture bound
to the MWNTs or oxidation during the purification of the raw
MWNTs. The peak at 1630 cm™ ' was ascribed to the stretching
of the C=C groups in the structure of MWNTs. For the
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Figure 3. FT-IR spectra of (a) pristine MWNTs, (b) MWNT-OH, (c)
MWNT-NH,, (d) SBS-g-MWNTs. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

MWNT-OH, in Figure 3(b), a strong and broad band at
3437 cm™~ ' was supposed to be the stretching vibration of the
-OH group of the hydroxide functionality, and the peaks at
1026 cm™' were attributed to the stretching of C—O. For the
MWNT-NH, [Figure 3(c)], the slightly less intense band at
1580 cm ™' was assigned to the bending vibration of the N—H
bond of the amide group. In addition, the signal of Si—O—Si
bonds attributed to the attaching of APTES on MWNT-OH
showed in the SBS-g-MWNTs was characterized by the stretch-
ing bands at 1020 cm~'. What is more, the diminished peak at
3400 to 3520 cm™', indicated largely decreased -OH groups,
could further prove the occurrence of the amino functionaliza-
tion of MWNTSs. The peaks at 625 cm™' and 750 cm™ ' [Figure
3(d)], regarded as the special absorption peaks of SBS, were
attributed to the bending vibration of C—H in benzene and the

Cls
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C] A oo s N
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Figure 4. XPS full-scan spectra of pristine MWNTs, MWNT-NH,,
MWNT-OH, and SBS-g-MWNTs. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Table I. XPS Atomic Percentage Content

Element (AT %)

Samples C N (0] Si
MWNTs 97.19 NA 2.81 NA
MWNT-OH 9581 NA 419 NA
MWNT-NH> 93.51 1.37 454 0.58
SBS-g-MWNTs 96.43 0.41 2.99 017

bending vibration of C—H in butadiene, respectively. The previ-
ous changes found in the spectrum of SBS-g-MWNTs verified
the SBS moieties grafted to the MWNTs through the amide
bonds.

XPS showed in Figure 4 was further carried out to obtain infor-
mation about their surface composition and chemical bonding.
Atomic percentages by XPS were listed in Table I. For the pris-
tine MWNTs, aside from the main C—C peak at 285.1 eV, a
weak Ols peak at 532.8 eV (Ols: 2.81 atom %) was attributed
to atmospheric moisture or oxidation during the purification

MWNT-OH

Intensity (a.u)

280 282 284 286 288 200 292 294 296

Binding Energy (eV)

SBS-g-MWNT

Intensity (a.u)

280 282 284 286 288 290 292 294 296
Binding Energy (eV)

Figure 5. Cls XPS spectra of pristine MWNT-OH (a) and SBS-g-MWNTs
(b). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com. ]
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Figure 6. TEM micrographs of the (a) MWNT-OH and (b) SBS-g-
MWNTs.

process. The percentage of oxygen increased up to 4.19 atom %
in the process of hydroxylation. Two new photoemission peaks
at 153.0 eV (Si2p: 0.58 atom %) and 400.0 eV (Nls: 1.37
atom %) appeared in the XPS spectrum of the MWNT-NH,.
Furthermore, the increased oxygen content was due to the
hydrolysis of APTES. In the spectrum of SBS-g-MWNTs, com-
pared with MWNT-NH,, the peaks of Si2s and Si2p were
diminished and the contain of carbon have obviously increased
indicated that SBS have been attached to the surface of MWNT-
NH,. The carbon component Cls of MWNT-OH could be
decomposed into three contributions appearing at 284.5 eV,
284.8 eV and 286.3 eV [Figure 5(a)]. The Cls peaks observed at
284.5 eV and 284.9 eV were, respectively interpreted as the com-
bination of the sp® and sp’ structure of MWNTs,”* and the oxi-
dized carbon peak emerges at 286.3 eV was contributed to the
C in C—O bonds (hydroxyl group). In the spectrum of SBS-g¢-
MWNTs [Figure 5(b)], it is interesting to notice that the bind-
ing energy of C=C (284.6 eV), C—C (284.9 eV), and C—O
(286.7 eV) is higher than the corresponding binding energy of
MWNT-OH. This is probably because of the coating of MAH-
¢-SBS changed the chemical environment of carbon, leading to
the increase of binding energy. There are two new carbon
peaks observed in the spectrum of SBS-g¢-MWNTs: the C in
C—N bonds (amide groups, 285.9 eV) and the C in C=0O
bonds (anhydride groups, aldehyde groups, and amide groups,
289.3 eV).
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Figure 6 showed the TEM images of MWNT-OH and the SBS-
¢-MWNTs after three times of washing with toluene under soni-
cation to remove the unbound SBS completely. In the TEM
image of MWNT-OH [Figure 6(a)], the MWNTs wall was rela-
tively smooth, which means the structure of MWNTs have not
been largely damaged by hydroxylation procedure. In contrast,
the SBS-¢-MWNTs showed in Figure 5(b) appeared stained with
an extra phase presumed to mainly come from the grafted SBS
molecules. We can also observe that the diameter of MWNT-
OH is about 13 nm to 18 nm, whereas SBS-g¢-MWNTs (about
60-100 nm) are much thicker due to the wrapping of polymer.
SEM images of MWNT-OH and SBS-g-MWNTs were shown in
Figure 7. On the whole, the SEM observations were consistent
with those from TEM, like the surface of MWNT-OH being rel-
atively smooth, while for SBS-¢-MWNTs, some salient parts
appeared. The average diameter of SBS-g-MWNTs calculated
from the scale mark is about 100 nm, which is roughly five
times larger than MWNT-OH, in good agreement with the
TEM observations.

One of the most important purposes to get CNTs functionalized
is to improve the solubility or dispersion in organic solvents. In
this work, a stable dispersion was obtained in the case of the
SBS-gMWNTs when equal amounts of MWNTs were added to
the same volume of toluene, the good solvent of SBS, and
mechanically mixed (Figure 8). As showed in Figure 8(a), all of
nanotubes sank in the case of neat MWNTs. The explore about

Figure 7. SEM micrographs of the (a) MWNT-OH and (b) SBS-g-
MWNTs.
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Figure 8. Photograph of (a) MWNTs and (b) SBS-g-MWNTs dispersed in
chloroform and waited for 1 week. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

the dispersion of SBS-¢-MWNTs in SBS under the solution
processing method was showed in Figure 9. SBS was dissolved
in the toluene with the ratio of 1:9 by weight to form a SBS/tol-
uene solution [Figure 9(a)]. Equal amounts of MWNTs [Figure
9(b)] and SBS-g-MWNTs [Figure 9(c)] were separately dis-
persed in SBS/toluene solution under ultrasonication and then
kept at rest for 1 week. SBS-g-MWNTs showed much better dis-
persibility than MWNTs in SBS/toluene solution. This indicates
that SBS-g-MWNTs possess a higher degree of miscibility than
MWNTs due to the presence of SBS functional groups on the
surface, as already proved above. Similar behavior has been
observed in the case of polymer functionalized CNTs.”’

The amount of the SBS grafted to the MWNTs was determined
through the TGA analysis under a nitrogen atmosphere. Figure
10 show the mass loss variation of pristine MWNTs, SBS-g¢-

e

a

Figure 9. Photograph of (a) SBS/toluene solution; MWNTs (b) and SBS-
¢MWNTs (c) dispersed in SBS/toluene solution and waited for 1 week.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 10. TGA traces of MAH-g-SBS, SBS-g-MWNTs, and MWNTs.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]

MWNTs, and MAH-g-SBS with increasing temperature. The
MWNTs exhibit little weight loss during the program due to its
conjugated structure, and when the temperature rise to 351°C
the weight of MAH-g-SBS started to decrease and the weight
percentage of SBS drop to as low as about zero at the tempera-
ture of 550°C. So that the weight loss of about 63 wt % during
351 to 550°C can be considered as the degradation of the
grafted MAH-g¢-SBS on the MWNTs. The thermal stability of
the materials was examined by thermal analysis (TG-DSC) in
an air flow at a heating rate of 10°C/min (Figure 11). In the TG
curve, the 63% weight loss of SBS-¢-MWNTs during 302-395°C
assigned to the ignition of MAH-g¢-SBS in an air flow fit the
amount of MAH-¢-SBS determined through the TGA analysis
under a nitrogen atmosphere. The weight loss of MWNTs in
SBS-g-MWNTs was during 562-707°C. And the ignition resi-
dues above 707°C are chiefly silicon oxide, which are introduced
in the amino functionalization process. Based on the DSC
curves, the exothermal peak of SBS-g-MWNTs around 352°C
was higher than the exothermal peaks of pure MAH-g-SBS

100/ 200
sol a=
L 150
a- MA-g-SBS
< 60| |b- SBS-MWNTs 2
< rlc- MWNTs 100 =
2 0 =
= f =
';, 40 | =
F o]
(7]
i s0 R
20
[ -~ 0
sE s
! ad oo ool ool ay
0 100 200 300 400 500 600 700 800

Temperature (°C)

Figure 11. TG-DSC curves of (a) MAH-g-SBS, (b) SBS-g-MWNTs, and
(c) MWNTs. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 12. (a) Tensile strength and (b) Young’s modulus curves of SBS/

MWNTs and SBS/SBS-g-MWNTs composites. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

(348°C), which means the thermal stability of the MAH-g-SBS
was improved after it was grafted onto MWNTs.

Mechanical and Electrical Properties of SBS/SBS-g-MWNTs
Composites

Figure 12 illustrates the tensile strength and young’s modulus of
SBS/MWNTs as well as SBS/SBS-¢-MWNTs composites with
various loadings of MWNTs. It was observed in Figure 12(a)
that the tensile strength of the SBS/SBS-g-MWNTs composites
with 3 wt % MWNTs loadings was 9.76 MPa increased by max-
ima of 56.16% compared with pure SBS (6.25 MPa). In Figure
12(b), the young’s modulus of SBS/SBS-g¢-MWNTs composites
with 0.5 wt % MWNTs loadings reached to 5.33 MPa increased
by 61.52% compared with pure SBS (3.30 MPa). The further
adding of SBS-g-MWNTs would contribute to higher young’s
modulus of SBS/SBS-g-MWNTs composites. For instance, the
young’s modulus of SBS/SBS-g-MWNTs composites with 3 wt
% (8.21 MPa) and 10 wt % (17.51 MPa) MWNTs loadings
increased by 148.78% and 430.61%, respectively compared with
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pure SBS. However, SBS/MWNTs composites have poorer
mechanical properties than SBS/SBS-g-MWNTs composites. The
tensile strength of the SBS/SBS-g-MWNTs composites is 2.75
MPa higher than SBS/MWNTs composites at a given MWCNT
content of 3 wt %. The young’s modulus of SBS/SBS-g-MWNTs
composites with 7.5 wt % MWNTs loadings is 4.81 MPa higher
than SBS/MWNTs composites with the same MWNTs loadings.
There are two reasons for this difference in tensile strength.
One reason is that the mechanical properties of the SBS/SBS-g-
MWNTs composite were improved by the covalent chemical
bonding of the polymer chains to the MWNTs. Another reason
is that the stronger interfacial adhesion developed a better dis-
persion system and the mechanical properties of the SBS/SBS-g-
MWNTs were improved in return.

The electrical resistivity of SBS/SBS-¢-MWNTs composites with
different MWNTs ratios were showed in Figure 13. As can be
seen, the electrical resistivity of SBS/SBS-¢-MWNTs composites
decreases with increasing MWNTs loading. A sudden decrease
in the resistivity, which is considered the percolation phenom-
enon, was observed as the mass fraction of MWNTs varies from
1 wt % to 3 wt %, indicating the formation of a preliminary
conductive network. This low percolation concentration is con-
sistent with those reported in previous work.”* When the con-
tent of MWNTs reaches 7.5 wt %, the electrical resistivity of the
composite has attained a value of 3.01 X 10> Q m. Thereafter,
the electrical resistivity stays on the same orders of magnitude
with the further addition of MWNTs. In particular, the func-
tionalization of MWNTs with SBS moieties is expected to
improve the chemical affinity, the dispersion and their interac-
tions with SBS, modifying therefore in a strong way the electri-
cal conductivity.

Electromechanical Response under Vertical Compression

Electro-mechanical response of SBS/SBS-g-MWNTs composites
with different loadings of MWNTs under vertical compression-
rebound process were showed in Figure 14. Pure SBS considered
as electrical insulator had no obvious piezoresistive property.

n b "--\

v

Resistivity Ig p (2'm)
~1

Compression Ratio (%)
Figure 13. Electrical resistivity of pure SBS and the SBS/SBS-g-MWNTs
composites with 0.5 wt %, 1 wt %, 3 wt %, 5 wt %, and 7.5 wt % load-
ings of MWNT.
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Figure 14. Electrical resistivity response under vertical compression-
rebound of (a) pure SBS and the composites with 0.5 wt %, 1 wt %, (b)
3 wt %, 5 wt %, and 7.5 wt % loadings of MWNTs. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

Below the percolation threshold, the composites with 0.5 wt %
and 1 wt % of MWNTs showed little increase of electrical resis-
tivity under vertical compression and when the pressure was
released the electrical resistivity of the composites changed to
almost the same value of its previous state. As long as the
MWNTs content reached 3 wt %, near electrical percolation
threshold, just small deformations could strong decrease the
local concentration of the filler, which destroyed the conductive
path between fillers and an obvious increase of the electrical
resistivity occurred. But the further addition of MWNTS,
would decrease the vibration of electrical resistivity during
compression-rebound process. What’s more, the electrical resis-
tivity of 5 wt % and 7.5 wt % MWNTs content of the compo-
sites had little piezoresistive property when the compression
ratio was below 2% thickness of the samples, and the electrical
resistivity changed a lot by contrast with their preliminary after
the pressure is released. This may be caused by the framework
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of the solid composites was damaged and the thickness of the
samples would not recover to its original value even the pres-
sure was completed released.

Taking above into account, the present work on piezoresistivity
of SBS/SBS-g-MWNTs composites prepared with different con-
tents of MWNTs in order to optimize the piezoresistive
response. The best piezoresistive properties of SBS/SBS-g-
MWNTs composites is near electrical percolation threshold, due
to its sensitive to pressure as well as good mechanical recovery.

CONCLUSIONS

MWNTs were uniformly dispersed in the SBS matrix and devel-
oped excellent interfacial adhesion because of the novel struc-
ture of the SBS-¢MWNTs, as characterized by XPS, FT-IR,
TGA, and TEM. The amount of the SBS grafted to MWNTs
reached as high as 63 wt %. The tensile strength, young’s mod-
ulus and electrical conductivity were all improved upon the
addition of the SBS-g-MWNTs. The SBS-g-MWNTs filled with
SBS were further studied for sensor applications due to its
improved mechanical properties as well as excellent electrical
performance and found out that SBS/SBS-¢-MWNTs composites
have excellent properties for piezoresistivity sensors under verti-
cal compression near the percolation threshold.
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