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a  b s t  r  a c  t

Thermoplastic  elastomer/carbon  nanotube  composites  are  studied  for  sensor applications  due  to
their excellent mechanical and electrical properties. Piezoresisitive  properties  of  tri-block  copolymer
styrene–butadiene–styrene (SBS)/carbon  nanotubes (CNT)  prepared  by solution  casting  have been  inves-
tigated. The  initial elastic modulus of  the SBS/CNT  composites increases  with increasing  the  CNT  filler
content present  in  the  samples,  without  losing the  high deformation capability  of  the polymer  matrix
(∼1500%). Furthermore, above the percolation  threshold these  materials  are unique for  the development
of large  deformation  sensors due  to the strong  piezoresistive  response.  Piezoresistive  properties  evalu-
ated by  uniaxial stretching  in  tensile  mode  and  4-point  bending showed  gauge  factors  up to 120. The
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linearity obtained between strain and  electrical  resistance  makes these  composites  interesting for  large
strain piezoresistive sensors applications.

© 2013 Elsevier B.V. All rights reserved.
olymers

.  Introduction

Elastomeric polymers are promising  materials  for  the  develop-
ent  of composite samples for sensors and actuator applications,

mong other factors,  due  to  their large deformation, flexibility and
mpact resistance  [1].

In  order to expand their  range  of applicability, in  particular  to the
ensor  field, the electrical properties of elastomers can  be  tailored
hrough the incorporation of carbon nanotubes (CNT). Applying  this
pproach, composites  using carbon allotropes and thermoplastic
lastomeric  materials  (TPE) have found applications in electro-
tatic  charge dissipation, electromagnetic interference  shielding,
eld emission devices, pressure  or deformation sensors [2]. Due
o the large strains  and the high impact  resistance, such  materials
re also promising for  the substitution of silicon based force and
eformation sensors,  as  well  as  strain  gages  [3]. Conductive TPE

omposites exhibit  excellent mechanical and electrical  properties
nd  can be used as artificial muscles, electromechanical  actuators,
ouch  control, switches and shape-memory polymers [2]. Small

∗ Corresponding author.  Tel.: +351  253  604073; fax:  +351  253 604061.
E-mail address: lanceros@fisica.uminho.pt  (S.  Lanceros-Méndez).

924-4247/$ –  see front  matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.sna.2013.08.007
amounts of CNT  incorporated in  the TPE  matrix can  enhance  the
mechanical properties, electrical and thermal  conductivity.  The
filler can  be randomly distributed or  oriented within the TPE  matrix,
by  applying a magnetic or  electric field, in  order  to  optimize the
piezoresistive properties in  the  desire direction  [4].

The dispersion  of CNT in  a polymer  matrix is  one  of  the most
studied issues in polymer  composites, and physical and chemical
strategies for CNT cluster segregation are commonly used.  Several
chemical agents are used for  this  purpose,  including xylene [2],
dehydrated ethyl alcohol [5], toluene and ethanol [6], among  oth-
ers,  in  order to achieve  higher  composite homogeneity  [2,7] and
reduced  the clusters size [2]. By applying such  dispersion  agents,
the  aims are to  obtain a better  dispersion of the fillers within the
polymer matrix and,  as  a  result, to decrease the  percolation thresh-
old and enhance  electrical  properties while maintaining proper
elastomeric behavior [5,8].

Thermoplastic elastomers based  on a  tri-block copolymer
styrene–butadiene–styrene (SBS) have similar properties than
rubber without the  need of the vulcanization step. They

show good chemical stability,  low temperature flexibility  and
damping  properties [9]. SBS  is  an  interesting elastomer  mate-
rial for scientific and technological applications due to its
large elongation at  break and durability and when obtained

dx.doi.org/10.1016/j.sna.2013.08.007
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2013.08.007&domain=pdf
mailto:lanceros@fisica.uminho.pt
dx.doi.org/10.1016/j.sna.2013.08.007
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Table 1
Main  characteristics of  the  SBS  copolymers.

Reference  C401 C411  C500 C540
P.  Costa et  al. /  Sensors and  

ithout the vulcanization chemical treatment,  no degrada-
ion  of the  mechanical and electrical properties occurs [10].
he  different butadiene/styrene ratio and architecture in  the
opolymer  influences  the material  morphology,  mechanical,
lectrical and thermal  properties. Usually, butadiene is  the
arger  component  and the quantity  of styrene  can  go  up  to
0%.

Studies on polymer/CNT composites  can be  found regarding  the
valuation of dispersion,  mechanical, electrical and thermal  prop-
rties, as  well  as the development of applications [5,8].  Within this
eld,  thermoplastic elastomeric polymers with CNT  are gaining

ncreasing attention [2,5,8,11]. The electrical properties of these
omposites are strongly  dependent on  CNT type and concentration
resent  in the composite [2,5,8] and on chemical modification of
he  surface of the CNT’s [5,8,12].

SBS  shows  a good thermal stability with  the  glass  transition at
80 ◦C, due to  the butadiene phase,  and at 100 ◦C,  assigned  to  the

tyrene compound present  in the copolymer [2],  and the incor-
oration  of the CNT filler does not change them significantly [2].
urthermore, the  SBS/CNT composites  have excellent mechani-
al  properties like strain  higher  than 1000%,  similar stress–strain
urves with amount  of CNT  and several ratios of styrene  and buta-
iene  in matrix  of these composites. The elastic modulus  increases
ith decreasing butadiene  in SBS and electrical percolation thresh-

ld  is similar for  the different SBS matrices [13].
One key  issue of these composites  for  piezoresistive sensor

evelopment is  the linearity  between  electrical resistivity and the
train. The  gauge  factor (GF)  can  be  tailored  by changing CNT
oncentration or  pre-strain to the material,  in order to  obtain
ensors with tailored sensibility  [13]. The gauge factor of poly-
er/CNT composites  with  different CNT  type and polymer  matrix

an  lie within a  quite  wide  range, 0.74–50 [14].  The  piezoresis-
ivity depends on parameters related to  CNT  conductivity, surface
haracteristics and dispersion and polymer  matrix,  the GF being
ypically larger  for filler  concentrations in  the composite around
he  percolation threshold [14]. Piezoresistivity  composites with
hermoplastics or  thermosetting polymer  matrixes have been  most
ften studied than elastomeric composites [15]. Epoxy  compos-
tes with carbonaceous  fillers show typically gauge factors between
.4  and 4.3 [13].  Poly(methyl  methacrylate)  and polycarbonate as
atrix and CNT  as  fillers show  higher  gauge  factors for ∼0.6%  of

train which  are 3.5 times more sensitive  than metallic strain  gages
15].

Elastomeric silicon composite have been  studied  for  pressure
ensors [16] and piezoresistive sensors  based on polyurethane  are
eing  developed  [15].

In  the present work,  SBS/CNT  composites  with  different SBS
orphologies, radial and linear, and with  different filler contents
ere prepared by solvent casting in order to study  the  influence of

he  carbon nanotubes in  the piezoresistive properties of the com-
osite samples and to  evaluate  the performance of the composites
or  sensor applications. Four-point  bending and uniaxial  tensile

echanical tests were performed, while  monitoring the variation
f  electrical resistance  in  composites  samples.

.  Experimental

.1. Materials and processing

High purity  multi-walled  carbon nanotubes (MWCNT) were
rovided by Bayer Materials Science, Germany (Baytubes C 150P;

 
 

 

urity > 95%,  outer mean  diameter  =  13–16 nm; length  = 1–10 �m)
nd  commercial Calprene  C401, C411, C500 and 540 tri-block  SBS
opolymer was supplied by Dynasol Gestión, S.A (Spain). All  com-
osites  samples were processed using the Baytubes C  150P pristine
Block  copolymer structure Radial Radial Linear Linear
Styrene/butadiene (%) 20/80 30/70 30/70 40/60

carbon nanotubes as  received. The elastomeric matrix is  composed
by different relative contents of styrene  and butadiene  and mor-
phologies, radial  and linear  (Table 1).

To  promote a  good dispersion  and disentanglement  of  the
MWCNT bundles,  the fillers were placed  inside an  Erlenmeyer with
toluene and kept in an ultrasound bath (Bandelin, Model Sonorex
Super  RK106) during  6  h.  After this  stage,  the SBS copolymer was
added to the  solution and stirred at room  temperature until com-
plete dissolution. The  relation of the SBS to  toluene  is  1  g for 5.5 ml,
respectively. The amount  of pristine  MWCNT  in  the solution was
selected  to result in  concentrations  between 0 and 8%wt  of  MWCNT
in the SBS matrix.  After  complete dissolution, the solution  was
spread on a  clean glass  substrate and the solvent  evaporation was
performed at  room temperature,  resulting  in  highly  flexible com-
posite films with  thickness between 150–300  �m, using a  coater
measurement gauge Fisher  DualScope  MPOR.  Further details on
the preparation, morphological, mechanical and thermal  charac-
teristics of the composites  can  be  found elsewhere [13].

2.2. Morphological analysis

Scanning  electron  microscopy  (Leica Cambridge  apparatus at
room  temperature) was performed in order to evaluate the com-
posites  microstructure and the dispersion of  the fillers  within  the
polymer matrix. All the specimens  were coated  with  a  conductive
layer  of sputtered gold  with  a  Polaron, model SC502  sputter coater.

2.3. Electrical conductivity measurements

Electrical resistance  of the  composites was  calculated from
the  slope  of I–V  curves  measured  with  an  automated  Keithley
487 picoammeter/voltage source. I–V  data  points  were collected
between Au  contacts,  deposited on  both  sides  of  the samples with
a  Polaron SC502  sputter coater.  Volume resistivity  was  measured
with circular contacts of 5 mm  diameter  with  an  applied  voltage
ranging between ±10  V, and measuring the current.  The  resistivity
of  the samples (�)  was  calculated by [13]:

� = R  · A

d
(1)

where R is the resistance of the sample, d  its  thickness and A  the area
of  the electrodes. The electrical measurements were performed  at
room temperature.

2.3.1. Electro-mechanical characterization
Electro-mechanical tests were performed  by measuring  the

electrical resistance of the sample,  through gold electrodes
deposited by sputtering with a Polaron Coater  SC502, with an Agi-
lent 34401A multimeter during  the  mechanical deformation of
the  sample,  applied  with  an universal testing machine from Shi-
madzu  (model  AG-IS, with  a load cell of 1  kN) on samples with
approximately  60 mm ×  20 mm  and a thickness ranging from  150
to  300 �m.

Two  different mechanical solicitations were applied  to the  sam-

ples. During the so-called  method 1, mechanical experiments were
performed in  the tensile mode under a  pre-strain (Fig. 1);  in  the
method 2, 4-point-bending deformation was applied to the  sample
(Fig.  2).
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Fig. 1. Schematic representation  of  the  experimental configuration  of  the clamps
for the stress–strain experiments  with  simultaneous electrical  measurements for
electro-mechanical response evaluation of the samples by applying  uniaxial  stress.

Fig. 2. Representation of the  4-point  bending tests (method  2) apparatus where
z  is the vertical displacement, d  is  the  thickness of  the sample  (between 150 and
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00  �m) and a is  the  distance between  first and second bending points (15 mm).
he electrodes are in  the  center  of  the  sample.

The evaluation  of the piezoresistive response during the uni-
xial  stress tests was performed at different speed  rates (from  1  to
0  mm/min) and strain  levels  (1–50%). In  the same uniaxial  stress
ests  using a pre-strain until 30%  was applied, were the  composite
ample  is stretched before  stress–strain tests.  In  order to  obtain an
verage  electro-mechanical response,  10 loading-unloading cycles
ere  measured for  each  sample, being the gold  electrodes  in con-

act with the clamps,  in  order  to prevent any deformation during
xperiments. All  this  experiments are performed at  room temper-
ture.

For  the 4-point-bending  measurements (Fig. 2), the sample was
lued  to the bottom of a poly(propylene) board.  Gold  electrodes
ith  an area of 6  mm ×  1  mm were placed at  the bottom of the

ample. For all  experiments,  4  loading-unloading cycles  were per-
ormed and the average electro-mechanical response evaluated at
oom temperature.

The experimental  conditions for  the electro-mechanical mea-
urements are summarized in  Table 2.

Variations of the electrical resistance due to  mechanical defor-
ation  are quantitatively  evaluated by the gauge  factor (GF),

efined as:
F = dR/R0

dl/l0
(2)

able 2
xperimental conditions of  electro-mechanical tests for two mechanical  deforma-
ion methods.

Description Stress–strain
cycles

Strain  Speed
(mm/min)

Method 1  Uniaxial stress 10  1–50%  1–50
Method 2  4-point  bending 4  0.1–1  mm 1–50
ors A 201 (2013) 458– 467

where R is  the sample  electrical resistance  without mechanical
deformation and dR  is the resistance  change caused  by the variation
in length (dl) [13]. The  GF can  be also written  as:

GF = dR/R0

εl
= d�/�0

εl
+  1 + 2�  (3)

where εl = dl/l0 (strain) and � is  the Poisson ratio.  From  Eq. (3)  it  is
possible to  observe  that the GF has  a contribution from  the intrin-
sic piezoresistive  effect ((d�/�0)εl) and another  from  a  geometrical
effect  (1  + 2�) [17].

In uniaxial  stretching mode  experiments (method 1)  Eq. (2) was
used  for  the  calculation of the  GF,  using the  evolution  of the resis-
tance during the stress–strain  measurements. In  4-point-bending
mode experiments (method 2),  the  strain  was  calculated  from  the
theory of a  pure bending of plates,  valid between  the inner loading
points, and given  by [14]:

ε  = 3dz

5a2
(4)

where d, z and a  are represented in Fig. 2.  Experiments were per-
formed in  samples of the different polymer  matrices shown in
Table 1  for  CNT filler  contents  between 0 and 8  wt%. The  GF value
was  calculated  for  each cycle, from  the z-displacement and the elec-
trical resistance data, by taking the fit curve by a  linear  regression.
Finally, an  average  GF value was calculated for  each sample.

3. Results and discussion

Elastomeric  materials  are known for their outstanding defor-
mation, that can reach ∼1500%,  and it  was observed that the
incorporation of CNTs up  to 8  wt% into the  polymer matrix does  not
influence the  maximum strain. On  the other hand it  is observed an
increase  of the initial modulus  from  ∼1.5  MPa obtained for the SBS
matrix up  to 150 MPa for a  CNT  concentration  of 8  wt% [13].

3.1.  Morphological characterization

Dispersion and interaction between CNT  and the SBS matrix are
shown in the  SEM images  of different SBS  matrix (C401, C411,  C500
and  C540) with  4  wt% of CNT in  Fig. 3.  Composite samples with
higher loadings of CNT  present similar  dispersion  patterns for  all
the SBS matrix.

SBS/CNT composites  processed by solvent  casting  present a
good cluster distribution of CNT  for  the  different  SBS  matrix.  CNT
are  agglomerated  in  clusters with ∼1–2 �m  in  size for  all com-
posites. As  it  will be shown later, the SBS matrix does not has
an important  role in  electrical conductivity network in  composite
samples, which  correlated to the similar filler  dispersion, results in
overall similar electrical macroscopic response.  It  is also observed
a good  wetting between  individual  CNT and the  SBS matrix (inset
in Fig. 3  for the C540  SBS/CNT  composite).

Electrical conductivity of composites  depends on CNT  distribu-
tion within  the  polymer  matrix. It  has  been  demonstrated that a
distribution of well distributed  small agglomerates or clusters is
more important  for achieving higher electrical  conductivity [5,18]
than a good dispersion  of individual  fillers.  The  same is not the  case
for the mechanical properties  [18].  Different  parameters such  as
dispersion method and dispersion agent [19] and structural qual-
ity of carbon nanofillers [19] have  influence in electrical  properties
of  polymer/carbon  composites. In  the  present case,  nevertheless,  it
is observed that the used polymer  matrix does not  influence the
overall dispersion  of the  fillers.
Good wetting is observed SBS  matrix and CNT  in  the com-
posites as  shown in  Fig. 3,  inset,  and by the fact  that during  the
piezoresistive tests for  large deformations up  to 20% no degradation
of  the  electromechanical cycles is  observed (see  later),  indicating
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Fig.  3. SEM images for SBS/CNT composites  with different SBS ma

eversible electromechanical processes and therefore no detach-
ent or  irreversible  reconfigurations  of the filler network [12,13].

.2. Mechanical hysteresis

The mechanical properties of SBS  polymers, like initial  modulus,
aximum strain  or  hysteresis are key  issues for  their  applications

s  piezoresistive sensors,  where mechanical properties play an

mportant  role  in sensor  response and reliability. The mechanical
ysteresis  is  important to analyze reproducibility of stress–strain
ests  in  sensor  applications. Good linearity  of electrical resistance
epends on the mechanical properties of composites.

ig. 4. Example of hysteresis for  experimental stress–strain curves for composites  SBS-C
nd (b) 10  cycles  for 5%,  10%  and 20%  of deformation.
401,  C411, C500 and C540)  filler  loading of 4  wt%  of  pristine  CNT.

The mechanical hysteresis of these nanocomposites  was charac-
terized  in stress–strain  tests for ten  cycles  for  several  deformations
levels of 5%,  10% and 20% (Fig. 4).  It  was observed that loading
and  unloading curves  do  not  coincide  during two successive cycles,
given evidence of a  mechanical hysteresis in  these composites. The
mechanical hysteresis decreases  with  increasing number  of  cycles
in the composite,  in  particular  for  the first few cycles  (Fig. 4a),  and
increases  for  increasing strain  (Fig. 4b). For elastomeric matrices

filled  with  carbon nanofillers, the mechanical hysteresis increases
with the increment  of nanofiller content  in the composite,  both
in uniaxial  tension and compression [20]. Initial  stiffness  (and ini-
tial modulus)  and subsequent stretch-induced stiffening  at  larges

540  with  4% of  CNT.  (a)  With individual  color  for  10  curves  for 5% of  deformation
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Fig. 6. Log  of  electrical  conductivity  as a  function  of MWCNT  content  for the  four
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ig. 5. Hysteresis for  the  different SBS  copolymers as  a function  of  strain during 10
ycles for 4  different matrixes  and 5%,  10%  and 20%  of  deformation.

trains were both found to  increase with increasing filler content
13,20].

The hysteresis energy  loss values  are calculated by the  area
nder the cycles  in J/m3 (Fig. 5) for the SBS copolymers. As  men-
ioned, this  value increases for increasing  strain  and decrease with
ncreasing number of cycles for each  composite.

Comparing  the  different ratios of butadiene/styrene in  the poly-
er  matrices, the larger  hysteresis value is  found for the harder

opolymer  (C540  with  40%  of styrene),  followed by C411  matrix
or  20% of strain, as  presented  in  Fig. 5.  The copolymer with  lower

echanical  hysteresis is  C401, the one with  lower styrene  content
20%).  For copolymers  with same styrene  content  (C411 and C500,
ith 30% of styrene), the larger  hysteresis is for C411, as the radial

tructure shows slower recovery  dynamics than the linear one  [13].
his behavior is  related to the one observed for the elastic mod-
lus,  with higher  values for  matrices with  more styrene, and for
ame values of styrene, the radial structure  showing superior Young
odulus values [13].

.3. Electrical and electro-mechanical response
Electrical measurements on SBS/CNT composite samples pre-
ared with different SBS ratios and morphologies (Table  1) and
ith  several amounts of conductive filler  show  that the com-
osite electrical  conductivity is  not  strongly dependent on  the

ig. 7. (a) Electro-mechanical measurements during uniaxial  deformation  (method  1)  fo
train  of 5% and nominal strain-rate of 1  mm/min. (b)  �R/R0 vs  �L/L0 and correspondin
NT within a  C401 SBS  matrix for  A: 5%,  B:  10%  and C:  20% of  strain.
different  matrices,  C401,  C411,  C500 and C540, as  specified  in  Table  1.

matrix morphology or  styrene/butadiene relative content  (Fig.  6),
the  conductivity being nevertheless  higher  for  the sample with
less  butadiene  present in  the sample  and with linear  morphology
(C540).  The percolation threshold is  found  to occur at  around  1  wt%
CNT concentration  present in  the  material. The sample with less
styrene and with  radial structure (C401) showed a  smaller value of
electrical conductivity until percolation threshold, when  compared
to the  other samples.

Composites near electrical  percolation threshold generally
show the largest variation of the  electrical  resistance  with the
applied mechanical deformation [21,22]. In  the  present case of
these  elastomeric materials, the GF is also  large around  the  perco-
lation  threshold,  but due to the  small  filler content  at  the threshold,
just small deformations (below 5%) can  be  applied before a strong
decrease of the  electrical  conductivity occurred due to  the strong
decrease of the  local concentration  of the  filler, which destroys
the conductive path  between  fillers [23,24]. Therefore,  for large
deformation sensors,  composites  with  larger  concentration of  CNT,
above the  percolation threshold,  have to be  considered in  order
to undergo  strains up to ε  ∼  50% with linear variation of the elec-
trical resistance and with  resistance  values  compatible with the

development of strain  sensors [13]. Thus, we use in further electro-
mechanical measurements, composites  samples with  4 wt% CNT  to
analyze GF for larges deformation.

r  the  C411 elastomeric  SBS  matrix with 4  wt%  MWCNT, obtained for  a maximum
g  linear  fit for the  determination of  gauge factor of  composite samples  with  4  wt%
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ig. 8. Values of GF of  method  1  for  different matrix of  composites  with  4  wt%  MW
t  deformation of  ε  = 20%  and test  velocity of  v = 2 mm/min  for  different pre-stresse

.3.1. Electro-mechanical response  under  uniaxial  stress
Electro-mechanical response was measured under uniaxial

tress and in  4-point bending tests. In  uniaxial tensile  tests,  the
echanical measurements were performed with  the composite
ith filler  content  of 4  wt%  CNT (Fig. 7a) and the GF was determined

y  the variation of resistance  during the loading and unloading
ycles (Fig. 7a),  according  to  Eq. (2).  In  Fig. 7b  are shown differ-
nt  data points  to  demonstrate how the GF (relation between the
ariations of the electrical resistance  with  the mechanical deforma-
ion)  was obtained for the different  composite samples through the
espective linear  fits.  The higher  is the slope  in  linear  fit, the larger
s  the GF value for  composites, i.e.,  increasing  their sensibility.

It was observed that the  electrical response of the  SBS/MWCNT
omposites follows  linearly  the mechanical deformation,  both dur-
ng the loading and the unloading cycles (Fig. 7a). Moreover, it  is
ossible to observe  that �R/R0 has a linear  trend and fits  well with
L/L0 in  the data points  for  all  cycles  (Fig.  7a). In Fig. 7b, there are

hown  three different  responses of the  electrical resistance  vari-
tion with  mechanical strain  of the SBS filled with 4  wt% of CNT
nd respective linear  fits for  different  GF values.  This  demonstrates
he  different sensibility of the composites samples,  related to the
ifferent test velocity or pre-strain applied  during the measure-
ents, as  it  will be  discussed later. It  is  important  to notice that the

hermoplastic SBS elastomer composites fully  recover  the  original
roperties after loading-unloading cycles  at  different pre-strains
nd  experiments performed at  different  strain  rates.

The piezoresistive response for  uniaxial stress method was  ana-
yzed for C401, C411, C500 and C540 SBS  matrices with  4  wt%  CNT  as

 function of the deformation,  between  5% and 20%.  C540 SBS matrix
as also  pre-stressed (until  30%)  and deformed until a maximum
eformation of 20%, and for  several speed  at  four  different  defor-
ation  (5%,  10%, 20% and 50%). The GF was determined applying

q. (2).
The four  different elastomeric matrices have distinct behavior

or  GF at  different deformations (at a  velocity  of v = 2  mm/min) as
hown in Fig.  8a. SBS matrix with  a linear  structure (C540)  showed

 higher GF than the SBS samples with a  radial  morphology. This
s  influenced by the  mechanical hysteresis,  with  radial structure
howing slower recovery  dynamics than the linear  ones [13].  For
he  same butadiene/styrene ratios,  the GF is  higher for  the SBS
inear matrix structures,  as  observed by comparison of the C500
nd  C411  composite samples. C500 SBS/CNT samples with  4% filler
ontent show a GF ≈  9, whereas the  GF for  composites  with  C411
BS  matrix have a GF less than GF < 4  for  all strains  (Fig. 8a). More-

ver, the amount  of butadiene  present  in  the composites  influences
he  GF, which  is  lower for the samples with more butadiene in  their
omposition (Table  1),  for  strains up  to 10%  with C401  (low styrene
ontent matrix) SBS/CNT  shows  a higher  GF than for  the SBS
BS  at  v = 2  mm/min  without  pre-stress and (b) values of the  GF  for  C540 composite
ns.

samples with 30%  of butadiene  at 20% of strain. C401,  C411 and
C500  SBS  matrix have  a  lower GF value (GF  < 10) and distinct behav-
ior with deformation. Composite with  higher  amount of  styrene
with linear structure  (C540  with 40% styrene)  has the  highest
value of GF and an  increase of the GF was observed with increasing
deformation (up until a maximum of 20%).  This  GF behavior is
related to the mechanical response of the these composites,  as
the initial  elastic modulus  is  around 5  times higher  for the C540
than  for other elastomeric matrixes  filled with  4  wt% CNT [13].
The results show  that polymer  morphology and styrene/butadiene
ratio influence the mechanical behavior of  the  matrix.

Due to the  nanoscale dimensions of the carbon nanotubes,
the interfacial  regions  that  surround  the filler are also in nano-
meter  dimensions and the applied  load can  be  easily transferred
from the matrix to CNT’s network.  There are three  synergizing
aspects  of interactions in  carbon nanotube based nanocompos-
ites, i.e., polymer–nanotube interaction,  nanotube–nanotube and
intra  polymer  interactions. Despite an increase interest  in  carbon
nanotube  filled  polymer  composites, the mechanism  and mag-
nitude  of load transfer between  the polymer matrices and the
filler are still  unclear [25]. In  the present work,  it  seems  that
the CNT’s present  in  the SBS matrix with radial structure are
poorly wrapped  by elastomeric amorphous  chains, and when a
mechanical load is applied  to  such  a  nanocomposite, and due
to the nature of such  anisotropic structure, polymer chains will
not aligned easily in  the direction  of the mechanical loading and
consequently, the conductive filler  will suffer  minor spatial rear-
rangements  due to  the poor  wrapping  between the filler and the
matrix, and the change in  the electrical  resistance will be  smaller,
giving origin to  reduced GF values. On  the other hand, it  seems
that  for the linear  structure, the SBS amorphous  chains wrapped
with more contact points  the CNT’s,  and when  the mechanical
load  was applied, the chains are more easily aligned in  the stretch
direction,  giving  origin to  a local  decrease of the  concentration of
CNT by increasing  the  distance  between  the each neighbor  filler.
Consequently there is an  increment  on  the electrical  response
of  the material, contributing for the highest  GF values  found in
the  samples with linear  structure when  compared to  the  radial
ones.

Small values of uniaxial stretching do not  change the CNT and
consequently, the effect on the electrical response is not  influenced
in a strong manner  by this  type  of loading [24].  The average  num-
ber  of electrical paths seems  similar for stretching until 3% [24]
and CNT  displacements would not be  sufficiently large to break the

percolations network [24]. On  the other hand, larger  strains  induce
reorientation of the filler  in the direction  of  the applied  mechanical
load, and therefore, stronger  variations in  the electrical properties
of  the composites  [26].
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In order to  maximize the GF response of the  elastomeric
anocomposites, a pre-stress from  until 30% of strain,  was  per-

ormed to the C540  matrix sample. In  these measurements, the
omposites were pre-stressed at  30% of initial  distance  between
aws and then the electromechanical tests were performed  at  20%  of
eformation at 2 mm/min.  The obtained results shows  an  increase
f the GF value with  a  small increase of the pre-stress  of 5% of
train  from GF of ∼20 up  to  GF of ∼100, and remaining  almost
onstant  for  higher  pre-stress values (Fig.  8b). Pre-stretching  will
ause  both an increase of the  apparent Elastic  modulus and a
eorientation of the fillers to  an unstable configuration. In  this situ-
tion, a further increase of the stretching will lead both to  larger
nternal  stresses [27] and to  larger variations  on the CNT  con-
uctive network, leading to larger values of the GF.  Theoretical
redictions showed that aligned CNT make  composites  more sen-
itive  (increase GF value) that non-aligned CNT  [24] and this can
e important to  increase GF for  higher deformations, if the  CNTs
lign with the applied  deformation during  the electromechanical
ests.

Proceeding on the searchof maximizing the piezoresistive prop-
rties of SBS matrix composites,  an effort  was devoted to  the
nderstanding of the influence of the test velocity  during mechan-

cal  solicitation on  the GF values.  This  study  was performed for
everal deformations of 5%,  10%, 20%  and 50% at  different veloc-
ties  of 1–50  mm/min for  the C540  SBS  matrix  filled with  4%
f  MWCNT. The results are presented  in  Fig. 9. The gauge  fac-
or increase with velocity  until 20 mm/min, decreasing for higher
peeds  (50  mm/min) for low  strains  analyzed.  For the  minimum
nd maximum velocities  (5 and 50 mm/min) the behavior of GF is
onstant and the  values  are similar, being around  15–30 as  function

 
 

 

f  the strain until 50%. For intermediate  velocities,  GF shows  higher
alues  at  low  strains (up  until 10%) decreasing thereafter  down  to
he  values of others  velocities. The obtained  results  suggest  that
n  applied pre-strain  improves  the piezoresistive response of the

Fig. 9.  GF values  for  C540 SBS  with  4  wt% CNT at different strains (5
ors A 201 (2013) 458– 467

nanocomposites. It  seems  that an  increase of the GF values  occurs,
but  this  increase is  especially stronger  for the smaller  pre-strain
values and for intermediated deformation velocities. For smaller
pre-stress,  the alignment of the CNT’s will be poor  and their ori-
entation  will be  similar  to the obtained  after processing and when
a load is  applied, especially  at  smaller velocities, the mechanical
load  transferred  from  the polymer  matrix to the filler  is  not enough
to promote alignment  of the conductive filler  in  the loading direc-
tion  due  to  the poor wrapping of the polymer  amorphous  chains
on the CNT. Consequently the electrical  response of the nanocom-
posites  will be smaller. On  the  other hand,  for  higher  deformation
rates, the mechanical load is too  fast  and,  due to the week bond-
ing  between the  polymer chains and the conductive filler  that only
occurs at  nanoscale points  in  the MWCNT, such higher  mechan-
ical  solicitation will quickly  destroy the  bonds between the filler
and the matrix.  Consequently the  polymer  chains will align in the
direction of the applied  stress,  but the MWCNT’s only  not  suffer  the
same mechanical load and the electrical response will be  smaller,
being the  effect  similar to the one observed for  the strain rate of
5 mm/min  (Fig.  9). Further,  when  the strain  was  applied  at  10 and
20  mm/min, the rate was  not  enough to destroy the bonds between
the  matrix and the conductive filler.  Consequently the MWCNT’s
can follow the direction of the  mechanical solicitation, contribut-
ing for  higher  alignment  and local  decrease of filler concentration,
which promotes an  increase  of the GF values obtained  (Fig. 9).
The results for  this SBS  composite show that  the variations  on the
electrical resistance follows the  stress–strain  tests at a  velocity of
around 10 mm/min, and denoting a  major difficulty  on  this  match
for higher  velocities.
3.3.2. Electro-mechanical response  under 4-point-bending
Typical results from  the  4-point-bending  experiments are show

in Fig.  10, where  four loading-unloading cycles  are shown for  the
C411 sample with 4  wt% of CNT content. The variation of electrical

%,  10%, 20% and 50%) for speeds of  5,  10,  20  and 50  mm/min.
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ig. 10. Electro-mechanical measurements with 4 point-bending mechanical  solic-
tation  (method 2)  for the C411  elastomeric SBS  matrix with  4  wt%  MWCNT.

aximum deformation: 1  mm;  deformation  velocity:  0.1  mm/min.

esistance follows  linearly  the mechanical deformation over time.
he deformation in this  method 2  is quite different from  those
pplied in  method 1:  the applied  force  is  parallel to the cross-
ection of the composite sample  unlike  the  method 1  that is  normal
o the cross section. This implies a different stress and strain  distri-
ution through  the cross section of the loaded samples. In method
,  the stress is  uniform  through the cross section, whilst in method

 there is  a  non-uniform stress distribution along the cross section,
hich is  maximum at  the  outer surfaces  of the specimen (being

he  surface where load is  applied  in  a compressive state,  and in  a
ensile in  the  opposed surface).

The GF obtained  for  the  different  SBS  sample composites  with
 wt% CNT  for  different  maximum deformations and deformation
elocities are shown in Fig. 11a and b,  respectively.  It  was observed
hat  the composite samples with  SBS  radial  structure show  higher
F  values (C401 and C411), and the  ones with  large  content  of buta-
iene (C401  with  80%) present the highest GF values  (Fig. 11a). The
F for SBS  C540  varies between 40 and 100 for several strain  lev-
ls. The remaining composites have GF values  lower than 30.  In
eneral,  the samples with linear  structure (C500  and C540)  present
imilar piezoresistive response,  and the  composite samples with
arge butadiene  amount  present  in  their  composition have the high-

st GF values. An  increase of the deformation velocity  reveals that
he  amount of butadiene  phase in the elastomeric composition is
esponsible for  the highest  GF values  found (Fig.  11b).  The values
f  GF as  function of velocity  are practically constant up  to until

ig. 11. (a)  GF for 4-point-bending  as  a  function  of  strain up to 1  mm and (b) GF as  a  functi
ith  4  wt%  CNT.
ors A 201 (2013) 458– 467 465

50 mm/min  for the SBS  matrices C411, C500 and C540 and are sim-
ilar to  the values  of the GF obtained  for varying strains. For the
C401 SBS matrix,  the GF values are around  100 and they increase
for lower  velocity up to a  maximum value,  similar to the  results
obtained for  method 1,  and decrease thereafter with the  increase
of the velocity  until 50 mm/min.  This  electro-mechanical behav-
ior is  related to the  viscoelastic nature  of the polymer matrix and
therefore  to the mechanical time response [13].

The two different electro-mechanical methods (tensile  and
bending) show how important is the SBS  matrix in  the  piezore-
sistive of the  nanocomposites. In uniaxial uniform  stress (tensile
loading), the SBS  matrix with the lowest  butadiene  content  shows
a  higher  GF value, as well  as the highest mechanical properties
(namely, the initial modulus). In 4-point bending  the  SBS matrix
with higher GF values is that with the largest butadiene content.

There are  two different effects contributing to  the  GF values: the
intrinsic piezoresistive effect  and the geometric variation effect (Eq.
(3)).  For  this  type of materials, the Poisson  ratio  goes from  0.35 to
0.5 [28–30],  which means  that  the geometric variation effect con-
tribution to GF varies among  1.7–2. Metallic strain  gauges show
similar  gauge  factors of ∼2 for strains smaller than 4%,  which  are
ascribed to geometrical  variations  [31,32].  In elastomeric compos-
ites, the piezoresistivity  values  up  to  ∼2  are also  mostly  due to
geometrical contributions, being the  larger  contributions  to the
GF  due to electrical  resistance variation of  network fillers  in com-
posites  and therefore to intrinsic  contributions. Fig. 11  shows  that
for concentrations of the 4  wt% CNT, the  geometric variation fac-
tor can  be  dominant for small deformations and C500 or  C540  SBS
matrix, but for larger  deformations the intrinsic effect  due to  strain-
induced modification of the conductive network is  dominant. For
C401 SBS/MWCNT  composite samples,  the  intrinsic  piezoresistive
effect is  dominant for  several deformations and speed stress–strain
tests.

4. Conclusions

The SBS tri-block copolymers  have excellent  properties for
piezoresistivity sensors at  large  deformations when  mixed with
carbon  nanotubes at  percolation threshold or  above,  offering elec-
trical properties to the isolator matrixes.  The  electrical  percolation
threshold  is less than 1  wt%  for  all different matrices of  SBS com-
posites  and it  has  a  similar behavior  for electrical conductivity.

Electrical and mechanical properties generally  depend  on CNT

distribution  on the polymer  matrix. In  the present case,  SEM  images
show a  similar small cluster distribution of CNT  in  all SBS matrixes,
which results  in  similar  high electrical conductivity for all studied
polymer/carbon nanotubes matrixes.

on  of  speed up to  50  mm/min  for  C401,  C411,  C500 and C540  SBS  matrix composites
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The nanocomposites with 4 wt%  of CNT  can  be  used as  sensors
or  larges deformations, up  to 50% of deformation, with high gauge
actor  values.

For uniaxial stress method, the SBS matrix that has the highest
F  is  C540 (linear  copolymer architecture  and lowest  content  of
utadiene), which increase  with deformation.  For enhanced sen-
ibility  and GF values, to these composites  is  applied  an  initial
re-strain  until 30%.  Applying a  pre-strain  of 5% or higher,  the GF

ncrease for values  around  100 for the C540 SBS/CNT  composite
ith  4 wt% CNT. The gain  in  sensibility  of the composite is  huge with

he application of pre-stress  and can be  as high as GF = 120.  The GF
s function of test velocity  increases up  to  10 mm/min, and have  a
istinct behavior for  the superior  velocities  for the different matri-
es. Thus, the maximum GF is obtained using a pre-strain (5% or
0%),  velocity of around 10 mm/min.  These SBS/MWCNT  nanocom-
osites  can  be  used in  sensor for larger  deformation,  up  to 50% of
train,  with a  high GF.

For method 2 (bending) the behavior of the  GF for several
elocities and deformations  for  all  SBS  matrices was measured. As
unction of deformation, the matrix that shows  the highest values
f  GF is C401  (copolymer  with a radial architecture, and high con-
ent of butadiene)  and the values  ranging between 40 < GF < 100.
or the other matrices GF values  are lower than 30. As  function of
he  test velocity,  the  behavior is  similar to  the behavior of strain and
t  is varying from 80 < GF < 120  for C401  SBS, and for others  matrices
he  GF shows  similar values as function of the applied  strain.

These composites  present  also  a mechanical hysteresis that
ncrease with strain  and it  is  higher  for the initial loading cycles,
ecreasing in the course of the cyclic loading. Mechanical hysteresis

s  higher for  the matrices with high  content  of styrene.
Overall, this  investigation demonstrates the suitability  of these

aterials for the development of large deformation piezoresistive
ensors.
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