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ABSTRACT: This work demonstrates sequential heating protocol to be an effective method in the reduction of percolation threshold of
multiwall carbon nanotube (MWCNT) in (70/30 w/w) poly(methyl methacrylate) (PMMA)/high-density poly(ethylene) (HDPE)/
MWCNT nanocomposites. Here, the percolation threshold (P,) value was reduced to 0.08 wt % of MWCNT, which is the lowest
among the ever reported values of P, for the PMMA system. Moreover, a co-continuous morphology of the minor HDPE phase was
evident throughout the major PMMA phase in a highly asymmetric composition (70/30 w/w) of the blend constituents. The AC con-
ductivity as well as the dielectric permittivity values were increased with increase in loading of MWCNT in the nanocomposites. The
detailed analysis of electrical and morphological properties is discussed in depth in the article. © 2013 Wiley Periodicals, Inc. J. Appl.

Polym. Sci. 2014, 131, 40235.
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INTRODUCTION

Immense research interest has been focused on polymer/carbon
nanotube (CNT) nanocomposites in the last few decades
because of their dramatically improvement in properties relative
to neat polymer and to yield multifunctional materials."™"* The
high aspect ratio of CNTs allows property enhancement at lower
concentrations® as compared with conventional filler particles
such as carbon black or nanoclays. However, to achieve good
reinforcing effect from CNTs, two main issues have to be
resolved: homogeneous dispersion of CNTs in a matrix polymer
and good interfacial interaction between CNTs and the matrix
polymer.™ The strong van der Waals attraction originating
from their small size and large surface area leads to the CNTs to
form aggregated bundles and make it difficult to disperse into
the polymer matrix homogeneously.”® The interaction between
polymer and CNTs can be achieved via chemical modification
or functionalization, which increases the interfacial adhesion of
the CNTs in host polymers leading to the better dispersion of
CNTs in the host polymer.”®' However, it suffers from surface
defects which reduce the conductivity of CNTs.

Various thermoplastics, such as poly(methyl methacrylate)
(PMMA)," polycarbonate (PC)," etc. have been used to pre-
pare polymer/CNT nanocomposites with improved electrical
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properties. Amongst them, PMMA is of special interest due to its
high optical clarity, amorphous nature, and biocompatibility.
PMMA/CNT nanocomposites can be used in various fields, such
as, electromagnetic interference (EMI) shielding materials,***
transparent conducting films,” gas sensors,” etc. Considerable
research has already been carried out on the electrical properties
of PMMA/CNT nanocomposites prepared through different
methods.'™ For instance, McClory et al.' studied the electrical
properties of PMMA/multiwall carbon nanotube (MWCNT)
nanocomposites prepared by melt mixing and found a DC con-
ductivity of 1077 S cm™" at 1 wt % MWCNT loading. Du et al.”
followed coagulation technique to prepare PMMA/SWCNT
nanocomposites and reported DC conductivity of 2.4 X 107% S
cm” ! at 0.5 wt % single-wall carbon nanotube (SWCNT) load-
ing. Kim et al.” reported DC conductivity ~1 S cm ™" at 10 wt
% CNT loading in solution casted PMMA/MWCNT nanocom-
posites with critical exponent value ¢= 2.3. Skakalova et al.* used
SOCl, doped highly purified SWCNT to prepare PMMA/
SWCNT nanocomposites by solution casting. A high electrical
conductivity (=10 S cm~ ') was obtained at 10 wt % doped
SWCNT loading compared with that (=2 S cm™') with undoped
SWCNT at similar loading. Schmidt et al.” obtained DC conduc-
tivity & 2 X 107" S cm™ ' at 1.5 wt % CNT loading in solution
casted PMMA/MWCNT nanocomposites. Dai et al.’ prepared
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PMMA/SWCNT stretched fiber nanocomposites by solution cast-
ing technique. A DC conductivity ~1 X 107> S cm™ ' and ~1 X
10°°S cm™ ' was obtained along the alignment and perpendicu-
lar to the alignment, respectively, at 7 wt % SWCNT loading.
Weghkowska et al” prepared transparent and conducting
PMMA/MWCNT nanocomposites using SOCL, functionalized
highly pure SWCNT and found DC conductivity ~4.7 X 107" S
cm™ " at 0.5 wt % CNT loading. Sundaray et al.® followed elec-
trospinning technique to prepare PMMA/MWCNT nanocompo-
sites fibers (CNT oriented along the fiber axis) and showed DC
conductivity of ~1 X 10°* S cm™" at 1 wt % MWCNT loading.
A report by Yuen et al.’” revealed higher DC conductivity (8 X
107 S cm™") at 0.75 wt % MWOCNT loading in in situ polymer-
ized PMMA/MWCNT nanocomposites compared with that pre-
pared by the ex situ method. Shang et al.'® studied the electrical
properties of the PMMA/MWCNT nanocomposites prepared
through microemulsion polymerization and solution casting to
study the effect of manufacturing technique on the electrical
properties of the nanocomposites. Lahelin et al.'* followed in situ
emulsion and emulsion/suspension polymerization methods to
prepare PMMA/MWCNT nanocomposites and found a DC con-
ductivity of 1 X 107> S cm™ ' at 3 wt % CNT loading. A higher
DC conductivity (5 X 10°°S cm™ ') was obtained in the microe-
mulsion polymerized PMMA/MWCNT nanocomposites com-
pared with that (1 X 1077 S cm™ ") obtained in solution casted
nanocomposites at similar loading (5 wt %) of MWCNT. Kim
et al.'* reported a DC conductivity ~5 X 107* S cm™" in solu-
tion blended PMMA/MWCNT nanocomposites thin film at 3 wt
% CNT loading. Lee et al."> obtained a DC conductivity of 1 X
107> S cm™ ' at 1.5 wt % MWCNT loading in melt-extruded
PMMA/SAN/MWCNT nanocomposites. Logakis et al.'"* reported
a DC conductivity 5 X 10°* S cm™" at 1 wt % MWCNT load-
ing in melt-blended PMMA/MWCNT nanocomposites.

Various manufacturing techniques were followed in the polymer
nanocomposites to reduce the percolation threshold of the con-
ducting filler in the nanocomposites. Bhagat et al.'® followed a
sequential heating protocol in (70/30 w/w) PP/HDPE/MWCNT
nanocomposites. The percolation threshold was achieved at
0.352 wt % of MWCNT in the nanocomposites due to the
selective dispersion of MWCNT in the minor HDPE phase. Kim
and Jo'® studied the role of polythiophene-graft-PMMA as a
compatibilizer in the poly(styrene-co-acrylonitrile) (SAN)/
MWCNT nanocomposites. The incorporation of only 0.01 wt %
of MWCNT in SAN matrix in presence of the compatibilizer
led to a dramatic increase in both Young’s modulus and tensile
strength of SAN matrix without sacrificing the inherent elonga-
tion at break of SAN. Shrivastava et al.'” reported an electrical
percolation threshold of 0.12 wt % in the PMMA/MWCNT
nanocomposites following a method involving the selective dis-
persion of MWCNT in the in situ bulk polymerized PMMA in
the presence of PMMA beads. In another work, Shrivastava
et al.'® achieved a percolation threshold of 0.032 wt % of
MWCNT in SAN/ MWCNT nanocomposites via exclusion of
some portions in the nanocomposites through addition of the
SAN beads during in situ polymerization of styrene and acrylo-
nitrile in the oligomeric stage. Maiti et al."” reported an electri-
cal percolation threshold of 0.14 wt % of MWCNT in
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polycarbonate (PC)/polycaprolactone (PCL)/MWCNT nano-
composites via melt-dilution of PCL/MWCNT masterbatch with
PC. The easy processibilty of PCL favored the dispersion of
MWCNT throughout the miscible PC/PCL blend.

Moreover, some authors have used conducting filler in different
versatile applications depending on their inherent property. For
instance, Wang et al.*’ achieved an electrical conductivity of
2.4 X 107 S m~" in silver nanocrystals based nylon and polyes-
ter nanocomposites following sputtering technique. Xu et al.*®
studied the crystallization behavior of poly(trimethylene tereph-
thalate)-poly(ethylene glycol) (PTEG) segmented copolyesters/
MWCNT nanocomposites and found that that MWCNT played
the role of an effective nucleating agent during composite crys-
tallization and expedite the process of crystallization of the
PTEG matrix by providing more nucleation sites to the crystal-
lizing phase, which resulted in the formation of smaller spheru-
lites. Yang et al.*® prepared poly(vinyl alcohol) (PVA)/graphene
oxide nanocomposites with improved thermal and mechanical
properties. The dispersion of graphene oxide on a molecular
scale and their alignment in the PVA matrix favors the strong
interfacial interactions between both the components, which are
responsible for the significant improvement in the thermal and
mechanical properties of the nanocomposites.

Despite the above efforts, attainment of electrical conductivity at a
significantly low percolation threshold in an easy industrially feasi-
ble technique has remained a great deal to date. Here, melt-
blending is introduced as an efficient way for the reduction of per-
colation threshold. This method involves a sequential heating pro-
tocol during melt-mixing, where the melt mixing was first carried
out at the processing temperature of minor component (HDPE)
in the presence of MWCNT for few minutes. Then, the tempera-
ture was raised to the processing temperature of the other constit-
uent (PMMA). This protocol did not allow the minor phase to
become droplet, and remained as co-continuous. The percolation
threshold was reduced to 0.08 wt % of MWCNT, which is, as per
our knowledge, the lowest value reported for PMMA/MWCNT
system. A co-continuous morphology was obtained in a highly
asymmetric composition (70/30) (w/w) PMMA/HDPE. The influ-
ence of the processing technique on the morphology and electrical
properties of the PMMA/HDPE/MWCNT nanocomposites has
been described in detail in the article.

EXPERIMENTAL

Materials Details

General purpose, noncross-linked PMMA (grade: Gujpol-876G
with M,, ~ 105,000, specific gravity 1.19, melt flow index, MFI:
6 g/10 min at 230°C and 1.2 kg load) pellets (average diameter
~2.35 mm and length ~2.70 mm) was purchased from Gujarat
State Fertilizers and Chemicals Ltd. (GSFC), Gujarat, India. The
MWCNT (NC 7000 series; average diameter of 9.5 nm and
length 1.5 pm; surface area 250-300 m*/g; 90% carbon purity)
used in the present work was of industrial grade, purchased
from Nanocyl S.A., Belgium. The MWCNTs were used as
received, without any chemical modifications.

Preparation of the Nanocomposites by Melt Blending
Before the melt blending all the blend constituents (PMMA,
HDPE, and MWCNT) were dried in a vacuum oven at 80°C for
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6 h to minimize any moisture induced thermal degradation
during melt blending. The PMMA, HDPE, and MWCNT were
then fed into an internal mixer (Brabender plasticorder with
capacity of 20 mL), containing two counter-rotating screws. The
composites were prepared by two different methods at various
blending compositions (90/10, 80/20, 70/30, and 60/40 w/w) of
PMMA and HDPE. In method 1, melt-mixing was done follow-
ing a sequential heating protocol. First, the temperature of the
mixer was maintained at 150°C (above melting temperature of
HDPE but well below the melting temperature of PMMA) at 40
rpm for 10 min. Then, the temperature of the internal mixer
was gradually increased to 210°C under constant rpm. The mix-
ing was performed at 210°C for 5 min with constant rotor
speed (40 rpm). A schematic for method 1 is represented in
scheme 1. In method 2, the nanocomposites of similar composi-
tions were prepared by direct melt-blending at a rotor speed of
40 rpm for 15 min. The temperature of mixing was maintained
at 210°C throughout the blending time.

Molding of the PMMA/MWCNT Composites

The melt blended PMMA/HDPE/MWCNT composites with var-
ious asymmetric blend compositions at various MWCNT load-
ing were compression molded at 210°C for 10 min in a hot
press under constant pressure (10 MPa) and the molded parts
were allowed to cool to room temperature for further
characterizations.

Characterizations

Scanning Electron Microscopic (SEM) Analysis. The degree of
dispersion and location of MWCNT in the PMMA/HDPE blend
was studied by scanning electron microscope (SEM, VEGA II
LSU, TESCAN, Czech Republic) and field emission-scanning
electron microscope (Carl Ziess-SUPRATM 40) instruments
operated at an accelerating voltage of 10 kV. The cryo-fractured
surfaces of the PMMA/HDPE/MWCNT nanocomposites speci-
mens were coated with a thin layer of gold by sputtering to
avoid any electrical charging during scanning and SEM micro-
graphs were taken on the fractured surface.

Transmission Electron Microscopy (TEM) Analysis. The state
of dispersion of the MWCNT in the (70/30 w/w) (PMMA/
HDPE)/MWCNT nanocomposites was studied by transmission
electron microscope (HRTEM, JEM-2100, JEOL, Japan) oper-
ated at an accelerating voltage of 200 kV. The nanocomposites
samples were ultra-microtomed under cryogenic condition with
a thickness of 50 to 80 nm. Since the CNT has much higher
electron density than the polymers, no staining was required
and the CNTs appeared dark in the TEM images.

Differential Scanning Calorimetry Study. A differential scan-
ning calorimeter (DSC-200 PC, NETZSCH, Germany) was
employed to determine the nonisothermal crystallization tem-
perature (T,), and melting temperature (7,,) of the pristine
HDPE as well as that in the (70/30, w/w) PMMA/HDPE/nano-
composites at 0.25 wt % MWCNT loading to evaluate the
nucleating efficiency of the MWCNT towards HDPE. For this
measurement, 10 mg of the vacuum dried sample was taken
and heated from room temperature to 150°C at a heating rate
of 10°C/min and was kept at 250°C for 10 min to remove pre-
vious thermal history. Then, the sample was cooled to room
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temperature at a cooling rate of 10°C/min to observe the
nonisothermal crystallization behavior during cooling. The sec-
ond heating was carried out to determine the T,, of the respec-
tive samples. The heat of crystallization (AH,) and the heat of
fusion (AHy) were calculated from the peak area of the melting
and second heating curve, respectively.

Measurement of Electrical Conductivity. The measurement of
room temperature DC conductivity was carried out on the
compression molded specimen bars with dimensions of 30 X
10 X 3 mm’. A two-probe technique was employed for the
measurement of electrical conductivity of the nanocomposites.
The nanocomposites samples were fractured at two ends and
the fractured surface was coated with silver paste to ensure
good contact of the sample surface with the electrodes. Here,
the reported DC conductivity values are the averages of at least
five tests performed for each sample. The DC conductivity
(opc) of the composites was calculated from the I-V (current-
voltage) measurement using the following relation:

IL
Opc=—+ (1)
VA

where, I is the current measured at the applied voltage V. L and
A are the length and cross-sectional area of the sample,
respectively.

A computer-controlled LCR Tester (HIOKI 3532-50 LCR
HIiTESTER, Japan) was used to measure alternating current
(AC) conductivity and dielectric properties of the nanocompo-
sites. An alternating electric field (1V) was applied across the
sample having diameter of 15 mm and 3 mm thickness in the
frequency range of 42 to 10° Hz. The parameters like dielectric
constant (¢'), dielectric loss (¢”), and dissipation factor (tan J)
were obtained as a function of frequency. All the measurements
were carried out at room temperature. The AC conductivity
(oac) was calculated using the relation:

Oac R 0y € tan d (2)

where, o is angular frequency of the applied electric field
(=27nf), f is the measured frequency, &, is vacuum permittivity
(~8.854 X 10~ '* F/m), tan d is the ratio of ¢ and ¢&. The com-
plex permittivity or complex dielectric constant can be calcu-
lated using the following equation:
C
/ P
~— 3
s (3)
where, C, is the observed capacitance of the sample in parallel cir-
cuit mode and C, is the capacitance of the cell (without dielectric

material). C, can be calculated by the following relation:
SoA

Go= a7 (4)

where, A is area of the capacitor plates (=nr*) and d is distance
between the two capacitor plates (thickness of the sample).

RESULTS AND DISCUSSION

Morphology

The phase morphology of the (70/30, w/w) PMMA/HDPE
blend with 0.25 wt % and 1.0 wt % MWCNT prepared through
direct mixing (method 2) is shown in Figure 1(a,b), respectively.
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Scheme 1. Sequential heating protocol in method 1 for the preparation of HDPE/PMMA/MWCNT nanocomposites. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

As observed, highly immiscible two phase matrix-droplet mor-
phology was evident at both the lower and higher loading of
MWCNT, when the nanocomposites were prepared through the
direct blending technique. In general, in immiscible polymer
blend of asymmetric composition, the minor component forms
the dispersed phase, whereas, the major component forms the
continuous matrix and thus resulting matrix droplet morphol-
ogy in the final nanocomposites. Thus, a PMMA matrix with
dispersed HDPE droplet can be concluded in the (70/30, w/w)
(PMMA/HDPE)/MWCNT nanocomposites. However, a decrease
in droplet size was evident with the increase in MWCNT load-
ing in the nanocomposites, supporting the greater barrier effect
coming from the higher loading of MWCNT.

Very surprisingly, the matrix droplet morphology got disap-
peared with the appearance of highly co-continuous structure of
HDPE phase throughout the PMMA matrix when the sequential
heating protocol (method 1) was adopted to prepare the nano-
composites. Figure 2(a,b) depict the co-continuous morphology
of (70/30 w/w) PMMA/HDPE/MWCNT nanocomposites pre-
pared through method 1. An extensive analysis through the
FESEM predicts the presence of MWCNT in the minor HDPE
phase [Figure 2(c), inset image is at the higher magnification].
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During preparation of the nanocomposites following the
sequential heating protocol, at the first stage of mixing at 150°C
(above the T,, of HDPE and below the T,, of PMMA), the
MWCNTs were dispersed into the molten HDPE, which formed
the matrix phase leaving the solid PMMA beads as excluded
volume. After 10 min of mixing, the temperature of the mixer
was raised to 210°C (above the T,, of both PMMA and HDPE).
Under this stage, the major component (PMMA) melted and
tends to form the matrix phase. At the same time, the pre-
dispersed MWCNTs presented in the HDPE phase restricted the
phase inversion, and thus, resulted in the formation of a co-
continuous structure (elongated form) rather than the matrix-
droplet morphology throughout the composites though PMMA
is the major component in this system. All the MWCNTs
located in the HDPE phase as the unmodified MWCNT does
not have any special affinity (interaction or attraction towards
PMMA) to migrate to the PMMA phase during the second
stage of processing at high temperature (210°C) in method 1.
The interfacial adhesion of two immiscible blends was also
improved once co-continuous morphology was formed. Figure
2(d) represents the TEM image of the (70/30, w/w PMMA/
HDPE)/MWCNT (0.5 wt %) nanocomposites prepared through
method 1. As observed, the MWCNTs were located in the
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Figure 1. Scanning electron microscopic images of (70/30, w/w) PMMA/HDPE blend/MWCNT nanocomposites prepared through the direct blending

(method 2). (a) 0.25 wt %, and (b) 1 wt % MWCNT.
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Figure 2. Scanning electron microscopic image with (a) 0.25 wt %, (b) 1 wt % MWCNT; (c) FESEM image at 0.5 wt % MWCNT loading (inset at
higher magnification); (d) TEM image at 0.25 wt % MWCNT loading of the (70/30 w/w PMMA/HDPE)/MWCNT nanocomposites prepared by
method 1 (sequential heating). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

HDPE phase, forming networks of MWCNTs throughout the
composites matrix. This could be because of selective dispersion
and distribution of MWCNT in the HDPE phase prior to the
melting of PMMA during melt mixing with sequential heating
protocol. The presence of MWCNTs in the HDPE phase played
the role of physical barrier and prevented the phase inversion of
HDPE to become a droplet. The SEM and TEM analysis led us
to conclude that, the development of co-continuous morphol-
ogy in highly asymmetric composition (70/30 w/w) of PMMA/
HDPE blend in the presence of MWCNT was because of the
sequential heating protocol adopted in method 1.

The favorable dispersion of MWCNT in the HDPE phase rather
than the major PMMA phase of the (70/30 w/w) PMMA/HDPE/
MWCNT nanocomposites in method 1 might be associated with
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the high degree of interaction of MWCNT toward HDPE. Such
kind of interaction has already been experimentally proven by vari-
ous groups*®™*? in terms of nucleation effect of MWCNT in HDPE,
which in turn affect the T, AH,, T,,,, and AHyof the HDPE phase in
the nanocomposites. Figure 3 represents the DSC cooling [Figure
3(a)] and second heating scans [Figure 3(b)] of the pristine HDPE
as well as the (70/30 w/w) PMMA/HDPE/MWCNT nanocompo-
sites containing 0.25 wt % MWCNT. Table I depicts the corre-
sponding numeric data for the T, AH,, T,,, and AH,, of HDPE in
the nanocomposites prepared by method 1. As evident, during
cooling the nanocomposites crystallizes at higher temperature
(112.26°C) compared with that of the pristine HDPE (108.67°C).
The reduction in heat absorbed/released data is also consequent
with the nucleating effect of MWCNT toward HDPE.
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Figure 3. DSC plots for pristine HDPE and PMMA/HDPE/0.25 wt %
MWCNT nanocomposites prepared by method 1 during (a) cooling, (b)
second heating. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

We also checked the morphology of the blend/MWCNT nano-
composites in other asymmetric ratios (90/10, 80/20, and 60/40
w/w) of PMMA and HDPE in the blend. It was noteworthy; the
blend/MWCNT nanocomposites containing 10 wt % and 20 wt
% of HDPE did not revealed any co-continuous microstructure
irrespective of the mixing methods and MWCNT loading. In all
the cases, the nanocomposites exhibited matrix-droplet mor-
phology in the SEM micrograph [Figure 4(a,b)]. However, a co-
continuous structure [Figure 4(c)] was observed when the
nanocomposites with 40 wt % of HDPE (60/40 w/w PMMA/
HDPE) was prepared by method 1 in the presence of small
amount (0.25 wt %) of MWCNT.
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Electrical Property

The room temperature DC conductivity of the (70/30 w/w)
(PMMA/HDPE)/MWCNT (0.25-1.5 wt %) nanocomposites
prepared through both the methods is depicted in Figure 5. As
observed, the nanocomposites prepared through the method 2
were devoid of any conductivity below 0.75 wt % MWCNT
loading. However, a DC conductivity value of 2.53 X 107* S
cm~ ! was achieved in the blend/ MWCNT nanocomposites at
0.25 wt % loading of MWCNT when the nanocomposites was
prepared by employing a sequential heating protocol technique
in method 1. A significantly higher value (3.28 X 107> S cm™')
of DC conductivity was obtained in the nanocomposites pre-
pared by method 1 at 0.75 wt % loading of MWCNT, as com-
pared with the conductivity value (3.37 X 107° S cm™"') of the
nanocomposites with similar composition, prepared by the
method 2. During sequential heating protocol in method 1, the
melt blending was first carried out above the T,, of HDPE
(150°C) in the presence of MWCNT. Then, the temperature was
raised to the processing temperature of PMMA (210°C) and the
mixing was allowed to continue for another 5 min. At the first
stage of mixing, the MWCNTs were forced to disperse selec-
tively in the minor HDPE phase of the blend. Further increase
in temperature to 210°C could not favor the migration of the
MWCNTs to the PMMA phase during the melt mixing. Thus,
the effective concentration of MWCNTs in HDPE is almost
three times higher in the nanocomposites, as the MWCNTs
were dispersed selectively in the 30 wt % HDPE phase. The
MWCNT-rich HDPE phase was appeared as co-continuous
(fibrillated) form along with the PMMA matrix and thus, formed
the effective conductive pathways through the MWCNT-
MWCNT network, leading to higher conductivity value. In the
direct mixing process, the MWCNTs were present in both the
PMMA and HDPE phases, as method 2 did not involve such
selective dispersion of MWCNT in the HDPE phase. Thus, the
effective concentration of MWCNT in the nanocomposites was
similar to that of the MWCNT added during mixing. Moreover,
the poor dispersion of the MWCNTs throughout the PMMA
matrix resulted in cluster of MWCNT in PMMA phase and was
unable to form continuous network structure of MWCNTS. This
reduced the number of MWCNT-MWCNT contact points, lack-
ing the formation of efficient network structure, and hence, low-
ered the conductivity value at similar loading (0.75 wt %) of
CNT. The PMMA/HDPE/MWCNT nanocomposites with various
amount of MWCNT loading prepared by method 1 (sequential
heating protocol) exhibited higher electrical conductivity value
compared with the nanocomposites prepared by the method 2
(direct mixing). The selective dispersion of MWCNT in the
minor HDPE phase in method 1 might be the possible reason
behind the higher electrical conductivity of the nanocomposites
prepared in the sequential heating method.

Table I. DSC Result for T,, AH,, T,,, and AHy for HDPE and (70/30 w/w) (PMMA/HDPE)/0.25 wt % MWCNT Nanocomposites Prepared by Method 1

Sample name T. °C) AH. (J/g) Tm (°C) AHf (J/g)
HDPE 108.67 11519 135.64 129.28
PMMA/HDPE/MWCNT 112.26 59.48 133.66 57.82

nanocomposites
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Figure 4. SEM images of (a) (90/10 w/w), (b) (80/20 w/w) (PMMA/HDPE)/MWCNT nanocomposites with 1.5 wt % MWCNT loading, and (c) (60/40
w/w) (PMMA/HDPE)/MWCNT nanocomposites with 0.25 wt % MWCNT loading. All the nanocomposites were prepared by method 1.

To check the composition dependent electrical conductivity, we
also investigated the electrical conductivity of the blend/
MWCNT nanocomposites at other three asymmetric composi-
tions (90/10, 80/20, and 60/40 w/w) of PMMA and HDPE in
the blend. The electrical conductivity of these blend/ MWCNT
nanocomposites at various MWCNT loadings are represented in
Table II. As can be seen, the (90/10 w/w and 80/20 w/w)
(PMMA/HDPE)/MWCNT nanocomposites prepared by method
1 (sequential heating) did not exhibit any conductivity up to
1.5 wt % MWCNT loading. This could be due to the absence of
any co-continuous structure [Figure 4(a,b)] in these blend com-
positions in the presence of MWCNT. In both the cases,
MWCNT was selectively located in the HDPE phase, which
forms the dispersed droplets in the PMMA matrix in the final
nanocomposites. Thus, absence of continuous network of
MWCNT throughout the matrix phase results in the formation
of insulating (PMMA/HDPE)/MWCNT nanocomposites in both
these asymmetric blend compositions. However, the blend/
MWCNT nanocomposites with (90/10 w/w) and (80/20 w/w)
PMMA/HDPE blend compositions showed electrical conductiv-
ity at 1.5 wt % and 1 wt % MWCNT loading, respectively,
when the nanocomposites were prepared by method 2. Since,
method 2 did not involve any selective dispersion of MWCNT
in either phase; the MWCNTSs were present in both the PMMA
and HDPE phases. This leads to the formation of continuous
conducting pathways of MWCNT in the nanocomposites at
these MWCNT loadings, and hence, becomes conducting in
nature.

It is interesting to note that the (60/40 w/w) (PMMA/HDPE)/
MWCNT nanocomposites prepared by method 1 showed elec-
trical conductivity even at 0.25 wt % MWCNT loading, similar
to that of (70/30 w/w) (PMMA/HDPE)/MWCNT nanocompo-
sites. However, the conductivity value was relatively lower, as
compared with that of (70/30 w/w) (PMMA/HDPE)/MWCNT
nanocomposites, at similar MWCNT loading. The development
of electrical conductivity at low MWCNT loading (0.25 wt %)
in this asymmetric blend composition of the nanocomposites,
prepared by method 1, could be due to the formation of co-
continuous morphology [Figure 4(c)] where the MWCNT-rich
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HDPE phase formed the effective conductive pathways through
the MWCNT-MWCNT network. A relatively low conductivity
value in (60/40 w/w) (PMMA/HDPE)/MWCNT nanocompo-
sites compared with that of (70/30 w/w) (PMMA/HDPE)/
MWCNT nanocomposites, at similar MWCNT loading, can be
explained in terms of selective dispersion of the MWCNT in
higher volume of HDPE phase in (60/40 w/w) PMMA/HDPE
blend composition.

Figure 6 represents the room temperature DC conductivity of
(70/30 w/w) (PMMA/HDPE)/MWCNT nanocomposites with
varying amount of MWCNT, prepared by the method 1. An
increase in DC conductivity of the (70/30 w/w) (PMMA/
HDPE)/MWCNT nanocomposites was evident with increase in
MWCNT loading. As observed, the DC conductivity of the
nanocomposites suddenly increased up to seven orders (107) of
magnitude at 0.5 wt % MWCNT loading. This sudden increase
in DC conductivity indicates the formation of a percolating
path through co-continuous HDPE phase into the (PMMA/

10" 4
107:' ]
| |
"z 1074 L]
)
w | |
la3 10 = °
107 4 .
(&)
T T T T T T T T T T T
025 050 075 1.00 125 1.50

Loading of MWCNT (Wt%)

Figure 5. Comparison of DC conductivity at different MWCNT loading
for (70/30 w/w) (PMMA/HDPE)/MWCNT nanocomposites prepared by
method 1 (M) and method 2 (e). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Table II. DC Conductivity Values of (90/10, 80/20, and 60/40 w/w) (PMMA/HDPE)/MWCNT Nanocomposites at Different Loadings of MWCNT Pre-

pared Through Method 1 and Method 2

opc (Scm™Y)

PMMA/HDPE ratio (w/w) 90/10 80/20 60/40

MWCNT loading Method 1 Method 2 Method 1 Method 2 Method 1 Method 2
0.25 - - - - 3.56 x 10°° -

0.5 - - - - 8.84 x 10°° -

0.75 - - - - 248 x 1074 512 x 10°°
1 - - - 4.8 x10°° 6.76 x 104 6.36 x 10°°
15 = 214 x10°° = 8.76 x 10°° 116 x 104 918 x 10°°

HDPE)/MWCNT nanocomposites. The exceptionally lower
value (0.08 wt %) of percolation threshold (P.) observed in this
work is, to the best of our knowledge, the lowest value reported
till date for the PMMA/MWCNT composites systems. Above
the P, the bulk conductivity of the composites is related with
the scaling law, as presented in the eq. (5).*7¢

apc < (P—P,)" For,P > P, (5)
where, opc is the conductivity of the composites, P is the mass
fraction of the filler, P. is percolation threshold, and # is the criti-
cal exponent which is related to the dimensionality of the perco-
lated network. For two-dimensional (2D) network ¢ varies
between 1.1 and 1.3* and that in a 3D network it varies between
1.6 and 2.0.** The 3D percolation theory suggests that the higher
critical exponent values (f) compared with the predicted univer-
sal value indicates that the percolation is associated with a net-
works involving less amount of “dead ends.” The theory also
suggests that the increase in number of “dead ends” decreases
the ¢ values in a network. The best fitted straight line was

10" 4
1074
1074
10" 4
107
10° 4
1074
10° 4
10"’«;
1074
T _‘
10"

om(S em)

08 06 -04 -02 00 0l 0.4
log (P-P)

T ¥ T T T T . T
0.00 025 050 075 1.00 125
CNT Loading (%)

Figure 6. DC conductivity of (70/30 w/w) (PMMA/HDPE)/MWCNT
nanocomposites prepared by method 1 as a function of MWCNT loading

T
1.50

(p). The inset shows a plot of logopc versus log(p — pc) for the same com-
posites and the straight line represents the best-fitted line of the data to eq.
(4), giving best-fit values p, =~ 0.08 and t ~ 2.17436. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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obtained by considering the value for p. ~ 0.08 wt % in the log
opc versus log(p — p.), as shown in the inset of Figure 6.

The value of t was determined from the slope of log opc versus
log(p — p.) and was found to be 2.17436 with a standard devia-
tion of 0.21364. This result well agrees with the percolation
behavior given in eq. (5) and indicates an exceptionally low per-
colation threshold of 0.08 wt % MWCNT loading in the compo-
sites matrix resulting from the excellent dispersion and
individualization of high aspect ratio MWCNTS in the matrix.
The value of t ~ 2.17436 for the CNT composites is well consist-
ent with the theoretically predicted value of t ~ 2.0 for a 3D per-
colation network.*® As the critical exponent ¢ value is dependent
on the microstructural properties (viz. length and diameter of
CNTs, carbon purity, structure etc.) of the composites, various
researchers have found different ¢ values. The extrapolation of p
— 100 in eq. (5) gives a conductivity of 8.07 X 1072 S cm ™',
which is considerably lower than the reported conductivity value
(50 S em™ ') of pure MWCNTs.*”* The decrease in conductivity
in the PMMA/MWCNT nanocomposites can be explained in
terms of coating of insulating polymer over individual nano-
tubes, resulting in poor electrical contact between the nanotubes
and thus generating a large contact resistance.>

In general, the energy barrier between the nanotubes restricts
the electron transfer from one electrode to another due to the
existence of the insulating polymer between them. However,
when voltage is applied the shape of the energy barrier gets
changed and the electrons between two sufficiently close elec-
trode can move across the barrier via tunneling, resulting in a
small current flow. The electrons in the polymer composites
tunnel one by one from one MWCNT electrode to the nearest
MWCNT electrode through the formation of an MWCNT—pol-
ymer pathway. This induces resistance and limits the conductiv-
ity of the composites up to a certain limit. The existence of
tunneling conduction in polymer—CNT nanocomposites has
already been mentioned in the literature.”>* With increase in
the barrier gap, the conductivity of the nanocomposites rapidly
decreases. The tunneling assisted conduction can be expressed
in terms of opc with the following equation:

(6)

where, A and d represent the tunnel parameter and tunnel dis-
tance, respectively. In case the particles are randomly

apc x exp (—AD)
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distributed, the mean average distance (d) among particles can
be assumed to be proportional to P~"?. Thus, eq. (6) can be
written as,

log (opc) ox pi3 (7)

The uniform dispersion of MWCNT in polymer matrix leads to
a good anchoring between polymer and CNT, but it suffers
from direct contacts between MWOCNTs. These results are
responsible for the relatively low increment of conductivity
above 0.5% CNT loading. In an insulator matrix, a tunneling
conductive mechanism is expected to occur in the nanocompo-
sites. The relationship between o and P~ is given in eq. (7)
and the results are plotted in Figure 7 indicating the presence of
tunneling conduction in the nanocomposites.

A drastic change in the DC conductivity (from 100" t010°*S
cm™ ') in the (70/30 w/w) (PMMA/HDPE)/MWCNT compo-
sites was obtained in the range of CNT loading 0.01 to 0.35 wt
%. The incorporation of higher amount (0.5-1.5 wt %) of CNT
showed a stable conductivity in the composites at around 10>
S cm™ !, which is an appreciably higher value of conductivity

Our result
1E-3
A o
1E-4 4 =
E
=
@, 1E-54 * 74y o
bg —8—Sundaray et al.[27) PMMA/MWCNT
@ Yuen et al.[28] PMMA/MWCNT
1E-6 —dh—1,ogakis et al.[29] PMMA/MWCNT
O Lahelin et al.[31]PMMA/MWCNT
©O—Kim etal [32] PMMA/MWCNT
1E-7 R R AN Lu?al, [33] ﬁm»lmvicm
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Wt % of CNT
Figure 8. Comparison of our result with published electrical conductivity
data for PMMA/MWCNT composites. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 9. Room temperature AC conductivity as a function of frequency
for (a) (70/30 w/w) PMMA/HDPE blend and its nanocomposites with (b)
0.25 wt %, (c) 0.5 wt %, (d) 1 wt %, (e) 1.5 wt % MWCNT, prepared by
method 1. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

for PMMA/MWCNT composites at this low level of MWCNT
loading, using unaligned, unmodified, commercially available
MWCNT.

A comparative study of the conductivity of the (70/30 wi/w)
(PMMA/HDPE)/MWCNT composites with that of the published
data®>?%?1%% for PMMA/CNT composites is depicted in Figure
8. The sequential heating protocol (method 1) adopted in our
study showed the highest conductivity at the lowest CNT loading
compared with the other reported data at such a low level of
CNT loading. Such high level of conductivity at such a low load-
ing of MWCNT can be attributed to the conducting CNT filled
HDPE channels throughout the PMMA matrix, leaving a large
volume of matrix phase as excluded volume.

Figure 9 represents the variation of room temperature AC con-
ductivity of (70/30 w/w) (PMMA/HDPE)/MWCNT nanocom-
posites prepared through the sequential heating protocol
(method 1) with various amounts of MWCNT (0.25, 0.5, 1, and
1.5 wt %) in the frequency range 42 Hz to 5 MHz. As observed,
the AC conductivity of nanocomposites was increased with
increase in the MWCNT loading. Moreover, the (70/30 w/w)
PMMA/HDPE blend showed a gradual increase in conductivity
with frequency obeying the typical behavior of an insulating
material. A very drastic change in the AC conductivity was
observed at lower frequency when 0.25 wt % MWCNT was
incorporated in the pure PMMA/HDPE blend. However, addi-
tion of more amount of MWCNT did not give rise to a large
increment in AC conductivity in the entire range of frequency.
These results are indicative to the fact that the percolation
threshold has been achieved below 0.25 wt % loading of
MWCNT through the formation of more number of network
paths of CNTs in the co-continuous HDPE phase. The increase
in MWCNT loading in the (PMMA/HDPE)/MWCNT nano-
composites revealed a DC plateau (DC conductivity) up to
which the conductivity remains independent of frequency and
beyond which the conductivity increases with increase in
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(PMMA/HDPE)/MWCNT nanocomposites prepared by method 1 with
(a) 0.25 wt %, (b) 0.5 wt %, (c) 1 wt %, (d) 1.5 wt % MWCNT loadings.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

frequency. At low frequency region, the g,c of any dielectric
material (below f,) can be expressed in terms of opc, w(x21f),
and ¢” with the following relation:

O'AC:GDCJFC&)EH (8)

The first component opc of eq. (8) is related to the ionic or elec-
tronic conductivity. The second term (we”) is strongly dependent
on the extent of polarization of the permanent as well as the
induced dipoles and the charges accumulated at the interface is
well known as Maxwell-Wagner-Sillars effect. Below f, the
dipoles/induced dipoles get sufficient time to orient themselves
with the direction of applied electric field and thus, the value of
oac for a conductive system actually represents the opc.

At higher frequency region (above f.), the polarization effect
becomes insignificant as the dipoles get much less relaxation
time to orient themselves in the direction of applied electric
field. Above f, the applied AC electric field restricts the accu-
mulation and dispersion of dipoles in the direction of applied
field and reduces the value of polarization. Thus, the value of
gac is strongly dependent on the excitation of the charge par-
ticles and flow of electrons through the continuous conductive
network structure in the matrix phase. It is noteworthy that, the
critical frequency (f) value was shifted to higher region with
increase in the loading of MWCNT, supporting the results
reported in the literature.*’ This result can be associated with
the increase in effective loading of MWCNT in HDPE phase,
resulting in more number of effective network channels of the
MWCNTs throughout the PMMA phase.

Linares et al.>* established a relation between AC conductivity
and frequency at different concentration of conducting filler.
This universal dynamic response® can be described as follows:

JAC O(fs (9)

where f is the frequency and s is the s-exponent value which
varies between 0 < s< 1 and the eq. (9) has been considered as
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universal for heterogeneous system.” The value of s-exponent is
related to the filler concentration in nanocomposites. Therefore,
it is necessary to check under which condition the proposed
equation is valid for nanocomposites. In another report Connor
et al.>® reported the conductivity curve for conducting filler
filed polymer nanocomposite, which was independent of the
concentration (P) of conducting particles. In this case, the curve
depends only on DC conductivity and critical frequency. In
order to construct a P-independent master curve, the conductiv-
ity and frequency were normalized by opc and f. values.
Figure 10 shows the master curve for the nanocomposites
containing concentration of MWCNT P> P. By plotting ¢/
opc versus f/f. the conductivity data falls on almost one single
curve showing good agreement to their report.

The variation of room temperature dielectric constant (¢') with
frequency of (70/30 w/w) PMMA/HDPE blends as well as the
blend/MWCNT nanocomposites prepared by method 1, with
various amounts of MWCNT is shown in Figure 11. As can be
seen, the PMMA/HDPE blend in the absence of MWCNT indi-
cated a nearly constant value (¢'), independent of frequency in
the entire frequency range (42-105 Hz). However, a gradual
decrease in the value of dielectric constant with increase in fre-
quency was evident in the case of (70/30 w/w) (PMMA/HDPE)/
MWCNT nanocomposites, irrespective of the MWCNT content.
A relatively higher value of dielectric constant at lower fre-
quency region for (PMMA/HDPE)/MWCNT nanocomposites
can be explained in terms of the presence of all types of polar-
ization at room temperature. A slight decrease in dielectric con-
stant with the increase in frequency might be associated with
the electronic polarization that dominates at higher frequency,
and interfacial dipoles experienced less time to orient them-
selves in the direction of the alternating field. Above the P, the
dielectric constant was increased drastically with the increase in
MWCNT content for all the (PMMA/HDPE)/MWCNT nano-
composites, consistent with the reported®>” results for polymer

E " (a)
10" 4 o
E —A—(¢)
< 15 W Y-
:B 3 44— (¢)
107
=
1] 1
3 10 3
@]
E 10" 5
¥
T 1077
(=]
1021 s —————
R
10" 10° 10° 10' 10° 10°
Frequency (Hz)

Figure 11. Dielectric constant as a function of frequency for (a) (70/30 w/
w) PMMA/HDPE blend and its nanocomposites with (b) 0.25 wt %, (c)
0.5 wt %, (d) 1 wt %, (e) 1.5 wt % MWCNT, prepared by method 1.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40235



http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE
10" —%
i *—(b)
1074 —A—(c)
] v @
1074 ()
£ % MMM X ‘
2 10°4
4 3
..1
£ 10'4
b i
S
2 10°4
& 103
10" 4
10': L. """I_\ ¥ ooy rrrooey LIRS A AR | LI Sk AL )
10' 10° 10° 10" 10° 10°

Frequency (Hz)
Figure 12. Dielectric loss as a function of frequency for (a) (70/30 w/w)
PMMA/HDPE blend and its nanocomposites with (b) 0.25 wt %, (c) 0.5
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composites containing CB. At low frequencies, the very high
values of dielectric constant for the (PMMA/HDPE)/MWCNT
nanocomposites above the P, could be associated with the
higher concentration of MWCNT, which increased the number
of “dead ends,” and generated microcapacitors of various length
scales. The charge between the polymer and CNT increased the
number of “dead ends” and thus, results in an enhancement in
the overall capacitance, which in turn increased the dielectric
constant of the nanocomposites.

The room temperature variation in dielectric loss (&) with fre-
quency for the (70/30 w/w) (PMMA/HDPE)/MWCNT compo-
sites with varying amount of MWCNT is plotted in Figure 12.
A decrease in dielectric loss with the increase in frequency was
evident in all the nanocomposites under consideration. This
behavior may be attributed to the relaxation among dipoles,
which cannot be in phase with the frequency of the applied
electric field. Moreover, the dielectric loss (¢”) of the nanocom-
posites was increased with increase in CNT loading. The effect
of CNT loading on dielectric loss was more prominent in the
lower frequency region, along with a marginal effect at higher
frequency. The literature also suggests that, with increase in
conducting filler loading dielectric loss increases at lower fre-
quency, supporting our findings.*®

CONCLUSIONS

Electrical conductivity of (PMMA/HDPE)/MWCNT nano-
composites with various asymmetric blending compositions of
PMMA and HDPE, prepared by conventional melt-mixing
method adopting sequential heating protocol has been studied
in detail. The (PMMA/HDPE)/MWCNT nanocomposites with a
blend ratio of (70/30 w/w) PMMA/HDPE revealed significantly
higher conductivity value at very low loading of MWCNT
compared with the other compositions of the blend in the
nanocomposites prepared by sequential heating protocol during
melt-mixing (method 1). The morphological analysis revealed a
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co-continuous morphology in a highly asymmetric composition
of the blend constituents arising from the barrier effect of the
incorporated MWCNT. The electrical conductivity measurement
revealed that electrical conductivity was increased with increase
in loading of MWCNT into the PMMA/HDPE/MWCNT nano-
composites. Moreover, the tunneling mechanism was appeared
to be responsible for electron conduction in the polymer nano-
composites, suggesting a coating of thin layer of polymer over
individual MWCNT. The dielectric result revealed that both the
dielectric permittivity and dielectric loss were increased with the
increase in MWCNT loading in the nanocomposites.
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