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Abstract

In this work, nanocomposites based on the triblock copolymer polystyrene-b-polyisoprene-b-polystyrene (SIS) thermoplastic
elastomer filled with multiwall carbon nanotubes (MWCNT) were obtained by melt mixing. The nanocomposites were
characterized by oscillatory rheometry, electrical resistivity, small angle x-ray scattering (SAXS) and transmission
electron microscopy (TEM). The results showed that both, rheological and electrical percolation were achieved at
MWCNT loadings between 1-3 vol.%. Rheological tests revealed that the insertion of MWCNT into SIS significantly
enhanced the process of relaxation of SIS blocks. Resistivity measurements revealed that conductive nanocomposites
were obtained at MWCNT loadings ~1.6 vol.%. The electrical resistivity decreased eleven orders of magnitude from
neat SIS to SIS/ 5 vol.% MWCNT. Finally, SAXS and TEM showed that the melt mixing process and the presence of
MWCNT hampered the self-assembly of SIS into well-ordered domains.
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1. Introduction

The use of multiwall carbon nanotubes (MWCNT) in
polymeric matrixes to produce conductive nanocomposites has
been widely studied!?. Among the broad range of polymer
matrixes, the thermoplastic elastomers have the advantage
of behaving as elastomers at room temperature, but being
able to be processed as thermoplastics®®. Their elastomeric
properties make them good candidates for proton exchange
membranes*, sensors®™®, photoactuators!”!, among others.

Thermoplastic elastomers based on block copolymers
have an additional advantage: their morphologies are based
on rigid domains that anchor flexible or elastomeric domains.
The insertion of nanoparticles inside these domains constitutes
one of the current approaches to produce nanocomposites
for energy conversion and storage!®'%; thus, due to the large
variety of morphologies that these domains can assume,
a myriad of possibilities exists. In a previous work of
ours?!, flexible conductive nanocomposites based on the
thermoplastic elastomer polystyrene-b-polybutadiene-b-
polystyrene (SBS) filled with MWCNT were produced
by solution casting followed by annealing during several
days. These nanocomposites had a microstructure composed
of hexagonally packed cylinders (HEX) co-existing with
lamellar morphologies.
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The triblock copolymer polystyrene-b-polyisoprene-b-
polystyrene (SIS) belongs to the styrene based thermoplastics
elastomers group and like SBS is extremely flexible and
easily processable. SIS has a biphasic morphology, in which
the polystyrene (PS) microdomains are dispersed through
a flexible elastomeric matrix of polyisoprene (PI). Its
flexible PI segments allow large deformations, while the PS
domains act as physical cross-links anchoring the PI blocks,
yielding an elastomeric response to the whole material'-12!,
I1¢ikova et al.”! produced nanocomposites of SIS filled with
MWCNT by solution mixing. These authors found that these
nanocomposites had photo-actuation abilities. Garate et al.l'™!
also produced nanocomposites of SIS/MWCNT by solution
mixing. They improved the dispersion of the MWCNT into
the SIS by grafting MWCNT with PS oligomers and using
a surfactant. Brook et al.'! produced conductive hybrid
nanocomposites of SIS/MWCNT/Polyaniline (Pani) with
improved thermal, mechanical and electrical properties.
Ponnamma et al.l'! developed flexible oil sensors based on
SIS/MWCNT nanocomposites. The materials showed best
oil sensing abilities above the percolation level.

All the studies above cited used solution casting or
solution precipitation as the processing method to obtain the
SIS/MWCNT nanocomposites. However, it is known that
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melt mixing is the most common method of compounding
in the thermoplastic industry. Melt mixing is scalable for
large productions, being also environmental friendly as it
does not use toxic solvents and it is free of carbon emissions.
Nevertheless, we were able to find only one study on melt
mixing of SISSMWCNT!® and none on the analysis of
the influence of MWCNT on the structure, relaxation and
electrical properties of SIS after melt mixing.

Thus, in this work, nanocomposites with different
volumetric fractions of MWCNT in SIS triblock copolymer
were produced by melt mixing. To the best of our knowledge,
this is the first work directed to perform a comprehensive
study on the rheological, electrical and structural behavior
of SIS/MWCNT nanocomposites produced by melt mixing.

2. Materials and Methods

2.1 Materials

The SIS triblock copolymer was donated by Kraton
South America (Kraton D1162P) with 43 m.% of polystyrene
(PS), antioxidant content between 0.08 and 0.30 m.%,
density of 0.92 g/cm® and MFI of 45 g/10min, according
to the manufacturer; the molar mass was not informed. The
SIS was ground in a mill (Micron Powder Systems, model
CF Bantam) at 100 rpm with injection of liquid nitrogen
in order to obtain a micronized powder. Multiwall carbon
nanotubes (MWCNTs), grade number NC7000, were supplied
by Nanocyl S.A. with 90% purity. The MWCNT were
characterized in earlier works of ours®!”! by transmission
electron microscopy (TEM) using a FEI TECNAI G F20
HRTEM at 80 kV and Raman spectroscopy using a Renishaw
spectrometer, with in via Raman microscope, NIR laser,
in the regular mode. By TEM, their external diameters
(d=9.5 nm) and their average lengths (1=1.5 um) were
measured. By Raman spectroscopy, the peaks at 1355 and
1594 cm! attributed to the characteristics D and G bands of
the MWCNT, respectively, were observed. The D band can
be correlated to structural defects of the nanotubes, while
the G band to in plane vibration of a sp? bonded structure.
The D and G intensities ratio (I /I,) is used as an indicator
of the degree of imperfections of the carbon nanotube; the
higher, the more defectives are the MWCNT. Another band
at 2781 cm', the G band, is correlated to the electronic
properties of the carbon nanotube; thus, the ratio of the G, and
G intensities (I, /1)) is used as an indicator of the metallicity
of the carbon nanotube. The higher, the more metallic are
the nanotubes. The calculated ratios were I /I, =1.14 and
I.,/1,70.42P1, which indicated that the MWCNT were highly
defectives and had a low metallicity!'®!. White et al."! also
found that the NC7000 Nanocyl grade had Al, Fe and Co
as impurities and O on the surface.

Toluene (PA Synth) was used as a solvent.

2.2 Melt mixing

Prior to the processing, SIS and MWCNT were dried
for 12 hours at 60 °C. First, a masterbatch of 5 vol.% of
MWCNT and SIS was produced using a torque rheometer
Haake, model Rheomix 600p, at 190°C, 100rpm, during
5 min. The masterbatch was then diluted with SIS to yield
the final concentrations of MWCNT in the nanocomposites
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in the same Haake torque rheometer. The following MWCNT
concentrations were used for this study: 0.1, 1.0, 3.0 and
5.0 vol.% MWCNT. These filler loadings were selected
based on previous works!-?*2!, which pointed out a value of
0.31vol.% MWCNT for the theoretical percolation threshold
of a generic polymer matrix filled with the MWCNT NC7000
from Nanocyl!"?2, After melt mixing, films of the resulting
nanocomposites were produced by compression molding
at 190°C under 8 MPa of pressure using a hot press. The
samples were named SISSMWCNT,, where x represents
the volumetric fraction of MWCNT.

As a benchmark, samples of neat SIS were produced
by solvent casting to observe their quasi-equilibrium
morphologies. First, the SIS powder was melted and later
dissolved in toluene (concentration: 0.2 g/ml) under magnetic
stirring for 2 h at 100°C. The resulting solution was poured in
Petri dishes to obtain films, which were maintained at room
temperature during 4 h and then left in a vacuum oven at
110 °C during eight days to enable the self-organization of
SIS into well-ordered rigid and soft domains. This approach
of annealing was done based on previous works!>2324],

Samples of the SIS/MWCNT nanocomposites were not
prepared by solution, because as already reported in early
work of ours on SBS/MWCNT nanocomposites!®! to allow
complete solvent evaporation and to obtain self-standing
films the casting process takes approximately 7 days to be
completed.

2.3 Characterization

The rheological behavior of the nanocomposites was
evaluated using a stress-controlled rheometer AR-G2, from
TA Instruments, with parallel plates, diameter of 25 mm, gap
of 1 mm between the plates, frequencies  between 0.1 and
100 rad/s, at a temperature of 190 °C. The complex viscosity
7*(@)=7n (@)-in"(®), where 7 = dynamic viscosity and
n" =imaginary viscosity was obtained. The measurements
were done within the linear viscoelastic regime. The electrical
resistivity measurements of the nanocomposites were
made using two setups. For samples with resistivity lower
than 10° Qm, two probe measurements were done using a
stabilized source-meter device (Keithley, model 237) and
parallel Pt electrodes having 1 cm diameter; for samples
with electrical resistivity higher than 10° Qm, a Keithley
6517A electrometer was used.

The domains structure of SIS was characterized by
small angle x-rays scattering (SAXS) using an equipment
from Bruker (AXS 2D Nanostar, Cu, Ka radiation, 30 mA,
40 kV), at scanning angles below 5°. The morphology of
the nanocomposites was analyzed by transmission electron
microscopy (TEM) and atomic force microscopy (AFM).
TEM was done using an equipment from FEI company
(Magellan 400L) at 20kV. AFM was done using an equipment
from Veeco Digital Instruments, model MMA FM-2, with
silicon cantilevers.

3. Results and Discussions
3.1 Rheological behavior

Figure 1 shows the complex viscosity as a function of
frequency of the samples. The neat SIS and the SISSMWCNT
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Figure 1. Complex viscosity (n*) versus oscillatory frequency (®)
of the nanocomposites.

nanocomposites showed a shear-thinning behavior; if a power
law model ( 3" = mo"~! , where m=consistency and n=power
law index) is fitted to the curves, a highly pseudoplastic
behavior is observed (n—0). The nanocomposites containing
higher amounts of MWCNT had higher n* than the others.
It is known that MWCNT have high aspect ratios and high
modulus. Therefore, the MWCNT can easily form entangled
and rigid networks with the polymer macromolecules, unable
to relax along the flow direction, thus increasing the flow
resistance of the nanocomposites. Accordingly, the higher
the MWCNT content the more entangled are these networks,
yielding high viscosities in the molten state!?>2°!,

As said before, the complex viscosity has two
components: 1" and 1. )’ is proportional to the viscous
response or energy dissipation of the material, while n”
is proportional to the elastic response or energy storage.
Therefore, the relationships between these viscosities and
the components of the complex modulus G* (0)=G'+iG"
are: n’=G"/ o and 1" =G w, where G” is the loss modulus
and G’ is the storage modulus. Figure 2 shows plots of )’
and n” versus . It can be noted that, at lower MWCNT
loadings, the viscous response is more pronounced than
the elastic response; however, between 1-3vol.% MWCNT
the elastic response became more pronounced than the
viscous response through the broadband frequency range.
That is, a transition from a predominantly liquid or viscous
behavior to predominantly elastic or solid behavior occurred
above 1 vol.% of MWCNT; i.e, the rheological percolation
threshold was achieved.

Another way to obtain the value of the rheological
percolation threshold is to use the slopes of the G’(®)
and G”(w) curves at the terminal zone of the viscoelastic
spectrum. It is worthwhile to recall that at the terminal zone,
the frequencies are small; because the mechanical response
of the macromolecules will be dependent on their relaxation
timest (w=1/1,),atthe terminal zone, the responses will
be associated to the parts of the macromolecules which have
long relaxation times (mainly their backbones)®"?’). A linear
polymer of high molecular weight has entanglement and
disentanglement of their coils!**?), with the formation of a
temporary network structure due to inter and intra-molecular
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junctions derived from the twisting and bending of the coils.
Between these junctions (which are continually being formed
and undone), the resistance to conformational changes will
be low, and the elastic response, which is dependent upon
the life time of these junctions will decay rapidly with
the frequency, due to the macromolecules relaxation. The
viscous response (which will reflect the flow resistance and
energy dissipation) will also decay, but with less intensity.
All the macromolecular models predict, therefore, that, at
the terminal zone, G’ ~ ’ and G” ~ @ ; that is, the slope of
the G’(w) curve at the terminal zone will be approximately
2 while the slope of the G”(w) curve will be 128, On the
other hand, in a slightly crosslinked polymer, the junctions
are permanent; therefore, the conformational changes
between the crosslinks will be restrained and G* — G =
equilibrium modulus, while G” will flatten. That is, both
G’ and G” will be independent of ®; therefore, if the slopes
of the components of the complex modulus change towards
zero at the terminal zone, a very restrained structure (a so
called pseudo-solid behavior) will be attained. The change of
slopes can, therefore, predicts the formation of a percolated
network of MWCNT within the polymer, as others works
have already shown[?-30-32],

The slopes at the terminal zone were calculated and
are shown in Table 1.

The slopes of the G’(w) and G”(w) curves of the pure
SIS were low, not even close to 2 and 1, respectively;
that is, SIS, being elastomeric and having rigid styrene
domains anchoring the isoprene domains and thus acting as
crosslinking, has already a quasi-solid behavior. However,
when 1 vol.% of MWCNT were added to the SIS, both
slopes changed drastically to almost 0, confirming the
complex viscosity analysis, that above 1 vol%. MWCNT
the rheological percolation occurred. From a rheological
point of view, at MWCNT loadings above the percolation
threshold, an entangled and well-established network between
SIS backbones and MWCNT exists.

From the crossover frequency o_ (where G’=G”), the
relaxation time at the beginning of the plateau region (t )
and consequently the influence of the MWCNT on the SIS
relaxation can be analyzed?”. Table 1 shows also these
values. The relaxation time of the SIS macromolecules is
around 0.018 s; when 0.1 vol.% of MWCNT was added, the
relaxation of the SIS macromolecules increased to 0.025 s
while another (very high) relaxation time at 10 s surged
due to the presence of the MWCNT. That is, some SIS
macromolecules were restrained by the MWCNT, but the
MWCNT themselves did not form a percolated network with
the SIS macromolecules (MWCNT high relaxation time).
However, when 1.0 vol.% of MWCNT is added, only one
relaxation time at 0.13 s is observed, due to the formation
of arestrained and percolated network. This result confirms
the viscosity results, that is, the percolation concentration
for the SIS/MWCNT was around 1 vol.% MWCNT.

3.2 Electrical behavior

The theory of electrical percolation predicts the dependence
of electrical resistivity (p) versus filler volumetric loading
(V) according to Equation 1 B3

p(V)c(V=V.)"  when V> Ve (1)
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Figure 2. Real viscosity (n’) and imaginary viscosity (") versus oscillatory frequency (o).

Table 1. Slopes (o) of the G’(@w) and G”(w) curves, crossover
frequency (o) and relaxation time at crossover frequency (t, ).

Sample oG’ o G” @ (rad/s) t. (s)
SIS/MWCNT, 0.89 0.32 55 0.018
SISSMWCNT, | 0.92 0.30 40, 0.1 0.025,10
SISSMWCNT 0.19 0.02 7.5 0.13
SIS/MWCNT, | 0.01 0.01 - -
SISIMWCNT;, 0.01 0.02 - -

Table 2. Electrical resistivity of the samples.

Resistivit Resistivit
Sample (@.m) ¥ Sample (@.m) ¥
SIS/MWCNT,, 1.2x10" SIS/MWCNT, | 1.7x10!
SISMWCNT, | 1.2x10" SISIMWCNT, | 1.5x10°
SISMWCNT, | 4.4x10°
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where Ve is the electrical percolation threshold concentration
and tis denominated critical exponent. Figure 3 shows a graph
of electrical resistivity versus filler volumetric loading and
Table 2 summarize these values. It can be observed that the
electrical resistivity decreased various orders of magnitude
with increasing MWCNT loading. By definition®! at the
electrical percolation concentration, the electrical conductivity
increases promptly several orders of magnitude; however, in
our case, there was a gradual increase of the conductivity (or
decrease in resistivity), between 0.1 and 3 vol.% MWCNT.
As the percolation-dispersion staircase model®*3! has
pointed out, when an abrupt increase of the conductivity
occurs, only one conductivity mechanism exists, while if
a gradual increase occurs, then multiple local conductivity
mechanisms are contributing to the global conductivity. This
latter behavior seems to predominate in the SISSMWCNT

Polimeros, 30(4), 2020043, 2020
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nanocomposites, as observed in other work of oursPl. The
multiple local conductivity mechanisms can be credited to
the co-existence of different sizes of MWCNT aggregates
with single MWCNT in the SIS matrix. Therefore, electrical
conduction will occur through the aggregates, through the
single MWCNT and through electron tunneling between
adjacent MWCNT.

From Equation 1, Ve~1.6vol.% MWCNT and t~2.9.
Thus, these melt mixed SIS/MWCNT nanocomposites
percolated at MWCNT loadings significantly above the
theoretical value (0.31vol.% MWCNT). In other works,
solution prepared nanocomposites achieved the electrical
percolation at lower MWCNT loadings>*3!. Accordingly,
to the statistical theory of percolation’®”), a minimum amount
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of filler for electrical conduction in a nanocomposite®®! is
required. This minimum amount is called the electrical
percolation threshold. The fillers must touch each other or
being close enough to allow the establishment of conduction
paths for the charge carriers (electrons, holes or ions).
Therefore, the higher the MWCNT loading the higher the
probability of establishing these paths. As well, the higher
the aspect ratio of the MWCNT, the higher the probability
of the nanotubes to touch each other!'®!. During melt mixing,
however, a damage and breakage of the MWCNTs (or other
rigid nanoparticles) due to the shear stresses can occur, as
it has been observed in other works*®3*-#11, Thus, for melt
mixed nanocomposites, a shifting of the percolation threshold
towards higher filler loadings compared with solution mixed
nanocomposites!'*! is expected.

The critical exponent t can be correlated with the system
dimensionality and with conduction mechanisms. As pointed
out by Bauhofer and Kovacs in their throughout review!,
values of t~3.0 were obtained using a Bethe lattice and Mean
field theory. These theories correlated increasing values of t
with conduction by tunneling effects. When the MWCNT-
MWCNT distances are below 10 nm, the electrons can jump
from one nanotube to another!*>*)], The higher the MWCNT
loading, the shorter the distance between the MWCNT, thus
increasing the chance of electrons to surpass the barrier.
Probably, in these SISSMWCNT nanocomposites there
were individual and well-dispersed MWCNT coexisting
with remaining MWCNT aggregates, as said before. By
increasing the amount of MWCNT the individual MWCNT
and MWCNT aggregates became closer enough to allow
conduction by hopping and tunneling effects.

3.3 Structural characterization

SAXS profiles and 2D patterns of some of the samples
are shown in Figure 4a and 4b, respectively. The scattering
vector is g=(4z/2A)sen , where A is the wavelength
and 20 the scattering angle. As expected, the sample of
pure SIS from annealing treatment (SISSMWCNT, A)
displayed concentric rings and SAXS peaks at =0.2 nm!,
2q = 0.4 nm", 3¢g=0.6 nm™" and 4q = 0.8 nm’!, which are
ascribed to lamellar morphologies?®**¥. That is, eight days
were enough time to allow the self-organization of SIS into
well-ordered lamellar domains.

On the other hand, the sample of pure SIS produced
by melt mixing (SISSMWCNT)) showed less evident
peaks and hallo rings; in the sample SIS containing 3 vol%
MWCMT (SIS/MWCNT,), the peaks and hallo rings were
absent. This result shows that both melt mixing and the
presence of MWCNT hampered the self-assembly of SIS
domains. Figure 5a depicts an AFM micrograph of the SIS/
MWCNT,_ sample, where typical lamellar morphologies can
be observed; the PS domains can be identified as the yellow
ones (higher elastic moduli) while the PI domains are the
brown (lower elastic moduli). PS and PI domains presented
average thicknesses of 21.0 nm and 13.1 nm, respectively.

It is known that the stability of different equilibrium
domain morphologies of a block copolymer depends on the
relationship between enthalpy (interaction energies between
dissimilar polymer blocks given by the Flory-Huggins
interaction parameter, y) and entropy (conformational energy
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Figure 5. (a) AFM micrograph of SISSMWCNT_ A annealed during eight days; (b) Distributions of thickness of the lamellar PS and PI

domains.

depending on the degree of polymerization, N). For di-blocks
copolymers, it has been observed that when xN >10.5 different
stable and even co-existing morphologies can be obtained
depending on the values of N and f, the volumetric fraction
of one of the co-monomers. Numerous studies have showed
various types of equilibrium morphologies of di-blocks AB
and tri-blocks ABA copolymers, which are spheres (S),
cylinders (C), lamellas (L) and gyroids (G)“**). When fis
near (.5, lamellar morphologies are usually expected after
annealing during several days. In fact, the SIS employed in
this work has a PS molar fraction ~43%, that is, fis near 0.5.

However, when ¥N<10.5 only a disordered melt is
formed*®. In general, long times are required to self-assembly
domains from the melt or solution; therefore, in the melt
compounding process employed to prepare SISSMWCNT
nanocomposites probably time was not enough to allow
the self-assembly of PS and PI into well-ordered domains.
Moreover, it is known that even small changes in temperature
or shearing can induce large changes in these equilibrium
morphologies!*?.

Figure 6a shows TEM micrographs of the MWCNT as
received, prior to the mixing with SIS. Figure 6b shows a
TEM micrograph of the nanocomposite containing 3 vol%
MWCNT. This sample was selected because its MWCNT
loading was above both, the rheological and electrical
percolations. The MWCNT can be seen as long and entangled
tubes through the SIS matrix. The measurement of the
lengths of the MWCNT was difficult because they were
highly entangled; however, comparison of the micrographs
Figure 6a and Figure 6b clearly suggests that a reduction of
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Figure 6. TEM images: (a) Pure MWCNT, (b) Nanocomposite
SIS/ 3vol.% MWCNT.
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the MWCNT lengths occurred during the process of melt
mixing, as already pointed out in other works!'%. In addition,
Figure 6b shows that the MWCNT touch each other and
are close enough to allow the establishment of electrical
conduction paths. As pointed out by SAXS measurements,
there was a reduction of regularity of the SIS domains from
the sample SISSMWCNT, to the sample SISSMWCNT,, thus
MWCNT hampered the self-assembly of SIS, which is in
line with previous works?®*!l. The presence of MWCNT can
change the correlation between enthalpy and entropy!'”’; for
example, m-m interactions can be established between the
MWCNT graphitic structure, the phenyl groups from PS and
the doubles bonds from the PI backbones™>**l, Moreover,
MWCNT are rigid structures having ultrahigh moduli®®¥,
thus being physical barriers against molecular motion of
the PS and PI blocks.

Other works have shown that modifying the surface of
MWCNT can cause remarkable changes in the self-assembly
of MWCNT/block copolymers composites. For example,
grafting PS chains on MWCNT surfaces influenced the
domains morphology of SBS/MWCNT composites’®”; instead
of being inserted in the PS domains, the PS-g-MWCNT
templates the lamellar PS domains morphology. Other
studies have concluded that the MWCNT are inserted in
both rigid and soft domains of SBSP® or SISI3).

4. Conclusions

Nanocomposites with different volumetric fractions
of MWCNT in SIS block copolymers were produced by
melt mixing. Both, rheological and electrical percolation
thresholds were achieved at MWCNT loadings between
1-3 vol.%. The complex viscosity increased two orders of
magnitude from neat SIS to SIS/5vol.%MWCNT, while
electrical resistivity decreased eleven orders of magnitude
from neat SIS to SIS/5vol.%MWCNT. Therefore, conductive
nanocomposites were obtained. Moreover, the presence
of MWCNT significantly enhanced the relaxation of SIS
blocks. Structural characterization revealed that both, the
melt mixing process and the presence of MWCNT hampered
the self-assembly of SIS into well-ordered domains.
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