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Abstract:

The relation between shear mixing time in the melt, polymer crystal size, and electrical

conductivity is studied for high density polyethylene - carbon nanotubes nanocomposites with
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the help of in-situ rheo-dielectric and rheo-small angle synchrotron X-ray scattering (SAXS)
techniques. Results show that the memory of crystal structure obtained after melt-mixing is not
easily removed by re-melting and annealing. The conductivity of composites shear-mixed for 20
min. cannot reach that of 10 min. samples, even after additional quiescent annealing for 6000 s at
190°C. The rheo-SAXS data further indicate that the temperature needed to melt all the crystals
is higher for the longer time shear mixed composites. These results all suggest that with long
processing time, larger crystals are nucleated and grow on the nanotubes, which reduce electrical

conductivity, presumably because they prevent electrical contact between the nanotubes.

Introduction
Nanocomposites of polyethylene (PE) and carbon nanotubes (CNT) have attracted a lot of
academic and industrial interest due to their unique mechanical and/or electrical properties[1-7].
The dispersion of pristine CNT in polyolefins by melt-mixing is usually very poor[5, 7-12], due
to weak interaction between polymer chains and CNT as well as the strong van der Waals
interaction between CNT. To ensure a good load transfer from the CNT to the PE matrix as well
as a good dispersion of the nanofiller, surface modification of CNT is used in several reports[6,
13]. For example, PE-grafted CNT can be used to spectacularly reinforce the mechanical
properties of a HDPE matrix[6]. Recently, Dubois et al. have developed a new method derived
from a polymerization-filling technique[13]. A highly active metallocene complex is grafted to
the CNT surface and polyethylene chains grow from there. However CNT chemical modification
is complex and can be detrimental to mechanical or electrical properties. Therefore direct mixing
of pristine CNT with PE is usually more attractive for applications[14-17]. The HDPE matrix
conformation is strongly influenced at the interface with CNT as the latter are very effective

nucleators of HDPE crystallization. A well-known shish-kebab structure, in which CNT act as



shish and HDPE lamellae acts as kebab, can be formed during either solution[18, 19] or melt
mixing[20]. Besides, an extended-chain layer of HDPE aligning at the surface of CNT is also
mentioned[21]. In studies by Fu et al.[22], such a layer is found when using dynamic packing
injection molding (DPIM) and it can disappear after heating to 170°C. Minus et al. however[21],
observe that single-wall CNT templated PE kebab crystals and the extended layers do not
redissolve in boiling xylene. Moreover, the authors find that the chain conformation becomes
disorganized upon melting but remains strongly oriented along the nanotube axis. In general, the
question regarding the shish-kebab structure of HDPE crystals growing around CNT still remains

unclear.

Processing-related crystalline structure influences electrical conductivity by disturbing the
CNT conductive network near the percolation threshold of HDPE/CNT nanocomposites. A
review study on the dispersion of pristine CNT and the electrical conductivity of HDPE/CNT
composites has recently been published by some of the authors[11]. It appears that every
combination of HDPE and CNT leads to its own result in terms of morphology (i.e. extent of
nanofiller dispersion), electrical conductivity and thermal properties. Therefore, it is very
hazardous to predict the electrical conductivity of a given HDPE/CNT composite based on
general considerations. Besides, the influence of melt-processing parameters such as screw
configuration, rotation speed, mixing time and temperature on the morphology and conductivity
of the CNT-based composites is well-studied in literature[8, 9, 12, 14, 23-30]. More specifically,
specific mechanical energy (SME) increases with rotation speed, lower melt temperature and
reduced throughput, whereas best CNT dispersion was found at highest SME. However, too high
SME (i.e. shear stress) may lead to a decrease of CNT aspect ratio, and hence increase of

resistivity[31-34]. For example, it was recently shown and quantified by Krause et al.[33, 34]



that melt processing of CNT-polymer composites can lead to significant CNT shortening, which
influences the properties of the composites. On the other hand, the influence of processing
related crystalline structure on electrical conductivity has been rarely studied. However its
importance cannot be neglected since processing can disturb the CNT conductive network near
the percolation threshold, especially taking into account that shear deformation is known to play
an important role in PE crystallization[22, 35, 36]. The formation of shish-kebab structures
around CNT can have a two-sided effect. On the one hand, it is positive for mechanical
properties[22, 37]; on the other hand, it should be negative for electrical properties since the
crystals can push the CNT away from each other as well as block the electrons from hopping
between CNT[23].

In this work, we study two HDPE/CNT nanocomposites with exactly the same components but
different shear-mixing times in the melt. We find that electrical properties of the final
nanocomposites are greatly influenced by the pre-mixing history in melt state and that the origin
of this effect is not a straightforward CNT length reduction but is closely related to the HDPE
crstallization behavior. To study the nucleation and growth mechanisms of HDPE crystals in the
presence of CNT, we investigate the crystallization and re-melting behavior by in-situ small-
angle synchrotron X-ray scattering combined with shear rheology (Rheo-SAXS). The melt-
mixing time, HDPE crystal size, and final electrical conductivity are found to be strongly

interconnected.

Experimental
Materials
The CNT used in this study are provided by FutureCarbon. They are thin homogeneous tubes

with 10-20 concentrically bent single graphene layers with an average diameter of ~20nm and



purity of >98%.

A high and a low viscosity Ziegler-Natta HDPE samples are used for the matrix, respectively
MS201 BN-NA from Total Petrochemicals (referred to as high molecular weight HDPE,
“HMW-PE” for short ) and Lacqgtene HD 2040 ML 55 from Arkema (referred to as low
molecular weight HDPE, “LMW-PE” for short ). The molar mass distribution of the samples has
been inferred from rheology as described in the results section. The composite samples blended
with CNT are referenced as HCXX or LCXX with “H” and “L” referring to “high” and “low”
molar mass samples respectively, “C” stands for “CNT”, and XX is the shear mixing time (see
Table 1).

Melt compounding and sample preparation
An internal mixer (Brabender, Germany) is used to prepare all composites. For melt mixing
experiments, the conditions are as follows: 190°C, 3 minutes at 30 rpm (for introduction of
materials) and further 7 minutes or 17 minutes, respectively, at 60 rpm.

Table 1 Information of sample preparation

Samples Mixing time in Composition MFI of the HDPE matrix
brabender (min)

HC10 10 4.6% CNT+HMW-PE No flow/10 min at 2.16kg
8.0 g/10min at 21.6kg

HC20 20 4.6% CNT+HMW-PE --
LC10 10 1% CNT+ LMW-PE 20 g/10 min at 2.16kg
LC20 20 1% CNT+ LMW-PE --

For further characterization of electrical, rheo-dielectrical and rheo-SAXS properties, the

samples are compression molded after extrusion. The same protocol is followed for each sample.



An AGILA PE ZO Hot Press is used to mold the samples. Pieces of composite samples are
placed in the square frames (5cm*5¢cm) of a steel plate. The molding program has three stages:
first, hot pressing at low pressure (10 bars) for 3 min 20 sec following with 3 degassing steps at
90 bars, 110 bars, and 150 bars respectively; second, hot pressing at high pressure (150 bars) for
3 min; finally, cold pressing at room temperature and 80 bars for 3 min. The products are used
for electrical tests at room temperature. A second molding is performed on the samples to press
them into a thin disc shape. The molding program is the same as the first one, and the disc-like
samples are of 100 pum thick for rheo-dielectric and 500um thick for rheo-SAXS tests.

Soxhlet extraction

A Soxhlet device has been used to extract the CNT from composites HC10 and HC20.
Samples weighing 50 mg are deposited in a glass fibre thimble. The extraction is performed
using p-xylene at 140°C for 5 hours. Next, the CNT suspended in p-xylene solvent are deposited
on 300 mesh holey-carbon copper grids and observed under TEM to study the crystal structure of
HDPE.

Characterization

High Resistance Electrometry

For samples with a resistivity higher than 10° ohm.cm, the measurement is performed on 8x10
cm? and 3 mm thick plates with an electrometer (6517B Keithley) combined with a 8009 box
from Keithley. For more conductive samples, measurements are performed on three 1x6x0.3 cm®
bars using a Keithley multimeter 2700. Silver paint is coated on the surface of the samples to
minimize the contact resistance.

Thermogravimetry Analysis (TGA)



TGA measurements are carried out with a Mettler Toledo TGA/SDTA 851e at an air flow of
50 cm*/min. The following thermal program is applied to the HDPE/CNT systems in order to
remove the HDPE matrix: Temperature is increased from 25°C to 550°C at a heating rate of
20°C/min. The corresponding weight loss is 93 wt% for both HC10 and HC20. Considering that
the weight loss for neat CNT is about 5 wt%, we speculate that HDPE is not fully degraded.
Nevertheless, after this treatment, most of the CNT are isolated from the HDPE matrix and can
be well-dispersed in chloroform solution. A drop of this CNT suspension is then placed on
holey-carbon copper grids. After evaporation of the solvent, the CNT remain on the grids and
their length can be measured by TEM.

Transmission electron microscopy (TEM)

The specimens are cut using a Reichert Microtome. Ultrathin sections of approximately 70-100
nm in thickness are cut using a cryodiamond knife (Diatome, Switzerland) and collected on 400
mesh copper grids. The CNT dispersion in nanocomposites is investigated using a LEO 922
Transmission Electron Microscope operating at 200kV. The nanotube lengths are measured on
approximately 1000 particles applying the software analySIS® 3.2 (Olympus Soft Imaging
Solutions GmbH, Germany) using the full visible length of each separated nanotube not touching
the edge of the image or entangled to each other by applying the polyline function.

Differential scanning calorimetry (DSC)

The non-isothermal crystallization of all nanocomposites is analyzed under nitrogen with a
DSC 821e differential scanning calorimeter (Mettler-Toledo, Switzerland). The temperature is
calibrated with Indium and Zinc. Samples of about 5 mg are first heated from room temperature

to 190°C (1st heating) at 10 °C/min and kept at this temperature for 5 min. Next, the samples are



cooled down to room temperature at a constant cooling rate of -10 °C/min, and finally heated
back to 190°C (2nd heating).

Rheo-Dielectrics

The rheometer used is Physica MCR-301 (Anton Paar, Austria) with a special upper rotating
geometry having an isolating ceramic layer and a bottom steel plate being separated from the
instrument by a PEEK support. Four wires connected to the upper and lower plate are separately
connected via BNC ports with the impedance analyzer HP-4284A (Hewlett Packard, United
States). The alternating current (AC) conductivity is measured in the frequency range of 20Hz to
1MHz using a voltage of 5mV. Dynamic rheological properties of the samples are measured with
a 8 mm diameter parallel plate geometry at 150°C. Frequency sweeps from 628 to 0.02 rad/s are
applied at a strain of 1% (linear viscoelastic region). The sample disks with a thickness of 0.2
mm are prepared by compression molding. The dependence of complex viscosities n*, storage
modulus G’ and loss modulus G’ on the oscillatory frequency o is determined by frequency
sweeps (Figure 1).

The zero-shear viscosity of neat high molar mass HDPE is not reached in the measured
frequency range, indicating some very long relaxation times of the HDPE matrix chains. In the
whole frequency region, the n* and G” of HC10 and HC20 are higher than those of neat HDPE,

which is caused by the addition of CNT.
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Figure 1. Complex viscosity n*as well as storage G’ and loss modulus G’’of HDPE, HC10 and

HC20 at 150 °C.

Rheo-SAXS

In-situ Rheo-SAXS measurements are carried out at the beamline BW1 of the DORIS IlI
storage ring at HASYLAB (DESY, Hamburg, Germany). The selected wavelength is 0.12589 nm.
A specifically modified stress-controlled rheometer (Mars Il, Thermo Haake Scientific) is used
with a custom-made polymeric (Kapton, Vespel®) plate-plate geometry. These geometries have
thin windows of 0.3 mm thickness to minimize scattering and absorption of the beam. The
rheometer is equipped with a custom-made cylindrical heating cell operating under nitrogen to
avoid oxidation of the polymer melts as well as to keep the temperature homogeneity inside the
oven. The temperature accuracy is of +0.5°C. A diamond reflector is used to redirect the
intrinsically horizontal synchrotron X-ray beam by 90°. The scattered intensities are recorded by
a 2D detector (Pilatus 100K) positioned at a distance of 2.74 m above the sample. The data are

evaluated by the Fit2D software (ESRF Grenoble, France). All images are normalized for beam



fluctuations and sample absorption. The scattering intensity is integrated for all azimuthal angles,
assuming there is very little shish structure in the system.

HC10 and HC20 samples are studied following an identical temperature program (cf. inset in
Fig. 7) with loading a sample of about 0.5mm thickness at room temperature and heating to
190°C with a rate of about 15°C/min (marked as “1h”), followed by cooling to 120°C with a rate
of about -12°C/min (“1c”) and repeating these steps.

Results and discussion

The melt-rheological data are discussed in further detail in Figure 2 since the longest relaxation
times are found to play an important role for the materials behavior and interpretation. The
overlaid creep and oscillatory shear data are fitted by the tube-theory based time-marching
algorithm of Van Ruymbeke et al.[38, 39], which is able to describe the rheological response of
HDPE and other polydisperse polymer melts. From previous studies[40] on HDPE the
characteristic model parameters are fixed, e.g. the rubber-elastic plateau modulus Gy’ = 4/5G, =
2.1 MPa, entanglement relaxation time z = 2.5 ns, and molecular weight between entanglements
M. = 1500 g/mol. Thus, these material parameters can be used to determine the molecular weight
distribution (MWD) from rheological data by matching the relaxation time distribution via an
inverse modeling procedure.

For the MWD of the pure PE materials LMW-PE and HMW-PE an assumed single and
bimodal log-normal shape, respectively, was used to best match the experimental linear-
viscoelastic data, and a special emphasis was dedicated to the phase angle, the high sensitivity of
which is highlighted in figure 2 (right). The LMW-PE was found to have an average molecular
weight of about 220 kg/mol with a polydispersity of 4, whereas the HMW-PE shows a

significantly higher average molecular weight of about 890 kg/mol and polydispersity of 16,
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respectively, due to a significant HMW fraction. The longest relaxation time of the HMW one is

estimated to be more than 10% s.
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frequency for all samples at 150 °C from creep and oscillation as well as molecular modeling.
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Comparation of conductivity for composites with 10 min or 20 min mixing time (left);

Conductivity versus CNT concentration with 10 min mixing (right).
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The compositions of the four samples listed in Table 1 are carefully chosen to be around the
percolation threshold of the specific system, in order to highlight the effects of processing time
on the final conductivity. Figure 3(right) shows the change of Direct Current (DC) conductivity
with the weight fraction of CNTs in the final hot-pressed nanocomposites at room temperature.
In order to get an estimate for percolation concentration (p), we fit the experimental DC data to
the following equations:

opc < (P=p) . Tforp>p. (1)

Which represent the well know scaling law of the composite conductivity near the percolation
threshold[41].The solid lines on figure 3 are calculated from equation (1) using the fit values of
Pe, t and s. The best linear fit for DC vs. (p - pc) data on a log-log scale are found at the
percolation concentration p. about 0.49 wt% and critical exponent t = 3.5 for CNTs/LMW-PE
system blended for 10 min, while p. about 4.5 wt% and critical exponent t = 3.5 for
CNTs/HMW-PE system blended for 10 min (see inset in figure 3 (right)).

In figure 3(left), HC10 and LC10 have widely different DC conductivity values from HC20
and LC20 at room temperature. After 10 min of mixing and following compression-molding, the
conductivity of HC10 and LC10 is 10" S/m and 10 S/m, respectively. However, after 20 min of
mixing, the conductivity of HC20 and LC20 decreases to 10™*S/m.

Three major explanations can be considered for the loss of conductivity after a long mixing
time:

1) The CNT are shortened during long time mixing, which leads to a lower aspect ratio of filler
particles and therefore a loss of conductive network. There are several literature reports
regarding the influence of melt-mixing time on the final CNT length[12, 26, 32, 33, 42]. It is

frequently invoked to explain loss of conductivity in literature.
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2) The morphology of the composites, i.e. the dispersion state of CNT is changed, thus altering
the (average) distance between CNT.

3) The crystal structure of HDPE has been altered due to strong mixing forces and alignment
of molecules.

In order to examine these possibilities, the HC10 and HC20 samples are investigated in detail.
To avoid duplication, we only discuss composites of HWM-PE with CNT, which is sufficient to
demonstrate our point. First, the CNT length distribution is studied using TEM, based on the
method proposed in Krause et al.[32]. In Figure 4, the inserted TEM pictures show that the CNT
are well separated. To quantify the CNT length distribution, the typical distribution parameters
X10, Xs0 and Xgo are calculated indicating that 10%, 50%, and 90% of the CNT lengths are smaller
than the given value. These values are listed in Table 2. The CNT length reduction is about 2.3%
(related to xsp) when comparing HC10 and HC20, which is not significant and the dramatic loss
of conductivity cannot be attributed to this. As a consequence, the first possibility considering
the damage on CNT length as the main explanation for the loss of electrical conductivity is ruled
out. However, since conductivity is extremely sensitive to a change of CNT length in the vicinity
of the percolation threshold, the slightly shorter CNT at longer processing time could still play a
minor role in decreasing conductivity.

Table 2. Calculated value of distribution parameters X0, Xso and Xgo

Samples X10 (M) Xs0 (M) Xgo (M)
HC10 0.490 1.044 2.121
HC20 0.480 1.020 1.986
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Figure 4. Length distribution of CNT in HC10 (upper) and HC20 (lower). The background of the

insert TEM pictures is from holey-carbon films of the copper grids.

In the search for clues to confirm or infirm the second assumption, morphology of the HC10
and HC20 composites right after compression molding is further investigated using TEM. From
Figure 5(a) and 5(b), we clearly see that CNT dispersion in HC10 and HC20 is quite similar,
stressing that longer melt-mixing time does not lead to a significant change. More precisely, in

both figures 5(c) and (d), the size of the agglomerates is about 0.5-1um. Very few isolated CNT
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are observed around the agglomerates and big lamellar crystals of HDPE are also found. As a
consequence, evolution of CNT dispersion state during processing cannot explain the observed

electrical conductivity change.

Figure 5. TEM morphology of HC10 (a), and HC20 (b), right after compression molding.

To explain the conductivity difference between HC10 and HC20, the third assumption left to
be checked is the possible influence of processing time on resulting HDPE crystal structure. For
that purpose, in-situ rheo-dielectrical and rheo-SAXS are used to track the melting and
crystallization of HDPE and their influence on the conductivity of the composites.

The values at a frequency of 100Hz are taken as DC conductivity are shown versus time in the
melt state in figure 6. For the same amount of CNT and identical HDPE matrix, the conductivity
of HC10 and HC20 versus time follows different trends. The big filled squares at start time are
the conductivity of HC10 and HC20 at room temperature.

In HC10, the increase of DC conductivity during annealing at 190°C for 6000 s can be

explained by melting of the HDPE crystals and rebuilding of the CNT conductive network. The
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CNT which are oriented, separated and distorted during mixing and compression-molding tend
to reform contacts during quiescent annealing in the melt (secondary agglomeration). The
driving force can be Van der Waals interactions between CNT and/or depletion effects between
CNT and polymer chains. Next, the observed decrease of conductivity by about half a decade
when the sample is subsequently cooled to 125°C is caused by matrix crystallization. The
crystals grow from the surface of the CNT and drive them apart. Moreover, the crystalline part
can also isolate and trap electrons[23], which reduces conductivity. For HC20, the change of
conductivity versus time follows a different trend. The DC conductivity increases faster in HC20
compared to that of HC10 and reaches 10°S/m only after about 1000 s of annealing in melt. The
conductivity decreases by more than one order of magnitude in the range of 125°C during re-
crystallization. The decrease of conductivity caused by the crystals growth from the surface of
CNT is more pronounced than for HC10, although the crystallinity of HC10 and HC20 are
similar around 70%. This suggests that the crystal area of HC20 is larger than that of HC10, and
hence pushing the CNT further apart and/or better blocking electrons.

After 4 loops of annealing, cooling and heating, the conductivities of HC10 and HC20 at 50°C
(could be referred as room temperature since there is no further crystallization) are approaching
each other. This suggests that HDPE crystals re-arrange and finally reach a similar crystal size

after a sufficient long time of annealing and re-crystallization.
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Figure 6. Time dependence of conductivity for the composites HC10 and HC20 during
isothermal annealing at 190°C and followed-up cooling and heating cycles. The big filled squares
at start time are the conductivity of HC10 and HC20 at room temperature (values from figure 3).

The temperature program is inserted below.

The DSC melting curves of HC10 and HC20 composites are shown in Figure 7. The single
melting single peaks of HC10 and HC20, around 130°C, are attributed to the melting of folded-
chain lamellae[22]. This indicates that the average lamellar thickness is almost the same in both
composites. It is worth noting that the endset of the melting peak for HC20 is about 135.5°C ,
which is 3.1°C higher than that of HC10. From comparison of the two first melting curve, we can
see that a part of HC20 crystals (about 10% in area) melt at higher temperature than overall

melting temperature of HC10. This suggests that HC20 crystals are having a small amount of

17



thicker kebabs and/or possibly an extended-chain layer wrapping around CNT. After annealing
at 190°C for 5 min followed by crystallization, we re-melt the sample during a second heating
run. The melting peak and the endset of HC20-2h shift slightly up by 1.5°C and 1 °C,
respectively, suggesting formation of slightly thicker crystal lamellae (presumably at the
interface with the CNT) and/or an extended-chain layer on the CNT during first heating and

cooling cycle.

—_— = =

—— HC10-1st heating
1= - =HC10- 2nd heating I
|—— HC20- 1st heating
41— = = HC20- 2nd heating

T~ T T T T T T T T ~ T T ©~ T
116 118 120 122 124 126 128 130 132 134 136 138 140

Figure 7. DSC heating curves of HC10 and HC20 at a heating rate of 10°C/min. 1h and 2h

stands for the 1st and 2nd cycle of heating from 25 to 200°C, respectively.

In-situ rheo-SAXS is performed to further reveal the difference between HC10 and HC20 on
HDPE lamellar arrangement. The experimental details can be found in the experimental section
as well as the references[43]. The spacing between the adjacent lamellae (long period, L) is
estimated and displayed as a function of temperature during different cycles of heating. The
detailed calculation is demonstrated in literature[44]. As shown in Figure 8, for both HC10 and
HC20, the value of L increases dramatically above a certain temperature, indicating gradual

melting and disappearance of lamellae. The start value of L for HC20-1h and HC10-1h (22 nm)
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is 6 nm lower in comparison with the other heating curves (28 nm). This difference is probably
caused by the pre-cooling history during hot-press and subsequent cooling.

In general, it takes a higher temperature for HC20 to be fully melted than for HC10. This
indirectly suggests that a part of crystals in HC20 is significantly thicker than that of HC10, since
we have seen that the average lamellar thickness of these two composites is the same. Moreover,
after 3 heating and cooling cycles, the end melting temperature of HC20 is still about 3°C higher.
These results are consistent with the above-mentioned DSC data.

The existence of a shish-kebab nanostructure is further verified by TEM images of
HDPE/CNT composites after 5 hours of solution extraction of HDPE matrix. As shown in Figure
9(a), the surface of CNT is smooth and no visible HDPE chains are left after Soxhlet extraction,
whereas in Figure 9(b) and 9(c), a shish-kebab hybrid structure is found with CNT serving as
shish and HDPE lamellae crystals forming as kebab. These TEM pictures are not surprising,
since there are many reports regarding the strong interaction between HDPE chains and CNTSs.
For example, very recently Minus et al.[21] found that the kebabs washed in boiling xylene
maintain their molecular orientation although they are mostly rendered amorphous by the
washing process. However, the TEM pictures in Figure 9 are simply to prove the existence of
shish-kebab structure, as we cannot directly compare the size and thickness of the crystals in

TEM due to melting issues caused by high voltage electron emission.
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Figure 9. TEM pictures of composites after 5 hours of solution extraction of HDPE matrix. a)
pristine CNT solution mixed with HDPE; b) HC10; ¢) HC20. The background is from holey-

carbon films of copper grids.
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It is well-established that the shear flow has a favorable effect on the formation of shish-kebab
structure as it can align the PE chains along the surface of CNT. As indicated in the rheological
results, the longest relaxation time of HMW-PE is estimated to be more than 10* s, which is the
time scale for PE chains orientated along the CNT by shear flow to relax. Moreover, in a
CNT/PE composite, strong interfacial adhesion originate from the electrostatic and van der
Waal’s interactions as well as the epitaxial match between PE chains and CNT. In this context, it
is believed that with longer shear-blending time, more of the PE chains are stretched. Therefore,
thicker crystals are obtained at the interface of CNT/PE, which block the electrons from hoping
from one CNT to another in solid state. Yang et al. has demonstrated that the PE chains are
aligned along CNT axis in extended conformations under certain conditions using molecular
dynamic simulationt*®. This explains very well the shear-mixing time dependence of electrical
conductivity and the slow recovery of conductivity with annealing time at 190°C, which is well
above the equilibrium melting temperature of PE (140°C). A recently published review paper by
Ning et al.®”! summarized the enhanced polymer-filler interfacial interaction via crystallization
of polymer chains on the surface of fillers. It has attracted tremendous interest not only due to its
crystallography interests in polymer physics, but also due to the fact that it may be a novel
strategy to enhance interfacial adhesion and realize the full potential of fillers to reinforce the
mechanical performance of the composites. In complement to these studies, we find in this work
that the crystallization of polymer chains influenced by shear history may have a significant

effect on the electrical conductivity.

Conclusions
The relationships between melt-mixing time, crystal sizes, and final electrical conductivity of

HDPE/CNT nanocomposites have been studied using in-situ rheo-electrical, thermal analysis,
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and small angle synchrotron X-ray scattering (SAXS). For an identical composition, the
HDPE/CNT composite melt-mixed for 20 minutes is found to exhibit a more dramatic decrease
of conductivity when compared to the same system mixed for only 10 minutes even after
annealing at 190°C for a long time (>6000s).

This loss of electrical conductivity could not be related to a shortening of CNT as TEM
observations clearly evidenced no significant length reduction and damage of the CNT during 10
min and 20 min processing. This phenomenon was neither related to a severe modification of
CNT dispersion within the HDPE matrix as TEM analyses confirmed no significant changes for
processing time of 10 or 20 minutes.

Electrical properties of the final nanocomposites were found to be greatly connected to HDPE
crystallization based on the studies on HMW-PE/CNT composties. Indeed, the presence of CNT
was found to affect greatly the nucleation and growth mechanisms of HDPE crystals. The crystal
size of HDPE within HDPE/CNT composite processed during 20 minutes is globally larger than

that of the same composite melt mixed for only 10 minutes.
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