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ABSTRACT: The electrical resistivity of high-density polyethylene (HDPE) loaded with
carbon black (CB) blends was evaluated as a function of the blending time and the melt
index of HDPE. The relationship between the positive temperature coefficient effect
and the room temperature volume resistivity was investigated. The positive tempera-
ture coefficient effect and reproducibility were improved significantly when the blend-
ing time of HDPE and CB was comparatively long. The effects of 60Co �-ray and electron
beam irradiation on the positive and negative temperature coefficient behavior of the
blends were studied. The effect of thermal aging on the volume resistivity was studied
to ascertain the structural stability. © 2002 John Wiley & Sons, Inc. J Appl Polym Sci 83:
2440–2446, 2002
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INTRODUCTION

Polyethylene (PE) filled with carbon black (CB) is
a prototypical composite that displays resistance
switching. These materials can exhibit either a
positive temperature coefficient (PTC) effect or a
negative temperature coefficient (NTC) effect .1–10

The main feature of a PTC material is that its
electrical resistivity increases with the increase of
the temperature when the filler concentration is
moderate. Sometimes the material has the NTC
effect that the resistivity decreases as the temper-
ature increases. The electrical resistivity effect is
a result of the thermal expansion of the polymer
matrix and the formation of conducting pathways
in the filler phase. Even though crosslinked high-
density PE (HDPE) composites filled with CB
have been used as thermistors, current limiters,

overcurrent protectors, and self-regulating heat-
ers in industry for many years, the mechanism for
the PTC and NTC effects is not fully under-
stood.11–16 The lack of electrical reproducibility
and the NTC effect are two main drawbacks to
the application of PTC materials, and many sci-
entists investigated the mechanism of electron
transport and studied the stability and practical-
ity of these materials.17 Many experimental re-
sults showed that the electrical reproducibility of
the materials during heating and cooling cycles
can be improved by doping different sized CBs or
by crosslinking; the latter is especially effec-
tive.18,19 The electrical conduction process in CB/
polymer composites is complicated and dependent
on a large number of parameters, such as the
filler concentration, CB particle size and struc-
ture, filler–matrix interactions, and processing
techniques. It was reported that the PTC effect
and reproducibility are both improved signifi-
cantly when the polymer and CB are blended for
a long time.20,21 The increase in blending time
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causes the absorption of the polymer on the CB
surface to increase and finally to give the PTC
effect. This absorption forms a bound polymer
around the CBs and it obstructs the conduction of
particles, so that the resistivity increases with the
mixing time when the CB concentration is con-
stant. Until now, there were no data available to
evaluate the relationship between the melt index
and volume resistivity as a function of tempera-
ture, as well as the irradiation effect of � rays and
electron beams (EBs) on the volume resistivity.
This article examines the influence of the melt
index and blending time on the volume resistivity
of a HDPE/CB system. In addition, the irradia-
tion effect on the PTC and NTC is evaluated when
a � ray and EB were used for the crosslinking of
composites containing HDPE and CB. The struc-
tural stability of HDPE/CB systems after contin-
uous thermal aging was also studied.

EXPERIMENTAL

HDPEs (SK Corporation) with melt indices of
0.04, 0.3, 0.8, and 5 g/10 min were selected as the
polymer matrices in this work. The CB used was
Raven 420TM purchased from Columbian Chemi-
cals. Its average size was 86 nm, its surface area
was 28 m2/g, and its dibenzoyl peroxide absorp-
tion was 75 mL/100 g. The CB and polymers were
mixed in a Brabender at 170°C for 6, 12, 18, 24,
and 30 min. The composition thus produced was
sandwiched between a pair of copper foils (25 �m
thick), which served as electrodes. The thickness
of the sample was approximately 0.5 mm. The
samples were irradiated using a �-ray source at a
rate of 10 kGy/h in air. The EB irradiation was
done at a conveyer speed of 5 m/min and an ac-
celeration energy of 1 MeV; the absorbed dose was
adjusted by varying the electric current. The ab-
sorbed dose ranged from 10 to 180 kGy. The vol-
ume resistivities of the samples were consecu-
tively measured with a digital multimeter and an
insulating resistance tester at progressively ele-
vated temperatures. All of the resistivities re-
ported in this work are direct current resistivi-
ties. The composition of the HDPE/CB composites
was 50:50 (w/w). The melting behavior of the com-
posites was determined using differential scan-
ning calorimetry (DSC, Perkin–Elmer DSC-7).
The weight of the samples for DSC measurements
was 2–3 mg. The samples were heated to 200°C at
a heating rate of 10°C/min. The degree of gel was
determined by the extraction method. The irradi-

ated sample (200 mg) was enclosed in a stainless
steel net (200 mesh), extracted with xylene for
48 h, and dried in a vacuum to a constant weight
at 60°C. The degree of gel refers to the total
amount of insoluble material involving cross-
linked PE and CB trapped in the crosslinked PE.

RESULTS AND DISCUSSION

When 50:50 HDPE/CB was blended in a Bra-
bender, the effect of the melt indices and the
mixing time on the electrical resistivity was given
as a function of temperature (Fig. 1). The melt
indices of the HDPEs used in these experiments
are 0.04, 0.3, 0.8, and 5 g/10 min. The samples
were irradiated with � rays. The absorbed dose
was 120 kGy. Figure 1 shows the electrical resis-
tivities of HDPE/CB composites as a function of
temperature with blending times of 6, 12, 18, 24,
and 30 min. In the tested melt index range, Fig-
ures 1(a) and (b) show that the PTC intensities
increased with the increase of the melt indices
when the blending time are a short 6 and 12 min,
respectively. However, the PTC intensities de-
creased with an increase in the melt indices as
shown in Figure 1(c–e) as the blending time was
extended to 18, 24, and 30 min, respectively. The
PTC magnitudes varied with the melt indices and
mixing time of the composites. The CB aggregates
are gradually broken by the shear force of the
polymers during the blending at the melting tem-
perature. This process makes the particles dis-
perse in the matrix well. However, the distribu-
tion is destroyed when the sample is heated to
high temperatures for the measurement of resis-
tivity, because of the van der Waals force between
the two particles and a decrease of the shear
modulus of the matrix polymer. At the same time,
the movement of the polymer chains and the ex-
pansion of the matrices make some CB aggre-
gates and particles break away from the conduct-
ing networks at temperatures near the melting
point of the polymer. The enlargement of the dis-
tance between the two particles causes an incre-
ment in the resistivity. We assume that the PTC
intensity is affected by the two factors discussed
above. The expansion coefficients of five kinds of
HDPE are nearly the same; therefore, the diver-
sity of the PTC magnitudes of the HDPE/CB com-
pounds is mainly caused by the difference of the
degrees of CB accumulation. As is well known,
the shear modulus and viscosity of the matrix
polymer are both reduced when the melt index
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Figure 1 The effect of the melt indices of HDPE on the log resistivity at various
mixing times of (a) 6, (b) 12, (c) 18, (d) 24, and (e) 30 min. The carbon black and polymers
are mixed at 170°C and 50 rpm.
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increases and this makes the movement of CB
easy. Therefore, the absorption of polymer on the
CB surface is more easily increased in a short
blending time as the melt index increases. This
absorption forms a bound polymer around the
CBs and produces an abnormal increase in the
volume resistivity at room temperature and in the
PTC. The restraint of flocculation of the CB ag-
gregates by polymer–filler bonding can be ex-
plained by another experiment. The PTC effect
can be greatly influenced by the mixing time
when HDPE and CB were blended for a long time.
The mixing times of the samples used in this
experiment are 6, 12, 18, 24, and 30 min. As the
mixing time of the samples increases, the CB
particles are better dispersed. This result is re-
lated to the fact that the increased mixing time of
the composites leads to the disappearance of the
network structure of the CBs. The increment of
the bound polymer, which is the physical and
chemical absorption of the polymer on the CB
surface, makes the room temperature resistivity
of the compound increase. This absorption forms
a bound polymer around the blacks and it ob-
structs conduction of the particles. Thus, the
room temperature resistivity increases with mix-
ing time when the CB concentration is constant.

The crosslinking structure enhances the elec-
trical reproducibility and declines the NTC effect
of the composites. The influences of the �-rays
and EB irradiation dose on the PTC and NTC
effects are shown in Figure 2. With an increase of
the �-ray radiation dose the PTC intensity de-
creased slightly, and the samples have NTC ef-
fects at irradiation doses ranging from 0 to 70
kGy. When the EB was used for crosslinking of
the HDPE/CB composite, the composites show the
NTC effects at irradiation doses ranging from 0 to
30 kGy. This indicates that, although the slightly
crosslinked networks of the polymer at a low ab-
sorbed dose limit the movement of CB particles to
some extent, they cannot completely prevent re-
agglomeration of CB particles in the vicinity of
the melting point. Above 70 kGy the NTC effect is
eliminated, illustrating that the crosslinked net-
work is fully formed in this case and thus can
effectively stabilize the PTC functions of the ma-
terial. These results are due to the facts that
crosslinking enhances the shear modulus of poly-
mers and CBs are strongly attached to
crosslinked HDPE networks. This strong attach-
ment to crosslinked networks reduced the free-
dom of movement of CB particles at the polymer
melting region.

Figure 3 shows the influence of the �-ray and
EB irradiation doses on the gel content when the
HDPE/CB composite with different melt indices
was irradiated at 10, 30, 70, 120, and 180 kGy. As
can be seen, the degree of gel content increased
with increasing �-ray and EB irradiation doses up
to 76 and 84%, respectively. The gel content of the
EB irradiated compound was higher than that of
the �-ray irradiated compound. This difference
between the �-ray and EB irradiation effects can
be explained by the dose rate effect. The mean
dose rate of EB is 1,000–10,000 times higher than
� rays. When the compound is crosslinked with
the irradiation source, a shorter time is required
to accomplish the radiation modification of the
polymers or its composites at a higher dose rate.
It is well known that the irradiation of polymeric
materials in the presence of air always results in
some damage to their structure and properties,
because of the radiation induced oxidative degra-

Figure 2 The influence of the irradiation dose on the
PTC and NTC effects of the HDPE (melt index
� 0.3)/CB blend. The processing conditions are 170°C
and 50 rpm for 18 min and with (a) � rays and (b) EBs.
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dation effect. It is expected that a higher dose rate
and a shorter radiation time will result in a
smaller radiation induced oxidative degradation
effect on the compound. It is reasonable that the
EB irradiated compound eliminated the NTC ef-
fect at a low dose while the �-ray irradiated com-
pound did not. Therefore, �-radiation induced
crosslinked networks of the polymer at a high
absorbed dose limit the movement of CB parti-
cles. When the compounds irradiated with � rays
and EBs have a total dose above 120 and 70 kGy,
respectively, the NTC effect is eliminated and the
PTC intensity improves, demonstrating that the
crosslinked network is fully formed at this time
and thus can effectively stabilize the PTC effects
of the composites.

Figure 4 is a plot of the log resistivity of the
composites as a function of the thermal aging
time in air. It was shown that the room temper-
ature resistivity and PTC anomaly increased with
increasing aging time at 140°C, but the PTC be-
gins to fall at around 150 h. Because the presence
of oxygen causes thermal aging to occur, a de-
crease in the PTC anomaly at 250 h can be attrib-
uted to the thermal degradation of HDPE in the
presence of oxygen. To know the effect of the
thermal aging behavior of the composites, a DSC
calorimeter was used to study the melting behav-
ior of the 50:50 HDPE/CB composites with vari-
ous thermal aging times. The thermoanalysis of
the samples aged at 140°C was investigated by
DSC at a heating rate of 10°C/min, and the re-

Figure 4 The log resistivity of the composites as a
function of the thermal aging time at 140°C: (a) room
temperature resistivity and (b) resistivity at maximum
(PTC anomaly). The absorbed dose is 120 kGy.

Figure 3 The effect of the irradiation dose on the
degree of gel of matrix polymers irradiated with (a) �
rays to a total dose of 10, 30, 70, 120, and 180 kGy and
(b) EBs to a total dose of 10, 30, 70, 120, and 180 kGy.
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sults are shown in Figure 5. The aging times are
150 and 250 h. The increase in aging time led to a
decline of fusion in the DSC curve as shown in
Figure 5. Clearly, the fusion peak of the 250-h
aged sample was much lower than that of the
unaged sample. It was found that the change in
the PTC effect during aging is a direct result of
the changes in the crystalline structure of the
composites during aging. This indicates that
there is a loss of crystallites as aging proceeds.

Figure 6 shows that the electrical reproducibil-
ity of HDPE (melt index � 0.3)/CB is improved by
radiation induced crosslinking compared with the
unirradiated compound. These results are be-
cause the crosslinking enhances the shear modu-
lus of the polymers and the CBs are strongly
attached to crosslinked HDPE networks. This re-
stricting function not only makes the CBs redis-
tribute during the movement and expansion of
the matrix at high temperatures but also takes
the particles back to their original positions while
the sample is cooled. Therefore, the reproducibil-
ity was significantly improved and the NTC phe-
nomenon was practically eliminated for the radi-
ation induced crosslinked compound.

CONCLUSIONS

The PTC effect is remarkably improved with an
increase of mixing time when the compounds are
mixed for a long time during the preparation pro-
cess. The increment of the bound polymer, which
is the physical and chemical absorption of the
polymer on the CB surface, makes the room tem-

perature resistivity of the compound increase. Ra-
diation crosslinking significantly improves the re-
producibility and makes the NTC effect vanish for
CB filled HDPE. When the compounds irradiated
with � rays and EBs have a total dose above 120
and 70 kGy, respectively, the NTC effect is elim-
inated compared with the low absorbed dose sam-
ple. This illustrates that the crosslinked network
is fully formed at this time and thus can effec-
tively stabilize the PTC effects of the composites.
The electrical reproducibility significantly im-
proves for the radiation induced crosslinked com-
pound.
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