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ABSTRACT: The relationship between current density and applied DC electric field was 
measured for carbon black-polyethylene composite films which contain large amounts of carbon 
black by volume fraction (vr =c 0.16-0.28). The curves relating the current density to the applied 
DC electric field for the samples show clearly that, at first, the current densities increase in 
proportion to the applied DC electric fields and then, after the greatest values, they decrease and 
show negative resistance at high applied DC electric fields. The shapes of the curves are very 
sensitive to the volume fraction of the carbon black, to a previously applied DC voltage during the 
sample film molding, and to the density of the matrix polyethylene; yet there is almost no influence 
due to the particle size of the carbon black or to the melt index of the matrix polyethylene. This 
finding can be explained well by the tunneling of carriers across the barriers and the generation of 
Coulomb forces among the carbon black particles. 
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The problems of the electrical properties of 
conductive particle-polymer composites have 
been studied by a number of researchers. Most 
researchers are chiefly interested in the kind of 
conductive particle, 1 - 3 its volume fraction (vr) 

in a polymer,4 - 7 and the change in resistivity 
(R) accompanied with temperature raising in a 
sample,8 - 11 and alternating frequency. 12 · 13 

The experimental results reported in previous 
papers were explained well by the thermal 
expansion of the matrix polymers and the 
tunneling conduction among the very close 
conductive particles. 

posites14 - 16 which contain large amounts of 
CB, from 0.16 to 0.28 by Vr, and so may be 
regarded as conductors. 

In this paper, we deal with composites of a 
carbon black (CB) as a conductive component 
and a polyethylene (PE) as a matrix polymer. 
The subject of this investigation is the re
lationship between current density (J) and 
applied DC electric field (£) for com-

The study on the electrical properties of the 
samples makes it clear that J as a function of E 

makes a convex curve, that is, there appears a 
negative resistance after a peak. Experimental 
results with such noticeable behavior could not 
be found in previous papers. This electrical 
phenomenon can be understood in terms of 
such factors as Coulomb forces being gener
ated among the carbon black particles under 
the applied electric field. The J-E properties 
for these composites show a certain kind of 
switching effect, and so, perhaps they will be 
useful as a shield material for electromagnetic 
waves. 

* Present address: CHINO Co., Ltd., 26-2 Nishishinjuku 1-chome, Shinjuku-ku, Tokyo 163, Japan. 
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EXPERIMENT AL 

Materials 
A low density polyethylene (LOPE) Sholex 

M221 supplied by Showa Denko Co., Ltd. 
with density of 0.915 gcm- 3 and melt index 
(MI) of 20g/10min at 190'C and a carbon 
black (CB) Seast V supplied by Tokai Carbon 
Co., Ltd. with the particle diameter of 62 nm 
and a pore volume of 87 ml/100 g di butyl 
phthalate (DBP) were used for a matrix poly
mer and conductive particles. 

For comparison, another composite was 
prepared using a high density polyethylene 
(HOPE) Sholex 5080, and Seast V CB was 
used to check the effect of matrix density on J
E relations. The properties of the components 
are given in Tables I and II. 

Sample Preparation 
The CB, powdered and shifted through 

# 120-mesh screen, was dried at I00°C for 50 
minutes before blending with CB in a two roll 
mill at 140°C for ten minutes. The volume 
fraction of CB varied from 0.16 to 0.28. A 
0.6 mm thick film was molded from each com
posite by a hot-press at 140°C and at I 50°C for 
ten minutes for LOPE and HOPE respective
ly, and then they were quenched in ice water. 

RES UL TS AND DISCUSSION 

Relationship between Resistivity and CB Content 
Diagrams of the experimental apparatus 

used to measure the R between the opposing 
faces of the composite films are shown in 
Figure I. In these diagrams, 'Sample' refers to 
the composite films blended with a PE and a 
CB, and 'Electrode' refers to a copper plate. 
The dimensions of each test piece in the R 
measurement is 0.6 mm in thickness and 
30.0 mm in both width and length. Both sides 
of the films are coated with silver paste so that 
contact is just made between each electrode 
and the composite film. The relationship be
tween R and CB volume fraction for the test 
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Table I. 

Matrix 

Properties of the polyethylene used 
in this experiment 

MI at 190"C Density 

g/l0min gtm- 3 

LOPE (Sholex M221) 20 0.915 
HOPE (Sholex 5080) 7.8 0.949 

Table II. 

Filler 

CB (Seast V) 

Properties of the carbon black used 
in this experiment 

Particle diameter Absorption of DBP' 

nm ml/lO0g 

62 87 

a Dibutyl phthalate. 

Electrode 

Sample 

(al 

Vibrating Reed 
Electrometer 

(b) 

Multimeter 

Power 
Supply 

Figure 1. Diagrams of the apparatus used to measure 
the resistivity of the composite samples: (a) for low 
resistance measurements; (b) for high resistance 
measurements. Two copper electrodes are used, giving a 
large heat capacity. 

samples is shown in Figure 2. In the range of 
the CB volume fraction up to a critical volume 
fraction (vrc), the R is nearly constant, being 
that of the PE itself used in the matrix. The 
extreme drop in R at a certain vr is believed to 
be due to network formations among the CB 
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Figure 2. Relationship between resistivity and volume 
fraction for a LOPE-CB composite, at 20°c. LOPE, 
Sholex M221; CB, Seast V, vrc=critical volume fraction. 
'*' indicates the range of the J-E measurement. 

particles. The Vr of the CB is determined as 
follows: 

v, 

where Vn:, volume of the matrix PE 
Vrn, volume of the CB 

Current-Voltage Property 

(1) 

This investigation was interested in the com
posite as a conductor with the v1 of the CB in 
the range of 0.16 to 0.28. The range of 
measurements is indicated by the '*' in Figure 
2. According to convenience of the electric 
power source, the dimensions of each test 
sample in the 1-E measurement were 0.6 mm 
in thickness and 3.0 mm in both width and 
length. 

A diagram of the experimental apparatus 
used to measure the J-E property is shown in 
Figure 3. In previous experiments with this 
problem, researchers generally applied a puls
ed electric field so as to avoid the generation 
of heat in the test sample. However, we de
cided to use a DC electric field in this study. If 
a pulsed electric field is applied to a composite, 
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Figure 3. Diagram of the apparatus used to measure 
the J-E property. The two copper electrodes have a large 
heat capacity. 

the 1-E property may show a transient phe
nomenon in the R-C circuit formed among 
the gaps of CB particles with electrostatic ca
pacity. It was for this reason that a DC electric 
field was used in this experiment. The prob
lems of heat generation were solved through 

the use of large-sized copper electrodes with 
high heat capacity as opposed to small-sized 
test piece, and through the constant checking 
of sample temperatures by the thermocouples. 
Such checking made it clear that the sample 
temperature rose only slightly during the 
experiment. 

The J-E experimental results for the test 
samples are plotted in Figure 4. According to 
the results, the J increases in proportion to the 
E in the low E region, and then, after the J 
peaks at a certain applied £, it gradually 
decreases, that is, shows negative resistance 
(dl/dE <0). The results of the experiment are 
as follows: 

i) each one of the 1-E curves reaches a 
peak at a certain E, followed by negative 
resistance (dl/dE <0). 

ii) as the v1 increases, the J increases, and 
the 1-E curve becomes sharper. 

iii) the 1-E property is a reproducible and 
reversible phenomenon within the breakdown 
E. 

Since no theoretical study has been con
ducted on large amounts of CB distribution in 
a polymer matrix, we present the following 
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Figure 4. J-E properties are plotted based on experi
mental results, using LDPE (Sholex M221), at 20°C, 
with the following CB (Seast V) volume fractions: v,, 
0.165 (.&), 0.198 ( e ), 0.229 (D), 0.257 (L:,.), 0.284 ( 0 ), 
and drawn based on experimental equation (2) by fine 
lines. The broken line represents an R-E curve (v,= 
0.257) converted from the J-E curve. 

experimental equation which express the ex
perimental results of the relationship of the Vr 

to the J and E: 

E 
]=--~--

a X E3 +b X CV' 
(2) 

where 

J, current density 
E, applied field 

a=3.03 x 10- 5 

b=l053 
vr, volume fraction of CB c = 1.59 x 10- 10 

The terms a x E 3 and b x cv' are resistances 
which depend on the applied DC electric field 
and the dispersion of CB in the composite, 
respectively. Since this experimental equation 
fairly well fits with the experimental results 
shown by the fine line in Figure 4, it will be 
practical and useful for the members of a 
planning group. 

The broken line in Figure 4 represents an R
E curve17 (v1 =0.257) converted from the J-E 
curve. 

In this curve, the R is nearly constant up to 
the peak of the J-E curve, after which it 
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Figure 5. J-E properties of the composite with pre
viously applied DC electric field, at 20"C. Components: 
LDPE, Sholex M221; CB, Seast V. v,, 0.284. Voltage: 0, 
0; L:,., 5; D, 7. 

increases gradually till the breakdown E. 
From our other experiment, it was also 

recognized that the J maintained a nearly 
constant value under a constantly applied E, 
and the sample temperature barely changed 
during the measurement. 

Effects al a Previously Applied Electric Field 
A DC electric field was applied to the com

posite films for one minute when the films 
were being molded, after which the films were 
quenched in ice water. The DC electric fields 
were applied by 0, 5, 7 volts to the different 
composite films. The J-E properties of the 
samples are shown in Figure 5. It was recogniz
ed from the results that as the applied voltage 
at molding time increased, the peak of the 
J-E curve decreased. It is certain that the R 
of the composite film increased with applied 
DC electric field when it was being molded 
and quenched. 

The dispersing CB particles in a matrix PE 
can be supposed to be in one of two states. In 
one, contact among the CB particles conducts 
an electric current by a conduction electron. In 
the other, infinitesimal gaps among the sepa-
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Figure 6. Electric equivalent circuit of dispersed CB 
particles in a composite under a DC electric field. A-C, 
CB particles. 

rated CB particles may conduct an electric 
current by a tunnel effect. The electrical oper
ation of the CB particles in a composite is 
shown by the electric equivalent circuit in 
Figure 6. Separated CB particles, such as a/3 
and yb, may have electrostatic capacity; there
fore the CB particles may charge as in the 
circuit in the figure. The charged CB particles 
in molten matrix PE may generate Coulomb 
attractive forces among the separated particles 
( a - /3 and y - b) and repulsive forces among 
the contacting particles (/3 -y) and thus the R 
may decrease according to those conditions, 
but these conditions may increase in the R. 
Total R under the conditions as described 
above may increase mainly due to a relaxation 
in pressure at contacting surface of the CB 
particles and a break in filaments intercon
nected by CB particles. 

These effects may appear markedly in mol
ten composites than in solid ones, and also in 
proportion to the applied voltage in each state. 
From these reasons, negative resistance is 
clearly generated by Coulomb attractive force 
at high applied voltages in solid samples. 

Effects of the Density of the Matrix PE 
The influence of the density of the matrix PE 

on the J-E property of the composites was 
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Figure 7. J-E properties for different densities of the 
two matrices in composite, at 20""C. Matrix: O, HOPE 
(Sholex 5080); L,,., LOPE (Sholex M221); CB, Seast V; v,, 
0.229. 

investigated. The LOPE with 0.915 gcm- 3 

and the HOPE with 0.949 gcm- 3 were selected 
as the densities of different matrices. Based on 
the experimental results, the J increases as the 
density of the matrix PE becomes higher. The 
results are shown in Figure 7. What is obvious 
on comparing the two curves is that when 
HOPE is selected as the matrix, the J incr~ases 

by about three times that when LOPE is 
selected. 18 It is very difficult for CB particles to 
enter the crystals. Therefore, as the CB par
ticles gather in a noncrystalline region, the real 
Vr of the CB in the amorphous parts of the 
HOPE may become larger than that of the 
LOPE. The result, as described above, is that 
the J-E properties of the HOPE matrix behave 

as a large Vr value in LOPE matrix. 
The maximum current density (]ma,) with 

the calculated volume fraction (v/) based on 
the assumption that the CB particles in LOPE 
(Figure 4) and HOPE (Figure 7) gathered only 
noncrystalline region is shown in Figure 8. 
From the figure, it is recognized that each J max 
is well related to the increase in v/. 

The effects of the MI of the PE and the 
particle size of the CB on the J-E properties of 
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Figure 8. Maximum current density with calculated 
volume fraction regarded as the CB particles are disper
sed only noncrystalline region. O, for LDPE in Figure 4; 
e, for HDPE in Figure 7. 

the composites are basically none; that is, 
differences in the MI and the particle size have 
no effect on the J-E properties. Therefore, the 
results for these situations are omitted in this 
paper. 

CONCLUSION 

Composites of PE and large amounts of CB 
increase in J according to Ohm's law, with an 
low applied DC electric field, and then J 
decreases after a peak. The decrease in J at 
higher applied fields may be caused by contact
ing pressure relaxation and break in CB chains 
induced by Coulomb attractive forces among 
the separated CB prticles. The J-E property in 
this investigation shows a switching effect. The 
simple experimental equation provided by us 
can be applied to this sort of composite plan
ning. The J-E properties are strongly influ-
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enced by the vr of the CB, a previously applied 
DC electric field during the sample molding, 
and the density of the matrix PE. The differ
ences in size of the CB particles and in MI of 
the matrix PE have little influence on the J-E 
property. The influence of matrix polymer 
species, the degree of crystallinity in detail, and 
the like, on the J-E property should be in
vestigated in future. 
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