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ABSTRACT

We investigated the structure and properties of strands of high-density polyethylene (HDPE),
containing multi-walled carbon nanotubes (MWCNTs) extruded from a capillary rheometer.
Surprisingly, we found that the MWCNTSs enhanced the chain orientation of HDPE, and that
in the absence of MWCNTs, orientation relaxation occurred in the HDPE immediately after
passing through the die. Conventional differential scanning calorimetry measurements
indicated that MWCNT acts as a nucleating agent and raises the crystallization temperature 2
- 4 °C under quiescent condition. In the flow field, oriented MWCNTSs behave like polymeric
chain extended crystals “shish”, and greatly accelerate the flow-induced crystallization of the
HDPE “kebab”. Consequently, the modulus was significantly increased in the flow direction.
These findings demonstrate that the addition of MWCNTs is an effective method of enhancing

the rigidity of HDPE.
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1. Introduction

Recent developments in industrial-scale carbon nanotube (CNT) production have
greatly accelerated scientific research. CNTs are often used as fillers for thermoplastic and
thermosetting resins to effectively enhance their Young’s modulus and strength.!> As well as
increasing the modulus by providing reinforcement, CNTs act as nucleating agents in some
crystalline polymers, thereby increasing crystallinity and further enhancing the modulus.
Moreover, rapid crystallization by the addition of CNTs often leads to enhanced molecular
orientation, which is also responsible for the marked rigidity.*°

The “shish-kebab” is one of the well-known structures generated in actual processing
operations besides oriented spherulites.”® Because it is composed of an extended crystalline
part, i.e., shish, and lamellae developed from the shish, i.e., kebab, the structure provides a high
degree of molecular orientation. With regard to polyethylene (PE), two types of lamellar
growing are known: the a-structure (Keller—Machin type I) and the c-structure (Keller—-Machin
type 11).” In both structures, the long axis of the lamellae (the b-axis) orients perpendicular to
the flow direction. In the a-structure, the lamellae twist as they grow, and the flat faces of the
lamellae (in the a-axis) become strongly oriented to the flow direction; i.e., the a-axis is
preferentially oriented to the flow direction rather than the c-axis. Therefore, it is not a regular
twisting like lamellae in spherulites. In contrast, in the c-structure, the chain-axis (the c-axis)
of the lamellae orients to the flow direction. Both structures are easily identified by their two-
dimensional wide-angle X-ray diffraction patterns. In general, the a-structure appears in PE
products obtained under relatively low strain, whereas the c-structure forms under conditions
of high strain and prompt crystallization. In both cases, the initial stage of structure
development is the formation of shish, i.e., the crystallization of polymeric extended chains.!”
Therefore, the prompt formation of shish accelerates the whole crystallization rate. This can be

achieved by adding a high-molecular-weight fraction with a Rouse relaxation time that is
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longer than the inverse of the strain rate.!!!” As well as high-molecular-weight components,
fibrous nucleating agents also behave like “shish”, greatly affecting the processability, structure,
and properties of the polymer in the solid state.!$ 2!

In the present study, we focused on the strong nucleating ability of multi-walled carbon
nanotubes (MWCNTs) in high-density polyethylene (HDPE). We investigated the effect of
MWCNTs on shish-kebab formation using a capillary rheometer. Although it has been known
that CNTs show nucleating activity for PE, the crystallization under the flow field has not been
reported so much.??* Moreover, the details in the crystalline structure of PE grown on the
MWCNT surface are still unknown.? Since the relaxation time of the MWCNT orientation is
long compared with the characteristic time under the flow,?¢ i.e., the inverse of the shear rate,
MWCNTs can behave like shish at conventional processing operations. We found that

MWCNTs enhance the chain orientation of HDPE to a surprising extent. Therefore, the

addition of MWCNTs is an effective new method for enhancing the rigidity of HDPE.

2. Experimental Section
2.1 Materials

We used HDPE with a melt flow rate (MFR) of 40 g/10 min (HJ590N; Japan
Polyethylene Corp., Japan) in the present study. The number- and weight-average molecular
weights—characterized by size exclusion chromatography at 140 °C using 1,2,4-
trichlorobenzene as an eluent—are M, = 8.7 x 10° and M,, = 4.9 x 10* as a polyethylene
standard; the density at 23 °C is 960 kg/m?.

A composite comprising HDPE and 3 wt.% MWCNTs (NT-7; Hodogaya Chemical Co.,
Ltd., Japan), i.e., HDPE/MWCNT (3 wt.%), was kindly provided in pellet form by Hodogaya
Chemical Co., Ltd. and employed as a master batch. The diameter of the MWCNTs ranged

from 40 to 80 nm, their length was between 10 and 20 pm, and their density was 2300 kg/m?;
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further details are described elsewhere.?” We reported that the MWCNTs employed are well
dispersed in thermoplastics including HDPE without bundle structure by conventional melt-
mixing.?"°
2.2 Sample preparation

The melt-mixing of HDPE/MWCNT (3 wt.%) and pure HDPE was performed using an
internal batch mixer (Labo-Plastmill, Toyo Seiki Seisakusyo, Japan) at 160 °C. The blade
rotation speed was 50 rpm and the duration of mixing was 5 min. The MWCNT contents were
0, 0.1, 0.3, and 1.0 wt.%. The samples were then compression-molded at 300 °C for 3 min to
prepare flat films with 900 um thickness for the rheology measurements. For the extrusion by
a capillary rheometer, the films were cut into small pieces.

We carried out extrusion at 160 °C using a capillary rheometer (140 SAS-2002, Yasuda
Seiki Seisakusho, Ltd., Japan) at apparent wall shear rates of 36.5 and 1000 s™!. We used three
types of circular dies with length (L)-to-diameter (D) ratios of 3/1, 20/1, and 40/1 (mm). The
entrance angle of the dies was 180°. One strand was extruded downward from a die without
stretching and cooled in the air atmosphere at 23 °C. The strands obtained had uniform diameter
with smooth surface. After collecting the strands, we evaluated the crystallization temperature
by differential scanning calorimetry measurements and the structure by two-dimensional wide-

and small-angle X-ray measurements and the dynamic tensile modulus.



Nishikawa and Yamaguchi, 6

= > 110°C

Fig. 1. Picture of thermal imaging camera

At the capillary extrusion, we evaluated the cooling rates of the strands using an infrared
thermal imaging camera (FLIR C2, FLIR Systems, Inc., USA). The accuracy of the machine
is £2 °C and the measurement pixels are 4800. Fig. 1 shows the picture of the thermal imaging

camera for the capillary rheometer and the extruded strand.

2.3 Measurements

The angular frequency dependence of the oscillatory shear moduli was measured using
a theometer (AR2000ex, TA Instruments, Inc., USA) at 160 °C under a nitrogen atmosphere.
A cone-and-plate geometry (cone diameter was 25 mm and cone angle was 4 °) was employed
for pure HDPE, while a parallel-plate geometry (25 mm in diameter) was for the composites.
The angular frequency range was 0.01-628.3 rad/s.

The steady-state shear stress was measured by the capillary rheometer with a circular
die of an L/D=20/1 at 160 °C. Neither Bagley and Rabinowitsch corrections were performed;

i.e., the apparent values on the wall were collected.



Nishikawa and Yamaguchi, 7

The crystallization temperature was evaluated using the strands by a differential
scanning calorimeter (DSC) (DSC8500, PerkinElmer Co., Ltd., USA) under a nitrogen
atmosphere. After complete melting at 230 °C for 3 min, the sample was cooled to 50 °C at
cooling rates of 10 and 100 °C/min. The amount of the sample was approximately 10 mg for
the slow cooling (10 °C/min) and 1 mg for the fast one (100 °C/min).

Two-dimensional wide-angle X-ray diffraction (WAXD) and small-angle X-ray
scattering (SAXS) patterns of the extruded strands were collected by an XRD machine
(SmartLab, Rigaku Corp., Japan) with an imaging plate. A graphite-monochromatized Cu Ka
radiation beam, operated at 45 kV and 200 mA, was inserted into the strands. The exposure
was performed with 1 min a shot for WAXD and 30 min for SAXS.

The tensile storage modulus at 20 °C was evaluated by a dynamic mechanical analyzer
(Rheogel-E4000, UBM Co. Ltd., Japan) using extruded strands at 10 Hz. The oscillatory strain
was applied in the parallel direction of the strand extruded at 36.5 s™'. The initial distance
between the gages was 10 mm. The sinusoidal strain in the linear region, approximately 0.3%,

was applied to the strand.

3. Results and discussion
3.1 Characterization of the composites

The rheological properties in the molten state were evaluated by a cone-and-plate
rheometer for linear viscoelastic properties and a capillary rheometer for steady-state shear
stress using compression-molded films. Fig. 2 shows the angular frequency dependence of the
oscillatory shear moduli—i.e., the storage modulus G’ and the loss modulus G'—for the

samples containing various amounts of MWCNTs at 160 °C.
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Fig. 2. Angular frequency dependency of (a) shear storage modulus G and (b) loss modulus

G" at 160 °C for the samples containing various amounts of MWCNTs.

As the figure illustrates, both the G’ and G” of the samples containing 0.1 and 0.3 wt.%
of MWCNTs decreased with decreasing frequency. The moduli were almost the same with
those of the pure HDPE. This is the typical viscoelastic behavior of the rheological terminal
region of a simple polymer melt. In other words, the small amounts of MWCNTs (< 0.3 wt.%)
did not affect the linear viscoelastic properties in this experimental range. In contrast, the slopes
of G’ and G” were small for the sample with 1.0 wt.% of MWCNTs, suggesting that a
secondary plateau appeared owing to the network structure of the MWCNTs. This is a well-
29,31-33

known rheological behavior for an MWCNT-dispersion system.

Fig. 3 shows the flow curves evaluated using the capillary rheometer with a circular die

of an L/D=20/1, i.e., the apparent shear stress on the wall o, plotted against the apparent shear

rate on the wall y,,. The steady-state shear stress for the sample containing 1.0 wt.% of
MWCNTSs was almost the same with those for the others, although the oscillatory shear
34,35

modulus was different. This is a typical flow curve for a suspension containing rigid rods.

Since the MWCNTs orient to the flow direction, the interparticle interaction is reduced.
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Fig. 3. Steady-state shear stress on the wall o, plotted against the apparent shear rate on the

wall y,,, at capillary extrusion at 160 °C for the samples with various amounts of MWCNTs.

Fig. 4 shows the DSC cooling curves at two different rates using the extruded strands.
Prior to cooling, the thermal history was erased at 230 °C for 3 min. The onset and peak
temperatures of crystallization were summarized in Fig. 5. It was found that the MWCNTs
increased the crystallization temperature; i.e., MWCNTs act as nucleating agents for HDPE.

According to Li et al.,*

the nucleating activity of CNTs for PE is attributed to the soft epitaxy,
at which both epitaxy and geometry confinement accelerate the crystallization. Since the
enhancement of the crystallization temperature was obvious even by a small amount (0.1 wt.%),
the MWCNTs used in this study have the strong nucleating activity. Furthermore, the figure
indicated that the gap between the onset and maximum crystallization temperatures is more

prominent at the fast cooling rate, i.e., 100 °C/min, which was not strongly affected by the

MWCNT addition at this experimental condition.
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Fig. 4. Differential scanning calorimeter (DSC) curves at cooling rates of (a) 10 °C/min and

(b) 100 °C/min.
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cooling rates of (a) 10 °C/min and (b) 100 °C/min.

3.2 Characterization of the extruded strands

The samples were extruded by the capillary rheometer with a circular die (L/D=20/1).
We estimated the cooling rates of the strands using the thermal imaging camera, and found
them to be 3.8 °C/s (2.3 x 10 °C/min) at 36.5 s™' and 70 °C/s (4.2 x 10° °C/min) at 1000 s,

which are typical values at capillary extrusion.’”
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Fig. 6 shows two-dimensional wide-angle X-ray diffraction (2D-WAXD) images of the
strands extruded at 36.5 s' and 1000 s™! as apparent shear rates on the wall. Because X-ray

went through whole strands, the images obtained the information on not only surface but also

core in the strands (the average shear rates are, therefore, 18.3 s™! and 500 s™!, respectively).

(a) (b)
Flow
direction
(c) (d) (e

)

Fig. 6. Two-dimensional wide-angle X-ray diffraction (2D-WAXD) images of extruded
strands: (a) HDPE at 36.5 s™!, (b) HDPE at 1000 s, (c) 0.1 wt.% of MWCNTSs at 36.5 s™!, (d)
0.3 wt.% of MWCNTs at 36.5 57!, and (e) 1.0 wt.% of MWCNTs at 36.5 ™. The shear rates

are the values on the wall.

The integrated intensity data are plotted against 26 in Fig. 7. There are two distinct
peaks, which are ascribed to the (110) and (200) planes of HDPE (the numbers in brackets are
the Miller indices), and which are easily discernable from the broad amorphous background.
The degree of crystallization y, denoted in the figure, was calculated from the following
equation,

S1,

- i 1
X S+, (1)
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where /. and I, are the areas of crystalline and amorphous peaks. It was found that the MWCNT
addition slightly increased the crystallinity. This is owing to the enhanced packing of

crystalline region by the alignment of lamellar crystals, which will be shown later.

(110)

(200)

fif

10 15 20 25
20 (deg.)

w

0

Fig. 7. Integrated intensity data plotted against 26 for the strands extruded at 36.5 s,

The type of lamellar growth—i.e., either a-structure (twisted lamellae) or c-structure
(untwisted lamellae)—can be determined by the azimuthal distribution of the diffraction peaks.
Fig. 8 shows the azimuthal distribution of the (110) and (200) planes. There was almost no
orientation in the HDPE, even at 1000 s™!. This suggests that the molecular orientation induced
by the capillary die is relaxed prior to the crystallization. In contrast, the azimuthal distribution
demonstrates that the MWCNT addition provides the chain orientation. The blends with 0.1
and 0.3 wt.% of MWCNTs had the strong intensity at 0 and 180 degrees (meridian) for the
(200) plane. Correspondingly, each equatorial peak of the (110) plane was divided into two.
The profiles suggested that they have a-structure (twisted lamellae) even at 36.5 s™!. Moreover,
the blend containing 1.0 wt.% of MWCNTs exhibited the strong intensity at 90 and 270 degrees
(equator) for both the (110) and (200) planes, demonstrating that it has c-structure (untwisted

lamellae). These results indicated that the MWCNT addition greatly increases the orientation
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of PE chains. Prompt crystallization on the surface of the MWCNTs aligned to the flow

direction prohibits the orientation relaxation of the PE chains, thereby ensuring a high degree

of orientation.
(a) ()
S ]
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IS IS '
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0 9 180 270 360 90 180 270 360
Azimuthal angle (deg.) Azimuthal angle (deg.)
(© (d) (e)
(110) (110)
5 | (110) 5 3
p © ©
> > >
‘n ‘B ‘0
c s S
g 2 g
k= = E

W i200) (200)

0 90 180 270 360 0 90 180 270 360 0 90 180 270 360
Azimuthal angle (deg.) Azimuthal angle (deg.)

Azimuthal angle (deg.)

Fig. 8. Azimuthal distribution of (110) and (200) planes: (a) HDPE at 36.5 s, (b) HDPE at
1000 s™!, (c) 0.1 wt.% of MWCNTs at 36.5 s!, (d) 0.3 wt.% of MWCNTSs at 36.5 s™!, and (e)

1.0 wt.% of MWCNTs at 36.5 s!. The shear rates are the values on the wall.

Fig. 9 shows two-dimensional small-angle X-ray scattering (2D-SAXS) images. As
shown in the figure, the strands containing MWCNTs exhibited the strong intensity in meridian,

indicating the lamellae orient perpendicular to the flow direction. This corresponds with the



Nishikawa and Yamaguchi, 14

WAXD results. The long axis, derived from the intensity distribution in the vertical direction,

was approximately 20 nm for all samples.

I

Flow
direction

Fig. 9. Two-dimensional small-angle X-ray scattering (2D-SAXS) images of extruded
strands: (a) HDPE at 36.5 s™!, (b) HDPE at 1000 s™!, (c) 0.1 wt.% of MWCNTSs at 36.5 57!, (d)
0.3 wt.% of MWCNTs at 36.5 s7!, and (e) 1.0 wt.% of MWCNTs at 36.5 s™!. The shear rates

are the values on the wall.

These experimental results demonstrated that the addition of MWCNTs provides the
strong orientation by a rapid crystallization even with 0.1 wt.% at 36.5 s, although the
orientation relaxation occurred immediately prior to the solidification for pure HDPE. Moreover, the
pronounced orientation as c-structure (untwisted lamellae) was detected at this shear rate for
the sample containing 1.0 wt.% of MWCNTs.

Besides the Weissenberg number for chain stretching, i.e., the product of strain rate and
Rouse relaxation time, it has been well known that the applied work is a critical factor to form
the shish-kebab structure.!>!74%4! Therefore, we used short and long dies for the capillary
extrusion to confirm the contribution of the work in the capillary die. We characterized the

structure in the extruded strands for pure HDPE and the blend containing 0.3 wt.% of



Nishikawa and Yamaguchi, 15

MWCNTs by 2D-WAXD. As shown in the supporting information, it was found that the length
of the die hardly affects the oriented structure. This is reasonable because the MWCNTSs
behaved like extended chain crystals.

The orientation of both HDPE chains and MWCNTs seems to have been responsible
for this marked oriented structure. Therefore, HDPE chains that are oriented to the flow
direction can attach to the MWCNT surfaces without greatly altering their chain conformation;
1.e., the actual surface area of the MWCNTs that is available for the attachment of HDPE chains
increases when the orientation directions match. This situation enhances the epitaxy matching
and thus suppresses the nucleation barrier as revealed by Patil et al.?> The geometrical

confinement, as demonstrated by Li et al.,?

also contributes to enhance the crystallization in
the flow field.

Owing to the increased molecular orientation of the HDPE, the MWCNTs produce a
high tensile modulus in the flow direction. Fig. 10 shows the tensile storage modulus at 20 °C
for the strands extruded at 36.5 s™! as a function of the MWCNT content. It has been known
that rigid fillers enhance the modulus even without changing the structure of a matrix
polymer.*? In this study, however, the moduli increased considerably with a significantly small

amount of MWCNTs, suggesting that the chain orientation is mainly responsible for the

modulus enhancement.
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Fig. 10 Tensile storage modulus £’ at 10Hz at 20 °C as a function of the MWCNT content for

the strand extruded at 36.5 s™' on the wall.

4. Conclusions

In the present study, we investigated the effect of MWCNTs on the structure of HDPE
when it was extruded from a capillary rheometer. We found that the MWCNTs greatly
increased the orientation of the PE chains with a slight increase in the crystallinity. The lamellae
oriented perpendicular to the flow direction with twisting (0.1 and 0.3 wt.% of MWCNTs) or
untwisting (1.0 wt.%). In contrast, there was no such orientation in HDPE without MWCNTs
even at a high shear rate/stress condition. These results demonstrate that the orientation of the
MWCNTs greatly affects the flow-induced crystallization of HDPE. One explanation for this
is the matching of orientation between the HDPE chains and the MWCNTs. Furthermore, shish
formation, which is the first step in flow-induced crystallization, is not required for HDPE
containing MWCNTs, because the MWCNTs play a role on “shish”. They are also responsible
for the rapid crystallization. The enhanced molecular orientation of the HDPE induced by the

addition of MWCNTs increases the modulus in the flow direction greatly.
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