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ABSTRACT: The electric self-heating and conduction
behaviors of a high-density polyethylene/acetylene carbon
black composite crosslinked with electron-beam irradiation
are studied with respect to the electric field and ambient
temperature. On the basis of scaling arguments, the critical
fields and current densities for the onsets of self-heating

and global electrical breakdown are discussed with respect
to the intrinsic resistivity at a given ambient temperature
as well as the irradiation dosage. � 2008 Wiley Periodicals,
Inc. J Appl Polym Sci 110: 3009–3013, 2008
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INTRODUCTION

Composites of semicrystalline polymers and con-
ducting particles show positive temperature coeffi-
cient effects of resistivity over a temperature range
around the melting point (Tm) of the matrix.1–6 In
important industrial applications to self-regulating
heaters, the applied electric current is quite large, so
marked self-heating is generated.7–11 These compo-
sites possess nonlinear conduction characteristics12–14

under a quite high electric field that modifies the
electrical contact of the particles and thus restricts
the current passing through samples. This leads to a
global resistance increase with time until a switched
electric–thermal equilibrium state is reached.15 In the
electric–thermal equilibrium state, the rates of heat
generation and heat dissipation are equal, so both
the current passing through the sample and the sam-
ple temperature due to self-heating do not vary with
time.10,16–18 In a nonlinear current density/electric
field (J–E) plot, a maximum value of the current den-
sity (J) reveals the global breakdown of the electrical
contact between the particles.19–21 The dynamic pro-
cess of conduction switching has attracted consider-
able attention in recent years.10,11,16–24

The negative temperature coefficient effect of resis-
tivity above Tm has an adverse influence on the
application of positive temperature coefficient com-

posites because of the conduction instability. Irradia-
tion crosslinking of the matrix can eliminate the neg-
ative temperature coefficient effect and result in sta-
ble conductive behavior.7 In a previous article,17 we
studied the self-heating and nonlinear conduction in
the electric–thermal equilibrium state for a high-
density polyethylene (HDPE)/acetylene carbon black
(CB) composite. In this article, we further investigate
the influence of irradiation crosslinking on the self-
heating and conduction behaviors in the electric–
thermal equilibrium state for HDPE/CB composites
subjected to a wide electric field strength (E) range
above room temperature yet well below Tm.

EXPERIMENTAL

The preparation of HDPE/CB composites with a
CB volume fraction of 0.082 and electron-beam
irradiation are described in an earlier article.25 The
simultaneous measurement of the sample surface
temperature (Ts) and current in the electric–thermal
equilibrium state as a function of the sinusoidal
alternating-current (50 Hz) voltage at desired ambi-
ent temperatures (Ta’s) was performed at least
10 min after an alternating-current voltage was
applied to the sample, as described previously.17

RESULTS AND DISCUSSION

Figure 1 shows Ts as a function of E for the compo-
sites at various values of Ta. Self-heating is absent at
low E, whereas Ts increases steeply with increasing
E above the critical field strength (Ec), depending on
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Ta. Figure 2 presents the nonlinear J–E characteristics
in the electric–thermal equilibrium state. With
increasing Ta, J is gradually lowered at the same
level of E because of the increase in the intrinsic
resistivity (q0). When E0.5 and J0.5 (the coordinates at

the crossover point) at the global breakdown of the
electrical contact between the particles are used as
scaling variables, the normalized current density (J/
J0.5) as a function of the normalized field strength
(E/E0.5) collapses onto respective master curves for
the composites crosslinked with irradiation dosages
of 8, 40, and 200 kGy, as shown in Figure 3, and this

Figure 1 Ts measured at the sample surface as a function
of E for the HDPE/CB composites crosslinked with irradi-
ation doses of (a) 8, (b) 40, and (c) 200 kGy at various val-
ues of Ta. The solid curves were calculated according to
eq. (3).

Figure 2 J–E characteristics for the HDPE/CB composites
crosslinked with irradiation doses of (a) 8, (b) 40, and
(c) 200 kGy at various values of Ta.
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suggests that the occurrence of nonlinear J–E charac-
teristics is independent of crosslinking.

In Figure 1, Ec for the self-heating effect (Ec can be
experimentally determined as a temperature rise of
Ts 2 Ta 5 18C) is shifted to high fields with increas-
ing Ta. Ec and the corresponding current density (Jc)
are plotted against q0 in Figure 4. Mukherjee et al.26

showed that the following scaling laws are applica-
ble to conducting composites, and they obtained p 5

q 5 0.5 under a mean-field approximation:

Ec � qp0 (1)

Jc � q�q
0 (2)

The values of p and q have been estimated from the
slopes in Figure 4 and are plotted against the irradi-
ation dosage in Figure 5. p and q are close to each
other and vary within the narrow range of 0.33–0.49,
which is comparable to that of 0.45 6 0.01 obtained
by Mukherjee et al. for HDPE/carbon composites
with filler concentrations above the percolation
threshold. The crosslinking of the matrix does not
influence p and q significantly. In other words, the
onset of self-heating is mainly involved in the initial
topology of the percolating network whenever the
self-heating effect does not appear.

If we assume that the resistance variation with
respect to Ts follows an exponential relation, an anal-
ysis of the electric–heating equilibrium between heat
generation and heat dissipation under a nonohmic
approximation gives a theoretical expression of Ts as
a function of E:10

Ts � Ta ¼
�
Tsm � Ta

� E
E0:5

� �2a

1þ E
E0:5

� �2a
(3)

Here, a is a nonlinear exponent sensitive to the fil-
ler type, and Tsm is the saturated value of the surface
temperature at a high field limit. According to the
Fourier law, the temperature rise (Ts 2 Ta) is propor-
tional to the electrical power (EJ) in the electric–ther-
mal equilibrium state, which can be formulated in
terms of scaled variables (J/J0.5 and E/E0.5):

Ts � Ta ¼
�
Tsm � Ta

�
2

E

E0:5

� �
J

J0:5

� �
(4)

Comparing eqs. (3) and (4) leads to a theoretical
expression of J/J0.5 as a function of E/E0.5:

17

J

J0:5
¼

2 E
E0:5

� �2a�1

1þ E
E0:5

� �2a
(5)

Equation (5) has been used to fit the data in Figure
3, and the results are shown as solid curves. The a

values have been determined to be 0.99, 1.07, and
1.05, respectively, for the composites crosslinked

Figure 3 J/J0.5 as a function of E/E0.5 for the HDPE/CB
composite at various values of Ta. The solid curves were
calculated according to eq. (5). The data for the 40- and
200-kGy samples are shifted along the vertical axis by fac-
tors of a 5 1021 and a 5 1022, respectively.

Figure 4 (a) Ec and (b) Jc as functions of q0. The lines in
parts a and b are fitted according to eqs. (1) and (2),
respectively.
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with irradiation dosages of 8, 40, and 200 kGy, and
they are essentially the same as the value of 1.10
found for the uncrosslinked composite at Ta �
1008C.17 The a values, very close to unity, suggest
that the conduction at E � E0.5 is mainly ohmic and
that the crosslinking of the matrix does not influence
the conduction mechanism. Using the determined a

values, we applied eq. (3) to fit the data in Figure 1.
The best fitting results are shown as solid curves,
and they well account for the general tendency of Ts

as a function of E. Tsm 2 Ta, characterizing the maxi-
mum self-heating ability, is plotted against q0 in Fig-
ure 6. It reveals that the crosslinking of the matrix
improves the maximum self-heating ability at the
same value of q0, whereas the temperature rise is
less than 108C at q0 > 107 O cm.

Figure 7(a,b) shows E0.5 and J0.5 as functions of q0.
In a random resistor network (RRN), each resistor
has a breaking current above which the resistor
becomes an insulator.27,28 If a sufficiently low volt-
age is applied, the system behaves just as an RRN in
the ordinary percolation framework. On the other
hand, some of the resistors will break under a suffi-
ciently high voltage, and this leads to a redistribu-
tion of current on the remaining resistors and thus
causes them to break in succession, resulting in the
global electric breakdown.29 The critical field (E0.5)
and current density (J0.5) scale with q0 as follows:17

E0:5 � qx0 (6)

J0:5 � q�y
0 (7)

The application of eqs. (6) and (7) to the data in Fig-
ure 7 gives the scaling factors x and y, as shown in
Figure 5. A theoretical analysis based on the RRN
model has yielded y � 0.85.30,31 However, the y
value in the HDPE/CB composites is not a constant

Figure 5 Scaling factors x, y, p, and q as functions of the
irradiation dosage. The dotted curves are guides for the
eyes.

Figure 6 Maximum temperature rise (Tsm 2 Ta) at high E
as a function of q0. The solid curves were calculated
according to eq. (9).

Figure 7 (a) E0.5 and (b) J0.5 as functions of q0. The lines
in parts a and b are fitted according to eqs. (6) and (7),
respectively.
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but varies slightly within the narrow range of 0.64–
0.73. It seems that an increasing irradiation dosage
leads to an increase in y. The variation of x shows a
contrary tendency with respect to the irradiation dos-
age. The application of a high field to the sample might
lead to local melting of thin HDPE layers between CB
particle pairs. The presence of interchain crosslinks
restricts the local rearrangement of the particles and
hinders the local breakdown, and this is the reason
that x and y level off at high irradiation dosages.

Tsm 2 Ta can be related to E0.5J0.5 as follows:17

Tsm � Ta ¼ 2KE0:5J0:5 (8)

where K is a constant including the geometry of the
sample and the heat dissipation to the surroundings.
Combining eqs. (6)–(8), we obtain the following:

Tm � Ta � qx�y
0 (9)

which suggests that the maximum self-heating abil-
ity decreases with increasing q0. With the deter-
mined values of x and y, eq. (9) approximately
describes the general dependence of Tsm 2 Ta on q0
for the uncrosslinked and crosslinked composites at
various values of Ta, as shown by the solid curves in
Figure 6.

CONCLUSIONS

The crosslinking of the matrix through electron-beam
irradiation does not influence the mechanisms of the
self-heating and nonlinear conduction of HDPE/CB
composites in the electric–thermal equilibrium state.
However, crosslinking improves the maximum self-
heating ability at the same value of q0. The critical
fields and current densities for the onsets of self-heat-
ing and global electrical breakdown are involved in
the crosslinking degree and Ta.
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