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ABSTRACT: The formation of a nanohybrid shish-kebab (NHSK) superstructure, in which fibrillous
carbon nanotubes (CNTs) act as shish while polymer lamellae act as kebab, is a novel way to bond the
polymer and CNTs together and was first observed in the solution crystallization of polyethylene in the
presence of CNTs. In this work, a direct formation of nanohybrid shish-kebab in the injection molded bar of
high-density polyethylene (HDPE)/multiwalled carbon nanotubes (MWCNTs) composite, has been
achieved, via a so-called dynamic packing injection molding technology (DPIM), in which oscillatory shear
field was imposed on the gradually cooled melt during the packing solidification stage. Interestingly,
whatever the long axis of CNTs is perpendicular to or parallel to the shear flow direction, the lamellae of
PE is always perpendicular to long axis of CNTs. The three-step mechanism, including (1) the disentangle-
ment and orientation of both PE and CNTs, (2) PE folded-chain lamellae directly nucleated on CNTs surface
and/or first formation of PE extended-chain shish directly on CNTs surface then followed by nucleation of
folded-chain lamellae, and (3) the crystallization of PE kebabs on the PE decorated CNTs fibrils, was
proposed to understand the formation of NHSK under effect of shear. Importantly, the NHSK structure can
bring significant mechanical reinforcement in the HDPE/MWCNTs composite. For the oriented composites
containing 5% MWCNTs, its tensile strength is increased by 150% and 270%, compared to the oriented pure
HDPE and the isotropic composites containing 5% CNTs, respectively; meanwhile, its Young’s modulus is
enhanced by 130% and 180%, compared to the oriented pure HDPE and the isotropic composites containing
5% CNTs, respectively. This work is the first to enlarge the theoretical value and application potential of
NHSK structure in the crystallizable polymer/CNTs composite.

1. Introduction

Polyolefin is the most common thermoplastic, and it is widely
used in the fields of both industry and academe. In recent years,
CNTs-reinforced polyolefin composites have attracted intensive
interests. In many cases, before melt compounding with poly-
olefin, surfacial functionalization and grafting modification of
CNTs were necessary for ensuring homogeneous dispersion and
strong interaction.! Blake et al.? functionalized multiwalled
carbon nanotubes (MWCNTs) using n-butyllithium, and then
the modified MWCNTSs were covalently bonded with chlorinated
polypropylene (C-PP). Only addition of 0.6% C-PP grafted
MWCNTs into C-PP could improve Young’s modulus, tensile
strength and toughness for several orders. Gray et al.* developed
a treatment way to covalently grafted alkyl chain (octadecyl-
amine) on single-walled carbon nanotubes (SWCNTSs), enabled
SWCNTs hydrophobic to be easily dispersed in polyolefin. In our
previous studies,** octadecylamine-grafted MWCNTs were used
to prepare highly oriented PP/MWCNTs composite; low amount
of CNTs (0.3%) made a increment of 100% in extension ductility
simultaneously a limited promotion in tensile strength and
modulus. Yang et al.® conducted reactive grafting modification
of aminated MWCNTs with maleic anhydride grafted polyethy-
lene (PE) during melt blending; the stiffness, strength, ductility
and toughness of PE are all improved by the addition of PE-g-
MWNTs. Except for functionalized CNTs obtained through
grafting modification, the other strategy making CNTs uniformly
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dispersed in polyolefin is to develop a particular compounding
method. Lu et al.” obtained an individual dispersion of CNTs in
PP using latex technology: Chen et al.® prepared ultrahigh
molecular weight PE (UHMWPE)/MWCNTs composites by
gelation/crystallization from solution; in the study by Zhang
et al.’ a good CNTs dispersion was achieved by spraying an
aqueous solution of SWNTs directly onto a fine UHMWPE
powder.

For the strategies demonstrated above, their processed proce-
dures are complicated, and the production efficiency is very low,
which made these strategies unsuitable for abundant manufac-
ture of polyolefin/CNTs composites. However, an argument has
arisen whether good dispersion and strong interfacial adherence
can be achieved directly through melt compounding of polyolefin
and pristine CNTs (or by a simple purified treatment by the
mixing acid solution). For some polar polymers, such as nylon
6,'° simple melt compounding could indeed induce uniform
dispersion and good compatibility of CNTs in nylon 6, thus
resulting in prominent mechanical enhancement. Nevertheless,
for nonpolar, hydrophobic polyolefin, although in some cases
directly melt compounding CNTs with polyolefin could also
achieve a good dispersion, the mechanical reinforcement in these
composites is not as good as expected. For example, in the PE/
MWCNTSs composites prepared through melt blending in an
extruder,!! the flexibility and break strength were continuously
decreased with increasing CNTs loading; for the injection-
molded bars of a PP/MWCNTs composite,12 when the CNTs
content was increased up to 5%, the increment was only 20% for
yield stress while being 40% for Young’s modulus; in the study by
Xiao et al.,'* the Young’s modulus and tensile strength of low
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density PE (LDPE)/MWCNTSs composite were promoted by 89%
and 56%, respectively, when the CNTs content reached a high
value (10 wt %). Obviously, the interfacial adhesion of the poly-
olefin/CNTs composites prepared by direct melt blending should be
improved to generate efficient stress transfer from matrix to filler,
thus obviously elevating the reinforcement efficiency of CNTs.

It is well-known that CNTs could act as an efficient nucleating
for some crystallizable polymers.'*”'® Therefore, crystalline
polymer chains can deposit on the CNTs surface through the
driving force of epitaxial crystallization. In particular, a novel
nanohybrid shish-kebab (NHSK) superstructure, in which fibril-
lous CNTs act as shish while polymer lamellae as kebab, has been
observed in the solution crystallization of polyethylene in the
presence of CNTs, and it likely follows the “size-dependent soft
epitaxy” mechanism, as first suggested by Li et al.'” By far, the
most-reported method used to obtain a fine NHSK superstruc-
ture of polymer/CNTs involved the strict procedure of solution
crystallization. Li et al."® maintained the crystalline temperature
of polymer/CNTs/xylene suspension as constant for a long time
to prepare NHSK in PE/CNTs and nylon-6,6/CNTs solution. Xu
etal."” varied the solubility of PE in xylene through incorporation
of supercritical CO, and made PE chains deposited and crystal-
lized on CNTs to obtain well-defined NHSK. Zhang et al.*
sprayed the aqueous solution of SWNTSs directly onto the fine
UHMWPE powder and then melt compounded the CNTs-
coated PE and extrusion-stretched into a sheet, where the NHSK
structure of UHMWPE/SWNTs was found. Contrasting to the
covalently functionalized method of grafting modification, the
formation of NHSK is regarded as a noncovalently functiona-
lized method used to alter the surface properties of CNTs through
wrapping by polymer lamellae and as a novel method to bond the
polymer and CNTs together. It is important and significant that
in situ formation of NHSK superstructure in polymer/CNTSs
composites is used instead of in solution formation to enhance the
interfacial adhesion between polymer and CNTs, thus efficiently
improving the mechanical properties. However, to the best of our
knowledge, there is no research concerning: (1) the preparation
of the NHSK structure directly through melt compounding and
(2) evaluating the effect of the NHSK structure on mechanical
reinforcement of polyoleﬁnéCNTs composite.

In our previous work,”""? the injection-molded bar containing
the NHSK structure was first prepared by incorporation of tiny-
rod shaped inorganic whiskers into high density PE (HDPE). The
structural character of NHSK is dramatically affected by the
molecular weight of HDPE; meanwhile, the structural perfection
of NHSK plays a positive role in the mechanical enhancement.
Obviously, in the academic investigation field, CNTs receive
more attention than inorganic whisker, and the polymer/CNTs
composite has a huge potential for application in industrial
manufacture. However, in the published literature, the prepared
NHSK samples of polymer/CNTs were individual entities and
were not compounded into a polymer matrix. Forming a large
scale NHSK composite is important to bringing the NHSK
structures to real applications. The major aim in this study is to
prepare a fine NHSK structure of HDPE/MWCNTs directly
through injection molding processing without any surface func-
tionalized treatment on MWCNTSs. In order to optimize struc-
tural orientation and facilitate nucleation and crystallization of
HDPE, a so-called dynamic packing injection molding technol-
ogy (DPIM) was adopted, in which an oscillatory shear field was
imposed on the gradually cooled melt during the packing
solidification stage. A direct formation of NHSK structure in
the injection molded bar of high-density polyethylene (HDPE)/
multiwalled carbon nanotubes (MWCNTSs) composite has been
achieved for the first time in our work. It is anticipated that
this work will open a novel, convenient gateway to achieving
a well-defined NHSK structure directly in injection-molded
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processing, offering potential for practical application and enlar-
ging the theoretical merit of the NHSK structure in the crystal-
lizable polymer/CNTs composite.

2. Experimental Section

2.1. Materials and Preparation of Composite. High density
polyethylenes (HDPE), with a trade name 2911, was used as the
matrix. It had a melt flow index of 20 g/10 min and molecular weight
(M) of 1.2 x 10°, and it was supplied by Fushun Petrochemical
Corp. Raw MWCNTs was purchased from Shenzhen Nanotech-
nology Co. Ltd. The main range of diameter of the raw MWCNTs
was about 10—20 nm and their length was about 5—15 um, the
purity was lager than 95%, and ash (catalyst residue) is less than
0.2%. MWCNTs were used without any pretreatment. The con-
tents of MWCNTs are 1%, 3%, 5%, and 7%, respectively.

After being dried in 70 °C for 12 h in a vacuum environment,
MWCNTs were blended with HDPE using a corotating twin-
screw extruder (TSSJ-25) with a barrel temperature of 150 °C.
After being pelletized and dried, the blends were injected into a
mold with aid of a SZ 100 g injection molding machine with a
barrel temperature of 180 °C and injection pressure of 900 kg
cm-2. In order to prepare materials containing highly oriented
shish-kebab structure, special molded equipment named as
dynamic packing injection molding (DPIM) was attached on
the injection machine. The processing parameters and the
characteristics and detail experiment procedure of DPIM were
described elsewhere.>*** The major feature of DPIM is that the
melt is first injected into the mold then forced to move repeat-
edly in a chamber by two pistons that moved reversibly with the
same frequency as the solidification progressively occurs from
the mold wall to the molding core part.

2.2. Characterizations and Measurement. CMT4104-SANS
was used to test the tensile properties under a crosshead speed of
50 mm/min according to GB/T1040—92 standard, and the
measured temperature was around 25 °C. At least five samples
have been measured and the average values were reported.

A polarized light optical microscope equipped with a hot
stage was used to study the nonisothermal crystallization mor-
phology and dispersion of composites. The samples sandwiched
between two microscope coverslips were first heated to 150 °C,
then cooling to 100 °C at a rate of 5 °C/min. The crystallization
process was observed and the morphologies were recorded by
taking photographs at constant time intervals.

A Perkin-Elmer diamond-II differential scanning calorimetry
(DSC) was used to determine the melting and crystallization
behaviors of the injection-molded specimen. The injection-
molded specimens (about 5 mg) were heated from 20 to 170 °C
at a heating rate of 10 °C/min under a nitrogen atmosphere,
holding at 170 °C for 5 min and followed by cooling to 20 °C ata
rate of 10 °C/min. After nonisothermal crystallization measure-
ment, a second melting process was performed from 20 to 170 °C
at a heating rate of 10 °C/min.

The morphologies of the blends were studied via SEM. After
fractured parallel to flow direction in liquid nitrogen, the speci-
mens were etched and extracted out from the surface of cryo-
fractured bar by using the mixing acid solution.>> Finally the
surfaces were covered with a thinLayer of gold, the crystalline
morphology was observed by a SEM instrument (Inspect F, FEI
company) operation at 20 kV.

The rheological measurements were performed on a con-
trolled strain rheometer (Malvern Instruments Ltd., U.K.) with
a frequency range of 0.03—100 rad/s using 2.5 cm diameter
parallel plates at 170 °C. Testing sample disks with a thickness of
1.5 mm and a diameter of 2.5 mm were prepared by compres-
sion-molding of the extruded pellets at 170 °C for 3 min.

3. Results and Discussion

3.1. Dispersion of MWCNTs. The dispersion of MWCNTs
in HDPE matrix is estimated by visual analysis, PLM and
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Figure 1. Dispersion of CNTs in the injection-molded bar of composite
characterized by (a) PLM and (b) SEM (the content of CNTs is 5%).

SEM (Figure 1), and indirect analysis, melt rheometry
(Figure 2). PLM observation is used to distinguish the
particles of MWCNTs aggregation with size of several
micrometers within a large inspected area, as shown in
Figure la. In the composite containing 5 wt % MWCNTs,
the amount of micrometer-scale aggregation of CNTs is less,
implied that a majority of CNTs exists as a fashion with
smaller size-scale. As being observed from the SEM micro-
graph of Figure 1b, numerous tiny units of CNTs with size-
scale of hundred nanometers are dispersed in HDPE matrix
uniformly. Therefore, a relative good state of CNTs disper-
sion in HDPE can be achieved merely through direct melt
blending of HDPE and MWCNTs, most likely due to the low
molecular weight of HDPE used in our experiment. Due to
the reliability and veracity of melt rheological analysis on
estimation of CNTs dispersion behavior in polymer melt as
approved by many published studies,’® the overall disper-
sion state of CNTs is further demonstrated upon a viewpoint
of viscoelasticity, as presented in Figure 2, parts a (elastic
modulus G’ vs shear frequency) and b (viscous modulus G” vs
shear frequency). As increasing MWCNTs content from 1 to
7wt %, the viscoelastic moduli within whole frequency range
are promoted continuously. In particular, a plateau of G’
within low frequency regime appears when the CNTs content
is elevated from 3 to 5 wt %, which implied a percolation
network of CNTs formed at 5 wt % CNTs, and the relaxa-
tion and mobility of PE chains are restricted dramatically by
geometric confinement effects of CNTs.?® The occurrence of
percolation threshold at 3 wt % CNTs loading also suggests
the overall good dispersion of CNTs in HDPE matrix.
Moreover, it should be noted that the change of rheological
properties is not obvious when the CNTs content increases
from 5wt % to 7wt %. This means the uniform dispersion of
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Figure 2. Viscoelastic properties of HDPE/MWCNTSs composites with
different CNTs contents: (a) elastic modulus G’ vs @ (b) viscous
modulus G” vs w.

CNTs will approach a saturation state after the CNTs
content reaches 5 wt %; addition of more amounts of CNTs
may possibly make severe aggregation of CNTs in HDPE.
3.2. NHSK Superstructure in Injection-Molded Composite.
To distinguish the crystalline structure in the injection-
molded bar clearly, the amorphous phase of HDPE has been
chemically etched and extracted out from the surface of the
cryo-fractured bar by using the mixing acid solution. Macro-
scopically, the main feature of DPIM samples is the shear-
induced morphologies with the core in the center, oriented
zone surrounding the core and the skin layer in the cross-
section areas of the samples. As example, some typical SEM
images of crystalline structure for both pure HDPE and
composite with 5wt % CNTs are presented in Figure 3, these
micrographs are acquired at a depth about 400 um to the
outmost surface of the injection-molded bar. The SEM
image of Figure 3a shows highly ordered alignment of
lamellae in the bar of pure HDPE prepared by DPIM. The
thickness direction (c-axis) of the PE lamellae is approxi-
mately parallel to the shear flow direction; correspondingly,
the lateral direction (a-axis) perpendicular to the flow direc-
tion. From Figure 3a, it is hard to distinguish the shish-kebab
entity clearly in pure HDPE, since only a few thin shish could be
seen faintly in the bottom-right part of this figure. The compo-
site containing 5 wt % CNTs is chosen as the representation for
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Figure 3. Crystalline morphologies in the DPIM bars of (a) pure HDPE, magnification of 80 000, (b) composite with 5% CNTs, magnification of
40000x, and (c and d) composite with 5% CNTs, magnification of 80000x (the shear flow direction is horizontal).

a series of composites with different contents of CNTs, to
ascertain the detail crystalline structure in the injection-molded
bar. The most interesting finding about crystallographic struc-
ture is the in situ formation of well-defined NHSK crystal in the
injection-molded composite, as shown in Figure 3b. In the
SEM image of Figure 3b with relatively low magnification
(40000x%), tens of NHSK crystals can be observed distinctly;
the longitudinal direction (the long axis of CNTs) of NHSK
crystal is not always parallel to the shear flow direction. The
image of Figure 3c with relativelt high magnification (80 000 x)
presents the long axis of NHSK aligning approximately parallel
to the flow direction, while Figure 3d (magnification of
80000x) shows the long axis of NHSK inclining away from
the flow direction. However, whether the long axis of CNTs is
perpendicular to or parallel to the shear flow direction, the
lamellae of PE are always perpendicular to the long axis of
CNTs, indicating a strong epitaxy growth of PE on the surface
of CNTs under shear effect. It should be noted that the
observed PE crystal thickness is in the range 40—70 nm, which
is too high compared with the known value, and it is probably
due to the Au coating in the SEM sample preparation process.
Since pure HDPE can also form the shish-kebab structure
under shear, the key in our work is to verify that, in HDPE/
CNT blends, the shish-kebab formed have MWCNTSs as the
shish. By carefully examining Figure 3, parts a to d, in detail,
one may identify some structural features of NHSK signifi-
cantly differing from the PE matrix shish-kebab. The diameter
of the shish in NHSK is prominently thicker than pure PE shish
consisting of extended PE chains (seen in Figure 3a). Other-
wise, the length of kebab on NHSK is remarkably shorter than
PE matrix lamellae. On the NHSK entities, bended lamellae

wrapped around thick thread can be observed unambiguously.
These structural characters may aid one to distinguish NHSK
entity from PE matrix shish kebab easily. It is reasonable to
assume that CNT serves as the shish due to the heterogeneous
nucleation effect, however, it is not clear at this moment if there
are 100% CNT in the shish. Also the formation of NHSK in
the injection molded depends on the position along sample
thickness, as a result of different flow and thermal conditions.
The hierarchy structure and orientation structure of the sam-
ples along the direction of sample thickness from skin and core
were carefully characterized. SEM images illustrated crystalline
structure at different zones of the DPIM bar of the composite
with 7% CNTs are presented in Figure 4. In all zones, the depth
ranged from 50 to 1500 um, and the NHSK entity can be
detected. Obviously, the crystalline morphology differences
among different zones originated from the interplay of shearing
and thermal history during the DPIM process. Two issues
should be emphasized: (1) although the matrix-oriented feature
is weak in the zones of skin (depth of 50 um) and core (depth
of 1500 um), a NHSK superstructure can also be formed, and
(2) the aligned directions of NHSK entities are not identical in
different zones. The reason why the NHSK entities align in
different directions will be discussed in section 3.4. These
observations verify again that a strong heterogeneous nuclea-
tion effect of CNTs can cause a NHSK superstructure to exist
during an intensive shearing process.

3.3. Calorimetric Analysis. The DSC melting curves of the
DPIM bars of HDPE/CNTs composites with different
CNTs contents (0—7 wt %) are represented in Figure 5a. A
double-melting behavior is detected for all samples. The first
melting peak for the pure HDPE, around at 132.5 °C, is
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Figure 4. Crystalline morphologies of different zones in the DPIM bar of composite with 7% CNTs, the numbers in micrograph indicate the depth
from the outmost surface of injection-molded bar (the shear flow direction is vertical).

denoted to melting of folded-chain lamellae. With increasing
CNTs from 1% to 7%, a decrease in the first melting peak for
about 1.5 °C can be detected, indicating that the thickness of
folded chain lamellae is somewhat altered as incorporation
of CNTs takes place. The geometric confinement effect of
CNTs can break the continuity of the polymer matrix and
hinder PE chain motions to form thick lamellae.?’ For all
samples, the second melting peak is higher than the first
melting peak by about 4.5 °C. A phenomenon should be
noted that the intensity of the higher melting point peak is
significantly weak for the pure HDPE comparing to the
composites with CNTs. This indicates that incorporation of
CNTs has facilitated the formation of crystalline fraction
with high melting point. Several factors could be contributed
to the upshift of the melting temperature: the formation of
thicker lamellae, or confined crystals in a nanoenvironment,
or simply the favorable interaction between the PE chains
and the MWNT surfaces. However, for polyethylene, the
temperature of 4.5 °C higher than the first melting peak is
usually considered as due to the melting of extended-chain
crystalline structure, as in the case of polyethylene crystallized

under high pressure.”®?* If it is the case, our result indicates
that incorporation of CNTs has caused an easier formation
of PE shishs and/or probably extended-chain PE layer,
which are wrapped around CNT shish. After eliminated
thermal history of the injection molded samples at 170 °C,
the nonisothermal crystallization was subsequently imple-
mented, as shown in Figure 5b. As increasing the CNTs
content from 0 to 7%, the cooling crystallization tempera-
ture (7,) is continuously promoted from 118 to 123.5 °C. In
particular, only addition of 1% CNTs into HDPE can
elevate the T..to 122 °C, denoting the efficient heterogeneous
nucleation of CNTs for facilitating PE crystallization. The
second melting measurements were performed after non-
isothermal crystallization process, as shown in Figure Sc.
The high temperature melting peak disappears totally for all
samples, indicating extended-chain crystalline structure can
not be generated from isotropic melt though heterogeneous
nucleation effect of CNTs is still present. Obviously, oscilla-
tory shearing during DPIM process plays a crucial role on
the formation of extended-chain crystalline fraction of PE.
To obtain more information about the crystalline characters
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Figure 5. DSC thermograms of composites with different CNTs con-
tents: (a) melting, (b) cooling crystallization, (c) second melting.

from calorimetric data, a quantitative comparison of relative
crystallinity (X.) between first heating and second heating
should be done. The heats of fusion can be achieved through
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integrating area of molten peak, then these heats of fusion
are divided to the fusion of HDPE with 100% crystallinity as
293.6 J/g*° to calculate relative crystallinity. For the first
heating process, the crystallinities are 67.8, 69.6, 70.8, 65.4
and 67.8%, corresponding, respectively, to 0, 1, 3, 5 and 7%
CNTs. The crystallinities are comparative between pure
HDPE and composites. In the second heating process, the
X, of pure HDPE does not significantly change, which is
66.2%; whereas for the composites with CNTs, the crystal-
linities are 60.3, 59.4, 62.3, and 59.4%, corresponding re-
spectively to 1, 3, 5, and 7% CNTs, so an obvious reduction
of X. (8—10%) can be detected except for 5% CNTs.
Comparing the crystallinities in second heating process, the
X. of composite is lower than that of 7pure HDPE, which is
accord with the data by Kodjie et al.>” and attributed to the
fact that CNTs can disturb the continuity of polymer matrix,
thus resulting in more gain boundaries as well as defects. On
the other hand, reduction of X, for the composites, com-
pared between first/second heating, may be related to the
mass fraction of extended chain crystal, because the higher
molten peak can not be found in the second heating process.
Of course, to exactly prove the formation of extended chain
crystals on CNTs surface, a small-angle X-ray experiment
should be carried out to achieve further powerful evidence,
which is our current effort.

3.4. The Mechanism of NHSK Superstructure Formation
under the Effects of Shear. According to the findings of SEM
and calorimetry, a hypothetical mechanism about the for-
mation of NHSK superstructure during DPIM process is
schematically proposed in Figure 6, and interpreted in detail
as the following descriptions. In an initial situation, a
bimodel entanglement framework, consisting of two en-
tangled networks for coiled PE chains and bended CNT
fibrils, exists in the melt of HDPE/MWCNTSs system, as
shown in Figure 6a. The shear flow function imported during
the DPIM process may disturb the entangled, isotropic
networks of both of PE chanis and CNT fibrils. While due
to the difference of intrinsic elastibility between PE chain and
CNT fibril, the deformation and orientation of CNT fibril
differ from that of PE chain, as shown in Figure 6b. The PE
chains possess high flexibility to easily take place distangle-
ment and orientation during shear process, and a preferen-
tially oriented direction can be distinctly detected to parallel
to the shear flow direction. On the other hand, the CNTs
networks have high rigidity and low flexibility. The shear
gradient from skin to core in the injection-molded bar only
forces the bended, entangled CNTs to extend and disentan-
gle partially, resulting in a limited destruction of the CNTs
network. So the orientations of CNT fibrils are random
because it is hard for the oscillatory shearing to freely tumble
the CNTs with high rigidity and low flexibility; simulta-
neously, some entanglement sites of CNTs still exist after the
shearing process. Subsequently, in Figure 6c¢, two possible
nucleated paths for PE kebab epitaxially crystallized on
CNT shish are proposed. For the first nucleated path, CNTs
with high nucleation effectivity can attract PE chains depos-
ited on its surface and chain-fold occurs directly on the CNTs
surface; correspondingly, the chain-fold direction is perpen-
dicular to the long-axis direction of CNT. In the second
nucleated path, the crystallization of the extended-chain PE
shish directly on the CNTs surface occurs before the forma-
tion of folded-chain lamellae. Whether the oriented direction
of CNTs is parallel to the shear direction or not, the forma-
tion of extended-chain crystalline regime (shish) directly on
CNTs surface is reasonable, using the CNTs as template.
Finally, the PE kebabs crystallize and grow on the CNT shish
or the PE shish decorated CNT fibrils with their lateral
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Figure 6. Schematic representations of the hypothetical mechanism of NHSK superstructure formation during the DPIM processing.

direction (a-axis) perpendicular to the long axis of CNTs,
obeying the “soft epitaxy” crystallization mechanism, as
suggested by Li et al.'” Simultaneously, the framework of
orderly arranged PE lamellae forms for the PE matrix
fraction, with the c-axis of lamellae preferentially parallel
to the direction of shear flow, as shown in Figure 6d. It
should be noted that the basic assumptions of our model are
as follows: (1) the stretched PE chains have higher crystal-
lization capability than the random, coiled ones due to the
reduced crystallization barrier after being stretched; (2) the
extended PE chains (shish layer), formed around the CNTs
surface, is facilitated by the relative “simple” geometric
configuration of CNTs, which changed from bended coil
to highly extended fibril; (3) the growth direction of kebab (a-
axis) dominated by arrangement situation of CNTs, exhib-
ited as the a-axis of kebab perpendicular to the long axis of
CNTs, is consistent with a geometric confinement arrange-
ment, namely the soft epitaxy mechanism.

It should be also noted that the existence of extended-
chain crystalline regime covered around CNT fibrils under
the effect of shear proposed in our work is somewhat
different from that suggested by Li et al.,'* and it is
supported by some experimental evidence as follows: (1)
the mass fraction of matrix shish formed in the pure HDPE is
quite less; (2) the mass fraction of extended-chain crystalline
structure is significantly improved after incorporation of
CNTs, and meanwhile, the matrix shish-kebab entity is hard
to find in the composite containing CNTs; (3) CNTs possess
high nucleation efficiency for facilitating PE crystallization.

3.5. Mechanical Reinforcement by NHSK. It is highly
desired that the NHSK superstructure can bring a remark-
able mechanical reinforcement in the HDPE/MWCNTs
composite. The stress—strain measurements were implemen-
ted for the composites containing different contents of CNTs
(0—7wt %). For comparison purpose, two types of injection-
molded bar, the oriented bar prepared by DPIM and the
isotropic bar prepared by conventional injection, are all
inspect. In general, a ductility-to-brittle transition in tensile
mechanical behavior may occur when the structural feature
is varied from isotropy to anisotropy. The tensile strength in
the oriented bar is prominently higher than that in the
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Figure 7. Tensile properties of the composite bars with different CNTs
contents: (a) tensile strength; (b) Young’s modulus.
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isotropic bar, whereas, the ductility of the isotropic bar is
obviously better than the oriented one. In order to quantita-
tively estimate the mechanical reinforcement of injection-
molded composite, the values of tensile properties are
acquired from the stress—strain measurements. The relations
of tensile strength vs CNTs content and Young’s modulus vs
CNTs content are plotted in Figure 7, parts a and b,
respectively. For both oriented sample and isotropic sample,
the tensile strength and Young’s modulus are all continu-
ously improved with increasing CNTs content. Nevertheless,
the reinforcement efficiency by addition of CNTs is more
obvious in the oriented sample than in the isotropic sample.
The NHSK superstructure formed directly in the injection-
molded bar of composite is regarded as an ideal situation for
CNTs reinforced polymer. PE kebabs tightly decorated on
CNTs shish can significantly enhance the interfacial adhe-
sion and the stress transfer capability between CNTs and PE
matrix. For the oriented composites containing 5%
MWCNTs, the tensile strength is increased by 150% and
270%, compared to the oriented pure HDPE and the iso-
tropic composites containing 5% CNTs, respectively; mean-
while, the Young modulus is enhanced by 130% and 180%,
compared to the oriented pure HDPE and the isotropic
composites containing 5% CNTs, respectively. So the
NHSK superstructure is indeed efficacious for mechanical
reinforcement of the HDPE/MWCNTSs composite. How-
ever, the increased disentanglement and orientation of CNTs
under effect of shear should also contribute, at least in part,
to the improvement of mechanical properties. At this mo-
ment, it is difficult to separate the contribution of the NHSK
superstructure from the disentanglement and orientation of
CNTs, since without disentanglement and orientation of
CNTs it is not possible to form the NHSK superstructure.

4. Conclusions

The fine nanohybrid shish-kebab superstructure was achieved
directly in the injection-molded bar of HDPE/MWCNTs com-
posite prepared by the DPIM technique. In situ formation of
NHSK structure in the injection-molding process is attributed to
(1) the external shearing effect and (2) the intrinsic crystallization
mechanism of soft epitaxy. These two issues cause the preferen-
tially oriented PE chains to form kebabs along the long axis of
CNTs shish even when the alignment direction of CNTs is not
parallel to the preferentially oriented direction of PE chains. The
tensile behavior measurement approved that the NHSK structure
brings obvious mechanical reinforcement in the polyolefin/CNTs
composite. This work is a preliminary stage for a series of
systematic profound investigations concerned preparation of
NHSK structure by simple conventional processing method,
structural control of NHSK during practical melt compounding
process, and NHSK-reinforced polyolefin processing technology.
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