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Effect of cooling rate after polymer melting
on electrical properties of high-density

polyethylene/Ni composites

Akihiko Kono, Naoko Miyakawa, Satoshi Kawadai, Yousuke Goto, Takeshi Maruoka, Masashi Yamamoto

and Hideo Horibe

We investigated the effects of cooling rate after polymer melting on the room temperature resistivity (p) and on the positive
temperature coefficient (PTC) effect of resistivity of high-density polyethylene (HDPE)/Ni conductive polymer composites. The

pL of slowly cooled samples was lower than that of quenched samples. It was hypothesized that slow cooling increases the
crystallinity of HDPE, forming conductive paths as Ni particles localize in the amorphous matrix of HDPE. In the PTC effect, the
inflection-point temperature of the PTC curve rose to the melting point of the HDPE with increasing Ni content. We speculated
that the PTC effect of HDPE/Ni composites might occur by two mechanisms: cubical expansion of HDPE, and the diffusion of
localized Ni particles into the amorphous matrix of HDPE as a result of the change from a crystalline matrix to an amorphous

matrix on melting of HDPE.
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INTRODUCTION

Materials exhibiting a positive temperature coefficient (PTC) effect of
resistivity are used in breakers to protect electronic circuits. The PTC
effect implies that resistivity increases with rising temperature. Impur-
ity-doped BaTiOj exhibits the PTC effect.!”> However, BaTiO3-based
materials exhibit an NTC (negative temperature coefficient) effect
immediately after the PTC effect. The NTC effect implies that
resistivity decreases with rising temperature. It is thought that
materials exhibiting an NTC effect are inappropriate for use in
electronic circuit protection.

Conductive polymer composites*® with a conductive filler also
exhibit the PTC effect. These composites are conventionally fabricated
by filling carbon black (CB), metal powder or carbon nanotubes into
a polymer matrix. Flexibility and processability are the advantages
of these composites. To use conductive polymer composites in the
protection of electronic circuits, both low resistivity at room tem-
perature (pr) and high resistivity at high temperature (> 100 °C) are
essential. In addition, it is essential that the NTC effect does not occur
immediately after the PTC effect. To fabricate conductive polymer
composites with these properties, it is necessary to clarify the
physical mechanisms and their relation to the electrical properties of
composites.

The pp of conductive polymer composites filled with metal is
1072Qcm.> Percolation conduction, tunneling conduction and
hopping conduction are considered as the electrical conduction

mechanisms of conductive polymer composites. In particular, the
low resistivity of conductive polymer composites with a large amount
of conductive filler is explained by the percolation theory.®10-16
Nakamura et al.!® reported that the change in p; with increasing
conductive filler content has two transition points and revealed that
the conduction mechanism changes from a non-ohmic behavior to an
ohmic behavior once the conductive filler content reaches the second
transition point.'® They revealed that the critical filler content (perco-
lation threshold), which forms a conductive path, is the second
transition point.!®

On the other hand, the resistivity at high temperature (> 100 °C) of
conductive polymer composites reaches 10°Qcm even with a large
amount of conductive filler.> In particular, resistivity increases sig-
nificantly after melting of the polymer.*?

In a previous paper, we suggested that conductive fillers are
localized in the amorphous matrix of the polymer.* Thus, we assume
that an investigation of the relationship between the electrical proper-
ties of composites and the crystallinity of the polymer is important.

In this paper, we discuss the effect of cooling rate after polymer
melting on the electrical properties of HDPE/Ni conductive polymer
composites prepared by the melt-blending method. We demonstrate
that the pp of the slowly cooled sample is lower than that of the
quenched sample, because of increased crystallinity of the HDPE.
Furthermore, we demonstrate that the PTC effect of the HDPE/Ni
conductive polymer composites with a low Ni content occurs from the
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slight cubical expansion of the HDPE, whereas the PTC effect of the
HDPE/Ni conductive polymer composites with a high Ni content
occurs from both the drastic cubical expansion of the HDPE and
the diffusion of localized Ni particles into the amorphous matrix of
the HDPE, because of the change from a crystalline matrix to an
amorphous matrix with the melting of the HDPE.

EXPERIMENTAL PROCEDURE

Materials

HDPE was used as a base polymer for conductive polymer composites,
specifically, HJ560 manufactured by Japan Polyethylene (Tokyo, Japan). Its
density was 0.964 gcm™3; its melting point was 135 °C; and its melt flow rate
(temperature 190 °C, force 2160 g) was 7 g/10 min. Ni particles manufactured
by Inco (Toronto, Canada) were used as the conductive filler of the conductive
polymer composites. Its density was 8.91gcm™3, its particle size was 2.5 um
and its resistivity was 7x 107> Qcm.

Sample preparation

HDPE pellets and Ni particles were melt blended at 200 °C and at 60 r.p.m. for
15 min, using a plastic mixing apparatus (Toyo Seiki 4M150; Toyo Seiki, Tokyo,
Japan). The HDPE/Ni blend was inserted between the two Fe boards
(150 mmx 150 mmx2.2 mm*) of a metallic mold and molded to a 1 mm-thick
board (sample) using the hot-press method. Prehot press was performed at
2.5MPa and at 200 °C for 3 min, and hot press was performed at 5MPa and
200 °C for 4 min. The sample in the metallic mold, after application of the hot
press, was cooled in ice water (quench) or in air (slow cooling). Figure 1 depicts
the sample temperature as a function of cooling time. The cooling time from
200 to 25°C (R.T.) for the quench method was 10 min and that of the slow
cooling method was 45 min.

Characterization of the conductive polymer composite

The py was measured by the four-point probe method. The probe distance was
5mm, and the applied current for measurements was 100 pA. The PTC effect
was evaluated by measuring resistance using the two-terminal method while the
sample was being heated in an oven at a rate of 1 °Cmin~'. In the two-terminal
method, resistivity p was calculated using equation p=RS/d from the measured
values of resistance R, sample area S and sample thickness d. Sample area
was 1cm? and sample thickness was approximately 0.5 mm. To measure the
resistance (resistivity) of the sample by the two-terminal method, Ni foil was
heat sealed at 1 MPa and at 200 °C for 5 min to form electrodes on both sides of
the sample. The quenched sample, after the hot-press procedure, was again
quenched after Ni foil lamination, and the slowly cooled sample, after the hot-
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Figure 1 Change of sample temperature (7) as a function of cooling time (%).
®: Quenching (in ice water). O: Slow cooling (in air).
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press procedure, was again cooled slowly after Ni foil lamination. The cooling
method (quenching or slow cooling) of the sample after Ni foil lamination was
the same as described in subsection ‘Sample preparation’. The applied current
for measurements was 100 A (when resistance is lower than 5kQ), 12 pA
(when the resistance range is 5-50kQ2) and 1.2 pA (when resistance is larger
than 50kQ). For the PTC effect of samples, we defined the inflection-point
temperature of the PTC curve as the transition temperature. The crystallinity
of HDPE was evaluated from the X-ray diffraction (XRD) spectrum of
30kV-15mA CuKu radiation, using an XRD apparatus (Rigaku Mini Flex II;
Rigaku, Tokyo, Japan).

RESULTS AND DISCUSSION

Relationship between cooling rate after polymer melting and
crystallinity of the HDPE

Figure 2 plots the XRD spectra of the quenched pure HDPE board (Ni
content Cn;=0wt.%) and the slowly cooled pure HDPE board
(Cni=0wt.%). Sharp peaks from crystalline phases were observed in
both the XRD spectrum of the quenched HDPE and that of the
slowly cooled HDPE. To evaluate the crystallinity of the HDPE,
the background and CuKy, peaks of the XRD spectrum (Figure 2)
were separated by the Sonneveld—Visser method!” and the Rachinger
method.'® The crystallinity of the quenched HDPE was 60% and that
of the slowly cooled HDPE was 68%. It was assumed that this
difference was the result of the difference between cooling rate with
the quench method and that with the slow-cooling method from the
polymer melt.

We also investigated the crystallinity of the HDPE filled with various
concentrations of Ni particles. Figure 3 illustrates the crystallinity of
the HDPE in the quenched sample and that in the slowly cooled
sample as a function of Cy;. The crystallinity of HDPE in both
quenched samples and slowly cooled samples decreased with increas-
ing Cy;. Ni particles interfered with the crystallization of HDPE.

Resistivity of HDPE/Ni conductive polymer composites at room
temperature as a function of Ni content

Figure 4 presents the py value of the quenched sample and that of the
slowly cooled sample as a function of Cy;. The py. of the slowly cooled
sample was lower than that of the quenched sample. In a previous
paper,* we suggested that CB particles in HDPE/CB conductive
polymer composites are localized in the amorphous matrix of the
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Figure 2 Typical XRD spectra of pure HDPE boards (Ni content=0wt.%).
Solid line: Quenched HDPE. Dashed line: Slowly cooled HDPE.
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Figure 3 The change in crystallinity of HDPE as a function of Ni content
(Cni)- @: Quenched HDPE/Ni composites. O: Slowly cooled HDPE/Ni
composites.
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Figure 4 The change in p_ of HDPE/Ni composites as a function of Ni
content (Cyj). ®: Quenched HDPE/Ni composites. O: Slowly cooled HDPE/
Ni composites.

HDPE. On the basis of this suggestion, we assume that Ni particles in
HDPE/Ni conductive polymer composites are localized into the
amorphous matrix of HDPE. The conductive paths are likely formed
by these localized Ni particles. Figures 5a—d schematically illustrate the
conductive path connection of the HDPE/Ni conductive polymer
composite. Both crystallite size and thickness of the lamella are
approximately tens of nanometers.!” On the other hand, the size of
the average Ni particle is 2.5um. Therefore, it is thought that Ni
particles are not in the crystalline matrix of the HDPE, but in the
amorphous matrix of the HDPE. As indicated in Figures 5a and b, the
conductive path connection is facilitated by increased crystallinity of
the HDPE. Consequently, it is suggested that p; decreases with an
increase in crystallinity of HDPE. Therefore, p of the slowly cooled
sample is lower than that of the quenched sample.

Figure 4 demonstrates that the slope of py change in the quenched
sample is larger than that of the slowly cooled sample. In the slowly
cooled sample, many conductive paths are formed, even with low Cy;
(70wt.%), because the crystallinity of HDPE is high. Therefore,
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conductive paths grow less rapidly with increasing Cy;, and the
slope of py change in the slowly cooled samples is small. On the
other hand, quenched samples have few conductive paths when the
Cyi is low (70 wt.%) because the crystallinity of HDPE in quenched
samples is low. It is expected that conductive paths would grow rapidly
with increasing Cy;. Therefore, the slope of p; change in the quenched
samples is large.

Figure 4 indicates that the difference between the py value of the
quenched sample and that of the slowly cooled sample decreased with
increasing Cy;. When Cyj is high, it is assumed from Figures 5¢ and d
that conductive paths are formed effectively, even with the low
crystallinity of HDPE.

PTC effects of HDPE/Ni conductive polymer composites

Figure 6 plots the PTC curves of the quenched sample and of the
slowly cooled sample as a function of Cy; (70, 80, 90 and 95 wt.%).
When Cy; <90 wt.%, transition temperature decreases with decreasing
Cyi- However, the transition temperatures of Cy;=90wt.% samples
are consistent with those of Cy;=95wt.% samples.

In a previous paper,? we investigated the PTC effect of the crystalline
polymer/CB (for example, HDPE/CB, polypropylene/CB and syndio-
tactic-polystyrene/CB) conductive polymer composites and found that
transition temperature corresponds to the melting point of the poly-
mer. Consequently, it is thought that the PTC effect of HDPE/Ni
conductive polymer composites occurs from melting HDPE. Conduc-
tive path disconnection by both the diffusion of the localized Ni
particles in the amorphous matrix of HDPE because of the change
from a crystalline matrix to an amorphous matrix and the drastic
cubical expansion of HDPE?® are considered to be the mechanisms of
the PTC effect observed during HDPE melt. In addition, the volume of
HDPE expands slightly, even with temperatures below the melting
point.2’ This might contribute to the disconnection of the conductive
paths. Thus, it is reasonable to consider that the origins of the PTC
effect in HDPE/Ni conductive polymer composites arise both from the
melting of HDPE and from the cubical expansion of HDPE.

It is assumed that the connection of Ni particles becomes weaker
with decreasing Cy;. Therefore, lower Cy; leads to the disconnection of
conductive paths by smaller cubical expansions of the HDPE, and
the transition temperature decreases with decreasing Cy; when
Cni<90wt.%. In contrast, when Cy;=90wt.%, it is assumed that
the conductive paths are not disconnected by the slight cubical
expansion of the HDPE, because the conductive paths are more
robust, formed by many Ni particles (see Figures 5¢ and d). Therefore,
conductive paths are disconnected by the melting of HDPE. Thus, the
transition temperatures of Cy;=90 wt.% samples are consistent with
those of C;=95wt.% samples. It is clear from the result that the
transition temperatures of samples at Cy;=90 and 95wt.% are equal
to the melting point of HDPE (see Figure 6).

Figure 6 demonstrates that the PTC curve of the slowly cooled
sample is consistent with that of the quenched sample when Cy;=80,
90 and 95wt.%. In contrast, the PTC curve of the slowly cooled
sample is not consistent with that of the quenched sample when
Cni=70wt.%. We demonstrated in subsection ‘Resistivity of HDPE/Ni
conductive polymer composites at room temperature as a function of
Ni content’ that the localization of Ni particles decreases with
decreasing crystallinity of HDPE. Therefore, we assume that the
conductive paths of the quenched sample are more easily disconnected
than those of the slowly cooled samples. Thus, the PTC curve of the
slowly cooled sample is not consistent with that of the quenched
sample when Cy;=70wt.%. Moreover, we assumed that the influence
of the crystallinity of HDPE on the connection of conductive paths
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Figure 5 Schematic illustrations of the conductive path connection of HDPE/Ni composites. (a) Quenched HDPE/Ni composite with a small number of Ni
particles. (b) Slowly cooled HDPE/Ni composite with a small number of Ni particles. (c¢) Quenched HDPE/Ni composite with a large number of Ni particles.

(d) Slowly cooled HDPE/Ni composite with a large number of Ni particles.
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Figure 6 PTC curves of HDPE/Ni composites at various Ni contents (Cyj).
¢: C\i=70wt.% (quench). O: Cni=70wt.% (slow cooling). A: Cni=80wt.%
(quench). A: Cni=80wt.% (slow cooling). ¥: Cni=90wt.% (quench). V:
Cni=90wt.% (slow cooling). M: Cni=95wt.% (quench). O: Cni=95wt.%
(slow cooling).

becomes smaller with increasing Cy; (see Figures 5¢ and d). Therefore,
the PTC curve of the slowly cooled sample is consistent with that of
the quenched sample when Cy;=80, 90 and 95 wt.%.

Figure 6 indicates that both the quenched sample and the slowly
cooled sample at Cy;=95wt.% exhibit the NTC effect. This suggests
that Ni particles reassemble with decreased viscoelasticity after HDPE
melting.?!
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CONCLUSIONS

We investigated the effect of cooling rate after polymer melting on the
electrical properties of HDPE/Ni conductive polymer composites
prepared by the melt-blending method. It was assumed that con-
ductive paths are formed by localized Ni particles in the amorphous
matrix of HDPE. Conductive paths were formed effectively by
increasing HDPE crystallinity. We demonstrated that HDPE/Ni con-
ductive polymer composites with low py can be fabricated by slow
cooling after polymer melting because the crystallinity of HDPE
increases with slow cooling from the polymer melt. It was assumed
that the PTC effect in HDPE/Ni conductive polymer composites
occurs from cubical expansion of HDPE and diffusion of localized
Ni particles into the amorphous matrix of the HDPE because of the
change from crystalline to amorphous with the melting of the HDPE.
The PTC effect of HDPE/Ni conductive polymer composites with a
low Ni content results from the slight cubical expansion of HDPE,
whereas the PTC effect of HDPE/Ni conductive polymer composites
with a high Ni content results from both the drastic cubical expansion
of HDPE and the diffusion of localized Ni particles in the amorphous
matrix of HDPE, because of the change from a crystalline matrix to an
amorphous matrix with HDPE melting.
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