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Positive temperature coefficient and structural
relaxations in selectively localized MWNTs in
PE/PEO blends

Prasanna Kumar S. Mural,® Giridhar Madras® and Suryasarathi Bose*®

The dispersion state of multiwall carbon nanotubes (MWNTSs) in melt mixed polyethylene/polyethylene
oxide (PE/PEO) blends has been assessed by both surface and volume electrical conductivity
measurements and the structural relaxations have been assessed by broadband dielectric spectroscopy.
The selective localization of MWNTSs in the blends was controlled by the flow characteristics of the
components, which led to their localization in the energetically less favored phase (PE). The electrical
conductivity and positive temperature co-efficient (PTC) measurements were carried out on hot pressed
samples. The neat blends exhibited only a negative temperature coefficient (NTC) effect while the blends
with MWNTs exhibited both a PTC and a NTC at the melting temperatures of PE and PEO respectively.
These phenomenal changes were corroborated with the different crystalline morphology in the blends. It
was deduced that during compression molding, the more viscous PEO phase spreads less in contrast to
the less viscous PE phase. This has further resulted in a gradient in morphology as well as the distribution
state of the MWNTs in the samples and was supported by scanning electron and scanning acoustic
microscopy (SAM) studies and contact angle measurements. SAM from different depths of the samples
revealed a gradient in the microstructure in the PE/PEO blends which is contingent upon the flow
characteristics of the components. Interestingly, the surface and volume electrical conductivity was
different due to the different dispersion state of the MWNTs at the surface and bulk. The observed
surface and volume electrical conductivity measurements were corroborated with the evolved
morphology during processing. The structural relaxations in both PE and PEO were discerned from
broadband dielectric spectroscopy. The segmental dynamics below and above the melting temperature
of PEO were significantly different in the presence of MWNTs.

et al” Due to this selective localization of the conducting
particle, the effective concentration increases significantly in

Polymer blends have been explored for a wide range of appli-
cations due their flexibility in obtaining tailor made properties
and are governed by the components, interface and obtained
morphologies.* The components can either form miscible or
immiscible blends depending on the nature of interaction
between them. Blending high molecular weight polymers often
lead to a small gain in entropy, and hence, most polymer blends
are immiscible in nature. However, recent studies have shown
that the miscibility can be tuned by incorporating nanoparticles
(NPs)** which can also stabilize the bi-phasic morphology by
suppressing droplet coalescence.>*

Selectively localizing conducting particles in any given phase
of the blend offers a route to tailor the electrical conductivity by
the double percolation phenomenon, first proposed by Sumita
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the blends.*** Various factors like polarity, rheology, specific
interactions and kinetic considerations have been identified,
which controls the localization of the NPs in a given phase in
the blends. The localization of the NPs can be predicted by
thermodynamic consideration provided that the surface free
energies of the entities are known. Most often the thermody-
namic factors are dominant when the viscosity ratio of both the
polymer phases is ~1.7'*"7 Fenouillot et al'® reported that
viscosity is a major factor for kinetically driven phase
morphology. Particles migrate slower when they are confined in
the more viscous phase.’ Kinetic and thermodynamic factors
need to be decoupled due to the spatial and localized distri-
bution of particles during mixing.'®

Conducting polymeric composites find applications in many
potential areas like antistatic, electromagnetic interference
(EMI) shielding etc.’ Carbon-based composites are attractive
due to their flexibility and ease of processing. Among the
carbonaceous fillers, carbon nanotubes (CNT) present a high
intrinsic conductivity, a high aspect ratio and good mechanical
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properties.”® Recent studies on multiwall carbon nanotubes
(MWNTs) have revealed the formation of a conductive path, at a
relatively very low content, due to their high aspect ratio,
specific surface area and electrical conductivity.>**

Polyolefins are versatile materials used in wide range of
potential applications. Although their insulating nature limits
their use in the electrical/electronic sectors, the electrical
conductivity of polyolefins can be increased by incorporating
conducting fillers like CNTs. Studies on a PE nanocomposite
with CNTs have demonstrated a higher electrical percolation
threshold although, a better filler-filler network is expected in
PE due to its nonpolar nature.”***** On the contrary, the elec-
trical percolation threshold in polar matrices are often observed
to be quite high because of strong interaction with the host
matrix. The electrical conductivities in the melt (amorphous)
and in the semicrystalline matrix can significantly differ due to
differences in the dispersion state of the NPs. Although, the
selective localization of NPs at the interphase or in one phase
reduces the percolation threshold significantly, it is strongly
contingent upon the nature of the interactions with the
phases-13,16,17,25,26

The rationale behind this work is to address the dispersion
state of multiwall carbon nanotubes (MWNTs) in PE/PEO
blends wherein the flow characteristics of the components
differ significantly with respect to the evolved morphology
during processing. The energetically favored phase (PEO) has a
higher melt viscosity than PE. This further led to the selective
localization of the MWNTSs in the PE phase and this facilitates
the formation of a network like structure of MWNTs at relatively
lower concentrations. The evolved morphology during the pro-
cessing and the subsequent network buildup of the MWNTs in a
given phase has been evaluated with respect to both the surface
and volume electrical conductivity of the blends. The electrical
conductivity measurements, the positive temperature co-effi-
cient (PTC) and the structural relaxations in the blends were
analyzed by broadband dielectric spectroscopy. The state of the
dispersion of the MWNTs was evaluated using surface and
volume electrical conductivity measurements and the
morphology was assessed from different depths of the sample
by scanning acoustic microscopy.

Experimental section
Materials and methods

Both low density polyethylene (PE with MFI of 25 g per 10 min
and density of 0.925 ¢ cm™?) and polyethylene oxide (PEO, M, =
400 000) were procured from Sigma Aldrich. Multiwall carbon
nanotubes (NC 7000) of 90% purity, 9.5 nm diameter and
1.5 um long were procured from Nanocyl, Belgium. Analytical
grades of tetrahydrafuran (THF) and xylene were obtained from
commercial sources and were used as received.

70/30 (wt/wt%) PE/PEO blends with and without MWNTs
(1-3 wt%) were prepared by melt mixing. Prior to mixing,
MWNTs were sonicated in THF using a probe sonicator for 15
min and sonicated (at 25 °C) in a bath for 45 min. Then the
solutions were subjected to drying at room temperature fol-
lowed by in vacuum oven at 80 °C for two days. The PE and
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MWNTs were dried at 80 °C overnight while PEO was dried at
25 °C in a vacuum oven for 3 h prior to mixing. The neat blends
and those with MWNTs were mixed in an intermeshing conical
twin screw extruder (Mini Lab II, Haake extruder of 7 mL
capacity) using a screw speed of 60 rpm, at 150 °C and for
20 min under a nitrogen atmosphere.

SEM studies support the uniform dispersion of the MWNTs
in the blends for the chosen mixing time. A longer mixing time
can also result in the thermal degradation of PE and PEO and
may destroy the network of the MWNTs.

Characterization

For electrical conductivity measurements, melt mixed strands
were molded into discs using a laboratory compression
molding machine at 150 °C. The melt viscosities of PE and PEO
were measured using a stress controlled rheometer (TA Instru-
ments) with parallel plate geometry at 150 °C. The localization
of the MWNTs was studied by a solution experiment (cold water
for etching the PEO phase and hot xylene for etching the PE
phase). Scanning electron microscopy (SEM) was performed
using ULTRA 55, FESEM, Carl Zesis with an accelerating voltage
of 5 KV. For the SEM, extruded strands were cryofractured and
etched with cold water to remove PEO. Broadband dielectric
spectroscopy (in the frequency range of 10~ '-10" Hz) was per-
formed on compression molded discs using an Alpha-N
Analyzer, Nova Control (Germany) in the frequency range of
0.01-100 KHz and in the temperature range of 35-150 °C with
an interval of 5 °C to study the structural relaxations and the
bulk electrical conductivity in the blends. I-V measurements
were performed on compression molded discs using an Agilent
Device Analyzer B1500A with pulsed source 5 MHz (van der
Pauw four probe technique for surface resistivity and 2 probe for
bulk/volume resistivity). The gradient in the morphology was
studied using an KSI v400 (Germany) Scanning Acoustic
Microscope (SAM) with an operating frequency of 100 MHz in
water as an immersion media and the pulse length was 40 ns.
The melting temperature (Ty,) and crystallization temperature
(T.) were measured using a Mettler Toledo DSC instrument with

a heating and cooling rate of 10 K min™".

Results and discussion
The selective localization of the MWNTSs in the PE/PEO blends

The localization of the MWNTSs in the 70/30 PE/PEO blends is
addressed with respect to the thermodynamic factors and flow
characteristics of the components. The wetting coefficient (w;,)
can be evaluated, as given in eqn (1), by knowing the surface
free energy of the components.

Wy = Yp2 — Vp1 (1)

T2
vYp1, Yp2 and vy, are the interfacial energies between the
MWNT (p) and polymer-1, MWNT (p) and polymer-2 and poly-
mer-1 and polymer-2 respectively. If w,, > 1, the particles will
preferentially locate in the polymer-1 phase, for —1 < w4, <1 the
particles will reside at the interface and when w;, < —1 the

This journal is © The Royal Society of Chemistry 2014



Published on 06 November 2013. Downloaded by University of California - San Diego on 13/09/2014 19:36:52.

Paper

particles will preferentially locate in the polymer-2 phase.
The interfacial tensions are calculated from the surface free
energy values.” Two approaches based on the geometric
mean (GM) (eqn (2)) and the harmonic mean (HM) (eqn (3)) can
be used to calculate the interfacial tension (yi,) between the
polymer—polymer and polymer—particles, respectively.

Wy e

YiP + v

'Yld'YZd
714+

712:71+72_4(

712:71+72_2<\/71‘[72d+\/71p72p> 3)

Y1, v, are the surface free energies, v14, v,d are the disperse
part of the surface free energies and v,P, v,P are polar part of
surface free energies of phases 1 and 2 respectively. It is envis-
aged that the geometric mean is more suitable than the
harmonic mean for the polymers with a surface free energy >
20mJ m LY

It is important to note that the surface free energy of the
polymers is measured from the contact angle measurements
taken at room temperature.”® Surface free energy is temperature
dependent and there is no literature for evaluating surface free
energy at the processing temperature. Hence, the surface free
energy can be calculated at elevated temperatures by extrapo-
lating the values at room temperature using eqn (4) and (5).

11 T\ 7
K=9¥‘0><(17F)9 )

T 11
y:'\/ox(l—F)g (5)

In eqn (4), K is the temperature correction factor, v, is the
surface free energy at 0 °C, T, is the critical temperature (For
polymers T. = 1000 K) and T is the temperature of the polymer.

Table 1 shows the surface free energy (SFE) and polarities of
the polymers and MWNT at 20 °C and 150 °C calculated using
eqn (4) and (5). Due to the limited literature about the SFE and
the polarity of the MWNTSs, a SFE value of 45.6/27.8 mJ m > and
polarity values of 59 and 37% were taken from Nuriel et al.** and
Barber et al.?*® Furthermore, the SFE of the MWNTS was taken to
be independent of temperature.”” All other tabulated values
were calculated from the existing literature.”® The interfacial
energies calculated for the polymers and the MWNTs are
tabulated in Table 1 and it is clearly seen that the PE/PEO
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blends have a high interfacial energy of 10.02 mJ m ™. Both the
harmonic and geometric mean predicted that the MWNTs
would be in the PEO phase. However, the MWNTSs are observed
to be localized in the PE phase and this is strongly contingent
upon the flow characteristics of the components. The flow
characteristics of the components are studied at the processing
temperature ie. 150 °C. It is evident from Fig. 1 that the
viscosity of PEO is significantly higher that the PE phase.
The higher viscosity of PEO possibly impeded the migration of
the MWNTs to the PEO phase during melt mixing.

The gradient in the morphology and dispersion state of the
MWNTs

Cryo-fractured surfaces of a 70/30 PE/PEO blend with and
without MWNTs are analyzed by SEM. The micrographs
obtained are shown in Fig. 2a—f. In order to enhance the phase
contrast, the PEO phase is etched out with cold distilled water,
as mentioned in the experimental section. Fig. 2 shows that
the 70/30 PE/PEO blends exhibit two distinct phases with a
matrix-droplet type of morphology. The higher magnification
image of Fig. 2c is illustrated in Fig. 2d indicating that the
MWNTs are in the PE phase. In order to further support the
fact that MWNTSs are selectively localized in the PE phase,
selective solution dissolution tests were performed (see inset
of Fig. 2e). Blend samples with MWNTs are dissolved in the
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Fig. 1 The flow properties of the components at 150 °C.

Table 1 Thermodynamics parameters for the components as calculated using the harmonic (HM) and geometric mean (GM) equations

Interfacial energies

Surface free energy (mN m ™) (mN m™) Wetting co-efficient w,
Polarity

At 20 °C At 150 °C (%) HM GM HM GM
PE 35.3 26.8 0 PE/MWNT Nuriel 28.5 27.7 1.94 (PEO phase) 2.29 (PEO phase)
PEO 42.9 35.9 27.97 PEO/MWNT 9.0 4.7
MWNT  45.3 (Nuriel®) 45.3 59.38 PE/PEO 10.0 10.0

27.8 (Barber’) 27.8 37 PE/MWNT Barber 25.0 21.5 1.60 (PEO phase) 1.70 (PEO phase

PEO/MWNT 8.9 4.6

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 The cryofractured and etched morphology of 70/30 PE/PEO
blends (a) neat (b) with 1 wt% MWNTSs, (c) with 2 wt%s MWNTs (d) a
magnified image of the region indicated (e) with 3 wt% of MWNTs and
(f) the possible mechanism of the network formation of the MWNTSs
(darker regions indicate PEO phase and the brighter regions indicate
PE phase). The inset in (e) shows the solution dissolution test; left hand
side vial (1) indicates the samples dissolved in cold water to dissolve the
PEO phase and the vial on the right hand side indicates the sample
dissolved in hot xylene to dissolve the PE phase.

respective solvent (cold water for PEO and hot xylene for PE). It
is found that the clear hot xylene solution turned black in color
when the PE phase is completely dissolved suggesting that the
MWNTs are suspended in the xylene solution. However, no
observable change is noticed in the blend samples dissolved in
cold water. Thus, it is evident that the MWNTSs are selectively
localized in the PE phase. Li et al.** showed that in carbon
black (CB) filled PP/ultra high molecular weight poly(ethylene)
(UHMWPE) blends, the CB were localized mostly in the PP
phase (thermodynamically less favored phase) rather than in
the UHMWPE phase. They suggested that the CB particles
were not able to migrate to the energetically favored
phase (UHMWPE) due to the high viscosity of UHMWPE in
contrast to PP.

Although the PEO phase is energetically more favored, the
localization of the MWNTs here is governed by the flow char-
acteristics of the components. It is generally agreed that the
MWNTs are randomly distributed and dispersed in the amor-
phous region of PE due to the volume exclusion effect. Random
distribution and dispersion leads to an increase in the effective
filler concentration®? and the interconnected network struc-
tures in the MWNTs. Thus, the interconnected networks
increase the conductivity, which is consistent with the
dielectric studies and will be discussed in more detail in the
subsequent sections.
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The selective localization of the MWNTs in the PE phase
forms a 3D network structure above the percolation threshold.*
This promotes the electrical conductivity in the blends by
providing the conductive pathway for electrons to tunnel. Since
MWNTs are selectively localized in the PE phase, the non-polar
nature of PE will facilitate in better filler-filler network lowering
the percolation threshold. The cartoon in Fig. 2f shows the
possible mechanism of the MWNT network formation in the PE
phase in the blends.

Bulk and surface electrical conductivity in PE/PEO blends

Fig. 3 shows the frequency dependence of the AC electrical
conductivity of the 70/30 PE/PEO blends with varying concen-
trations of MWNTs at room temperature. The bulk electrical
conductivity of the 70/30 PE/PEO blends with the MWNTs
increases with the increasing concentration of the MWNTs.
With the addition of 1 wt% MWNTS, a jump in the conductivity
of 3 orders of magnitude is observed while with the addition of 2
and 3 wt% of MWNTS, an increase of 7 orders (i.e. from ~10~*3
to ~10°° S em™!) is noted manifesting that the percolation
threshold in the 70/30 PE/PEO blends is between 1 and 2 wt%.
Table 2 shows the variation of ¢4, as a function of the MWNT
concentration obtained by fitting the AC conductivity plots with
the scaling law (see eqn (6)). An abrupt increase in the
conductivity is observed for the 70/30 PE/PEO blends at 2 wt%
loading of MWNTs and the AC conductivity exhibits a frequency
independent plateau over a wide range of frequency. The
possible reason for this behavior could be attributed to the
formation of a network like structure of MWNTS, as shown in
the cartoon presented in Fig. 2f. It is important to note that
earlier reports indicate a relatively higher percolation threshold
of 3.6 vol% (~6 wt%) in PE'MWNT composites.>*** Naguib
et al.* found a DC conductivity of the order of 2.03 x 1077 S
cm " for 5 wt% MWNTSs in PE. The percolation threshold in this
study is between 1 and 2 wt% MWNTs indicating a relatively
better dispersion state of the MWNTs in the PE phase. Based on
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Fig. 3 The dielectric conductivity of (a) PE (b) PEO (c) neat blends (d)
with 1 wt% (e) with 2 wt% and (f) with 3 wt% MWNTSs (the continuous

solid line indicates the scaling law fitted line and the cartoons indicate
the mechanism of the network formation of the MWNTSs).
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Table 2 The surface and volume electrical conductivity of various blends

Surface conductivity Volume conductivity

0gc (Sem™) £ (Hz) s using four probe (S cm™%) using two probe (S cm ™)
PE 42 x 103 — 1.06 —
PEO 2.2 x 107 11 1.03 — —
70/30 PE/PEO 5.9 x 10°*° 97 1.07 1.5 x 107" —
70/30 PE/PEO blend with 1 wt% MWNT 3.9 x10°° 1.4 x 10° 1.03 7.7 x 10°* 73 x 101
with 2 wt% MWNT 1.7 x 10°° 1.4 x 10° 0.71 1.4 x 10°° 4.7 x 107°
and with 3 wt% MWNT 3.3x10°° 1.6 x 10° 0.61 2.7 x 1073 9.7 x 107°

this, one can argue that the double percolation is achieved at a
much reduced concentration.* One more argument that can
address the relatively lower percolation threshold of the
MWNTs in LDPE is a lower crystallinity as compared to HDPE
and LLDPE where the percolation threshold of the conducting
filler is relatively higher. A further analysis of the frequency
dependence of the AC conductivity at room temperature was
done using a power law behavior®® with eqn (6).

o'(w) = 0(0) + 0,(0) = 7qc + Ao’ (6)

where, w is the angular frequency, o4, is the direct current (DC)
conductivity, A is the temperature dependent constant and s is
the exponent dependent on both frequency and temperature
with value ranging from 0-1.

From Fig. 3, g4, was estimated by fitting the conductivity
response of the nanocomposite. Due to the difference in the
permittivity and the conductivity between the blends and
the MWNTs there will be an accumulation of charge carriers at
the interface resulting in space charge polarization.** Table 2
tabulates the various parameters of the PE/PEO blend nano-
composite DC conductivity (o4.), crossover frequency (f.), and
exponent ‘s’ for the samples. 4. and f. increase with the
incorporation of the MWNTSs. The value of ‘s’ decreases from 1
to 0.7 with an increase in the MWNT concentration from 1 to 2
wt%, which infers the formation of 3D networks of capacitors.*
Furthermore, this corresponds to a 30% capacitance and 70%
resistance equivalent network.*® Similarly, for 3 wt% of MWNT
loading, s = 0.6 indicating the formation of 3D networks with a
resistance to capacitance ratio of 60 : 40 in the blends.

Fig. 4 shows the I-V characteristic of the 70/30 blends with
1-3 wt% MWNTs. It is evident that the contact of the MWNTS is
ohmic in nature in the blends. It can be inferred that there is the
formation of a MWNT network and electrons can tunnel.
Similar plots were obtained for 1 wt% MWNTs for both across
the thickness and on the surface of the sample. But for 70/30
neat, an obvious non ohmic characteristic was observed.
Furthermore, van der Pauw measurements for the surface
analysis (2D) and two probe measurements across the thickness
(3D) were performed. The surface conductivity was observed to
be higher by 2 orders in magnitude in contrast to the conduc-
tivity across the thickness. This could be attributed to the
gradient in the morphology as will be discussed later on.
Presumably, during compression molding, the less viscous PE
(mpg = 2027 Pa s) phase spreads more on the surface, while the
higher viscous PEO spreads less during molding. This leads to a

This journal is © The Royal Society of Chemistry 2014

gradient in the morphology of the sample and PEO spreads only
at the center of the sample. This possibly could be one of the
reasons behind the different surface and volume conductivities
in the PE/PEO blends. In order to confirm this hypothesis, SAM
and contact angle measurements are performed on the
compression molded specimens.

SAM images are taken by etching out the PEO phase. Fig. 5
shows that there is a gradient of PEO (dark) on the surface;
mostly segregated at the center, whereas at a depth of around
170 pm, there is a uniform distribution of the PEO (dark) and PE
phases (bright). Thus, the gradient in morphology could
possibly lead to a higher conductivity on the surface than across
the thickness. A higher conductivity further confirmed that the
MWNTs are selectively localized in the PE phase. In order to
reconfirm, SEM was done on the compression molded discs.
The SEM micrographs (Fig. 6) further confirmed the presence of
PE rich phases on the surface and a gradient in the morphology
across the thickness in the cryofractured and etched (to remove
the PEO phase) surfaces. The contact angle at the edge of
sample is ca. 94° and at the center it is ca. 62° which further
confirms the presence of PEO only at the center of the sample.
The higher contact angle at the edge essentially suggest a PE
phase and the relatively lower contact angle at the edge possibly
indicates the segregation of the PEO phases only at the center of
the specimens.
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Fig. 4 The /[-V measurements of the 70/30 PE/PEO blend (a) with
2 wt% and (b) with 3 wt% MWNTs (the inset shows the -V measure-
ments of the 70/30 PE/PEO blend with 1 wt% MWNTSs).
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Fig. 5 Scanning acoustic microscope (SAM) images of the 70/30 PE/PEO blend with 3 wt% MWNTs of which PEO is etched out. Images from
various depths are shown here (the brighter regions are the PE phase and the darker regions are the PEO phase) (the contact angle is also shown

here).

NTC and PTC effects in PE/PEO blends

It is evident from the above analysis that beyond a critical
concentration of MWNTs, a continuous conducting path
(percolation threshold) is formed in the PE phase of the
blends.*”*® The increase in the conductive network results in a
reduction of the gap between adjacent CNTs to few nanometers
(=10 nm, equivalent to physical contact®). The physical contact
of the MWNTs provides a network path for the easy hopping of
electrons and thus conductivity is induced in the PE/PEO
blends. The effect of the DC conductivity as a function of
temperature in the range of 35 °C-150 °C at a particular
frequency is studied on PE/PEO blends for both the neat blend
and in the presence of MWNTs. The variation of the DC
conductivity with temperature for PE/PEO (70/30) filled with
1-3 wt% of MWNTs is shown in Fig. 7a-d.

The positive temperature co-efficient (PTC) refers to mate-
rials that exhibit a sharp decrease in the electrical conductivity
upon heating in the vicinity of the melting region of a semi-
crystalline matrix. Fig. 4 shows the DC conductivity as a func-
tion of temperature and the DSC thermograms for respective
PE/PEO (70/30) blends with MWNTs are incorporated in the
same figure for a clear comparison. For neat blends, the
conductivity increases sharply around 60 °C and moderately
rises beyond this temperature indicating a negative tempera-
ture coefficient effect. The increase in the conductivity around
60 °C could be due to the melting of the PEO phase, as shown in
Fig. 7a. The amorphous regions in PEO promote the ionic
mobility above the melting point of PEO.*® In the case of PEO,
the influence of the lamellar crystallites plays an important role
and reduces the conductivity substantially. Thus, at the melting

4948 | RSC Adv., 2014, 4, 4943-4954

temperature of PEO we observe a transition from long-range
conductivity (above T,,,) to a more localized ionic motion (below
T) within the amorphous regions.

For the PE/PEO (70/30) blends with 1-3 wt% of MWNTS, a
slight increase in the conductivity at 60 °C followed by a
decrease in conductivity is observed at 100 °C, which coincides
with the onset of the melting point of PE as observed from the
DSC melting endotherm. Furthermore, a decrease in conduc-
tivity is observed indicating a positive temperature coefficient
(PTC) effect in the blend. At 115 °C, the decrease in the
conductivity is saturated. A further increase in the temperature
i.e., from 120 to 150 °C leads to an increase in conductivity.
When the temperature attains the melting point (7y,) of PE, PE
starts to melt which results in volume expansion leading to
disruption in the conductive networks of the MWNTs. As a
result of this, a decrease in conductivity is observed leading to a
PTC effect.” Different mechanisms have been proposed to
explain this effect. For instance, Li et al,** suggested that the
decrease in conductivity at T, is also observed for poly-
(propylene) (PP)/ultra high molecular weight poly(ethylene)
(UHMWEPE) filled with carbon black (CB). They observed that CB
particles are rejected from the growing crystalline fronts during
crystallization. Thus, the CB particles are dispersed homoge-
nously in the amorphous region forming a network. When the
crystallites melt, CB particles disperse into the polymer melt
resulting in an increase in the inter particle distance. The
increase in the inter particle distance impedes the electron
tunneling between conductive particles thus resulting in the
decrease in conductivity. Rahaman et al.,*” suggested that in
EVA/NBR blends, above Ty, ethyl vinyl acetate (EVA) gets softer

This journal is © The Royal Society of Chemistry 2014
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Fig. 6 SEM micrographs of the 70/30 PE/PEO blend with 3 wt% MWNTs.

and thus reduces polymer viscosity. The reduction in viscosity
led to the thermal agitation of the polymer chains resulting in
aggregation of the fillers and hence a higher conductivity.
With a further increase in the temperature, an increase in
the conductivity is observed, which could be attributed to a
decrease in the polymer viscosity which results in the Brownian
motion of the chains that progressively leads to the rearrange-
ment of the MWNT conductive network. Thus, a sharp increase
in conductivity is observed.” It is evident that the PEO phase
present in the 70/30 PE/PEO blend does not have any effect on
the PTC behavior. Furthermore, at the Ty, of PE, the PTC is
exhibited supporting the fact that the MWNTs are localized
selectively in the PE phase, which is consistent with the results
obtained from the SEM and solution dissolution experiments.
The permittivity (¢') of the blends with and without MWNTs
(1 wt%) is shown in Fig. 8. It is envisaged that the dielectric
permittivity increases because of the charges trapped at the
crystal-amorphous interface and also at the interface of
dissimilar materials (dielectric versus conducting particles). The
increase in ¢ is more evident than the DC conductivity (in Fig. 7)
due to the above mentioned fact. The ¢ abruptly decreases as
the PEO crystals start melting due to the loss of interface within
the PEO. A similar trend is noted as the PE crystals start melting
however, beyond the melting temperature of PE the ¢ rises

This journal is © The Royal Society of Chemistry 2014

sharply due to charges trapped at the interfaces of the polymer
chains and the MWNTs. The Brownian motion of the former
increases with an increase in the temperature and facilitates
random network of MWNTSs at a higher temperature. Similar
observations are noted at 2 and 3 wt% MWNTs. These obser-
vations are strikingly different from the control blends shown as
the inset in Fig. 8. Here, the ¢ rises sharply both at the melting
temperature of PEO and PE which is very similar to the DC
conductivity. It is apparent that the charges trapped at the
crystal-amorphous interface are less pronounced in compar-
ison to the charges trapped at the dissimilar materials (con-
ducting versus dielectric) which explains the ¢’ behavior in the
blends.

A schematic representation is shown in Fig. 9 which clearly
demonstrates the various effects as a function of temperature.
Below the melting temperature of PEO, the lamellar crystallites
decrease the overall conductivity in PEO as they restrict the
ionic mobility in the amorphous regions. However, at
the melting temperature of PEO, an abrupt increase in the
conductivity suggests an NTC effect where the long range ionic
mobility is facilitated. As the MWNTs are selectively localized in
the PE phase, a strong PTC effect is noted suggesting an
impeded conduction pathway of the MWNTs due to the volume
expansion at the melting temperature of PE. At temperatures

RSC Adv., 2014, 4, 4943-4954 | 4949
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above the melting temperature of PE and PEO, the conductivity
rises significantly owing to the ionic mobility in the amorphous
regions in the case of PEO and the random network buildup of
the MWNTs at higher temperatures in the PE phase.

Structural relaxations in PE/PEO blends in presence of
MWNTs

It is envisaged that the conductivity behavior in PEO is signifi-
cantly different, due to its slow crystallization, above and below

4950 | RSC Adv., 2014, 4, 4943-4954

the melting temperature. Hence, the change in the crystalline
morphology significantly affects the conduction mechanism in
PEO. The relaxations in PEO mainly arise from the polymer
motions in the regions between the amorphous and crystalline
phases termed as interphase.

Fig. 10 shows the dielectric loss modulus loss spectra (M"') as
a function of frequency for various compositions investigated
here. It is interesting to note that neat PEO shows two distinct
relaxations presumably arising from the conductivity relaxa-
tions at lower frequencies and structural relaxations at higher
frequencies (as indicated in Fig. 10). The latter has been
assigned based on the observation that this particular relaxa-
tion is observed to shift towards higher frequencies with an
increase in temperature (not shown here). On the other hand,
neat PE shows only one relaxation at a higher frequency (shown
as inset in Fig. 10). Interestingly, the neat 70/30 PE/PEO blends
exhibit a distinct peak in the lower frequency side suggesting
structural relaxation in PEO. This particular relaxation appears
at a much lower frequency than the neat PEO suggesting a
slowing of the structural relaxations upon blending. The relax-
ations associated with PE are very well discerned from the high
frequency shoulder (as indicated in Fig. 10). It is evident from
the conductivity measurements that neat PEO and the 70/30 PE/
PEO blends show almost similar DC conductivities below the
melting temperature of PEO which essentially suggests that the
ionic mobility in the amorphous segments of PEO is unaltered
below the melting temperature of PEO in the blends. However,
these effects significantly vary above the melting temperature of
PEO and will be discussed in detail subsequently.

This journal is © The Royal Society of Chemistry 2014
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dielectric loss modulus of neat PE at 40 °C).

Interestingly, the blends with 1 wt% MWNTs only show a
single broad relaxation spectrum at a higher frequency and we
could hardly capture the relaxations for blends with a higher
fraction of MWNTs in the measured frequency window (10"~
10”7 Hz). Hence, in the subsequent discussion we will discuss
only blends with 1 wt% MWNTs and compare the spectra with
respect to the neat blends. The flat relaxation behavior in the
blends with 1 wt% MWNTs suggests that the low frequency
relaxations are not resolved in the spectra. The broadness of the
peak on the high frequency side below the melting temperature
of both PEO and PE suggest the faster segmental polymer

This journal is © The Royal Society of Chemistry 2014

dynamics of PEO due to the geometrical constraints from the
interface formed by the crystalline spherulites. The DSC
measurements shown in Table 3 further confirm that there is a
slight decrease in the % crystallinity of the neat PE and an
increase in the % crystallinity of the neat PEO on blending and
the addition of MWNTSs. But the melting temperatures of PE
and PEO are almost unaffected, suggesting the formation of
lamellae in both the neat blend and the blends filled with 1-3 wt
% MWNTs. Hence, the formation of lamellar crystallites gives
rise to interphase regions and exhibit a faster segmental relax-
ation than the amorphous regions of the polymer. It is worth
recalling that the MWNTSs are selectively localized in the PE
phase of the blends. Hence, the segmental dynamics of PE are
expected to be significantly affected by MWNTs. However, due
to geometrical constrains it appears that both the conductivity
and the structural relaxations of PEO are also significantly
affected due to the PE phase filled with MWNTs.

The relaxation spectra for the neat 70/30 blend and blends
with 1 wt% MWNTs are shown in Fig. 11 in the temperature
range of our interest (40-140 °C). It is interesting to note that
below the melting temperature of PEO, the polymer may consist
of lamellar crystals, amorphous regions, and interphase. The
formation of the crystalline regions severely restricts the long-
range ionic mobility by disrupting the conduction pathways in
the amorphous regions. This is evident by the abrupt
enhancement of the conductivity above the melting tempera-
ture of the crystalline regions (see discussion related to NTC
effect). From the M" versus frequency curves, it is evident that
the structural relaxation of PEO is observed to shift towards
higher frequencies with an increase in temperature. The higher
frequency shoulder pertaining to PE relaxations also shifts
towards a higher frequency and could not be captured beyond a

RSC Adv., 2014, 4, 4943-4954 | 4951
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Table 3 The crystallization and melting parameters of the PE/PEO blends with and without MWNTs

Melting temperature Crystalline

Tm (°C) temperature T, (°C) % Crystallinity

PE PEO PE PEO PE PEO
70/30 PE/PEO blends 111.7 63.1 100.4 44.8 27.3 9.6
70/30 PE/PEO blends with 1 wt% MWNTs 113.4 64.6 99.4 43.8 25.5 13.7
with 2 wt% MWNTs 112.2 65.2 100.5 41.8 24.6 17.4
with 3 wt% MWNTs 113.7 65.8 100.7 44.0 23.2 19.9
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Fig. 11 The dielectric modulus loss vs. frequency at various temper-
atures of (a) the 70/30 neat blend (b) with 1 wt% MWNTs.

certain temperature due to the limited frequency range. Inter-
estingly, for the blends with 1 wt% MWNTs, beyond the melting
temperature of PEO and at the onset of PE melting, two distinct
peaks can be observed. The low frequency peak can be assigned
to the conductivity relaxation of PEO which also showed an
abrupt rise above the melting temperature of PEO. More inter-
estingly, beyond the melting temperature of PE the peak at a
lower frequency completely disappears and a single broad
relaxation appears, which is a characteristic of amorphous
relaxation. Thus, at the melting temperature of PEO, we observe
a transition from long-range conductivity (above T,) to a more

4952 | RSC Adv., 2014, 4, 4943-4954

localized ionic motion (below T,,) within the amorphous
regions and hence, the structural (o) relaxation process is
caused by more localized segmental dynamics.

Conclusions

The dispersion state of the multiwall carbon nanotubes
(MWNTSs) in melt mixed polyethylene/polyethylene oxide (PE/
PEO) blends was assessed by both surface and volume electrical
conductivity measurements. The flow characteristics of the
components govern the selective localization of the MWNTSs in
the blends, which led to their localization in the thermody-
namically less favored phase (PE). PE/PEO blend exhibited a
matrix droplet morphology. The electrical conductivity of the
PE/PEO blend increased by 7 orders of magnitude in the pres-
ence of 2 wt% MWNTs. The -V measurements indicated
differences of 2 orders of magnitude across the surface and the
bulk conductivity. Both the NTC and PTC effect was observed in
the 70/30 PE/PEO blends at the melting temperature of PEO and
PE respectively. The compression molded samples exhibit a
gradient in the microstructure in the PE/PEO blends, which was
assessed by SAM at different depths and further confirmed by
measuring the contact angle at various locations. The neat 70/30
PE/PEO blends exhibited a distinct relaxation peak in the lower
frequency side concerning the structural relaxation in PEO.
From the M" versus frequency curves, it is evident that the
structural relaxation is observed to shift towards higher
frequencies with an increase in the temperature. The relaxa-
tions speed-up due to geometrical constraints from the inter-
face formed by the crystalline spherulites. At the melting
temperature of PEO, we observe a transition from the long-
range conductivity (above Tj,) to a more localized motion
(below Ty,,) within the amorphous regions. Beyond the melting
temperature of PE, the peak at the lower frequency completely
disappeared and a single broad relaxation appears, which is a
characteristic of amorphous relaxation.
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