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ABSTRACT: By means of a die-drawing technique in the rubbery state, the effect of the orientation of the microstructure on the dielectric prop-
erties of polypropylene (PP)/multiwalled carbon nanotube (MWCNT) nanocomposites was examined in this study. The viscoelastic behavior
of the PP/MWCNT nanocomposites with MWCNT weight loadings ranging from 0.25 to 5 wt % and the dielectric performance of the
stretched PP/MWCNT nanocomposites at different drawing speeds and drawing ratios were studied to obtain insight into the influences of the
dispersion and orientation state of the MWCNTs and matrix molecular chains. A viscosity decrease (ca. 30%) of the PP/MWCNT-0.25 wt %
(weight loading) melt was obviously due to the free volume effect. Differential scanning calorimetry (DSC) and wide-angle X-ray diffraction
were adopted to detect the orientation structure and the variation of crystal morphology of the PP/MWCNTs. Melting plateau regions, which
indicated the mixed crystallization morphology for the stretched samples, were found in the DSC patterns instead of a single-peak for the
unstretched samples. We found that the uniaxial stretching process broke the conductive MWCNT networks and consequently increased the
orientation of MWCNTs and molecular chains along the tensile force direction; this led to an improvement in the dielectric performance.
© 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 42893.
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INTRODUCTION 1. The first is the modification of the polymeric chains and

nanoparticles or the improvement of the interfacial mor-

phology between the polymeric matrix and nanoadditives.

This induces better interfacial polarization or a valuable

crystalline phase.>¢°

2. The second method focuses on the optimization of the
processing technique, the promotion of the reconstruction
of the packing morphology of molecular chains, and the

arrangement of additive nanoparticles.'>"?

The introduction of a small loading of conductive or semiconduc-
tive nanoparticles into the polymer matrix near the percolation
threshold can result in a significant increase in the dielectric constant
(¢) without losses in the flexibility and mechanical strength.'™ Most
of these nanocomposites are used to develop novel applications in
wave absorption or heat—electric transition,” but their high dielectric
loss (tan 9) still confines applications in other fields. This challenge
always relies on the reduction of tan J through the design of the

internal microstructure. The development of a method for preparing
composites with high ¢ and low tan J is a topic of great interest. In
this respect, improved dielectric performance in the nanocomposites
can be obtained through the artificial modulation of the internal
microstructure, such as the improvement in the dispersion state of
the nanoparticles, to enhance the orientation degree of the molecu-
lar chains and nanofibers and the interfacial morphology between
the matrix and additives. Two routines are usually adopted for
achieving this:

© 2015 Wiley Periodicals, Inc.
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Multiwalled carbon nanotubes (MWCNTs)/single-walled carbon
nanotubes are treated as promising candidates for achieving or
enhancing functional properties by through composition with
the polymeric matrix because of the high aspect ratio and low
aspect weight; they present excellent electrical, mechanical, and
dielectric properties.'>'* As a cost-effective product, MWCNTs
are mostly used in the practical industry for mass production.
MWCNT/polymer nanocomposites with high ¢ values and good
electromechanical properties are attracting more and more
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attention.'>'> A significant improvement in the dielectric per-
formance of polypropylene (PP)/MWCNT nanocomposites
(high ¢ and low tan ¢ values) was obtained by the foaming of
the polymeric matrix because of the regular carbon nanotube
(CNT) alignment around the foaming cell.'® The growing cell
during foaming promotes the displacing and rotating behaviors
and leads to the transition of isotropic to regular distribution of
MWCNTs.

Finding methods for obtaining a good dispersibility'” and regu-
lar alignment of MWCNTSs'" within a highly viscous polymer
matrix melt is the other biggest challenge at present. For exam-
ple, the electrical conductivity was the most considered property
of these polymer/conductive particle composites. A higher per-
colation threshold value was observed for composites prepared
from melt mixing than for those prepared from a solvent solu-
tion.'® The size of the aggregations or clusters and the random
networks always largely affects the expected performance.'® The
uniform dispersion of additive reinforcements in the polymer
matrix and the desirable interfacial adhesion are key parameters
for creating high-performance composites. In addition, the
crystal-phase transition should be emphasized simultaneously in
the enhancement of dielectric properties.”*

Meanwhile, a regular alignment of carbon tubes, treated as crys-
tal nuclei, is also helpful for improving the crystallization
phase.”! A clear f-crystal phase of poly(vinylidene fluoride) was
observed at high nanoadditive contents,”* and this was good for
enhancing ¢. The aggregated clusters, however, were important
for promoting the conductive networks within the matrix
because of the high aspect ratio of MWCNTS; this induced the
typical insulation—conduction transition. Through the control
of the percolated network structure of functionalized graphene,
improved alternating-current conductivity and dielectric proper-
ties were obtained for poly(lactic acid) nanocomposites.”> Simi-
larly, significant decreases in the ¢ and conductivity of
poly(vinylidene  fluoride)/MWCNT  nanocomposites
observed when a tensile strain was applied at room temperature
because of the damage to CNT clusters or aggregations and the
microstructural shift, especially at high loadings of MWCNTs.**

were

The orientation of conductive CNTs within the polymer matrix
was found to be critical in improving the functional perform-
ance. The development of a method to artificially control the
alignment of the CNTs in host polymers has also attracted great
interest. The electrospinning technology is a simple and efficient
method for obtaining a highly oriented microstructure in CNTs;
this has been well reported by many laboratories.”>” When
this requirement is proposed for practical industry, however,
mass production could be the biggest challenge for preparing
nanocomposites.

In this study, PP/MWCNT nanocomposites with a highly ori-
ented microstructure were prepared by uniaxial die drawing,
which was performed in the rubbery state at about 10-20°C
below the melting temperature (7,,) of PP. The rheological
behavior and dielectric properties of the PP/MWCNT nanocom-
posites were studied through melt compounding to detect the
dispersion or distribution state of the MWCNTs. The effects of
the crystallization morphology and alignment of the molecular
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chains and MWCNTs were mainly considered as the factors
affecting the dielectric performance through differential scan-
ning calorimetry (DSC), X-ray diffraction (XRD), and dielectric
characterizations. We found that the die-drawing process was
effective for improving the dielectric performance and decreas-
ing ¢ and was also much more effective for decreasing tan J.

EXPERIMENTAL

Materials

The polymer matrix used in this study was a commercial PP
(WB 140HMS, Borealis Co.). It presented a mass density of
about 0.905 g/cm’ and a melt flow index of about 1.2 g/10 min.
The MWCNTs were purchased from a domestic company
(HengQiu, China). These MWCNTs presented an internal diam-
eter of about 5-15 nm, an outer diameter above about 50 nm, a
length of about 10-20 um, a specific surface area of about
40 m%/g, and a mass density of about 2.1 g/cm’. A coupling
agent of organic titanate was used to improve the compatibility
between the PP matrix and MWCNTs during the melt-
compounding process. PP/MWCNT nanocomposites with mass
contents of MWCNTs of about 0.25, 0.80, 2.0, and 5.0 wt %
were prepared with a batching mixer from PolyLab (Haake,
Germany) at 180°C and with a rotor speed of 60 rpm. Then,
these PP/MWCNTs were hot-compressed for further experimen-
tal analysis.

Apparatus

Rotational Rheometer. The rheological properties of the PP/
MWCNT melts were measured with advanced rotational rheom-
etry (MCR 501, Anton-Paar GmbH, Austria) in oscillatory
mode with a frequency range of 0.1-100 rad/s at 180°C. The
oscillation shear was controlled with a 1.0% strain deformation.
All of the measurements were done in air environment with a
parallel-plate fixture with a diameter equal to 25 mm and a
constant 1-mm gap. Circular samples with a 2.0-mm thickness
(d) and a 25-mm diameter were hot-compression-molded. The
complex viscosity and damping factors were obtained as indices
of the rheological properties.

DSC. Calorimetric measurements were performed with a Shi-
madzu DSC-60 instrument (Japan) under a flowing nitrogen
atmosphere. Each sample was sealed in a standard aluminum
pan. All of the measurements were performed at a heating rate
of 10°C/min from 80 to 200°C. The tensile-strain effect on the
crystalline phase transition was detected during the first heating
process.

Impedance Analyzer. The dielectric properties of MgO/low-
density polyethylene nanocomposites were measured with an
impedance analyzer system (Agilent 4294A). Plaques, about
1.0 cm? in surface area, onto which silver paste was painted as
electrodes, were tested under room temperature. The typical
alternating-current applied voltage was 1 V, and the frequency
ranged from 10 to 10’ Hz. ¢ and tan & were emphasized to
estimate their dielectric and energy storage properties.

XRD. The investigation of the crystal morphology difference
between the die-drawn samples and the unstretched samples
was conducted by XRD (wavelength = 1.5406 A, Rigaku Dyax-
RB 12 kW, Japan) at room temperature. The measured angle
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Figure 1. Complex viscosity of the PP/MWCNT nanocomposites with var-
ious MWCNT loadings. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

ranged from 5 to 50° (i.e., 20 = 10-100°) with a step width of
0.02°. To consider the orientation effect, we performed further
wide-angle X-ray diffraction (WAXD) measurements for the
same samples.

Scanning Electron Microscopy (SEM). The dispersion state of
the MWCNTs within the PP matrix was qualitatively investi-
gated with a scanning electron microscope (SU8010, Hitachi,
Japan). The cross-sectional surface along the drawing direction
was adopted for this measurement. The samples were fractured
within liquid nitrogen (N,) and a conductive coating (with Pt)
was performed for the investigated surface.

RESULTS AND DISCUSSION

Rheological Behavior

The viscoelastic behavior of the PP/MWCNT melts were prefer-
entially studied to gain fundamental insight into the optimiza-
tion techniques during the processing step and to consider the
effects of nanoparticles on the rheological properties. The distri-
bution and dispersion states of the MWCNTs were found to be
critical to the complex viscosity, as shown in Figure 1. Com-
pared with the neat PP melt, a significant viscosity reduction of
the PP/MWCNT-0.25 wt % melt was observed at low shear fre-
quency. The complex viscosity decreased from 11,900 to
8330 Pa s with a percentage decrease of about 30% at a low fre-
quency of 0.1 rad/s. Above 0.25 wt %, however, the viscosity
increased abruptly with the MWCNT additive content. A viscos-
ity percentage increase of about 390% of the PP/MWCNT-5 wt
% was observed compared with the pure sample. Decreases or
increases in the chains entanglement with different MWCNTs
were probably responsible for these interesting results. With
0.25 wt % MWCNT addition, a better dispersion state of
MWCNTs was obtained compared to that with a higher concen-
tration. Around these MWCNT particles, the free volume
increased because of the incompatibility and acted in a lubricant
role during the molecular chain flowing [Figure 1(a)]. When it
comes to a higher particle concentration, however, the aggrega-
tion of the nanoparticles was allowed to connect together, and
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this largely blocked the chain movement and led to a more seri-
ous entanglement. The formed network of particle—particle clus-
ters performed as obstacles during the dynamic movements of
the segments or macrochains during the small-oscillation shear
measurements. Meanwhile, parts of the molecular chains were
adsorbed onto the particle surface; this promoted new networks
and decreased the dynamic activity of the molecular chains
[Figure 1(c)]. The dispersion state of the MWCNTs within the
PP matrix is shown in Figure 2, in which the aggregations of
the MWCNTs are clearly shown. With a low content loading,
several big aggregation units were individually unconnected and
dispersed randomly.

Similarly, Jain ef al.*® and Merkel et al.*® also suggested that the
importance of the free volume and interaction between the
nanofiller and molecular chains could not be neglected for the
viscosity variation behavior. The increase in the free volume
decreased dramatically the internal friction resistance among the
molecular chains and led to the apparent decrease in the viscos-
ity of the nanocomposite melts. It seemed that the generally dis-
cussed percolation threshold behavior of the nanoparticles
could still be found for the viscosity variation. However, Kim
et al’® pointed out that the percolation threshold was largely
determined by a series of intrinsic and external factors, includ-
ing the aspect ratio of the CNTs, processing conditions, polymer
matrix, and additives. The effects of the aggregation on the
rheological and functional properties comprise a critically com-
plicated topic in the consideration of the waviness and three-
dimensional entanglement of CNTs.

Damping factors, reflecting the viscoelasticity of the polymer
melt, were also considered, as shown in Figure 3. We found that
the composites with 0.25 and 5.0 wt % MWCNTs showed the
maximum and a minimum damping factors, respectively, within
the tested frequency range; this indicated a viscous dominant
and an elastic dominant behavior, respectively. Above 0.25 wt
%, the damping factor decreased with increasing MWCNT con-
centration. This was because apart from the sample with 0.25
wt % MWCNTSs, the elastic modulus (G) increased much more
with increasing nanoparticle amount than the viscous modulus
(G"). The elastic behavior was much more dominant with
increasing nanoparticle content because of the formation of
new networks (as shown in Figure 2). In addition, the MWCNT
component, which presented a much higher G, also enhanced
the elastic performance of the PP/MWCNT composites when
the effective composite was obtained, as presented in eq. (1):

G.=Gp,+Gp, (1)

where G, is the modulus of the composite and G, and ¢, and
G, and ¢, are the moduli and volume fractions of components
1 and 2, respectively. However, the decrease in the viscosity was
helpful for the extrusion or injection process, increasing the
melt’s flowability and decreasing the swelling behavior.

Structural Investigation with DSC and XRD

The uniaxial die-drawing process was performed with an appa-
ratus in the Polymer IRC Laboratory at the University of Brad-
ford (United Kingdom), as shown in Figure 4. We confirmed
that the best temperature for heating the billet was 10-20°C
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Figure 2. SEM observations of the MWCNT dispersion state at different loadings.

below its T,,.”>' In this rubbery state, the solid phase of the PP
matrix was extremely stretched. In these experiments, the iso-
tropic PP/MWCNT samples were heated to about 140°C for 5
min by hot air and with a heated die. The d value of the

drawing product was controlled by a pair of steel plaques with
a certain d. The solid billet was then stretched under a con-
trolled drawing speed (v). In this study, steel plaques with ds of
0.50 and 0.25 mm were adopted to obtain drawing ratios (As)

] 220°C —=— PP :
] 1% strain | ®— 0.25% CNT| |
] —4A—0.80% CNT|
=i ~w2.0%CNT | -
] —4—50%CNT |

Damping factor, G"/G’

10°

Angular frequency (rad/s)
Figure 3. Damping behavior of the PP/MWCNT nanocomposites with various MWCNT loadings. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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Figure 4. Schematics of the (a) die-drawing and (b) experimental apparatus. The billet was drawn under a force F and a speed v. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

of 4.5 and 10, respectively. The drawing processes were per-
formed at 100 and 200 mm/s to consider the effect of v on the
solid-phase orientation.

=1
Unstretched

A\

Conductive

" networks
i

(b) )
A
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—_—

»
Drawing direction

—
—

A, defined by the original thickness (d,) divided by final d, was
taken into account as the factor representing the orientation
degree induced by this die-drawing process, as depicted in eq.

r=4.5 »=10

oo

Y

200 mm/s &

— —
——

22d

v
0.

v
= =——(F

A

Matrix [ ] MWCNTs —

Figure 5. Comparison of the dispersion state of the MWCNTs at different As: (a) SEM observations of the morphology of the billets before and after
solid-phase orientation at different vs and s (samples with a 5 wt % MWCNT addition were adopted) and (b) schematics of the conductive networks
of the MWCNTs in the PP matrix. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 6. DSC patterns of the PP and PP/MWCNT nanocomposites with (a) different MWCNT contents and (b-d) different As and speeds
(T = temperature). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

(2). This oriented effect was then detected by SEM observation,
as shown in Figure 5. The aggregated MWCNTs were partly sep-
arated and rearranged along the drawing direction. A fibrous
structure was even shown for the samples that were stretched at
200 mm/min and A=10. We supposed that the aggregated
MWCNT clusters were originally surrounded by PP molecular
chains, and then, extensional stress was applied indirectly on
these clusters during the die-drawing process. This was helpful

Maﬁ‘%},& WWW.MATERIALSVIEWS.COM
1

for promoting the dispersion of the aggregated MWCNTs, as
shown in Figure 5(a):
o

/1=d

(2)
The crystallization morphology of the PP matrix could be sig-
nificantly changed because this highly stretching process was
performed in the rubbery state, in which the uniaxial
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orientation and movement of the rearranged molecular chains
were largely maintained after cooling. The effects of the
MWCNT concentration, v, and 4 on the microstructure were
considered through DSC measurements, as shown in Figure 6.
The tested samples were named with the following convention:
MWCNT content—v—/.

The fact that the intrinsic thermal properties of the PP matrix
were hardly affected by the introduction of MWCNTs was
revealed, but we still found that 7,, decreased slightly with
increasing MWCNT contents [Figure 6(a)], that is, from about
160.2°C (neat, 0%) to 158.2°C (5 wt %). After die drawing, a
slight increase in T,, was revealed, even for the samples without
MWCNT addition. We noticed that, however, for the billets
stretched at high 4, a melting plateau including two or more
T,,s were obtained in the DSC patterns, as shown in Figure
6(b,c). The melting region was expanded; this was attributed to
the breakage of the crystal perfection, which caused the single
T,, to change into a wide melting region. The conformational
restrictions in the amorphous phase were broken down, and
then secondary crystallization occurred. The expansion of T,
increased the melting enthalpy, which is generally used to calcu-
late the crystallinity by the division of the ideal enthalpy of a
100% crystalline PP.

In addition, a higher 4 was found to be more helpful for
increasing the second T,,; this was also implied in the DSC
measurements. As discussed previously, the original crystallites
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Figure 7. XRD patterns of the (a) pure PP and (b) PP/MWCNTs (5 wt %). [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

were broken down during die drawing, and new crystallites
were reformed at the rubbery-state temperature. This was help-
ful for promoting the size growth of the crystallites. The XRD
measurements were carried out to support this conjecture, as
shown in Figure 7. The intensities of the dominant o phase at
(110), (040), (130), and (060) increased simultaneously after
drawing, but the intensities at (110) and (130) increased much
more. The orientation behavior of the microstructure was fur-
ther studied by WAXD measurements, as shown in Figure 8.
We observed a significant orientation for the stretched samples,
whereas it was hardly found for the unstretched sample. It
made sense that the higher orientation degree was positively
revealed from the samples with higher /s.

Dielectric Performance
The real and imaginary parts of the relative dielectric constant
(¢ and ¢&", respectively) could be calculated as follows:>>

C,d
/P
=22 3
¢ Ag, 3)
=4 @)
AwsORP
1
tan 5:? (5)

where C, is the capacity, d is the specimen thickness, A is the
area of the contact surface, &, is the free-space permittivity, w is
the frequency, and R, is the equivalent parallel resistance.
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Generally speaking, ¢ is related to ¢ that is, ¢ = ¢, which is a mea-
sure of how much energy can be stored in the material upon the
application of an external electric field. Tan J, representing the
energy loss, includes Ohmic loss and polarization loss.

The increase ¢ in the polymer nanocomposites through the intro-
duction of conductive particles was based on the enhancement of
interfacial polarization.” As shown in Figure 9, both ¢ and tan §
increased with the loading of MWCNTs; this has also been
revealed in other literature.”*” The introduction of the MWCNTSs
effectively increased ¢, especially near the percolation threshold of
the MWCNT concentration (between 2 and 5 wt %). Tan 0, how-
ever, also increased simultaneously; this caused a large energy con-
sumption. However, the effects of v and A could not be neglected.

With a high Z and a high v, both ¢ and tan ¢ decreased signifi-
cantly. Tan 0 of the stretched samples was as low as that of the
neat PP when the loading of MWCNTs was no higher than 2
wt %; this is important for dielectric applications. Compared
with pure PP, for example, & of the samples with 2 wt %
MWCNTs presented percentage increases of about 26.4% at
v=100 mm/s and A= 4.5 and 29.2% of & at v=200 mm/s and
A=10. The tan 0 values of all of the tested samples with 2 wt
% MWCNTs were almost the same, ranging from 0.005 to 0.01.
As to the sample with 5 wt % MWCNT5, the ¢ values were 67.7
and 38.0 at A =4.5 and vs=100 and 200 mm/s, respectively.
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When / increased to 10, the ¢ values were 9.7 and 8.2 at
y =100 and 200 mm/s, decreasing by no more than one order
of magnitude, respectively. The tan J values, however, were 6.9
and 27.6 at A=4.5 and v=100 and 200 mm/s and 0.68 and
0.25 at 2=10 and v=100 and 200 mm/s, respectively. A
decrease in the order of magnitude of about 1-2 was revealed.
This suggested that the high orientation of the microstructure
not only decreased ¢ but also decreased tan ¢ more significantly.
The fact that the decrease in tan é was good for the exploration
of practical applications of this PP/MWCNT nanocomposite is
generally accepted.

The ¢ increase ratio (r), used to estimate the relationship
between the orientation degree and dielectric performance, was
defined by eq. (6) as follows:

r== (©)

ép

where ¢; is the dielectric constant of a stretched sample at a cer-
tain frequency and &, is the dielectric constant of the pure PP
(e.g., £,=2.38 and tan 0 =0.01 at 1 kHz). An overview of the
enhancement of ¢ is given in Figure 10, in which r is calculated
at a frequency of 1 kHz.

¢ increased with increasing MWCNT content because of the
enhancement of the electronic displacement polarization. A

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.42893


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

ARTICLE WILEYONLINELIBRARY.COM/APP
CTENCE
- T ; T T T 10° — 7 e ey
; o | —®—PP : . = PP
(a1) drawing speed 100 mm/min |~ 2 0%4.5 A 0%-10 . (a2) drawing speed 100 mm/min | o 1o 45 A 0%-10
v 025%-45 —4— 0.25%-10 10 v 0.25%4.5 4 0.25%-10§
~»0.80%-4.5 —#— 0.80%-10 o > 0.80%-4.5 —4—0.80%-10]
10° *-20%45 @ 20%10 10' ***,t * 20%45 @ 2.0%10 ||
'********* % 50%4.5 —@—5.0%-10 b S —4—5.0%-4.5 —@— 5.0%-10
Tk, e
= L' s P90, e S
5 ****** " 10 %040“90 . *t***-**f*****i*i-*f*,;
c *oke S 3930944,
8 ****‘ o 1o 00000“0909”“
» s E
£ ["9ee, e ™ 8
= - %3, e T il
@ 10" o9, e 7] 2 10”4
—= L - +
o “009 p o
a %CQQQNM
oooe%eoqugo 107 o
10*
10° e Ty ey ey 10° . - T r T
10° 10° 10° 10° 10° 10° 10° 10° 10° 10°
Frequency (Hz) Frequency (Hz)
10° T ———— AT 10’ y——r — 5
(b1) drawing speed 200 mm/min ks i (b2) drawing speed 200 mM/Min g g 45  —a—0%-10 |
[ °$’“-5 10° f* ki —v—0.25%-45 —4—0.25%-10 5
32”;‘;’_45 1 E Kty b 0.80%-45 ——0.80%-10f
~v—0.26%-45 | E s Y *-2.0%-4.5 ®-2.0%10 []
< 0.25%-10 1073 kg, | * 50%-45 @ 50%10 :
b 0.80%-4.5 Lt T ' ]
= 0% *0.80%-10| Fhew
< * o * 20%45( 1 o
@ * e, ® 20%-10 o
8 ****‘** * 5.0%4.5 )
© ks YO -9 5.0%-10 £
= FH e @
5] Fede z
@ bag T 2
© 10'{7%%0a04,, Fhdrnpgd O
o “'9‘“%9“
299009900400

Frequency (Hz)

Frequency (Hz)

Figure 9. Dielectric performance of the PP or PP/MWCNTs drawn at (a) 100 and (b) 200 mm/s. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

significant decrease in &, however, was also found compared
with &, MWCNTs were dispersed within the PP matrix as indi-
vidual tubes or aggregations in a random direction, and the
construction of the conductive networks was obtained because
of the clusters, as previously shown in Figure 2. The abrupt
increase in g, was attributed to this successful construction of
the conductive networks, which were simultaneously introduced
by plenty of free electrons. However, most of the networks were
damaged during uniaxial drawing; this consequently decreased
the electronic displacement polarization effect and then reduced
¢. Meanwhile, the solid-phase orientation also confined the
movement of molecular chains; this caused a decrease in the
polarization effect of the dipole moment orientation. This con-
jecture was further confirmed by the resistivity measurement, as
shown in Figure 11. The conductivity of the PP/MWCNT-5 wt
% composites was taken as an example. In a comparison with
the unstretched sample, the volume conductivity of drawn bil-
lets was obviously reduced by the die-drawing process.
Although a higher orientation degree and more negative aggre-
gated dispersion of MWCNTs were obtained at 4= 10, the vol-
ume resistivity of PP/MWCNT-5 wt % was lower than that at
A=4.5. This was because the network connection between the
MWCNTs was broken down along the drawing direction, but it

Maﬁ‘%},& WWW.MATERIALSVIEWS.COM
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could be bridged again along the d direction, as schematically
shown in Figure 5(b). We still concluded that, therefore, the
higher orientation degree of the microstructures of both

—&— Unstretched

—&— 4.5-100mm/min

—8— 4.5-200 mm/min

—&— 10-100 mm/min b

10°
i |—A—10-200 mm/min

Increase ratio, r
E
1

CNT Content (%)

Figure 10. Dielectric constant ratios of the unstretched and stretched PP/
MWCNTs at 1 kHz. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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10" 4— : , ———
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Drawing ratio
Figure 11. Volume resistivity of PP/MWCNT-5 wt % at different As and
vs. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

MWCNT clusters and networks was, the lower ¢, were obtained.
Well-dispersed MWCNTs remarkably improved the dielectric
performance for the polymeric nanocomposites. A highly ori-
ented solid phase not only changed the crystallization behavior
of the polymer matrix, but it also changed the morphology of
the MWCNT clusters or the dispersion state.

CONCLUSIONS

The dependence of the viscoelastic behavior and the dielec-
tric dependence on the MWCNT concentration and the ori-
entation effects of the microstructures were investigated in
this study. A low MWCNT concentration was found to be
helpful for decreasing the viscosity of the composite melt,
increasing the flowability and viscous behavior because of
the lubricant effect, and increasing the free volume. Solid-
phase orientation was obtained through the die-drawing pro-
cess performed at a rubbery-state temperature of about
140°C below the PP T,. A wide melting plateau was clearly
revealed from the DSC measurements; this indicated a dam-
age of the crystal perfection and a second generation of new
crystallite. The effect of the crystallization morphology tran-
sition on the dielectric properties was found to be negative
in the enhancement of the polarization properties of the PP/
MWCNTs; this led to a small-amplitude decrease of &. It was
suggested, however, that the aggregated MWCNT clusters or
conductive networks were largely broken down by the highly
uniaxial tensile strain; this remarkably decreased the elec-
tronic displacement polarization effect and then decreased ¢
and tan J.
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