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ABSTRACT: The sensitive effect of weight ratio of the
high-density polyethylene (HDPE)/ethylene-vinylacetate
copolymer (EVA) on the electrical properties of HDPE/
EVA/carbon black (CB) composites was investigated.
With the EVA content increasing from 0 wt % to 100
wt %, an obvious change of positive temperature coeffi-
cient (PTC) curve was observed, and a U-shaped insu-
lator-conductor-insulator transition in HDPE/EVA/CB
composites with a CB concentration nearby the percola-
tion threshold was found. The selective location of CB
particles in HDPE/EVA blend was analyzed by means
of theoretical method and scanning electron micrograph
(SEM) in order to explain the U-shaped insulator-con-
ductor-insulator transition, a phenomenon different from

double percolation in this composite. The first signifi-
cant change of the resistivity, an insulator-conductor
transition, occurred when the conductive networks dif-
fused into the whole matrix due to the forming of the
conductive networks and the continuous EVA phase.
The second time significant change of the resistivity, a
conductor-insulator transition, appeared when the amor-
phous phase is too large for CB particles to
form the conductive networks throughout the whole
matrix. © 2010 Wiley Periodicals, Inc. ] Appl Polym Sci 117:
1998-2002, 2010
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INTRODUCTION

It has been known that the composites consisting of
conductive fillers and an insulating polymer become
electrically conductive as the filler content exceeds a
certain critical value. Carbon black (CB) is the most
frequently used filler in these composites. However,
using CB as an additive to obtain electrical conduc-
tivity usually requires a concentration so high that it
will decrease the processability and mechanical
properties of the composites."® One of the recent
trends is to use polymer blends as the matrix
resin to reduce the amount of conductive fillers in
the composites.” ! The critical value corresponding
to resistivity transition of these composites might
change to a lower loading than theoretically
expected due to the multiple percolation resulting
from selective distribution of conductive fillers in
one phase of the polymer blends and/or at the inter-
face of the polymers. Many studies have focused on
the electrical properties of these composites and the
factors that influence the distribution of CB in the
blends, such as the affinity of CB to different poly-
mers, the interfacial tension between polymers, and
viscosity ratio of the polymer components,'*™"> how-

Correspondence to: ].-Z. Liang (scutjzl@sohu.com).

Journal of Applied Polymer Science, Vol. 117, 1998-2002 (2010)
© 2010 Wiley Periodicals, Inc.

ever, very few of them have taken notice of the elec-
trical properties of the composites with a filler con-
centration a bit lower or higher than the percolation
threshold. According to Xu et al.,'? the composites
in which CB particles locate at the interface of two
polymer components have higher electric conductiv-
ity when the content of the two polymers is near to
1 : 1. Cheah et al.'"* found that the percolation
threshold was dramatically reduced by the isolation
of the CB particles at the cocontinuous interface of a
binary polystyrene and poly(styrene-co-acrylonitrile)
matrix. In the region that the filler concentration is a
bit lower or higher than the percolation threshold,
the electrical properties of these composites is
variable and sensitive to the ratio of polymers, and
their resistivity may present an evident insulator-
conductor-insulator transition at a certain filler
concentration.

In this article, the effect of high-density polyethyl-
ene (HDPE) and ethylene-vinyl acetate copolymer
(EVA) weight ratio on electrical properties of
HDPE/EVA/CB composites with a CB concentration
nearby the percolation threshold is investigated. Dis-
tribution state of CB particles in the HDPE/EVA
blends is analyzed by means of theoretical analyses
and scanning electron micrograph (SEM), to explain
the U-shaped insulator-conductor-insulator transi-
tion, a phenomenon different from double percola-
tion, in this composite.
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TABLE 1
The Data of Surface Tension for Various Components
v x 10° 7 x 10° v x 10°
Material (N/m) (N/m) (N/m)
HDPE 27.7 27.7 0
EVA 26.5 252 1.3
CB 344 28.8 5.6
EXPERIMENTAL
Materials

CB (Vulcan XC-72), used as a conductive filler, was
provided by Cabot Co. Its average diameter, BET
surface area and DBP value were 30 nm, 254 m?/ g,
and 178 mL/100 g, respectively. HDPE (5000S) with
a melting index of 0.9 g/10 min (190°C, 2.16 kg) was
supplied by PetroChina Co. Ltd. EVA(14-2) with a
VA content of 14 wt % was supplied by Beijing East-
ern Petrochemical Co., Ltd, China.

Sample preparation

Polymers and carbon black with desired proportions
were melt mixed in a Brabender mixer (plasti-cor-
der) at 155°C and 40 rpm for 8 min. The polymers
were added in the mixer all together and then the
carbon black was added when the polymers were
melted. The blends were then compressed into
sheets with a thickness of 2 mm by compression
modeling at 160°C under a pressure of 10 MPa for
10 min.

Mesurement of electrical properties

When the volume resistance of the sample is below
108 Q, the volume resistivity was measured by a
four-probe method (ASTM D-991) using two multi-
meters and a voltage supply. The four-probe method
can effectively avoid the contact resistance which
may affect the precision of the measurement. A high
resistance meter was used when the volume resist-
ance of the sample is beyond 10° Q. The relationship
between the temperature and resistivity was meas-
ured progressively by elevated temperature with the
heating rate of 1°C/min.

Morphological observation

As a convenient approach to directly observe the
CB-polymer interactions, the selective location of CB
in two chemically different polymers was observed
by means of a Hitachi S-550 SEM. All the specimens
were fractured after frozen in liquid nitrogen and
then gold-sputtered.
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RESULTS AND DISCUSSION

Selective distribution of CB Particles in
HDPE/EVA blend

When CB is added into an immiscible polymer
blends, it is not distributed homogeneously in poly-
mer blends but predominately located in one phase
or at the interface, depending upon its affinity to the
polymer components.’® Sumita et al.'” have sug-
gested that the dispersion state of CB particles in
polymer blend can be predicted qualitatively from
the value of the wetting coefficient, m,_p, which is
defined as follows.

©A-B = (YcB-B — YcB-a)/YA-B 1)

where ya_g, Ycg—p, and ycg_p are the interfacial ten-
sion between polymer A and polymer B, between
CB and polymer B, and between CB and polymer A,
respectively. The following distribution is predicted:

wa_p > 1 CB particles distribute in phase A.

-1 < wa_p < 1 CB particles distribute at the
interface.

wa_p < —1 CB particles distribute in phase B.

Wu's harmonic mean average equation can be
used to estimate the interfacial tension between two
phases'®:

ns i ]
where 7 is the surface tension, y = y% + v*, v% is the
dispersion component of surface tension, and vP is
the polar component. The surface tension of the
materials and interfacial tension between materials
are listed in Table I'® and Table II, respectively.
From the calculations, we obtained ®yppprva =
1.9 > 1. The result suggests that CB particles tended
to be dispersed in the EVA phase. On the other
hand, CB particles prefer to selectively locate in the
lower melt viscosity phase in a multi-phase blend.
Therefore, in the view of the thermodynamics, CB
particles have stronger tendency to locate in EVA
than HDPE. The fact that there are many functional
polar groups on the surface of CB is also a factor
affecting the selective distribution of CB particles."
As to HDPE/EVA/CB composite, EVA has a very
high polarity, while the HDPE is a nonpolar

TABLE II
The Data of Interfacial Tension Between Various
Components

Component 1 Component 2 Y12 % 10® (N/m)

HDPE CB 5.62
EVA CB 292
HDPE EVA 1.42
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Figure 1 SEM photographs of HDPE/EVA/CB compo-
sites with a CB content of 12 wt %. HDPE/EVA weight
ratios: (a) 95/5; (b) 40/60; (c) 0/100.

polymer. The interaction between EVA phase and
CB particles is, thus, stronger than the interaction
between HDPE phase and CB particles. In other
words, CB particles have a priority to locate in the
EVA phase.

To verify the analysis above, typical SEM observa-
tion of HDPE/EVA/CB composites with a CB con-
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tent of 12 wt % was carried out (Fig. 1). It can be
seen that in the case of a lower EVA content [5 wt
%, Fig. 1(a)] which is not enough to influence the
morphology of polymer blend, CB particles are
homogeneously located in the polymer blend. Con-
ductive networks throughout the whole matrix have
not formed yet at this time. The EVA phase is trans-
lated into continuous phase when the weight ratio
of HDPE/EVA is 40/60 [Fig. 1(b)]. On the other
hand, the tendency of CB to locate in the EVA phase
makes its concentration high enough to form con-
ductive networks in the EVA phase. Both the form-
ing of continuous EVA phase and conductive net-
works in the EVA phase make the conductive
networks diffuse into the whole matrix. When the
content of EVA is 100 wt % [Fig. 1(c)], the conduc-
tive networks throughout the whole matrix can not
be formed due to the homogeneous distribution and
insufficient content of CB particles.

U-shaped transition of resistivity

Figure 2 shows the relationships between EVA con-
tent and room temperature resistivity of HDPE/
EVA/CB composites with a CB content of 12 wt %.
A U-shaped insulator-conductor-insulator transition
with the increase of EVA content can be seen clearly
in Figure 2.

When the EVA content is lower than 10 wt %, the
density of the conductive networks is increased due
to the migration of CB particles to EVA phase which
the CB particles are inclined to locate in. However,
although the concentration of conductive networks
in the EVA phase may exceed the percolation
threshold, complete conductive networks throughout
the matrix have not form due to the uncontinuous
EVA phase. The increase of EVA weight fraction
results in the forming of HDPE/EVA cocontinuous
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Figure 2 Influence of EVA content to room-temperature
resistivity of composites.
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phase. The transition of EVA phase from uncontinu-
ous phase to continuous one makes the conductive
networks diffuse into the whole blend, thereby,
results in a sharp decrease of room temperature re-
sistivity of the composites. This is an insulator-con-
ductor transition, the first transition of the U-shaped
transition. With a further rise in EVA content, the
change of resistivity is very little until the EVA con-
tent exceeds 80 wt %. The reasons may be, on the
one hand, the migration of CB particles from HDPE
to EVA phase makes up the dilution of CB concen-
tration resulting from enlargement of amorphous
phase, on the other hand, the interaction between
the EVA molecular and the polar functional groups
on the surface of CB particles prevent the agglomer-
ation of the CB aggregate. When the EVA content
exceeds 80 wt %, conductive networks throughout
the whole matrix can not be formed because there
are not enough CB particles to supply the enlarged
amorphous phase, results in a sharp increase of
room temperature resistivity of the composites. This
is a conductor-insulator transition, the second transi-
tion of the U-shaped transition.

PTC characteristics of HDPE/EVA/CB composites

The dependence of positive temperature coefficient
(PTC) characteristic on EVA content of HDPE/EVA/
CB composites with a CB content of 18 wt % is illus-
trated in Figure 3, from which we can observe that
the temperature corresponding to peak value of the
PTC curves remain unchanged when the EVA con-
tent is lower than 60 wt %. However, when the EVA
content exceeds 60 wt %, this temperature moves
towards lower temperature direction with increasing
EVA content.

After our careful observation to Figure 3, we
found that the PTC curves of HDPE/EVA/CB com-
posites, unlike that of the HDPE/CB composites,
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Figure 3 Resistivity-temperature curve of HDPE/EVA/
CB composites with different content of EVA.
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Figure 4 DSC curves of HDPE/EVA/CB composites
weight fraction of EVA: (a) 0%, (b) 20%, (c) 60%, (d) 100%.

increase slightly when the temperature is higher
than 60°C. The immanent cause of the slight increase
may be the low melting temperature of EVA compo-
nent. The destructive effect of volume expansion of
EVA phase increases when the temperature rises to
60°C, however, this kind of effect is blocked to a cer-
tain degree due to the restrict of continuous HDPE
phase. Thus, the restrict of HDPE component will be
weaker as the increase of EVA content, and the ris-
ing trend of resistivity will be more and more
obvious, which can be confirmed from Figure 3.

Unlike the sharp PTC curve of HDPE/CB compo-
sites, there is a section of relatively smooth curve
between the melting temperature of EVA and HDPE
in the PTC curve of HDPE/EVA/CB composites
when the EVA content is 60 wt %. This is because
NTC effect of EVA phase and PTC effect of HDPE
phase are added together.

From Figures 3 and 4, we can find that the PTC
curves have a good consistence with DSC curves of
HDPE/EVA/CB composites. The content of EVA
has a slight influence to the temperature correspond-
ing to peak value of the PTC curves, and there is no
melting peak in the DSC curves when EVA content
is smaller. When EVA content is 60%, in the PTC
curve, there is a section of relatively level curve pro-
duced by superposition of NTC and PTC effect,
meanwhile there are two melting peak appear in the
DSC curve.

CONCLUSIONS

All the factors affecting the distribution of CB par-
ticles in an immiscible blend, including interfacial
tension, melt viscosity, and functional groups on the
surface of CB particles, are in favor of the migration
of the CB particles from HDPE phase to EVA
phases. An U-shaped insulator-conductor-insulator
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transition for HDPE/EVA/CB composites with a CB
content of 12 wt % appears with the increasing EVA
content. When the EVA content increases from 0 wt
% to 20 wt %, the resistivity of HDPE/EVA/CB
composites rapidly decreases by 9 orders of magni-
tude and a transition from insulator to conductor
occur. When the EVA content increases from 20 wt
% to 80 wt %, the change of composites resistivity is
very little. When the EVA content exceeds 80 wt %,
a sharp increase of room temperature resistivity of
the composites and a conductor-insulator transition
occur.
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