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Processability, structural evolution and properties of
melt processed biaxially stretched HDPE/MWCNT
nanocomposites

Dong Xiang®", Eileen Harkin-Jones® and David Linton®,

Biaxial stretching of melt mixed high density polyethylene (HDPE)/multiwalled carbon
nanotube (MWCNT) nanocomposites was conducted in the melt state at different stretching
ratios (SRs). The addition of MWCNTSs leads to significant strain hardening in the HDPE,
greatly improving the stability and thus processability of the stretching process. Scanning
electron microscopy shows that the MWCNTs in the polymer matrix are gradually
disentangled and randomly oriented in the stretching plane with increasing SRs. All the
stretched samples exhibit an increase in crystallinity (about 10%) due to strain induced
crystallization and a broadened distribution of crystallite size according to the XRD and
DSC results. The mechanical properties of the composites improve with increasing SRs,
while they drop off after a SR of 2.5 for the neat HDPE which is likely to be due to the
relaxation of polymer chains prior to solidification. The presence of the MWCNTSs appears
to inhibit this relaxation thus helping to maintain the orientation and mechanical properties
at high SRs. The modulus, yield strength and breaking strength of stretched composites with
8wt% MWCNTSs increase by approximately 54%, 85% and 193% respectively compared
with the neat HDPE at a SR of 3. The electrical percolation threshold for the unstretched
material occurs at 1.9wt% MWCNTs. As SR increases, the increasing values of critical
concentration increases from 1.9wt% to 4.9wt% implying the destruction of conductive
networks due to an increased inter-particle distance. A loading of 6wt% MWCNTSs is
sufficient to ensure that the sheet conductivity is robust to changes in the SR. Decreased
values of critical exponent from 1.9 to 1.1 and morphological investigation reveal a
transformation of the system structure from three dimensional to two dimensional as SR
increases.

The processing route to produce a product can have an
important influence on the structure and final properties and,

Over the last decade, carbon nanotubes (CNTSs), as a potential
nanofiller for the reinforcement of polymers, have attracted
much attention due to their unique structure and excellent
physical and mechanical properties [1][2][3][4]. The addition of
a small amount of CNTs can greatly improve the thermal [5],
mechanical [6] and electrical [7][8] properties of the polymer
matrix thanks to their very high aspect ratio. However, CNTs
are strongly affected by Van der Waals forces, which cause the
formation of CNT agglomerates in the polymer matrix resulting
in a deterioration of properties as loading CNT level increases
[9]. This prevents the attainment of very high enhancements in
mechanical properties that could be achieved at higher loading
levels. Adequate interfacial adhesion between CNTs and the
matrix is also necessary in order to achieve good matrix-to-
filler stress transfer [10]. Good dispersion and strong interfacial
adhesion are the two prerequisites to ensure mechanical
property enhancement in the manufacture of polymer/CNT
composites [11].

This journal is © The Royal Society of Chemistry 2013

changes in material thermal and rheological properties due to
the addition of nanoparticles can also significantly alter
processability [12], [13]. Many polymer products are formed by
free surface moulding processes such as thermoforming, stretch
blow moulding and blown film extrusion. In these processes the
deformation is essentially biaxial elongation in a semi-solid or
molten state so it is important to assess new materials under this
deformation regime prior to industrial deployment [9][14]. The
effect of uniaxial stretching on the structure and properties of
polymer/CNT  nanocomposites has been extensively
investigated. Higher percolation thresholds due to the increased
inter-particle distance [9][15][16] and anisotropic electrical [17]
[18], thermal [5] and mechanical [5][17][16] properties due to
the orientation of CNTs after uniaxial stretching have been
reported. In contrast, few investigations on the effect of biaxial
stretching on polymer/CNT composites have been carried out,
although its influence on neat polymer materials [19][20] and
polymer/clay composites [14][21][22] has been reported in
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previous studies. In recent reports on biaxial deformation of
polymer based CNT composites, Shen [9][23] studied the
development of conductive CNT networks in a polypropylene
(PP) matrix under biaxial stretching. They observed that upon
initial stretching the conductivity decreased but as the stretch
ratio increased beyond 2.5 the conductivity began to increase
again leading them to conclude that a destruction and
rebuilding process of the nanotube network occurs during
stretching. This rebuilding process of conductive networks was
not observed in Mayoral’s [16] study on the biaxial stretching
of a poly(ethylene terephthalate)(PET) based CNT composites.
This is likely to be due to the fact that in Mayoral’s work the
maximum SR was 2.0 which is below what was required in
Shen’s work for conductivity to increase again. Also, the SR
required to achieve a rebuilding of the conductive network is
likely to change as the matrix material changes. There has been
much debate around the best distribution of CNTs for enhanced
conductivity in polymer/CNT composites but work by Huang
and Terentjev [24] would appear to demonstrate that a
composite morphology consisting of phase separated regions of
nanotubes clusters with dangling nanotube bridges results in
more effective electron transport than an evenly-spread
nanotube network. One might expect that as SR increases in the
biaxial stretching process that the potential to form clusters
would diminish and the opposite behaviour of agglomerate
break up and nanotubes orientation would occur with a
resulting drop in conductivity. It is not clear therefore why
Shen observed a conductivity increase again once a critical SR
was attained but it is clear that further work is required in this
area to explain this behaviour. This also raises interesting
questions for the processing of polymer/CNT composites in
terms of how to achieve the desired state of agglomeration
required for conductivity enhancement and how we can
simultaneously increase mechanical properties such as modulus
which depend on disentanglement and alignment of nanotubes.

In this present work, a systematic study of the biaxial
deformation of multi-walled carbon nanotube (MWCNT)
nanocomposites based on a high density polyethylene (HDPE)
in the melt state was conducted. This study adds to the literature
in this area in that we are examining another matrix material
that is of significant commercial interest and we report
mechanical and thermal as well as electrical properties (Shen
only reported electrical properties) at stretch rates up to 3.0 and
at much higher strain rates (typical of industrial processing)
than those used by Shen. We also comment on the
processability of the composite materials which is of course
critical if such materials are to be taken up commercially.

2 Experimental

2.1 Materials

A high density polyethene (HTA108) with a high intrinsic
viscosity (MFI = 0.7g/10min, suitable for blown film) was
purchased from ExxonMobil. The density of the HDPE is
0.961g/cm®. Multi-walled carbon nanotubes (NC7000) with a
purity of 90% were kindly supplied by Nanocyl SA. The
nanotubes have an average diameter of 9.5nm and an average
length of 1.5pum [16][25]. The density of the MWCNTSs is
1.85g/cm?® [26].

2.2 Preparation

The HDPE pellets were ground into powder using a Wedco
12> plate grinder. The HDPE powder was mechanically
premixed with the MWCNTSs using a high speed mixer (PRISM
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Pilot 3) with MWCNT loadings in the range from 1 to 10wt%.
The blends were then compounded using a Dr. Collin twin-
screw extruder ZK 25 with a temperature profile of 175, 220,
220, 215, 210, 200°C from zones 1 to 6. The screw speed was
set at 150 rpm. The extruded strand was cooled in a water bath
and then pelletized. The extruded pellets were compression
moulded (CM) to produce sheets with dimension of
76mmx76mm and 1mm thickness in a steel mould at 200°C for
5min using a Dr. Collin P200P platen press machine.

The sheets were biaxially stretched (BS) using the Queen’s
biaxial stretcher [27]. The sheets were clamped by pneumatic
grippers and heated rapidly to stretching temperature (131°C)
from room temperature (20°C) at a heating rate of about 5°C/s.
Then they were held at this temperature for 4 minutes to melt
all the crystallites before simultaneously and equi-biaxial
stretching. Care was taken to ensure that the polymer
crystallites were fully melted before stretching in order to
ensure that any changes in rheological behaviour could only be
attributed to the incorporated nanoparticles. The temperature of
the sheet during biaxial stretching was measured using a high-
speed infrared imaging camera using a (Thermacam SC3000).
The sample was cooled to room temperature at the end of
stretching. The stretching parameters used in this study are
summarised as follows: stretching temperature: 131°C,
stretching ratio (SR): 2, 2.5 and 3.0, strain rate: 4/s. Each
stretching test was repeated twice.

2.3 Characterization
2.3.1 SCANNING ELECTRON MICROSCOPE (SEM)

The morphology of stretched and unstretched samples was
examined using a JEOL 6500F SEM with an operating voltage
of 5.0kV. All samples for SEM analysis were plasma etched for
60S at an etching power of 100W using a reactive ion etching
system (STS Cluster C005) and then gold sputtered prior to
imaging.

2.3.2 X-RAY DIFFRACTION (XRD)

Wide-angle XRD was performed using a PANalytical X'Pert
PRO diffractometer. Cu-Ka radiation with a wavelength of
1.54A was used. Data was recorded from 1 to 60°.

2.3.3 DIFFERENTIAL SCANNING CALORIMETRY (DSC)
Differential scanning calorimetry using a Perkin-Elmer DSC
model 6 was used to verify that crystallites would not be
present during the biaxial stretching process and to measure the
percentage crystallinity, melting and crystallization behaviour
of the stretched and unstretched samples under an inert nitrogen
atmosphere. In order to reproduce the heating and holding
processes for the sheet before stretching, samples with a typical
mass of 7~10mg were heated rapidly in the DSC from room
temperature to 131°C at a heating rate of approximately 5°C/s,
then held for 4 minutes. Subsequently, the samples continued to
be heated to 150°C/s at a heating rate of 10°C/min to examine
whether a melting peak would occur. The absence of a melting
peak indicates that all the crystallites will have melted by the
end of the holding stage. In terms of the measurement of other
thermal parameters, the samples were heated from 30°C to
200°C at a heating rate of 10°C/min, held at 200°C for 3 min,
followed by a cooling process from 200°C to 30°C at a cooling
rate of 10°C/min. Then the samples were reheated to 200°C
again at 10°C/min. Three repeated tests were conducted for each
sample. The enthalpy of fusion of 100% HDPE crystal (4H;,)
was taken as 293J/g [28].

This journal is © The Royal Society of Chemistry 2012
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2.3.4 RESISTIVITY TESTING

Volume electrical resistivity testing was carried out for the CM
and BS samples. For samples with a high resistivity (>10%(),
testing was performed using a Keithley 6517A electrometer
equipped with a Keithley 8009 resistivity test fixture according
to ASTM-D257. Disc shaped samples of diameter 70mm were
used in this test. For more conductive samples (<10%Q), two-
point probe measurements were conducted using a Keithley
DMM 2000 multimeter. Silver paste was used to minimise
contact resistance effect in the measurements. The length and
width of the samples tested was 50mm and 10mm respectively.
Two specimens for each sample were tested, and the average
values were calculated.

2.3.5 TENSILE TESTING

Tensile testing was conducted using an Instron 5564 Universal
Tester at room temperature (BS EN ISO 527:1996). Elastic
modulus was determined using a clip-on extensometer at a
crosshead speed of 5mm/min. Strength and elongation values
were taken at a crosshead speed of 50mm/min. Five samples
were tested for each sheet and average values were calculated.

3 Results and discussion

3.1 Biaxial stretching
All the sheets were biaxially stretched in the melt state as

RSC Advances

presented in section 3.4. Fig.1a shows the biaxial stress-strain
curves for the HDPE and composite sheets stretched to a stretch
ratio of 3. It can be observed that initial sheet modulus (ISM) is
increased with increasing MWCNT loadings, as shown in
Fig.1b. This increased modulus will help to prevent sheet
sagging which can lead to poor material drape over multi-cavity
moulds in thermoforming operations. Addition of MWCNTSs
also significantly increases the yield point. The yield stress of
the composites containing 1wt% and 10wt% MWCNTS
increases by 179% and 273% respectively, which means that
the force required to deform the MWCNT filled material will
have to be significantly increased. The increase in yield stress
for the filled materials can be attributed to restrictions in
molecular mobility or greater entanglement of molecules due to
the presence of the MWCNTSs. There is a very significant
development of strain hardening behaviour with the addition of
MWCNTs. At the end of stretching (SR=3), the stretching
stress for the composites with 1wt% and 10wt% MWCNTS
increase by 159% and 665% respectively.

A strain hardening index (SHI) is proposed in order to quantify
the strain hardening effect, which is simply determined by the
slope of the strain-stress curve in the strain hardening region.
The SHI increases steadily with increasing MWCNT loading,
as shown in Fig.1b. This enhanced strain hardening behaviour
is important in ensuring uniform stretching of the sheet which
in turn leads to products with good material thickness

confirmed by DSC testing, and the details of which are {jstribution.
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Fig.1. Effect of MWCNTSs on the biaxial deformation behaviour of HDPE/MWCNT composites, (a) strain-stress curves, (b)

quantitative analysis of enhancement effect.

We have measured the temperature change in the sheet as it is
stretched to see if there is any adiabatic heating effect that
might influence relaxation processes [29]. The temperature
change in a polymer sheet during deformation is determined by
heat transfer from the sheet once the heat source is removed
and by internal heat generation. The temperature increase due
to internal heat generation is represented by Eq.1 where Cp( is
the heat capacity of the polymer composite and the effective
thermal plastic work conversion factor is B.. The fraction of
plastic work converted to heat often exceeds 90% ( 8.~1) [30],
[31]. Cpc is estimated using the mixture rule (Eq.2) [32]. Wp
and Wy are the weight fractions of polymer and filler
respectively. Cp and Cy are the heat capacities of polymer and

This journal is © The Royal Society of Chemistry 2012

filler respectively. In this case, the Cp is 2,250J/kg/K [33], [34],
and the Cf is 600J/kg/K [32], [35].

AT = [E2q, (1)

Cpc

CPC = WPCP + Wfo (2)

Fig.2 shows the experimental and theoretical temperature
variation of the sheet during biaxial deformation. A slight
temperature decrease in the samples can be observed in the
experimental results up to the yield point. Up to this point the
work input is low and heat transfer to the surroundings
dominates thus leading to a drop in sheet temperature. As the
strain and work input increases the sheet temperature increases
and experimental and theoretical results agree reasonably well

J. Name., 2012, 00, 1-3 | 3
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at nominal strains below 1.5. The increasing deviation between
theoretical and experimental results can be attributed to greater
heat loss as a result of increasing surface area to volume as the
sheet is stretched and thins out. It is clear from the experimental
results that the composite materials experience a slightly higher
temperature rise than the unfilled material due to the greater
plastic work done during biaxial deformation. In general the
temperature increase is only a few degrees and unlikely to
significantly affect relaxation processes.
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Fig.2 Theoretical and experimental temperature variation of
samples during biaxial deformation.

Journal Name

3.2SEM

The morphology of CM and BS HDPE/MWCNT composites
was examined using SEM after plasma etching the samples, as
shown in Fig.3. Fig.3a-c and Fig.3e-f show the SEM images of
composites containing 4 and 8wt% MWCNTSs with increasing
SRs respectively. In Fig.3a an interlaced network structure
consisting of agglomerated and isolated nanotubes can be
observed in the CM composite containing 4wt% MWCNTS.
Fewer MWCNT agglomerates are observed after biaxial
stretching at a SR of 2 (Fig.3b), because some individual
nanotubes are pulled out of the agglomerates upon stretching.
The MWCNTSs appear to be randomly oriented in the stretching
plane after disentanglement. A further breakup of MWCNT
agglomerates can be observed as the SR increases to 3 in
Fig.3c. The MWCNTs are further oriented in the stretching
plane and the network structures are partially destroyed. Fig.3d
shows numerous fluffy MWCNT network structures in the
polymer matrix as the MWCNT loading increases to 8wt%. In a
manner similar to the morphological evolution of the samples
with 4wt% MWCNTSs these 8wt% MWCNT samples have the
nanotubes increasingly oriented in the stretching plane as the
SR increases (Fig.3e-f). Unlike in the 4wt% samples, the 8wt%
samples still have many MWCNT networks remaining at a SR
of 3. The three dimensional MWCNT networks tend to
transform to two dimensional network with increasing SR. A
schematic diagram for the structural evolution of
HDPE/MWCNT composites during biaxial stretching is shown
in Fig.4.

Fig.3. SEM images of HDPE/MWCNT composites containing 4wt% (a-c) and 8wt% (d-f) MWCNTSs with increasing SRs (SR=1

means CM)

4| J. Name., 2012, 00, 1-3
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Fig.4 Schematic diagram for the structural evolution of
HDPE/MWCNT composites during biaxial stretching.

3.3 XRD

Fig.5a and Fig.5b show the XRD spectra for the stretched
HDPE and composites containing 8wt% MWCNTSs at different
SRs. The curves are vertically offset for clarity. The reflection
peak of MWCNTSs at 25.6° [36], which is derived from the
ordered arrangement of the concentric cylinders of graphitic
carbon, is absent from the spectra of the HDPE/MWCNT
composites. This can be attributed to an efficient melt mixing
resulting in destruction of the short-range ordered concentric
geometry of the MWCNTS, or the relatively weak intensity
compared to that of HDPE is undetectable [37][16]. The HDPE
mainly exhibits two intensive reflection peaks at 21.6° and
24.0° corresponding to the typical orthorhombic unit cell
structure in (110) and (200) respectively, and two weak peaks
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at 30.1° and 36.3° corresponding to reflection planes (210) and
(020) respectively [38].

It can be observed that the crystallite structures are not affected
by the addition of MWCNTSs. However, the two intensive
reflection peaks become less intensive after biaxial deformation
in Fig.5a-b due to the interference of numerous imperfect
crystallites, especially for the samples with 8wt% MWCNTSs as
a result of the restriction effect of MWCNT network on the
mobility of polymer chains [39]. The two weak peaks are
almost undetectable for both filled and unfilled HDPE after
biaxial stretching. Fig.5¢c shows the average crystallite sizes in
(110) from the Scherrer Equation [40] for the stretched HDPE
and composites at increasing SRs. The results show an
increasing trend in the average crystallite sizes for all the
strectched materials with increasing SR, but the composites
with more MWCNTSs have a lesser increase. The presence of
imperfect crystallites and the increase in average crystallite size
implies a broadened size distribution of crystallites in the BS
samples. This is also supported by the DSC results.

The crystallinity (XXRP) of all the BS samples increases by
about 8% due to strain induced crystallization as shown in
Fig.5d. The lower crystallinities of composites with 8wt%
MWCNTSs compared to other samples at all the SRs indicate
that the addition of abundant MWCNTS has an inhibitive effect
on the growth of crystallites. The results of crystallinity from

XRD agree well with those from the DSC tests.
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increasing SRs, (In the legend, CNT8-2.0 represents 8wt% MWCNTSs and SR=2).

3.4DSC

First of all, DSC was used to simulate the pre-heating stage for
the sheet to determine if any residual crystallinity remained
before stretching commenced. We wished to eliminate
crystallites so that any strain hardening in the composites could
only be attributed to the presence of the MWCNTS. It can be
seen in Fig.6 that there are no melting peaks present for the
material indicating no residual crystals remain in the material
after a pre-heating stage at 131°C for 4 minutes. An evident
melting peak is shown if the pre-heating is done at 128°C hence
the choice of 131°C for our experimental work to ensure a
complete melt state before stretching.

The melting and crystallization behaviours of CM and BS
samples were investigated by DSC. The crystallinities from
DSC tests (XPS¢ ) are calculated according to the fusion
enthalpies during the first and second melting stages. Some
additional structural information can be revealed from the
thermal behaviour of the deformed samples in the heating and
crystallization stages, particularly the first heating stages. The
first heating and cooling curves for the stretched and
unstretched samples are shown in Fig.7, and the relevant
thermal parameters are listed in Table 1. A shoulder on the low
temperature side of the melting peak for the stretched samples
can be observed in Fig.7a-c. This phenomenon can be
explained by the less perfect crystallites with a smaller size (as
presented in XRD) melting at lower temperatures [16][23]. On
the other hand, a slight increase (about 1°C) in melting
temperature (T45¢) can be found in the first heating stage as a
result of the thickening of lamella generated by the oriented
polymer chains [5][9]. The increased width at half height
(WSt in the first heating curves of stretched samples indicates
the wider distribution of crystallite sizes [41]. The crystallinity
(Xx1st) of BS neat HDPE and HDPE/MWCNT composite with
4wt% MWCNTs obtained from the first heating process
increases by about 10~15% as a result of strain induced

6 | J. Name., 2012, 00, 1-3

crystallization, while the XSt of BS composites with 8wt%
MWCNTSs increases to a lesser degree (by about 10%) due to
the confinement effect of high MWCNT loading on the growth
of crystallites. Overall, the results of X215t from DSC agree well
with the XZRP from XRD. The slightly higher X1stcompared
with XXRP may be due to the recrystallization of some
imperfect crystallites during the DSC heating process.

Isothermal 4min /“\\ _____ HDPE-128°C
7N HDPE
o i \ CNT1
=] / \
o / \ CNT2
2 | / \ CNT4
w | v ‘\
= ' ) \ CNT8
= ] / S
2 : ,l Sccccccccccca-
o ]
(= ‘=
®
T ?
125 130 135 140 145 150

Temperature (°C)

Fig.6. Verification of the melt state of sheets during biaxial
stretching.

Compared to neat HDPE, the crystallization temperatures (T,)
of HDPE/MWCNT composites, regardless of being stretched or
untretched, increases by around 2°C (Fig.7d and Table 1), due
to the heterogeneous nucleation effect of MWCNTs [37]. In

This journal is © The Royal Society of Chemistry 2012
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processing this will allow demoulding of parts at a slightly broadened crystallization peaks, corresponding to the increased
higher temperature and thus reduce cooling time. Fig.7d shows exothermal enthalpy, indicate that the biaxially stretched
some typical cooling curves of stretched and unstretched samples with disentangled and aligned polymer chains have a
samples. It can be observed that the crystallization behaviour is  stronger capability to crystalize. This can also explain the
not significantly influenced by biaxial stretching, while the increased crystallinity (X2"%) in the second heating stage.
crystallization peaks of BS samples are slightly broadened. The
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Fig.7. DSC thermograms of HDPE and HDPE/MWCNT samples with different SRs at the 1st heating (a-c) and cooling (d) stages,
(a: HDPE, 1st heating, b: 4wt% MWCNTSs, 1st heating, c: 8wt% MWCNTSs, 1st heating, d: HDPE, 4 and 8wt% MWCNTSs,

cooling).
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Table 1 Thermal parameters of the CM and BS samples
obtained from DSC tests.

Sample

2n
ot XEOR) 5 THCO wECO (o)

AOnT 72831 704%13 1339402 7.4:01  114.040.2
CNT4-CM 739451 70.7+2.4 1340401 7.7403 116.0+0.2
CNT8-CM 70.9+35 72.6+19 133.640.3 7.1#0.3 116.2+0.4
HDPE-20 86.620.6 77.8+2.1 136.4+0.3 7.6402 113.140.3
CNT4-20 84450 79.6+18 1359404 8.0+0.1 115.7+0.4
CNT8-20 78013 76.6+13 1347405 55407 116.5+0.3
HDPE-25 86.0+2.9 76.5+23 1357404 82404 113.7+0.4
CNT4-25 86.1+2.1 785+1.1 1361407 81401 1157405
CNT8-25 807434 77.3+21 1351403 89+0.4 1158+0.3
HDPE-3.0 85.7+2.9 76.3+14 1352402 9.2¢02 113.6+0.3
CNT4-30 855430 782461 1354402 9.0+0.4 115.9+0.4
CNT8-30 815+36 77.5¢6.7 1348+02 9.7+#05 115.9+0.1

3.5 Resistivity testing

According to the classical percolation threshold theory,
conductive fillers can form conductive networks in an isolating
polymer matrix resulting in a great decrease in electrical
resistivity when the loading of conductive fillers reaches a
critical concentration [42][43]. However, irrespective of
whether a percolation threshold is achieved during the
preparation of the initial compounded composite, the final
electrical properties of a polymer/CNT will be determined by
secondary processing [16]. Therefore, the variations in the
volume resistivity of biaxially stretched HDPE/MWCNT
composites with different MWCNT loadings as a function of
SRs are also investigated in this study, as shown in Fig.8a.
Also, the shifts in percolation threshold of the stretched
HDPE/MWCNT composites at different SRs are plotted in
Fig.8b.

It can be seen from Fig.8a that the resistivity of pure HDPE is
slightly decreased by the addition of 1wt% MWCNT and that
the resistivity of the unfilled and the 1wt% MWCNT composite
is barely influenced by biaxial stretching. There is a large drop
in resistivity for the unstretched composite with a 2 wt%
MWCNT loading because this MWCNT loading is above the
critical percolation concentration. However, once the sheet is
stretched the percolated network is gradually destroyed and the
resistivity starts to increase, levelling off as the SR exceeds 2.0.
Presumably at this SR the distance between the nanotubes
exceeds the critical maximum distance (about 1.8 nm [44]) for
electron hopping (CM). For the composite with 4wt%
MW(CNTSs, the resistivity does not increase significantly until a
SR of 2.5 is exceeded when it increases rapidly by about 6
orders of magnitude when the SR increases to 3. There are no
obvious variations in the resistivity of composite containing
MWOCNT loadings higher than 6wt% after biaxial stretching at
increasing SRs. One might assume that at these loadings there
is a sufficient density of nanotubes to maintain a critical
distance between nanotubes regardless of the strain thus
forming a robust conductive network in the matrix. On the
other hand, the work of Huang and Terentjev [24] might
indicate that it is the presence of clusters of CNTs with

This journal is © The Royal Society of Chemistry 2013
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dangling nanotube bridges that is required for good
conductivity. One might expect that agglomerates or clusters
are more numerous in more highly loaded composites (as is
indeed the case here shown in Fig 3d-f) as long as this structure
remains relatively undisturbed by the stretching process (i.e
clusters remain intact but dangling nanotubes may be
stretched/oriented) then conductivity will not diminish.

Regardless of the mechanism or structure required the results
obtained here are important as they identify the critical loading
required to ensure that a conductive network is maintained in
the final formed part after stretching.

1.0E+18 A ~ _ o
o 3 — s
a (@)
£ 1.0E+15 -
g —o—HDPE
S 1.0E+12 { —*—CNT1
:; —=—CNT2
'S 1.0E+09 4 —a—CNT4
£ 1.06+06 CNT6
£ SO0 T CNT8
2 1.0e4+03 { —+CNTI10
1.0E+00 . i . : i i
0 0.5 1 1.5 2 2.5 3 3.5
Stretching ratio
1.0E+17
E1.06+14
S
E
5§ LOE+11
Fy
S 1.0E+08
k7]
[
@ 1.0E+05
3
= 1.0E402
1.0E-01 . . . . .

0 2 4 6 8 10 12
MWCNT loading (wt%)

Fig.8. Variations in the volume resistivity of biaxially stretched
HDPE/MWCNT composites as a function of SRs (a) and
MWCNT loadings (b).

The electrical resistivity of stretched and unstretched samples
was fitted according to the scaling law of percolation threshold,
which can be expressed by Eq.3.

px(B—0)" ®

Where p is the volume resistivity of the composite, @ is the
filler weight fraction, @, is the critical concentration, and t is
the critical exponent. The critical exponent reflects the system
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dimensionality of conductive composites, which s
approximately 1.6~2 in a three dimensional system and 1~1.3
in a two dimensional system [45]. The values of @, and t from
fitting are shown in Table 2. The CM composites (SR=1)
exhibit a low critical concentration of 1.9wt% MWCNTSs and a
typical three dimensional system (
t=1.9). However, the gradually increased values of @, imply
the destruction of conductive networks with increasing SRs,
and the decreased values of t reveals a transformation of
system structure from three dimensional to two dimensional.

Table 2 The critical concentration @, and critical exponent t of
BS HDPE/MWCNT composites at different SRs.

SR 1 2 25 3
¢, 19 38 38 49
t 19 16 15 11

3.6 Tensile testing

The mechanical properties of the CM and BS sheets are
investigated by tensile testing, as shown in Fig.9 and Table 3.
The Young’s modulus (E) of the CM composites with 4 and 8
wt% MWCNTSs increases by 112% and 163% respectively
compared with that of pure HDPE, and the stress at yield (o)
increases by 14% and 22% respectively. However, with the
addition of nanotubes, the stress at break (o,) and strain at
break (g,) of the CM composite sheets decreases significantly

RSC Advances

experimental values of E, o, andog, of stretched
HDPE/MWCNT composites increase steadily with increasing
SRs due to a combination of MWCNT agglomerate
disentanglement, polymer molecular orientation and MWCNT
orientation. E, o, and o, also increase for the pure HDPE
sheets up to a SR of 2.5 after which they drop off. This drop is
likely to be due to the relaxation of polymer chains prior to
solidification which is not observed in the materials containing
MWCNTSs due to restricted molecular mobility imposed by the
oriented nanotubes. The slight temperature increase caused by
adiabatic heating is unlikely to significantly affect the
relaxation process. The &, of BS composites increases by about
100% (Fig.9d), which is mainly attributed to the breakup of
MWCNT agglomerates and removal of stress concentrator.
However, it decreases by about 90% for the stretched HDPE at
a SR of 2.5 due to the orientation of polymer chains and
reduced potential for further stretching. The increase in the
g, of stretched HDPE at a SR of 3 can be attributed to the
relaxation of polymer chains. Overall, a higher SR has a very
positive influence on the mechanical properties of the
HDPE/MWCNT composites. By way of example, for the
stretched composite with 8wt% MWCNTSs at a SR of 3, the E,
g, and g;, increase by about 54%, 85% and 193% respectively
compared with the unfilled HDPE at the same SR (Table 3).
Therefore, the disentanglement and orientation of MWCNTS,
rather than the orientation of polymer chains, dominate the

by about 40% and 95% respectively due to the presence of changes in the mechanical properties of stretched
CNT agglomerates [1]. It can be seen from Fig.9a-c that the HDPE/MWCNT composites.
HDPE-E B 60
7000 -Ex TN .
—e—CNT&Ex | @ 50 J (®)
E 6000 4 —— CNT8-Ex —_
s o CNT4-Er e
5000 1 O CNTS-Er 2 40 1
2 ~=9--CNT4-E11l  ==="®=<__ e
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Fig.9. Effect of biaxial stretching on Young’s modulus (a), stress at yield (b), stress at break (c), and strain at break (d) with

increasing SRs.
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It is useful to compare the experimental modulus with predicted
values using a conventional composite model, e.g. Halpin-Tsai
model, to assess the effectiveness of the reinforcement.
According to the Halpin-Tsai theory [1], [46-48], the
longitudinal (E;;) and transverse (E,,) modulus can be
calculated using Eq.4. For randomly aligned composites, the
Halpin-Tsai theory can be expressed as Eq.5:

E/Em=(1+00)/(1—n0;) (4)

E./Em =3/8 [(1 + (nL(Z)f)/(l - nL®f)]+
5/8[(1+2n:0,)/(1 —nr0f)] (5

Where n=(E¢/Em — D/ (E¢/Em + 0,
NL=(E¢/Em — 1)/ (E¢/Em + 0, and
Nr=(E¢/Em — 1) /(E¢/Em + 2). E, E;, and E¢ are the elastic
modulus of the composites, matrix and filler, respectively. @ is
the volume fraction of filler. The shape parameter, T, is 2(1/d)
for E;; in the longitudinal direction and 2 for E,, in the
perpendicular direction, where 1/d is the aspect ratio of the
filler. In this work, the approximate aspect ratio of the
MWCNTSs is 150, and the Ef is set as 200GPa [26], [49]. The
predicted modulus for the CM and BS composites are obtained
from Eq.5 and Eq.4 respectively, as shown in Fig.9a.

It can be seen from Fig.9a that the predicted modulus of CM
composites assuming a randomly aligned Halpin-Tsai model
are in good agreement with the experimental values, especially
for the composite with a MWCNT loading of 4wt%. However,
the predicted modulus values in the longitudinal direction (E;4)
using a fully aligned Halpin-Tsai model are much higher than
the experimental values. On the contrary, the experimental
modulus appear to closer the values of E,,. It can be attributed
to the orientation of MWCNTSs in the BS composites is not
ideally parallel with the longitudinal direction. In addition, the
aggregated MWCNTs are not possible to be disentangled
completely during biaxial stretching, resulting in an insufficient
reinforcement.

Table 3 Changes in the experimental values of tensile
properties of CM and BS samples with the addition of
MWCNTSs.

Sample AE (%) Aoy, (%) Ag, (%) Ag, (%)
CNT4-CM  +111.6 +13.6 -40.5 -94.8
CNT8-CM +163.4 +21.7 -34.6 -97.7
CNT4-2.0 +15.4 +16.6 -3.4 -52.6
CNT8-2.0 +32.1 +20.6 +19.3 -74.4
CNT4-2.5 +17.6 +9.6 -33.2 -27.0
CNT8-2.5 +31.1 +20.6 -7.3 -57.7
CNT4-3.0  +40.0 +26.5 +75.5 -71.6
CNT8-3.0 +53.8 +85.4  +192.7 -81.8

AE, Aoy, Ay, and Ag, are the changes in Young’s modulus, stress
at yield, stress at break and strain at break according to the
experimental tests, respectively.

This journal is © The Royal Society of Chemistry 2013
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4 Conclusions

In this study, high density polyethylene (HDPE)/multiwalled
carbon nanotube (MWCNT) nanocomposites with MWCNT
loadings from 1.0 to 10.0wt% were prepared by melt extrusion
followed by compression moulding to produce sheets. Then,
biaxial stretching of the sheets in the melt state was investigated
at different stretching ratios. A significant improvement in
modulus and strain hardening behaviour can be seen with the
addition of MWCNTs during the biaxial deformation of
HDPE/MWCNT composites. This will lead to an increased
energy requirement in forming but it will also result in a more
stable process and the ability to produce parts or films with
better thickness uniformity. A slight adiabatic heating effect
during the biaxial deformation at a high strain rate is observed
for all the samples in both theoretical calculation and
experimental testing. The SEM results show that the MWCNTS
in the polymer matrix are gradually disentangled and randomly
oriented in the stretching plane as the SR increases. The
stretched HDPE and HDPE/MWCNT composite exhibit a
marked increase in crystallinity (about 10%) due to strain
induced crystallization and a broadened distribution of
crystallite size, according to the XRD and DSC results.
However, the composite with 8wt% MWCNTSs has a slightly
lower increase in crystallinity and crystallite size after
deformation probably due to the inhibition effect of large
number of MWCNTs on the growth of crystallites. The
compression moulded HDPE/MWCNT composites exhibit a
low electrical percolation threshold of 1.9wt% and a typical
three dimensional system in this study. The high resistivity of
composite containing 1wt% MWCNTSs is not influenced by
biaxial stretching. The relatively low resistivity of composite
with MWCNT loadings of 2 and 4wt% increases by 9 and 3
orders of magnitude respectively at a SR of 2 due to the
increased distance between nanotubes for electron hopping.
This increase is not observed for the composite with MWCNT
loadings higher than 6wt% at any SRs indicating that more
robust conductive networks have been formed. The increased
values of critical concentration from 1.9wt% to 4.9wt% with
increasing SRs imply the destruction of conductive networks,
and the decreased values of critical exponent from 1.9 to 1.1
reveal a transformation of system structure from three
dimensional to two dimensional. The mechanical properties of
composites are improved with increasing SRs up to a value of
3.0 due to the disentanglement and orientation of MWCNTS,
while they then drop off for the unfilled HDPE after a SR of
2.5. This indicates that the MWCNTs are restricting the
relaxation of polymer chains at high SRs. This study shows the
addition of MWCNTSs can not only improve the mechanical and
electrical properties of compression moulded samples
significantly, but also the processability and the capability to
retain these excellent properties after biaxial stretching at
higher MWCNT loadings.
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The HDPE/MWCNT nanocomposites show a structural evolution of MWCNT networks from 3D to 2D during biaxial
stretching.



