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ABSTRACT: Composites of high-density polyethylene (HDPE) with different kinds of carbon black (CB) were prepared through melt
blending. The influence of the CB structure on the stability and efficiency of the conductive network in HDPE/CB composites were
mainly investigated. Scanning electron microscopy was used to observe the morphology of the CB primary aggregates. The relationship
between the temperature-resistivity behaviors of the composites and the crystallization behaviors of the matrix were also investigated.
High-structure CB built an effective conductive network at a low filler content compared to the low-structure one because of its branched
morphology. Therefore, the composite containing high-structure CB revealed a lower percolation threshold. The composite containing
low-structure CB obtained a stronger positive temperature coefficient (PTC) intensity because the cluster network was fragile and easily
damaged during matrix melting. The reproducibility of the results of PTC effect of the composite containing high-structure CB was bet-

ter than that of the composite containing a low-structure one. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 129: 3382-3389, 2013
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INTRODUCTION

Most polymers are insulating materials. When electrically con-
ductive fillers, such as carbon black (CB),"™® carbon fibers”°
or carbon annotates,''™"” or graphite,'® are compounded into
polymers above a threshold concentration, a continuous filler
network can be built up and a conductive polymer composite
can be obtained.

The positive temperature coefficient (PTC) effect is the sharp
increase in resistivity when the temperature is close to the melt-
ing temperature (7,,) of the polymer matrix. The resistivity of
conductive polymer composites (CPCs) has a maximum peak,
and then, it decreases drastically with further increases in tem-
perature; this is the negative temperature coefficient (NTC)
effect. PTC and NTC effects are related to the temperature de-
pendence of the electrical resistivity of the composites. Up to this
point, PTC materials have been extensively studied because they
could be widely used in overcurrent protectors, self-regulating
heaters, and shielding materials."**'? If one supposes that the
percolation phenomenon is associated with the formation of a
conductive network in CPCs, the PTC and NTC effects are reflec-
tions of the conductive network destruction and rebuilding dur-
ing thermal processes. Recently, more and more researchers have
paid attention to the temperature-resistivity behavior during
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cooling because the process can affect the room-temperature re-
sistivity and the conductive reproducibility of the CPCs."'%™'
According to Dai et al.,' the resistivity of in situ CB-filled micro-
fibrillar poly(ethylene terephthalate) (PET)/polyethylene (PE)
composites increased abnormally during cooling below 100°C.
Thermal residual stresses developed in the interface between the
PET microfibrils and the PE matrix were responsible for the cool-
ing-induced resistivity increase. Deng et al.'> and Alig et al.'*
also observed an increase in the resistivity during crystallization
in the copolymerization of polypropylene (PP) matrix filled with
CB or multiwalled carbon nanotubes; this could have resulted
from the reduction of the amorphous phase at the expense of the
crystalline phase. However, a contrary phenomenon was reported
by Lim et al.'® and Li et al.,'® who observed a higher electrical
conductivity during cooling in ethylene-co-vinyl acetate (EVA)/
multiwalled carbon nanotube nanocomposites and CNT/polycar-
bonate/PE nanocomposite. The increase in the density of the
conductive network associated with the volume shrinkage of the
polymer matrix when a sample crystallizes was used to explain
the phenomenon.

CB is one of the most widely used conductive fillers for polymer-
based composites. The primary properties of the CB particles
influencing the properties of composites include their structure,

@WILEY i@ ONLINE LIBRARY


http://onlinelibrary.wiley.com/

Applied Polymer

CIENCE

Table I. Types and Properties of the CB Used in the Experiment

ARTICLE -

Commercial DBP volume Mean particle  Specific surface  True bulk density ~ Apparent bulk
Structure  name (mL/100 g) size (nm) area (m?®/g) (g/cm3)? density (g/cm®? ¢
High BP2000 330 15 1475 1.90 0.146 0.144
Medium VXC-72 178 30 254 1.92 0.259 0.238
Low VXC-68 123 25 68 — — 0.311

2From ref. 20.

particle size, surface area, surface chemistry, and physical proper-
ties; among these, the structure of CB is the most important char-
acteristic when the stability and the efficiency of the conductive
network are considered. CB primary aggregates are composed of
prime particles. The size and shape of the aggregates and the
number of prime particles per aggregate determine the structure
of CB. Because high-structure CB tends to produce larger aggre-
gates in contact and aggregates separated by smaller distances,
this results in a higher conductivity at the same loading™*® of par-
ticles. Mallette et al.>' studied the rheological and electric proper-
ties of blends of PET and high-density polyethylene (HDPE) filled
with various types of CB. They found that higher viscosities of
the polymer melts during mixing were recorded in the composites
containing high-structured CB; this indicated higher particle—
polymer interactions. High conductivities were reached when
HDPE containing the high-structure CB phase was dispersed in
the PET matrix. Probst and Grivei** considered the structure and
electrical properties of CB. The evolution of the volume of a given
CB weight under increasing pressure and the evolution of the
electrical resistivity were recorded and analyzed. They summar-
ized that high-structure CB achieved a low resistivity at a very low
particle density. In addition, when the CB particles were filled
into polymer (PP or PE) at very low loading, the resistivity of the
CB at a given volume fraction was at the same level in the com-
pressed CB as in the polyolefins composite. Rahaman et al.?’
investigated the effect of the CB structure on the electromagnetic
interference shielding effectiveness of EVA, nitrile-butadiene
rubber (NBR), and their blends. They found that the samples
filled with high-structure CB exhibited a higher conductivity and
higher electromagnetic interference shielding effectiveness
compared to those filled with the lower structure one at the same
loading. Fathi et al.** researched the relationship between the CB
structure and the low-strain conductivity of PP or low-density
polyethylene (LDPE) composites. They suggested that the
percolation threshold and optimum CB concentration were lower
when the higher CB structure was used. What is more, the CB
concentration for maximum strain sensitivity of the electrical
conductivity was higher for low-structure CB, but it was essen-
tially independent of the CB structure for the medium-structure
to high-structure CBs.

However, as far as we know, all of the research works in this
field have focused on the effect of the CB structure on the elec-
trical conductivity performance at room temperature. For exam-
ple, Fathi et al.?* studied the influence of the CB structure on
the low-strain conductivity of PP or LDPE composites at room
temperature. What is more, they paid more attention to the
phenomenon and ignored further explanation. Actually, a
detailed investigation of the influence of the CB structure on
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the temperature-resistivity behavior of CPCs, let alone the resis-
tivity differences during cooling, have yet to be published. As
mentioned, the temperature dependence of the electrical resis-
tivity has close ties to the stability and the efficiency of the con-
ductive network in composites. In this study, the effect of the
CB structure on the temperature-resistivity behavior of CPCs,
including PTC, NTC effects, and the electrical reproducibility,
were examined. More attention was centered on the resistivity
variation during the cooling process. Our main purpose was to
make use of the differences in the temperature-resistivity behav-
ior to reveal the impacts of the CB structure on the stability
and efficiency of the conductive network in CPCs.

EXPERIMENTAL

Materials and Sample Preparation

A commercial HDPE (2911, with a melt flow rate of 20 g/10
min at 190°C/2.16 kg, ASTM D 1238, supplied by Lanzhou Pe-
troleum Chemical Co, Ltd., Lanzhou, China) was used as the
matrix. The types and properties of the CB fillers used in this
study are given in Table I. CB used in this article was supplied
by Cabot Corp (Boston, Massachusetts, America). The HDPE/
CB composites were prepared by melt mixing in a Haake mixer
(XSS-300, Shanghai, China) at a temperature of 190°C and at
60 rpm for 10 min. The blends obtained were compressed into
a plate with a thickness of 2 mm. Hot pressing was completed
under a pressure of 10 MPa at 190°C for 5 min. Then, the
tested samples were slowly cooled to room temperature under
the same pressure. Before we performed the electrical measure-
ments, all of the composites sheets were cut into testing samples
(10 x 30 x 2 mm>) and were rested overnight to release stress.

Characterization of the CB Particle Morphology

Scanning electron microscopy (SEM) observation was carried
out with an Philips FEI INSPECT F instrument (Amsterdam,
Holland). CB pellets were dispersed in alcohol by ultrasonic
treatment, and some CB particles were collected on carbon-
coated grids for SEM observation.

Electrical Properties of the HDPE/CB Composites

A two-probe method was used to perform room-temperature
volume resistivity testing of the samples with a Keithley
electrometer (6517B, Cleveland, Ohio, America)) when their
resistivity was lower than 10° Q cm. At both ends of the sample,
the surface (10 x 2 mm?®) in contact with the copper electrodes
was silver painted to ensure good contact, and a high-resistivity
meter (ZC360, Shanghai, China) was used for samples with a
higher resistivity (beyond 10® Q.cm).
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The volume resistivity of the conductive composites was meas-
ured as a function of temperature with a Huber thermostatic oil
bath (Ministat230, Offenburg, Germany) to control the temper-
ature and the Keithley 6517B electrometer to monitor the resis-
tivity. The temperature varied from 25 to 190°C at a heating
rate of 5°C/min and a cooling rate of 2°C/min. To keep good
contact between the samples and the electrodes during the heat-
ing and cooling cycles, the copper electrodes were embedded
into both ends of the sample (we heated the end of the sample
and quickly squeezed the copper electrodes into the molten
materials). Four heating and cooling cycles were carried out to
check the reproducibility of the electrical conductivity results.
In the first to third runs, the heating rate was 5°C/min and the
cooling rate was 2°C/min. In the fourth run, heating rate was
also 5°C/min, but the cooling rate was 1°C/min.

Differential Scanning Calorimetry (DSC)

Thermal analysis measurements were performed with a TA Q20
DSC instrument (Cranston, Rhode Island, America). A sample
of about 5 mg of underwent the same thermal processing as the
thermostatic oil bath. The temperature ranged from 25 to
190°C. In the first to third runs, the heating rate was 5°C/min,
and the cooling rate was 2°C/min. In the fourth run, the heat-
ing rate was also 5°C/min, but the cooling rate was 1°C/min.

RESULTS AND DISCUSSION

CB Structure Observation

The most common method to describe CB structure is based
on the measurement of the amount of dibutyl phthalate (DBP;
an oil) absorbed by 100 g of CB. The CB with a greater amount
of DBP absorption indicated a high-structure CB. The DBP
absorption of CB used in this study is listed in Table I. BP2000
was a typical high-structure CB*"** with a DBP volume of 330
mL/100 g, and VXC-72 was a comparatively medium-structure
CB*"*® with a DBP volume of 178 mL/100 g. Meanwhile, the
DBP absorption of VXC-68 was lowest of all of the used CBs
(DBP volume = 123 mL/100 g) in this study. Mallette ] G
et al.>' considered that the CB structural parameter is a measure
of the three-dimensional distribution of CB particles in the
form of clusters. The cluster distribution determines the appa-
rent bulk density of CB. This density of CB is the relationship
between the actual mass of carbon particles and the apparent
volume occupied by the clusters. A high apparent density corre-
sponds to a lower structure, and the highly structured CB nor-
mally possesses a low apparent density. The true bulk density
and apparent bulk density of the CB used in this study were
partly obtained from literature and are listed in Table 1.

The CB structure is also related to the maximum packing frac-
tion (¢,,), which is defined as the maximum fraction of par-
ticles in a given matrix. The DBP value allows one to calculate
¢, in random media according to the following relation:*®

¢ = (1+pDBP)"! (1)
where p is the density of CB. A value of 1.8 g/mL was used for
all types in this study.® Equation (1) describes the relationship

of ¢, with the morphology of the filler particles. A higher DBP
value gives a lower value of ¢,,; the data are shown in Table I,
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Figure 1. SEM illustration of the CB primary aggregate: (a) 02000, (b)
VXC-72, and (c) VXC-68.

which indicate that the critical conductive content of high-
structure CB was smaller than that of low-structure CB.2~>°

Figure 1 is the SEM results of the primary aggregates of the
three types of CB used in this study. We can see clearly from
Figure 1 that the CB primary aggregates were composed of
prime particles. The size and shape of the aggregates and the
number of particles per aggregate determined the structure of
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Figure 2. Volume resistivity of the HDPE/CB composites filled with dif-
ferent kinds of CB as a function of the CB loadings. The inserted figure
represents the fit to the percolation law.

CB. BP2000 [Figure 1(a)] is a typical highly structured CB,
which exhibits a multiarm morphology. The primary aggregate
of BP2000 consists of a large number of primary particles that
coalesce closely and cannot be destroyed in common processing
procedures. However, VXC-72 [Figure 1(b)], which exhibits a
relatively linear morphology, indicated a medium structure.
VXC-68 [Figure 1(c)], without branching and presenting a
spheroidal morphology, exhibited a low structure. Actually, we
are the first ones to report the detailed difference in the CB
structural morphology by SEM observation among numerous
studies.

Electrical Percolation of the HDPE/CB Composites

Figure 2 shows the room-temperature resistivity as a function
of the total filler content for the HDPE-based composites with
different CB structures. A high level of electrical conductivity
was obtained when a connected conductive network was formed
at a critical concentration of conductive filler particles. This
concentration is usually called the percolation threshold.>™>"" It
can be seen that the room-temperature resistivity of the HDPE/
BP2000 composite decreased sharply even at the lower CB con-
tent (Figure 2). A power law relation was used to further
describe the threshold of the electrical conductivity percolation:

poc (w—we) (2)

where p is the electrical resistivity, w is the mass fraction of CB,
w, is the threshold of the electrical conductivity percolation,
and ¢ is the critical exponent. The CB structure affected the
threshold behavior of the CPCs, as shown in the inset in Figure
2. The HDPE/BP2000 composite had the smallest percolation
threshold (w. = 2.7 wt %), which was far lower than that of the
HDPE/VXC-72 (w, = 7.7 wt %) and HDPE/VXC-68 composites
(w. = 11.8 wt %). Threshold behavior is one of most remark-
able reflections of the ability of particles to build a conductive
network in CPCs. Although the HDPE/BP2000 composite had a
lower CB content than the HDPE/VXC-68 composite, BP2000
formed a more intensive network. In general, the fact that a
composite filled with a high-structure CB has a lower percola-
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tion threshold is due to the geometry. CPCs filled with dendri-
tic CB will have a lower percolation threshold than those filled
with a spherical one.”"*?

Temperature-Resistivity Behavior of the HDPE/CB
Composites

The temperature-resistivity behavior of CPCs in this study
included the PTC/NTC effect and resistance changes during the
cooling process. As shown in Figure 3(a), all of the composites
(10 wt % BP2000, 20 wt % VXC-72, and 20 wt % VXC-68)
provided a similar initial resistivity. This proved that high-struc-
ture CB can build a more effective conductive network at lower
contents than a low-structure one.

For the HDPE/BP2000 composite, the variation of resistivity
was hardly observed during heating; this suggested that the con-
ductive network formed by BP2000 was stable and difficult to
destroy. That is, this network was insensitive to temperature.
For the HDPE/VXC-72 and HDPE/VXC-68 composites, the re-
sistivity showed a sharp increase for more than one order of
magnitude when the temperature reached the T,, of HDPE. In
more detail, the PTC effect of the composite was quantified by
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Figure 3. Temperature-resistivity relationship of the HDPE filled with dif-
ferent kinds of CB during the (a) heating and (b) cooling cycles. The
inserted figure is the PTC intensity of the CPCs.
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the PTC intensity, which was obtained from the logarithm value
of the ratio of the peak resistivity to the resistivity at room tem-
perature. The PTC intensity was calculated according to the fol-
lowing formula:

HP = log(pmax/pRT) (3)

where H, is the PTC intensity, ppay is the maximum resistivity,
and pgr is the resistivity at room temperature.

The inset of Figure 3(a) shows that the composites containing
low-structure CB exhibited a stronger PTC intensity. For the
HDPE/BP2000 composite, although the content of CB was 4 wt
%, the PTC intensity was less than 1 order of magnitude. For
the HDPE/VXC-72 composite containing 8 wt % CB, the PTC
intensity was about three orders of magnitude. However, for the
HDPE/VXC-68 composite, the PTC intensity was greater than
five orders of magnitude when the content of CB was 12 wt %.

The strongest PTC intensity was above the percolation threshold
because the conductive network was the most poorly formed at
this concentration relative to higher concentrations. With
increasing CB content, the PTC intensity of the CPCs became
weak. Thermal expansion theory’>® is widely applicable for
explaining the PTC effect of the CPCs. CB particles were dis-
persed within the amorphous regions of HDPE instead of
within the crystalline regions. When the temperature reached
the T, of HDPE, the melting of the crystalline regions led to a
volume expansion of the HDPE matrix, which resulted in the
destruction of the conductive network. For the HDPE/BP2000
composite, with more branchy fillers, the effective contact area
was larger, so that pulling on them did not separate the par-
ticles, such as with spherical particles. Compared to the HDPE/
VXC-72 and HDPE/VXC-68 composites, the HDPE/BP2000
composite exhibited a weaker PTC effect. To the contrary, the
network built by particles with a spherical morphology was eas-
ier to destroy, so the HDPE/VXC-68 composite exhibited a
stronger PTC effect. When the temperature increased further,
the resistivity of the composites decreased and exhibited the
NTC effect; this was related to the reagglomeration of CB par-
ticles. As in Figure 3(a), composites filled with low-structure CB
showed an obvious NTC effect; meanwhile, the composites con-
taining BP2000 or VXC-72 barely exhibited an NTC effect. The
driving force of this effect was the thermal motion of the par-
ticles in the melt and the attractive forces between them. The
network built by low-structure CB underwent strong deforma-
tion in the molten state. The CB clusters were separated and
isolated in the melts. With the temperature increase, compared
to the branched clusters, the spherical clusters had a stronger
ability to move and rebuild a new conductive network.

During the cooling process [Figure 3(b)], the most relevant dif-
ference for the three types of composites was the resistivity
peaks from 120 to 112°C. We noticed in the composites that
the crystallization of the polymer matrix increased the overall
resistivity because of the growth of crystal grains interrupted
the contacts between the conductive phases. After an increase in
the resistivity, with a further decrease in temperature, the
HDPE/VXC-68 composite underwent the most drastic conduc-
tive decrease. The resistivity diminution was explained by the
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Figure 4. Temperature-resistivity relationship of (a) HDPE/BP2000 (4 wt %)
and (b) HDPE/VXC-68 (12 wt %) composites during the heating process.

volume shrinkage; when the samples finished crystallizing, the
density of the conductive network increased. At the same time,
a significant resistivity decrease in the HDPE/BP2000 composite
was hardly observed. The reason why the resistivity of the
HDPE/BP2000 composite showed little variation was that the
conductive network had a strong built-in matrix and was diffi-
cult to change. However, the low-structure CB clusters showed
a strong ability to reaggregate and build up connections
between the broken network.'?

To further investigate the evolution of conductive network and
the reproducibility of the PTC properties of HDPE/CB compo-
sites, the samples of HDPE/BP2000 composite containing 4 wt
% filler and HDPE/VXC-68 composite containing 12 wt % filler
are tested for four heating—cooling cycles. Figure 4 shows resis-
tivity—temperature relationship of the HDPE/BP2000 and
HDPE/VXC-68 composites during heating process. The first to
third run, the heating rate is 5°C/min and cooling rate is 2°C/
min. The fourth run, heating rate is also 5°C/min but cooling
rate is 1°C/min to study the effect of cooling rate on the resis-
tivity of composites.

Figure 4a shows the reproducibility of the results of resistivity
against temperature for the HDPE/BP2000 composite. Only the
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Figure 5. Temperature-resistivity relationship of (a) HDPE/BP2000 (4 wt %)
and (b) HDPE/VXC-68 (12 wt %) composites during the cooling process.

first run was different from subsequent ones; this was due to
the thermal history during material processing, whereas the later
runs had very good reproducibility. However, for the HDPE/
VXC-68 composite [Figure 4(b)], the room-temperature resis-
tivity decreased obviously with the heating—cooling cycles. The
PTC properties of the HDPE/VXC-68 composite exhibited poor
reproducibility compared to those of the HDPE/BP2000 com-
posite. Zhang et al.’ considered that after compression molding,
CPCs have to be regarded as thermodynamic nonequilibrium
systems, in which conductive network formation is dependent
on the temperature and time. In our system, the conductive
network formed by the high-structure CB cluster was more re-
sistant to the heating—cooling cycles than the network formed
by the low-structure CB. So the HDPE/BP2000 composite had
very good reproducibility. However, for the HDPE/VXC-68
composite, the conductive network formed in compression
molding was unstable, and the melting and cooling processes

could lead to a more perfect network.?”**

Figure 5 shows the resistivity as a function of the temperature
in the HDPE/BP200 and HDPE/VXC-68 composites for four
heating—cooling cycles during the cooling process. For the
HDPE/BP2000 system [Figure 5(a)], the intensity of the resistiv-
ity peak from first to third was nearly invariant. However, in
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the HDPE/VXC-68 system, the resistivity peaks became more
insensitive as the cycle times increased. The phenomenon once
more showed that a high-structure CB cluster could build a
steady, efficient conductive network compared to a low-struc-
ture CB cluster. During the heating process, the higher the heat-
ing rate was, the higher the starting temperature of the PTC
effects was.”® This was due to the fact that the cutting of the
conducting paths of fillers occurred at higher temperature with
increasing heating rate. For the purposes of studying the effect
of the cooling rate on the starting temperature of the resistivity
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Figure 6. Thermal behavior of the pure HDPE and HDPE/CB compo-
sites: (a) T, (b) T, and (¢) X..
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Figure 7. DSC curves of the HDPE/CB composites filled with different
kinds of CB: (a) HDPE/BP2000 (4 wt %) and (b) HDPE/VXC-68 (12 wt
%) composites.

peak during the cooling process, we reduced the cooling rate
(fourth run in Figure 5), and the starting temperature of the re-
sistivity peak moved from 109 to 115°C. This indicated that the
lower the cooling rate was, the higher the starting temperature
was. We could control the particle network structure by regulat-
ing the heating and cooling rates.

Influence of CB on the Crystallization Behavior of the

HDPE Matrix

The resistivity peaks appearing during the heating and cooling
processes were connected with the melting and crystallization
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behaviors of the polymer matrix. To clarify this phenomenon,
we evaluated the thermal properties of pure HDPE and HDPE/
CB composites by DSC. Figure 6 presents the thermal properties
of the pure HDPE and HDPE/CB composites. In the figure, T,
is the maximum crystallization temperature, and X, is the
degree of crystallinity, which was calculated by a 100% melting
enthalpy of 293 J/g." As shown in Figure 6(a,b), we found that
T. and T,, of pure HDPE remained constant as the CB content
and type was varied. Furthermore, compared to the crystallinity
of the pure HDPE with HDPE/CB composites [Figure 6(c)], the
addition of CB decreased the crystallinity of HDPE (the crystal-
linity of pure HDPE was 0.79), so the crystallinity was affected
by the CB content but was not affected by the CB type.

It is known that the thermal treatment history affects the crys-
tallinity of a semicrystalline polymer. In temperature—resistivity
behavior tests, the crystallinity of a polymer affects the PTC
effect further.! To research the relationship between the repro-
ducibility of the PTC effect and the thermal behavior of poly-
mers, the HDPE/BP2000 composite containing 4 wt % CB and
the HDPE/VXC/68 composite containing 12 wt % CB are
selected. The samples underwent the same thermal processing as
the thermostatic oil bath. Thermograms are shown in Figure 7,
and the most detailed thermal data are listed in Table II. After
the first heating run, the melting point and crystallinity of the
HDPE/BP2000 and HDPE/VXC-68 composites all showed a
slight increase. In the later run, the features of the DSC curves
were almost the same. In the fourth run, the cooling rate was
set to 1°C/min. As shown in Figure 7 and Table II, T,, and crys-
tallinity were not different at various cooling rates, but T.
increased with decreasing cooling rate. Compared to Figure 5,
the location of the resistivity peak also moved to higher temper-
atures for different cooling rates. Therefore, we concluded that
the thermal treatment history did not affect the crystallinity of
the polymer matrix. The temperature-resistivity behaviors of the
composites were influenced by the melting and crystallization of
the polymer matrix. T,, and T, were affected by the heating and
cooling rates. We could control the particle network structure
by regulating the heating and cooling rates.

CONCLUSIONS

The CB structure was the most important parameter governing
the percolation threshold and temperature-resistivity behavior
of the CPCs. High-structure CB built an effective conductive
network at a low filler content compared to the low-structure
one. The reason that a lower percolation threshold formed was
geometry; the dendritic particle had a lower percolation than
the spherical one. During the heating and cooling processes, the

Table II. DSC Information of the HDPE/BP2000 (4 wt %) and HDPE/VXC-68 (12 wt %) Composites

HDPE/BP2000 HDPE/VXC-68
Thermal process T. (°C) Tm (°C) X (%) Tc (°C) Tm (°C) Xc (%)
First run 122.24 133.08 64 122.19 133.45 59
Second run 122.33 134.20 72 122.20 134.10 65
Third run 122.41 134.10 72 122.23 133.99 65
Fourth run 123.30 133.91 72 123.20 13414 65
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resistivity of the CPCs filled with low-structure CB appeared to
be a distinct peak; however, for the high-structure CB, the peak
was unapparent. That is, composites filled with low-structure
CB obtained a stronger PTC intensity than the composites con-
taining the high-structure one. With more dendritic fillers, the
effective contact area is larger, so pulling on them does not
separate the particles, such as with spherical particles. The
reproducibility of the PTC effect of the composites filled with
high-structure CB was better than that of the low-structure one.
The thermal behavior of HDPE was hardly influenced by the
CB content and type but was related to the heating and cooling
rates. We could control the location of the resistivity peak by
regulating the heating and cooling rates.
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