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Conductive network morphology and interfacial interaction play important roles in determining resistiv-
ity-strain (p-¢) sensing behavior of conductive polymer composites (CPCs). In this work, thermoplastic
elastomer blends consisting of poly(styrene-butadiene-styrene) block polymer (SBS) and thermoplastic
polyurethane (TPU) were fabricated via different melt processing procedures, which could tune the above
two issues simultaneously by selectively localizing multi-walled carbon nanotubes (MWCNTSs) in SBS,
TPU and both in SBS and TPU, respectively. It is observed that the composite fibers with selectively
localized MWCNTSs show distinct different p-¢ sensing behavior. Work of adhesion calculation suggests
stronger interfacial interaction between MWCNTs and SBS, however, wetting coefficient calculation
indicates slightly better wetting of MWCNTSs with TPU. Because of such stronger interaction and poorer
dispersion, the composite fiber with MWCNTs distributed in SBS exhibits higher p-¢ sensitivity than its
counterpart with MWCNTs distributed in TPU, and with MWCNTs distributed in both phases, the p-¢
sensitivity lies in between. Moreover, the p-¢ sensing behavior was fitted with a model based on
tunneling theory by Simmons. It is suggested that the change in tunneling distance and the number of
conductive pathways could be accelerated significantly under strong interfacial interaction. This study
could offer a new pathway and provide a guideline for the preparation of high-performance CPC resistiv-
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ity-strain sensors with tunable sensitivity.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Conductive polymer composites (CPCs) have been an active
research topic for several decades due to their wide range of appli-
cations and ease of processing [1]. In recent years, CPCs have been
extensively investigated as sensors to detect various external stim-
ulis, such as strain [2,3], damage [4,5], temperature [6,7], liquids
[8-10], vapors [11-13] and PH [14]. In terms of resistivity—strain
sensors, CPCs are considered as promising candidates to detect
resistivity change induced by strain. The practical use of carbon
nanotube (CNT) structure demonstrates their application in the
field of sensing technology as an active part of sensing structural
composites [15,16]. Thermoplastic elastomer (TPE) with combined
characteristics of rubber and plastic, has gained considerable
amount of attention recently, which is critically important for the
application of a good engineering thermoplastic material. Thus,
CPCs containing TPE and CNT are valued as the prospective
stretchable resistivity-strain sensors for detecting dangerous

* Corresponding authors. Tel.: +86 28 8546 0953 (H. Deng). Tel./fax: +86 28 8546
1795 (Q. Fu).
E-mail addresses: huadeng@scu.edu.cn (H. Deng), qiangfu@scu.edu.cn (Q. Fu).

0266-3538/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.compscitech.2013.11.018

deformations and vibrations of mechanical parts in many fields
of science and engineering.

A tunable resistivity-strain dependency (resistivity-strain
sensitivity) is often required for different applications. Thus, the
control of sensitivity is one of the most important issues for the
preparation of resistivity-strain sensors. To modify the resistiv-
ity-strain sensitivities of these sensors, several methods have been
proposed. Recently, our group has reported that mixed fillers
containing CNTs and metallic particles in different volume ratios
can be used to modify the resistivity-strain sensitivity of CPC fibers
[17]. Dang et al. observed that CNTs with higher aspect ratio are
preferred for higher sensitivity to pressure in CNT/silicone rubber
composites [18]. Murugaraj et al. demonstrated that narrow
distribution of tunnel gaps between overlapping nanochannels is
responsible for the high electromechanical sensitivity of their
CPCs [19]. And Hwang et al. reported that the concentration of
poly(3-hexylthiophene) (P3HT) plays an important role in the
piezoresistive sensitivity of P3HT-wrapped CNT/poly(dimethylsi-
loxane) composites [20].

In above investigations, different strategies have been
considered for controlling resistivity-strain sensitivity in CPCs,
however, they exhibit relative narrow range of tunable sensitivity.
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Systematic and efficient methods are still necessary for modifying
sensitivity. Therefore, fundamental aspects of resistivity—strain
sensing CPCs need to be reconsidered for the preparation of high
performance sensors with tunable sensitivity. In CPCs, conductive
networks are formed with conductive fillers in insulating polymer
matrixes, which provide continuous conductive pathways for
electrical current. In the case of entangled conductive networks,
the response of electrical property to strain is governed by both
conductive network morphology and interfacial interaction
between filler and polymer matrix. As a result, these two issues
should be regarded as the key factors in modifying resistivity—
strain sensitivity. Nevertheless, these issues have barely been
investigated simultaneously [21].

Polymer blending has been extensively studied as one of the
most important methods to modify conductive network structure
in CPCs [22-24]. As polymer blends offer more interface and phase
structures in CPCs, different conductive network morphologies can
be constructed from selective localization of conductive fillers in
different phases, not to mention the abundant change of phase
morphology in polymer blends during stretching [25]. Further-
more, different polymers tend to have different interfacial interac-
tions with fillers due to their difference in chemical nature. Thus,
using polymer blends can be considered as an effective method
to tune both conductive network morphology and interfacial inter-
action in CPCs for the control of resistivity—strain sensitivity. How-
ever, such a method has yet to be reported for CPCs based on
resistivity—strain sensors.

Herein, we utilize polymer blends consisting of poly(styrene-
butadiene-styrene) block polymer (SBS) and thermoplastic poly-
urethane (TPU) to fabricate CPC resistivity-strain sensors. Efforts
are carried out to selectively distribute conductive fillers in one
or two of the polymer phases. The effect of conductive filler loca-
tion in polymer blends on the resistivity-strain sensing properties
is systematically investigated. The conductive network morphol-
ogy before and after stretching; the orientation of polymer matrix
and conductive filler under strain is also studied to investigate the
electrical property-strain sensing behavior of these CPCs. Finally,
an analytical model is used to further understand the change of
electrical property under strain.

2. Experimental
2.1. Materials

Multi-walled carbon nanotubes (MWCNTs, Nanocyl 7000,
Nanocyl S.A.) were used as conductive fillers in the composites.
According to producer, these MWCNTs have an average diameter
of 10 nm, length of 1.5 um and a specific surface area of 250-
300 m?/g. SBS with S/B ratio of 40/60 and trademark of SBS-792
was kindly provided by Baling Company of Sinopec Co. Ltd., China.
Polyester based TPU (IROGRAN 455-200) was provided by Hunts-
man Company.

2.2. Sample preparation

MWCNT composites were prepared in a Hakke internal mixer.
All blends were mixed at 60 rpm under 160 °C. SBS/TPU/MWCNT
composites were melt-blended via applying three different proce-
dures: blending of premixed SBS-MWCNT or TPU-MWCNT com-
posites with the respective unfilled polymer in a second step,
direct blending of SBS-MWCNT and TPU-MWCNT in a second step.
In order to minimize the possible transition of MWCNTSs during the
second step, these precompounds were melted in the mixer for
10 min while the mixing time of the second step was 5 min. Then,
these composites were extruded as fibers with piston-mode

Rosand RH70 (Malvern, Bohlin Instruments) capillary rheometer.
The experimental procedures are summarized in Fig. 1.

In this paper, samples were denoted as A-xNT/B, where A and B
represent the elastomer matrixes, x represents MWCNT content in
A phase. A-xNT/B also represents that MWCNTs were premixed in A
phase at first. For example, SBS-8NT/TPU represents that SBS-
MWCNT containing 8 wt.% of MWCNTs was mixed with TPU in a
second step.

2.3. Characterization

Contact angles were measured in a sessile drop mould with
KRUSS DSA100. Pure elastomer samples for contact angle measure-
ments were compression moulded at 180°C under 10 MPa
pressure for 10 min then cooled to 20 °C. Contact angles were mea-
sured on 3 ml of wetting solvent at 20 °C, and the results reported
were the mean values of 3 replicates. The surface tensions,
dispersion and polar components of these elastomers can be also
obtained from contact angle measurements.

With gauge length of 50 mm, the melt-spun fibers were clamped
between a pair of alumina electrodes in a SANS CMT4000 universal
test machine. Electrical resistance was measured with a Keithley
6487 picoammeter under a constant voltage of 1V to avoid strong
electrical current within the sample. Both the resistance measure-
ment set-up and tensile test machine were interfaced with a com-
puter to record the resistance change during stretching. A constant
rate of 10 mm/min was used for the simultaneous resistance-strain
measurement. Cyclic stretching and recovery was also conducted to
investigate the dynamic resistivity-strain behavior. It should be
noted that the sample with a resistivity above 10* is considered
as non-conductive due to the limitation of current set-up.

Morphological studies were carried out using a scanning elec-
tron microscope (SEM, JEOL JSM-5900LV) under an accelerating
voltage of 20 kV. To investigate the conductive networks below
the sample surface, un-coated specimens were used. The conduc-
tive networks in the polymer matrix are charged to emit enriched
secondary electrons to make them visible [26]. In addition, these
fiber specimens were cryogenically fractured in a direction perpen-
dicular to flow direction in liquid nitrogen and the fracture surfaces
were coated with a thin layer of gold to examine the blend mor-
phology and MWCNT dispersion in the composites.

Polarized Raman spectra was recorded on a micro-Raman spec-
trometer (JY HR800) equipped with a microscope. Excitation was
provided by He-Ne at 786 nm. A beam size of 1 pum was used. In
order to determine the orientation level of MWCNTSs, the dichroism
Raman spectra were achieved by recording Raman spectroscopy
along two directions normal between each other, which were par-
allel and perpendicular to the long-axis (length) direction of fiber,
respectively. All spectra were baseline corrected and the peak po-
sition and intensity were fitted in the range from 1000 cm™' to
2000 cm™.

3. Results and discussion

3.1. Resistivity-strain sensing behavior of SBS/TPU/MWCNT composite
fibers

The resistivity-strain sensing behavior is examined by measur-
ing the electrical resistance as a function of uniaxial strain to
evaluate the potential of these fibers as resistivity-strain sensors.
Fig. 2(a) shows the resistivity-strain dependence of SBS/TPU/
MWCNT composite fibers. In spite of different starting points, all
samples demonstrate a definitive trend where the resistivity
increases logarithmically with increasing strain. As indicated by
the slope coefficient of resistivity-strain (p-¢) curve, SBS-4NT/
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Fig. 1. Sketch of the processing procedures: (a) SBS-NT/TPU, (b) SBS/TPU-NT and (c) SBS-NT/TPU-NT composite fibers.

TPU-4NT exhibits higher p-¢ sensitivity than SBS/TPU-8NT while
SBS-8NT/TPU possesses the highest p-¢ sensitivity. The different
p-¢ sensitivities of these composite fibers should be attributed to
the selective localization of MWCNTs in these blends, which will
be further explained in the following Sections 3.2 and 3.3. As
shown in Fig. 2(a), for strains below 80%, it is observed that the
p—¢ sensitivity does not vary with different filler distributions. This
behavior might be attributed to the fact that these conductive net-
works are very dense under such small strains and only deform
slightly during stretching. For strains above 80%, the conductive
networks in the composite fibers deform significantly during
stretching and selective localization of MWCNTSs in thermoplastic
elastomer blends becomes the main factor resulting in different
p—¢ sensitivities of SBS-8NT/TPU and SBS/TPU-8NT. Similar result
has been reported in our previous study for TPU based CPCs con-
taining MWCNTs and metallic particles as conductive filler [17].
Nevertheless, it can be noticed that inflection points of the p-¢
curves for SBS-8NT/TPU and SBS/TPU-8NT are different from each
other. In this work, we have investigated the effect of selective
localization of MWCNTs in thermoplastic elastomer blends on
the tuunable p-¢ sensing behavior of CPCs. The phenomenon of
different inflection points will be further investigated in our ongo-
ing work.

As strain-sensing application often requires reversible strain
loadings, composite fibers were subjected to strain-sensing tests
using a cyclic loading profile with 80% minimum strain and 120%
maximum strain. Fig. 2(b) shows the relative resistance (R/Ry)

change of these composite fibers during cyclic stretching. For
SBS-8NT/TPU, it is observed that the resistivity changes simulta-
neously with applied strain, which generally increases with
increasing strain and decreases with decreasing strain. For SBS-
ANT/TPU-4NT and SBS/TPU-8NT, the sensing signals are not mono-
tone with shoulder peaks observed during these cycles, showing
almost an inverse relationship between resistivity and strain
[15,27]. This phenomenon might originate from the competition
between destruction and reconstruction of conductive pathways
during dynamic loadings [28]. In analogy with the result in
Fig. 2(a), SBS-8NT/TPU presents the highest p-¢ sensitivity, giving
the strongest signal during the cyclic stretching. Furthermore, a
gradual decrease in resistivity peaks is observed in the first few
cycles, which is thought to be caused by the formation of addi-
tional conductive pathways through a breakdown of the interface
between polymer and fillers [29].

To further understand p-¢ sensing behavior of blends based
CPCs, different elastomers with the same content of MWCNTs were
studied. The resistivity change of TPE-MWCNT composite fibers
with 4 wt.% MWCNTs versus strain was plotted as shown in
Fig. 2(c and d) and the resistivity increases exponentially with
increasing strain. It can be observed that the two samples show dif-
ferent p-¢ sensing behaviors. The resistivity of SBS-4NT increases
rapidly with increasing strain, indicating much higher p-¢ sensitiv-
ity for SBS-4NT in comparison with TPU-4NT. By comparing
Fig. 2(a) with (c), it can be noted that the selective localization of
the same amount of MWCNTs (overall 4 wt.%) has important
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Fig. 2. Resistivity-strain sensing behavior: (a) resistivity versus strain and (b) normalized resistivity versus time relationship of SBS/TPU/MWCNT composite fibers; (c)
resistivity versus strain and (d) resistivity versus time relationship of SBS-4NT and TPU-4NT composite fibers.

Table 1
Surface tensions of MWCNT, SBS and TPU at 20 °C.

Materials Surface tensions (mN/m)
Total (y) Dispersive part (y9) Polar part ()
MWCNT® 27.8 17.6 10.2
SBS 48.8 36.2 12.6
TPU 41.7 304 113

@ According to Barber et al. [48].

influence on the electrical property as well as p-¢ sensitivity of
these CPCs. The underlying mechanism is thought to be closely
related with the differences in conductive network morphology
and interfacial interaction caused by selective localization of
MW(CNTs in the blends. Following study (Sections 3.2 and 3.3) is
carried out to investigate these issues.

3.2. Morphology of initial conductive networks: selective localization
of MWCNTs in the blends

In CPCs based on polymer blends, the conductive fillers may be
located unevenly between polymer phases. The resulting electrical
properties are influenced by the localization of conductive fillers as
well as blend morphology [30,31]. As well known, the selective
localization of CNTs in polymer blends is commonly explained by
the concept of wetting coefficient [32-39]. In equilibrium state,
the localization of CNTs in polymer blends can be predicted by
the minimization of interfacial energy. According to Young’s equa-
tion, it is possible to find the equilibrium position of CNTs by eval-
uating the wetting coefficient w,, as defined in Eq. (1) [40]:

Table 2
Interfacial energies and wetting coefficients as calculated using harmonic and
geometric mean equations.

Wetting coefficient
(o mN/m)

Calculation methods Interfacial energies (mN/m)

VsBs-CNT ~ YTPU-CNT  YSBS-TPU
According to harmonic  6.68 3.45 0.58 5.56
mean equation
According to geometric 3.44 1.76 0.29 5.79

mean equation

_ Vses—enT — PrPU—cNT
VsBs—TpU

R (1)

In this equation, 7y is the different interfacial energies of poly-
mer-filler in the numerator and that of polymer-polymer in the
denominator. The wetting coefficient is most commonly inter-
preted in a way that, for value <—1, the fillers are predicted to be
located in the polymer phase named first (here SBS), and for value
>1, in the polymer phase named second (here TPU). In the interval
of w, value between —1 and 1, the fillers are predicted to be
located at the interface.

The interfacial energies (see Table 2) can be evaluated from the
surface tensions of the components (see Table 1), using both the
harmonic-mean and the geometric-mean equations [40]. The har-
monic-mean equation (Eq. (2)) is valid between low-energy mate-
rials and the geometric-mean equation (Eq. (3)) is valid between a
low-energy material and a high-energy material:

Wys S )

2
W+ys A+ @

V12:V1+V2—4(
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where 7y, 7, are the surface tensions of components 1, 2; 4, y4 are
the dispersive parts of the surface tensions of components 1, 2; and
8, yh are the polar parts of the surface tensions of components 1, 2.

For these two methods, the calculated wetting coefficients are
positive (and even above 1, see Table 2), as the interfacial energy
between TPU and MWCNT (yrpy-cnt) is slightly lower than that
between SBS and MWCNT (ysps_cnt), Which indicates a slightly
better wetting of MWCNT with TPU. Therefore, the TPU-MWCNT
pair tends to be formed to minimize the total free energy in the
ternary composite of SBS/TPU/MWCNT. However, besides thermo-
dynamic driving forces, the selective localization of CNTs in poly-
mer blends is also related with kinetic factors [41,42], such as
blending procedures, blending time, and shear strength. The final
localization behavior of CNTs in polymer blends is mainly deter-
mined by the interplay between thermodynamic driving forces
and kinetic factors.

Thus, in highly compatible SBS/TPU/MWCNT blends with only
small differences in surface energy and polarity of blend composi-
tions, the selective localization of MWCNTSs only in one phase can
be simply achieved via different melt blending procedures as
shown in Fig. 1. The three different mixing procedures are all
two-step blending, in which the mixing time of the second step
(5 min) is much shorter than that of premixing step (10 min) to

minimize the possible transition of MWCNTs during the second
step.

In the case of SBS/TPU/MWCNT blends, high compatibility
between SBS and TPU is observed in Fig. 3 as evidenced by the
unobvious interface. The transformations of dispersed phase and
continuous phase with the change of phase ratios (3/7, 5/5, 7/3)
can be easily observed in each blend, which reveals the morpho-
logical similarity of these three blends. As shown in Fig. 3, all white
spots on the fracture surfaces are MWCNTSs [43]. The white spots
on the cross-sections of these fibers are uniformly dispersed, indi-
cating a relative homogeneous dispersion of MWCNTs. Owing to
the small difference of polarity (y”) between SBS and TPU, a proper
solvent cannot be found to etch one of the two phases. This has led
to some difficulties in judging the localization of MWCNTs in the
blends. In SBS/TPU-8NT (see the right column of Fig. 3), there are
two distinct regions: one is rich of MWCNTSs and the other is free
of MWCNTs. Judging from the ratios of the two regions, the
MWCNT-rich domains correspond to TPU, which is in good
agreement with the prediction of wetting coefficient. The selective
localization of MWCNTs in SBS-8NT/TPU and SBS-4NT/TPU-4NT
cannot be observed very clearly under SEM. According to above
mentioned thermodynamic analysis and processing methods,
MW(CNTs should be mainly located in SBS for SBS-8NT/TPU and
both in SBS and TPU for SBS-4NT/TPU-4NT. In SBS-8NT/TPU,
MWCNTs were premixed in SBS firstly for 10 min and then mixed
with TPU in the second step with a much shorter period of time

SBS-8NT/TPU

Fig. 3. SEM micrographs of the cross-sections for SBS/TPU/MWCNT composite fibers. In the green oval area, it is mainly SBS-MWCNT phase. And in the red oval area, it is
mainly TPU-MWCNT phase. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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(5 min). This has minimized the possible transition of MWCNTSs
from SBS to TPU during the second step. Furthermore, similar
polarity (y?) of SBS and TPU can also confirm that the possible
transition between SBS and TPU is a small fraction of MWCNTSs.
Therefore, MWCNTSs are mainly located in SBS for SBS-8NT/TPU
composite (see the left column of Fig. 3). Only a small fraction of
MWCNTs is located in TPU, which can be observed from the SEM
image of SBS-8NT/TPU (7/3). Analogously, MWCNTs are evenly
located on the fracture surfaces of SBS-4NT/TPU-4NT with different
phase ratios (3/7, 5/5, 7/3), which indicates that MWCNTs are
located both in SBS and TPU for SBS-4NT/TPU-4NT with direct
blending of SBS-8NT and TPU-8NT in the second step (see the mid-
dle column of Fig. 3).

From above discussions, it can be noted that MWCNTs are
mainly located in SBS for SBS-8NT/TPU, and in TPU for SBS/TPU-
8NT. In SBS-4NT/TPU-4NT, MWCNTs are located both in SBS and
TPU. Thus, the selective localization of MWCNTs might be the
crucial reason for the different morphologies of initial conductive
networks in the three blends, which will be further explained in
the latter Section 3.3.

3.3. Morphology of conductive networks under strain: interfacial
interaction

Since the electrical properties of CPCs are entirely provided by
their embedded conductive networks, the morphology of conduc-
tive networks should play an important role on the strain-sensing
behaviors of these CPCs. To investigate the underlying mechanism
of the resistivity change under strain, the composite fibers were

observed under two different strains (0% and 150% strain) with
SEM (see Fig. 4(a)) using a high accelerating voltage causing
MWCNTs in the insulating polymer matrix to become charged
[26]. These specimens were clamped onto sample stage under dif-
ferent pre-strains before observation. The bright bundles in the
micrographs are MWCNTs and the grey area is polymer matrix.
In the left column of Fig. 4(a), as-prepared samples show similar
isotropic structure of MWCNTSs. In these blends, MWCNT bundles
are entangled with each other and densely dispersed in the matrix.
It can be also observed that different conductive network morphol-
ogies have been constructed initially from the selective localization
of MWCNTs. Owing to lower interfacial tension between TPU and
MWOCNT, the best dispersion quality with the densest MWCNT
networks in SBS/TPU-8NT is obtained easily under the same
processing conditions, which could be responsible for the highest
conductivity and lowest p-¢ sensitivity.

As shown in the right column of Fig. 4(a), MWCNT bundles are
oriented along the stretching direction while these fibers were
under 150% strain. This often leads to increased tunneling distance
between local conductive networks [19]. In SBS-8NT/TPU, MWCNT
bundles are relatively more distantly isolated. However, a smaller
deformation of conductive networks in SBS/TPU-8NT is observed
as evidenced by the dense structure of MWCNT networks. It can
be also noticed that the deformation of conductive networks in
SBS-4NT/TPU-4NT falls in between the two samples. Such mor-
phology might be responsible for the higher p-¢ sensitivity in
SBS-8NT/TPU than SBS-4NT/TPU-4NT and SBS/TPU-8NT. The mor-
phology of conductive networks in SBS-4NT and TPU-4NT is also
investigated and shown in Fig. 4(b). In SBS-4NT and TPU-4NT
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under 0% strain, MWCNT bundles are entangled with each other.
Due to the lower interfacial tension between TPU and MWCNT
(7rPu-cnT < Yses—cnT, S€e Table 2), there is a better dispersion quality
in TPU-4NT as evidenced by the denser conductive network
morphology comparing with SBS-4NT. Besides, the better
dispersion quality can be observed in the SEM micrographs of
cross-sections for SBS-4NT and TPU-4NT freeze-fractured samples
(see Fig. 4(c)). In the SEM micrographs of SBS-4NT, MWCNT aggre-
gates are obvious while hardly any MWCNT aggregate is observed
in TPU-4NT. As shown in the right micrographs of Fig. 4(b), after
these fibers were stretched to 150% strain, the network structures
in the samples are oriented. In SBS-4NT, MWCNT bundles are rel-
atively more distantly isolated, resulting in higher p-¢ sensitivity.
However, a smaller deformation of conductive networks is
observed in TPU-4NT as evidenced by dense orientation structure
of MWCNTs. Furthermore, it can be seen that MWCNT orientation
in SBS-4NT is slightly more pronounced than that in TPU-4NT.

To confirm the morphology observed above, polarized Raman
spectroscopy was used to quantify the orientation degree of
MWCNTs (see Fig. 5(a) and (b)). Resonance-enhanced Raman scat-
tering effect can be observed in MWCNTSs while a visible or near
infrared laser is used as the excitation source and such a resonance
effect is not observed for polymer matrix [42]. Therefore, Raman
spectroscopy is an ideal method to characterize the orientation
of MWCNTs. The two bands at around 1580 cm~! and 1350 cm™!
in the spectra are assigned to E,; and A;; modes, respectively.
The former is denoted as the G-band generated by stretching mode
of sp? atom pair in carbon ring or long chain and the latter is
denoted as the D-band induced by structure disorder and flaw.
For these CPC fibers, the Raman spectra were recorded both

parallel (||) and perpendicular to (L) the stretching direction. To
evaluate the orientation degree of MWCNTSs, the depolarization
factor (R) was adopted, which is defined as the ratio of peak inten-
sity for G band in the parallel direction (I;) to that in the perpendic-
ular direction (I,), I;/I,. An R value close to unity indicates an
isotropic morphology, whereas a value higher than unity implies
preferential orientation along the stretching direction. Thus, differ-
ence of R values between unity and stretching (AR = Rysox — Rox)
can be used to quantify the orientation degree of MWCNTSs. Higher
orientation degree contributes to larger AR value.

At 150% strain, SBS-4NT/TPU-4NT (AR = 0.55) exhibits a higher
AR value than SBS/TPU-8NT (AR = 0.38) while SBS-8NT/TPU pos-
sesses the highest AR value of 0.80. Therefore, the highest orienta-
tion degree of MWCNTSs in SBS-8NT/TPU is obtained among these
samples, which is agrees with the above phenomenon.

The deformation of conductive networks is mainly caused by
the stress transfer from polymer matrix to conductive fillers.
Because of the morphological similarity in phase structure of
the three blends, the strain can be simply used to evaluate the
structural change of polymer matrix during stretching. Thus, the
deformation of polymer matrix during stretching is studied via
sustaining the same strain. The sketch of composite fiber under
stretching with strain from 0% to 150% is shown in Fig. 5(c). It
can be concluded that polymer matrix in the three kinds of com-
posites respond to 150% strain in similar fashion, showing similar
orientation degree around 1.5. For these three samples, the phase
ratios of SBS/TPU are all 5/5 and their phase structures are almost
co-continuous morphologies. Therefore, polymer matrix shows a
similar orientation degree under the same strain. Similar result
has been reported in our previous study [21].
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Comparing the orientation of MWCNTSs from Raman spectra and
that of polymer matrix from strain (see Fig. 5(e)), it is noted that
the orientation of polymer matrix is almost in similar fashion while
conductive networks exhibit different orientation degrees. It is
interesting to observe that the orientation of MWCNTSs increases
at different amplitudes due to different interaction between differ-
ent elastomers with MWCNTSs. It can be also seen that the trend in
the change of conductive network morphology is well consistent
with p-¢ sensitivity. Similar results are also observed for CPC fibers
of SBS-4NT and TPU-4NT (as shown in Fig. 5(b), (d) and (f)), that is
SBS-4NT shows higher MWCNT orientation (ARsgs.ant = 1.19,
ARtpy_gnt = 0.44) while SBS-4ANT and TPU-4NT exhibit similar ori-
entation degree of polymer (1.5). In the Raman spectra, the G-band
is generated by stretching mode of sp? atom pair in carbon ring or
long chain and the D-band is induced by structure disorder and
flaw within carbon nanotubes. As shown in Fig. 5, the intensity
of Raman D-band of our single-phase composites is much higher
(relative to the G-band) than in the multi-phase composites. Such
difference might originate from the fact that the degree of struc-
ture disorder and flaw within carbon nanotubes in the single-phase
composites is higher than that in the multi-phase composites,
which could be attributed to the different processing methods. In
our work, the multi-phase composites were fabricated via two-
step melt-blending while the single-phase composites were fabri-
cated via one-step melt-blending. In the second step melt-blending
of the multi-phase composites, some microstructure defects within
nanotubes might have been healed under the effect of shear and
thermal energy, resulting in the decreasing of D-band intensity
and increasing of G-band intensity. As annealing has been reported
to be able to help recover the defects in CNTs [43,44].

To investigate the underlying mechanism for the different
deformation behaviors of conductive networks observed above,
interfacial interaction between elastomer and MWCNTs should
be further studied due to its crucial role. The magnitude of the
adhesion between elastomer and MWCNTSs in the composites can
be characterized by the thermodynamic work of adhesion (Wypg),
which is calculated using the following formula:

1/2

2
Was = 2(278)"* +2(/47%) (4)

where Wyp is the work of adhesion between components A and B.
The Wy values of SBS-MWCNT and TPU-MWCNT are 73.2 mN/m
and 67.7 mN/m, respectively. The higher value of Wyp indicates
stronger interaction between two components, thus such interface
will be relatively stronger. W,p of SBS-MWCNT is higher than that
of TPU-MWCNT, which indicates good adhesion between SBS and
MWCNTs. This strong interaction between SBS and MWCNTSs has
also been reported elsewhere [45]. It is caused by the m-m conjunc-
tion between the aromatic structure of SBS, the double bonds in SBS
chains and MWCNTs. Therefore, strong interfacial interaction
realizes efficient load transfer from SBS to MWCNTs. As a result,
conductive networks are easily deformed under strain. On the other
hand, the interaction between TPU and MWCNTs is relatively weak-
er than SBS-MWCNT, which induces less efficient stress transfer,
lower orientation of MWCNTs (see Fig. 5(b) and (f)) and thus lower
p-¢ sensitivity.

Besides above mentioned issues, with smaller differences in
surface energy and polarity of TPU and MWCNTSs, the best disper-
sion quality with the densest MWCNT networks in SBS/TPU-8NT
may be achieved. This might result in smaller deformation of
conductive networks compared to SBS-8NT/TPU and SBS-4NT/
TPU-4NT. Meanwhile, owing to the poorer dispersion, MWCNT
bundles in SBS are relatively more distantly isolated under strain.
Therefore, the conductive networks are easily destructed in
SBS-8NT/TPU which leads to the highest p-¢ sensitivity.

3.4. Modeling and mechanism

To understand the mechanism of resistivity-strain sensing
behavior further, modeling study is carried out. According to the
model derived from tunneling theory by Simmons [46], the total
resistance R of the CPCs can be represented by Eq. (5).

R= (%) (%—?é) exp(ys) (5)

y =4my\/2me/h

where L is the number of particles forming a single conductive path-
way, N is the number of conductive pathways, h is the Plank’s con-
stant, s is the least distance between conductive particles, a® is the
effective cross-section area, e is the electron charge, m is the elec-
tron mass and ¢ is the height of potential barrier between adjacent
particles.

While strain is applied to the composites, resistance will be
altered due to particle separation and the inter-particle distance
changes linearly and proportionally with increased strain from sq
to s. Then, it can be expressed as follows:

s:so(1+C£):so{l+C<lA—ol>} (6)

where ¢ is the tensile strain of the composites, 4l is the deformation
of the composite samples, and [, is the initial length of the samples.

Due to the high rate of resistivity increase at larger strain, it is
assumed that the number of conductive pathways changes at a
much higher rate, and can be expressed as follows [47]:

N= exp(Me + We2 + Ug? + Vet) (7)

where M, W, U and V are constants.
The substitution of Egs. (6) and (7) into Eq. (5) yields Eq. (8):
_ 8mnhsg
2yN2a2e?
=B(1+Ce)exp [A+ (2M +AC)e + 2We? +2Ue? + 2V e?]

(1+Ce)exp [ys+ (2M + ysC)& +2We? + 2Ue? + 2V e?|

(8)
A=ys

_ 8mnhs,
2yN2a2e?

It is shown in Fig. 6(a) that the model of tunneling currents
describes the experimental data quite well. Fitting parameters
are listed in Table 3. The calculated change of conductive pathways
(change of CP, Mg + We? + Ug> + Ve?) and change of tunneling dis-
tance (change of TD, Ce¢) are plotted against strain as shown in
Fig. 6(b) and (c), respectively. It is observed that the number of
conductive pathways in SBS-8NT/TPU decreases much faster than
that in SBS-4NT/TPU-4NT and SBS/TPU-8NT, indicating that the
conductive networks of SBS-8NT/TPU deform more greatly under
strain than those of SBS-4NT/TPU-4NT and SBS/TPU-8NT. Besides,
the tunneling distance of MWCNTs in SBS-8NT/TPU increases at a
higher rate than those in SBS-4NT/TPU-4NT and SBS/TPU-8NT.
The two aspects are in agreement with above experimental results.

To describe the resistivity-strain sensing behavior of different
CPC blends and illustrate the responsible mechanism, sketch is
drawn according to the above discussion. As shown in Fig. 7(a)
and (b), the change of conductive networks and phase continuity
under strain is illustrated. Both MWCNTs and polymer matrix are
oriented under strain. With the co-continuous phase morphology
in the three samples, a similar orientation degree of polymer
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Table 3
Parameters obtained by fitting the data with Eq. (8).
A B C M w U 14 AC+2M
SBS/TPU-8NT 0.64 0.10 1.75 0.41 -0.15 —0.02 0.08 1.94
SBS-4NT/TPU-4ANT 1.10 0.45 1.87 0.49 —0.03 —-0.01 0.07 3.04
SBS-8NT/TPU 1.27 1.31 197 0.65 0.24 0.16 0.14 3.80
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Fig. 7. Sketch of conductive network and phase continuity change during stretching for composite fibers with 2 different localizations of MWCNTs.

matrix is achieved in these CPCs (see Fig. 5(e)). Moreover, with the
same overall MWCNT content in these blends, the effect of
MWCNT content can be isolated. Thus, the different orientation
degree of MWCNTSs should be attributed to different interactions

between polymer matrix and MWCNTSs. A larger interaction often
leads to higher orientation degree. For SBS-8NT/TPU, MWCNTs
are mainly located in SBS (see Fig. 7(a)). The presence of double
bonds and aromatic rings in the SBS chains are expected to
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enhance the interaction between polymer and MWCNTs [49].
Therefore, strong interfacial interaction realizes efficient load
transfer from SBS to MWCNTs when SBS-8NT/TPU is stretched.
As a result, the conductive networks are easily deformed with
increasing strain (see Fig. 7(c)). On the other hand, MWCNTs are
located in TPU for SBS/TPU-8NT (see Fig. 7(b)). The interaction
between TPU and MWCNT is relative weaker than SBS-MWCNT
in spite of high polarity of polyurethane chains, which induces less
efficient stress transfer, smaller orientation of MWCNTs and thus
lower p-¢ sensitivity (see Fig. 7(d)). As shown in Fig. 7(c) and
(d), the conclusion can be drawn as that there are much more “con-
nections of interfacial interaction” between SBS and MWCNT than
TPU-MWCNT. In addition, these connections can limit the slippage
between polymer matrix and filler with more efficient stress
transfer. Therefore, strong interfacial interaction leads to high
orientation degree of filler. In view of the above two aspects, in
SBS-4ANT/TPU-4NT with MWCNTs being located both in SBS and
TPU, two kinds of interactions (SBS-MWCNT, TPU-MWCNT) are
beneficial for the deformation of conductive networks, which
result in the medial p-¢ sensitivity.

4. Conclusions

In conclusion, it has been demonstrated that it is possible to
fabricate SBS/TPU/MWCNT composite fibers with selective locali-
zation of MWCNTs in the blends via three different melt processing
procedures. MWCNTSs are mainly located in SBS for SBS-S8NT/TPU,
and in TPU for SBS/TPU-8NT. In SBS-4NT/TPU-4NT, MWCNTs are
located both in SBS and TPU. Thus, different conductive network
morphologies and interfacial interactions between elastomer and
MW(CNTs were constructed, resulting in different resistivity—strain
sensitivities. Through a series of characterization methods, includ-
ing SEM, Polarized Raman spectra etc., it is observed that high ori-
entation of MWCNTSs is pronounced while these fillers are located
in SBS. To understand the MWCNT dispersion and interfacial inter-
action for TPU-MWCNT and SBS-MWCNT, wetting coefficient
calculation and thermodynamic work of adhesion calculation have
been carried out. Wetting coefficient calculation suggests that
slightly better wetting of MWCNTs with TPU, however, work of
adhesion calculation indicates the presence of stronger interfacial
interaction between MWCNTs and SBS. Such strong interfacial
interaction is thought as crucial for the enhanced resistivity-strain
sensitivity. Furthermore, the relative poorer dispersion of MWCNTs
in SBS is thought as another possible responsible issue due to the
slightly poorer wetting between SBS and MWCNTSs. This study indi-
cates that the resistivity-strain sensitivity can be tuned by using
polymer blends with different localizations of fillers. Furthermore,
it was observed that the change in tunneling distance and the
number of conductive pathways could be accelerated significantly
with enhanced interfacial interaction. This study provides a new
and simple route for the fabrication of CPCs with tunable resistiv-
ity-strain sensitivity.
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