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We investigated changes to the linear viscoelastic properties of a mixture comprising polycarbonate (PC) containing
3 wt.% of a multiwalled carbon nanotube (MWCNT) and high-density polyethylene (HDPE), also containing 3 wt.%
MWCNT, during post-processing annealing. The oscillatory shear moduli — i.e., the storage modulus G'and the loss mod-

ulus G" — gradually increased with residence time in a rheometer (i.e., annealing). The samples were prepared by com-

pression-molding at low temperature, during which the MWCNTs became oriented by the applied squeeze flow. The

marked increase in the oscillatory moduli may be attributed to the formation of a conductive MWCNT network owing to

Brownian motion. Furthermore, the moduli increased more rapidly during high-temperature annealing. These increases can

be expressed by a simple equation using only one characteristic time, i.e., the time required for MWCNT redistribution by

Brownian motion. This characteristic time is considered one of the factors that control the structure of composites contain-

ing MWCNTs.
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1. INTRODUCTION

Various polymer properties may be greatly modified by
the addition of a small amount of nanofiller. The materials
obtained by such an approach are often referred to as nano-
composites. One of the most significant ways in which such
materials differ from conventional composites is in the occur-
rence of Brownian motion, which can be detected in a poly-
mer melt. Consequently, the dispersion of nanofillers in a
polymer can be modified by the post-processing annealing
procedure. This behavior has been studied in detail, both the-
oretically” and experimentally”®. Because Brownian motion
affects filler distribution, it must be understood in detail to
ensure the appropriate morphology of the polymer nanocom-
posite. With regard to the compression-molding process, it is
also important to predict the residence time and the tempera-
ture in the mold to ensure the homogeneous distribution of
the nanofiller in the polymer melt by Brownian motion.

The effect of Brownian motion on the rheological re-
sponse in a concentrated suspension has been studied inten-
sively by Shikata e al.>>®, who used hard-sphere particles.

They found that such a system is weakly elastic owing to
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Brownian motion, which is provided by the redistribution of
particles from a shear-distorted dispersion state to an equilib-
rium state. Furthermore, rigid particles in condensed systems
sometimes hardly move with respect to each other owing to
intense interparticle interactions such as frictional force.
Therefore, such systems require a considerable time for re-
distribution, which results in a solid-like mechanical behav-
ior.

Following their discovery by Iijima”, carbon nanotubes
(CNTs) have become one of the best-known functional nano-
fillers because they provide an electrical and/or thermal con-
ductive path, even when present in small amounts. Potschke
et al. reported that the storage and loss moduli increase sig-
nificantly — especially in the low frequency region — with
increasing content of multiwalled carbon nanotubes
(MWCNTs) in composites comprising polycarbonate (PC)
and MWCNTs'""?. According to those researchers, the in-
crease in the oscillatory moduli may be attributed to the for-
mation of a network structure composed of MWCNTs; this
network structure provides good electrical conductivity' '?.
As is well known, polymer composites containing electro-
conductive fillers can be transformed from electrical insula-
tors to conductors by increasing the filler content. The perco-
lation threshold of conductive fillers decreases with their

aspect ratio'”*". Therefore, a small number of MWCNTs is
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sufficient to confer conductivity when they are homoge-
neously distributed in a polymer. The percolation threshold
of MWCNTs is approximately 1-3 wt.% for mechanically
blended samples composed of PC and MWCNTs™. However,
because they are expensive, there is a strong incentive to re-
duce the number of MWCNTs in the composition. As men-
tioned previously, a network structure composed of MWCNTs
can be obtained by Brownian motion, i.e., redistribution to an
equilibrium state.

In the present study, we studied the dispersion of
MWCNTs in a molten PC and high-density polyethylene
(HDPE) using a rheological approach with the electrical con-
ductivity as a function of the post-processing annealing pro-
cedure. We found that the development of a network structure

can be expressed by a simple formula.
2. EXPERIMENTAL

2.1 Materials

The polymers used in the present research were bisphe-
nol-A polycarbonate (PC) (Panlite L-1225Y; Teijin, Ltd.,
Japan) (melt flow rate (MFR) = 11 g/10 min) and high-densi-
ty polyethylene (HDPE) (HJ590N; Japan Polyethylene Corp.,
Japan) (MFR =40 g/10 min). The number- and weight-
average molecular weights, characterized by size exclusion
chromatography (SEC) (HLC-8020, Tosoh Corp., Japan)
using chloroform as an eluent, were M,=1.9 x 10* and
M, =9.7 x 10* for PC using polystyrene as a standard. The
M, and M,, of HDPE were also characterized by SEC using
1,2,4-trichlorobenzene at 140 °C, and were found to be
M,=8.7x10° and M, = 4.9 x 10", respectively, using poly-
ethylene as a standard. The densities of the PC and HDPE at
23 °C were 1200 kg/m® and 960 kg/m’, respectively. A com-
posite of PC with 20 wt.% of MWCNT and another compos-
ite of HDPE with 3 wt.% of MWCNT were provided by
Hodogaya Chemical Co., Ltd. (Japan) in pellet form. The
MWCNT had a diameter of 40-80 nm, and was between
10 and 20 pm long. The density of the MWCNTs was
2300 kg/m’.

2.2 Preparation of composites

We dried the PC and the masterbatch for approximately
5hat 120 °C in a vacuum oven. The masterbatch containing
20 wt.% of MWCNTs was diluted with the pure molten PC
using a 30 cc internal batch-type mixer with kneading disks
(IMC-1891; Imoto Co., Ltd., Japan) at 280 °C for 5 min. The
blade rotation speed was 50 rpm. The obtained PC composite
and the HDPE composite containing 3 wt.% of MWCNTs
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were compressed into flat, ca. 1.2-mm-thick sheets using a
compression-molding machine (Table-type testpress; Tester
Sangyo Co., Ltd., Japan). The mold temperature was con-
trolled at either 200 or 300 °C for PC, and either 150 or
300 °C for HDPE, under an applied pressure of 10 MPa. The
residence time in the mold was 3 min. We obtained the sheets

after quenching with cold water at 25-30 °C.

2.3 Measurements

We obtained growth curves of the oscillatory shear mod-
uli at a constant angular frequency of 1.0 rad/s using a
strain-controlled parallel-plate rheometer (MR-500; UBM,
Japan) under a nitrogen atmosphere at either 250 or 300 °C
for PC, and 150 or 250 °C for HDPE. The diameter of the
plate was 25 mm and the gap between the plates was approx-
imately 1 mm. The strain amplitude was selected to be within
the linear viscoelastic range.

To evaluate the degree of thermal degradation of PC
during the rheological measurements, the molecular weights
of the PCs in the composites were measured by size exclu-
sion chromatography (SEC) (HLC-8020; Tosoh Corp., Japan)
with TSK-GEL1 GMHXL; chloroform was used as the elu-
ant at a flow rate of 1.0 ml/min. The temperature was main-
tained at 40 °C and the sample concentration was 1.0 mg/ml.
Prior to the measurement, we carried out filtration treatment
using a filter with 0.45-pm pores to remove the MWCNTs.

We examined the morphology of the blends using a
scanning electron microscope (SEM) (S4100; Hitachi, Ltd.,
Japan). Prior to examination, we sputter-coated the surfaces
of the cryogenically fractured samples with OsO,.

We measured surface and volume resistivities using a
constant voltage-supplied resistivity meter (MCP-T610;
Mitsubishi Chemical Analytech Co., Ltd., Japan). The mea-
surements were performed nine times for each sample at

23 °C, and the average values were calculated.

3. RESULTS AND DISCUSSION

Figure 1 shows the angular frequency dependence of
the shear moduli — i.e., the storage modulus G' and the
loss modulus G" — of PC/MWCNT (3 wt.%) and HDPE/
MWCNT (3 wt.%) at 250 °C. Both samples were prepared
by compression-molding at 300 °C. It is obvious that the
plateau moduli appear in the low frequency region, suggest-
ing the presence of a network structure. In other words, there
was interparticle interaction between neighbor MWCNTs in
the molten PC and HDPE, which dominated the viscoelastic
properties in the low frequency region.
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Fig. 1 Angular frequency dependence of shear moduli — i.e., the storage
modulus G’ (open circles) and the loss modulus G (closed circles) —
at 250 °C of (a) PC/MWCNT (3 wt.%) and (b) HDPE/MWCNT
(3 wt.%). PC = polycarbonate; MWCNT = multi-walled carbon
nanotube; HDPE = high-density polyethylene.

The growth curves of the oscillatory shear moduli —
i.e., the storage modulus G’ and the loss modulus G"— at
250 °C and 300 °C for PC/MWCNT (3 wt.%) obtained by
compression-molding at 200 °C are shown in Fig. 2. The val-
ues of G'and G" gradually increased with the residence time
in the rheometer, i.e., the annealing period z,. Furthermore,
we confirmed that it takes a longer time to be constant values
of both moduli at the low temperature (250 °C). The mea-
surements provided the experimental error in the short time
region, because it took some periods to control the tempera-
ture (it took longer time to be at 300 °C, leading to a rapid
increase in G’ in the short time region).

The degree of thermal degradation of PC during the rhe-
ological measurements was evaluated using the SEC mea-
surements. We found that the molecular weight and molecu-
lar weight distribution of the sample annealed at 300 °C were

the same as those of the sample annealed at 200 °C (Fig. 3).
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Fig. 2 Growth curves of (a) shear storage modulus G’ and (b) shear loss
modulus G" at 250 °C (closed circles) and 300 °C (open circles) for
PC/MWCNT (3 wt.%) compressed at 200 °C. The angular frequency
was 1.0 rad/s. The values of the solid lines were calculated using eq.
(1). PC = polycarbonate; MWCNT = multi-walled carbon nanotube.
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Fig. 3 GPC curves of PC/MWCNT (3 wt.%) annealed at 200 °C and
300 °C. GPC = gel permeation chromatography; PC = polycarbon-
ate; MWCNT = multi-walled carbon nanotube.

These results demonstrate that the modulus increase
may be attributed to the formation of an MWCNT network.
In other words, the applied squeeze flow during compres-
sion-molding orients the MWCNTs, as revealed by our previ-
ous study””, and is responsible for the decrease in the inter-
particle interaction between neighboring MWCNTs.

Subsequently, Brownian motion during annealing in the
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rheometer leads to random orientation and results in the for-
mation of an MWCNT network.

It should be noted that we did not detect a modulus
change in the rheometer for the composite sample com-
pressed at 300 °C, demonstrating that the MWCNT distribu-
tion was in equilibrium during compression-molding, i.e.,
300 °C for 3 min.

The growth curves of G' and G" in Fig. 2 can be de-
scribed by the following simple equation, as shown by the

solid lines in the figure:

G(ta) = Gi+ (Gog— G 1—‘”“’(‘%)] M
where G, and G,, are the storage or loss moduli at the initial
(t,=0) and equilibrium (z, = ) conditions at the same fre-
quency, respectively. A similar equation was proposed to ex-
press the recovery curve of oscillatory moduli from the shear
modification of low-density polyethylene®™ **.

In eq. (1), (G, — G;), which expresses the deviation in
the modulus from the equilibrium state, should be determined
by the applied flow condition. Therefore, the contribution
made by Brownian motion can be expressed by only one pa-
rameter, i.e., 7,. This is the characteristic time of the orienta-
tion relaxation during annealing. In other words, the orienta-
tion relaxation of MWCNTs is a simple relaxation process
with one characteristic time. Furthermore, the value of 7,
measured at 250 °C (348 s) was longer than that at 300 °C
(234 s). This was as expected because the relaxation time at
300 °C was shorter than that at 250 °C.

Figure 4 shows the growth curves of the shear modu-
li — i.e. the storage modulus G’ and the loss modulus G"” —
at 150 and 250 °C for HDPE/MWCNT (3 wt.%) obtained by
compression-molding at 150 °C. Similar to PC/MWCNT
(3 wt.%), the values of G’ and G" gradually increased with
increasing residence time in the rheometer. This behavior is
also expressed by eq. (1) with only one characteristic time,
which is shown by the solid lines in the figure. Both moduli
at the low temperature (150 °C) exhibited a marked increase
over a wide range of annealing times compared with the
moduli at the high temperature (250 °C). The value of 7, mea-
sured at 150 °C (690 s) was longer than that at 250 °C (450 s),
as expected.

Moreover, we found that the temperature dependence of
7, in the HDPE system was less marked than that in the PC
system. This may be attributed to the difference in the flow
activation energy between PC (ca. 50 kJ/mol) and HDPE (ca.
24 kJ/mol)**®. Because Brownian motion is affected by the

zero-shear viscosity of the medium, i.e., the matrix, the low
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Fig. 4 Growth curves of (a) shear storage modulus G' and (b) shear loss
modulus G" at 150 °C (closed circles) and 250 °C (open circles) for
HDPE/MWCNT (3 wt.%) compressed at 150°C. The angular
frequency was 1.0 rad/s. The values of the solid lines were calculated
using eq. (1). HDPE = high-density polyethylene; MWCNT = multi-
walled carbon nanotube.

value of the flow activation energy for HDPE was responsi-
ble for the weak dependence of the ambient temperature.

To clarify the effect of annealing temperature on the
dispersion of MWCNTs, we used SEM to examine the frac-
tured surfaces of the HDPE/MWCNT (3 wt.%) composites
compressed at 150 and 300 °C. As shown in Fig. 5, the
MWCNTs in the HDPE compressed at the low temperature
(150 °C) aligned parallel to the flow direction, i.e., perpendic-
ular to the compression direction. In contrast, the MWCNTSs
in the HDPE compressed at the high temperature (300 °C)
oriented randomly. We detected similar phenomena in previ-
ous studies'**”. These results suggest that the structural de-
velopment of the PC/MWCNT and HDPE/MWCNT com-
posites during the annealing procedure is attributed to the
rotational diffusion of the MWCNTs in the molten PC and
HDPE, owing to Brownian motion. Similar results were re-
ported previously'*>** %,

The redistribution of conductive MWCNTs in a polymer
melt provides the conductive network. In other words, the

electrical conductivity of the composites can be greatly
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(a) HDPE/MWCNT compressed at 150 °C

;

Fig. 5 Distribution of MWCNTs in HDPE at the cut surface of the com-
pressed sheets of (a) HDPE/MWCNT (3 wt.%) at 150 °C and (b)
HDPE/MWCNT (3 wt.%) at 300 °C. The compressive deformation
was applied in the normal direction in the pictures. HDPE = high-den-
sity polyethylene; MWCNT = multi-walled carbon nanotube.

Table I Surface and volume resistivity values of HDPE/MWCNT (3 wt.%)
compression-molded at 150 °C and 300 °C.

Tempe?rature at. Surface resistivity | Volume resistivity
compression-molding

o (Q/sq.) (Q-cm)

(9

150 2.2x10° 1.6x10°

300 9.4x10' 7.9

HDPE = high-density polyethylene; MWCNT = multi-walled carbon nano-
tube

improved by choosing appropriate processing conditions
and/or post-processing annealing conditions, such as the ap-
plied thermal and flow history.

We measured the electrical conductivity of the compos-
ites at room temperature using HDPE/MWCNT (3 wt.%)
sheets compressed at 150 and 300 °C. Table I shows the sur-
face and volume resistivity values of the samples. The sam-
ple prepared by compression-molding at 300 °C had low re-
sistivity values, which may be attributed to the formation of a
network of MWCNTs.

4. CONCLUSIONS

We studied the rheological properties of a compres-
sion-molded plate containing MWCNTs oriented by the ap-
plied squeeze flow during post-processing annealing. The

oscillatory moduli — i.e., the storage modulus G’ and the
loss modulus G"” — of the sample prepared at low tempera-
ture were lower than those prepared at high temperature ow-
ing to the orientation of the MWCNTs. Moreover, the modu-
li increased with increasing post-processing annealing time
in the rheometer, owing to Brownian motion, which resulted
in the interparticle interaction of the MWCNTs and thus the
formation of an MWCNT network. These structural develop-
ments can be expressed by a simple equation using only one
characteristic time, i.e., the time required for MWCNT redis-
tribution by Brownian motion. This characteristic time is
considered one of the factors that control the structure of

composites containing MWCNTs during annealing.
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NOMENCLATURE LIST

G(t,) = the storage or loss moduli at the annealing time (z,)
[Pa]

G, = the storage or loss moduli at the initial (¢, = 0) condi-
tions at the same frequency [Pa]

G,, = the storage or loss moduli at the equilibrium (#, = )
conditions at the same frequency [Pa]

t, = annealing time [min]

7, =the characteristic time of the orientation relaxation

during annealing [min]
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