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ABSTRACT: The electrical properties of carbon black
(CB)-filled two-phased thermoplastic vulcanizates (based
on ethylene-propylene-diene copolymer and polypropyl-
ene, TPV) were investigated in this article. The results
showed that the composites had a singularity in electrical
conductivity compared with CB-filled polypropylene com-
posites. Both the loading of CB and the concentration of rub-
ber phase in TPV had the remarkable effect on electrical
property of composites. The rubber particles in TPV pre-
sented unique and competitive effects in constructing CB
electrical conducting network, namely exclusion and block
effects. The percolation threshold value of composites appa-
rently decreased with rubber phase content. However,
percolation behavior of composites was weakened when
rubber phase content was very high. The percolation behav-
ior of composites with loading of CB is weakened appa-

rently by rubber particles. When annealing the composites
in the melt state, the resistance-time dependence of compo-
sites was strongly affected by the pressure of mold anneal-
ing. Although air aging had a negligible effect on the
electrical properties, the microstructure of the CB/TPV
composites had changed during air aging. CB/TPV com-
posite only exhibited the negative temperature coefficient
behavior even though the temperature was in the melting
region of polypropylene, which was mainly attributed to
the exclusive effect brought by the thermal expansion of
rubber particles. The special electrical properties of CB/TPV
can find potential application in many fields. © 2010 Wiley
Periodicals, Inc. ] Appl Polym Sci 117: 691-699, 2010
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INTRODUCTION

Most polymers have excellent electrical insulating
properties. However, some level of electrical conduc-
tivity is required for antistatic, semiconductive, and
electromagnetic interference applications."” This
need is usually satisfied by the filling of a polymer
matrix with conductive particles.

It is well known that the carbon black (CB)/poly-
mer composites have two characteristics affecting
the electrical conductivity, namely percolation
behavior and strong positive temperature coefficient
(PTC) or negative temperature coefficient (NTC).2
The former is the common characteristics of polymer
composites filled by electrical conductive fillers; with
an increase of conductive filler content, the resistiv-
ity of the composite will decrease gradually and
then drop dramatically close to the percolation
threshold.*” Because of the PTC or NTC effect, ther-
moplastic CB composites suffer from two main
drawbacks,®'? making them of little potential use in
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applications where their switching properties are im-
portant. In practice, there are three important issues
in filled conductive polymer materials, which are (1)
achieving high conductivity; (2) reducing the content
of conductive filler; and (3) controlling the conduc-
tivity of polymer composites in percolation region
and PTC and NTC behavior. However, it is not
capable of touching above goals only adjusting the
conductive filler and single polymer matrix. To
obtain the low percolation threshold value, some
researchers had even tried to achieve preferred dis-
persion of CB in polymer blends by using two or
more polymers with different affinity with CB.'*™"
Thermoplastic vulcanizate (TPV), as a kind of
important thermoplastic elastomers, has been exten-
sively investigated in the past years because this
kind of material exhibits some specific characteris-
tics, such as its special morphological structure,
excellent physical and mechanical property, and
unique production process (dynamic vulcaniza-
tion).'®* Figure 1 was the sketch of morphological
structure of TPV, where crosslinked rubber phase
dispersed in polymer matrix as particles. Normally,
the rubber is ethylene-propylene-diene copolymer
(EPDM) and the plastic is polypropylene (PP). It is
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Figure 1 Sketch of TPV.

very interesting to investigate the electrical conduc-
tivity of the TPV blended with CB because the con-
ductive CB particles can only be dispersed into the
PP phase and not into already crosslinked rubber
phase during blending. A natural question aroused
up automatically, which is whether incorporating
very little amount CB into TPV could get the excel-
lent electrical composites? It was also suggested that
the crosslinked rubber phase might have two effects
on the CB fillers dispersed in TPV, i.e., exclusion
effect and block effect. The exclusion effect would
benefit the formation of conductive filler network,
whereas the block effect would be harmful to the
conductivity through interrupting the filler network.
Which effect would play a more important role
in determining the electrical conductivity of the CB/
TPV composites? Hitherto, there are very few
reports regarding the percolation behavior and
PTC/NTC effect of CB/TPV composite. In this arti-
cle, the dependence of electrical conductivity of CB/
TPV composites on the CB content, rubber/plastic
ratio of TPV, and heat annealing condition was stud-
ied for the first time. The electrical conductivity as a
function of temperature was also investigated. Many
interesting phenomena were explored and some
results are valuable to develop the high performance
conductive polymer materials.

EXPERIMENT
Materials

The TPVs (EPDM/PP) with different R/P ratio (R =
EPDM; P = PP) were supplied by Shandong
Dawn_BH Elastomer Co. Ltd., China. The size of
rubber particles are about 2 um. Before use, the TPV
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was dried in an oven at 80°C for 4 h. The conductive
CB, with about 50 nm particle diameter, DBP 380
ml/100 g, N2 1000 m*/g, electric resistivity 0.2-0.4
Q.cm, was supplied by Beijing Caron Black Co. Ltd.,
China.

Sample preparation

PP or TPV was mixed with CB at 180°C for 15 min
in two rolls mill with 6-inch roll diameter. The mate-
rial was cooled in air after blending, and then the
CB/PP or CB/TPV mixtures were pressed into
2-mm thick sheet on a hot presser at 180°C for 5 min
by means of a special mold. A round sample (disk)
with 2.6 mm (for low-resistivity samples) and
50 mm (for high-resistivity samples) diameter was
cut from the sheet for electrical property test.

Electrical property tests

For the electrical characteristics, all surfaces were
cleaned with ethanol to remove dust and any other
contaminates and dried in air. Copper films with
conductive adhesive were fasted on both sides of the
CB/TPV or CB/PP sample to serve as electrodes.
DC conductivity measurement was done using a QJ
36 double-arm electrical bridge (Shanghai XinXin
Electronic Instrument Co. Ltd., China). A model
ZC36 electrometer (SPSIC Huguang Instruments &
Power Supply Branch, China) was used for high-
resistivity samples with 50-mm diameter and 2.0-
mm thickness. The above experiments are using five
samples, finally take average.

The bulk receptivity of the samples can be
expressed as following equation

E-A
P=Th

where E is the voltage across the samples, I the elec-
trical current, and A, h are the area and thickness of
the samples. The dimension of the samples is 2-mm
thick, with 2.6 mm (for low-resistivity samples) and
50 mm (for high-resistivity samples) diameter.

Transmission electron microscopy

Transmission electron microscopy(TEM) micrographs
were taken from ultrathin section with an H-800-1
transmission electron microscope (Hitachi, Japan),
using an acceleration voltage of 200 kv.

Air aging

Air aging of the sample was performed by a 401-A
air aging oven (Shanghai Instrument Factory),
according to ISO-188-1998.
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Figure 2 Effect of CB content on the resistivity of CB-
TPV composites.

Heat treatment

The CB/PP and CB/TPV composites with different
CB contents were preheated in a compression molder
for 5 min under minimum pressure at 180°C, sub-
jected to five pressure-release cycles to remove air
bubbles, and kept under a pressure of 10 MPa for
different long time. All specimens were immediately
cooled in air, unless otherwise specified.

NTC/PTC experimental

The CB/PP and CB/TPV composites were put in the
oven with digital display and temperature control
system, and the heating rate was 2°C/min. When
the temperature rises to 180°C, keep the temperature
at 180°C for 60 min. Record resistivity every 10 min.
Finally, with 5°C/min cooling, and regularly record
the resistivity.

RESULTS AND DISCUSSION

Effect of CB content on electrical property of
CB/TPV composites

Figure 2 shows the effect of CB content on the resis-
tivity of CB/TPV composites on the condition of dif-
ferent R/P ratio TPV systems. As shown in Figure 2,
just like most conductive filler/polymer composites,
the bulk resistivity of the CB/TPV composites drops
dramatically with an increase of CB content when
the R/P ratio in TPV systems is below 70/30 (such
as 60/40, 50/50, 30/70 ).

More important and interesting, percolation
threshold value of composites apparently decreases
when R/P ratio increases, as shown in Table 1. p as
a function of CB content for the different R/P CB/
TPV composites is shown in Figure 2. p of a disper-
sion of conductive particles in an insulating matrix

at and above the percolation threshold is generally
described by a power law relationship®:

1 (V-Vc\

> (1 - VC) W
where V is the volume fraction of the filler, V, the
volume fraction of the filler at the percolation
threshold, and t the power law exponent that char-
acterizes the strength of the transition. The fits of
eq. (1) are included in Figure 2, and the correspond-
ing parameters are given in Table I. In most CPC
system, t was assumed to depend only on the dimen-
sionality of the system and for a three-dimensional
system is 2 according to classical lattice percolation
theory or 3 according to continuum percolation
theory.?* In most cases, t was in the range 2-3. How-
ever, in CB/TPV composites, results showed that the
percolation threshold depended strongly on the dif-
ferent R/P (Table I). CB/TPV composites with rela-
tively high rubber content had the lowest values of
V.. This phenomenon strongly supports the exclu-
sion effect and is very useful for the preparation of
conductive elastomer composites with low usage of
CB. Namely, a percolation does happen in the CB/
TPV composites when R/P ratio is 70/30. However,
the resistivity of CB/TPV composites with an R/P
ratio 70/30 reduces slowly with increasing the CB
content. From this result it is found that, although
CB particles only distribute in the plastic phase and
around the rubber phase, which is named as the
exclusion effect of the rubber particles, the experi-
ment results of the CB/TPV composites with the
R/P 70/30 in TPV system imply that the block effect
of rubber particles plays a role in addition to exclu-
sion effect, that is double percolation. When R/P
ratio is higher than a certain level, it becomes more
difficult to form an electrical pathway as sketched in
Figure 3. Therefore, one more tool is available for
adjusting the electric conductivity of the composite
beside CB level and this is investigated in the next
section. Figure 2 also demonstrates a valuable result
for application. It is well known that the polymer
materials with 10°-10° Q.cm resistivity cannot be
easily achieved by the method of compounding con-
ductive filler and polymer because of the strong per-
colation behavior occurring in composites. However,

TABLE I
Power Law Parameters for the Resistivity of CB/TPV
Composites with Different RP

R/P VC (VOI(VQ) t

70/30 0.53 9.1
60/40 0.76 6.3
50/50 1.05 21
40/60 1.38 22
30/70 1.78 2.3

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 Sketch of rubber particles block CB forming
electrical pathway.

the composites based on TPV with high R/P ratio
(such as 70/30) illustrate the more controllable
decrease in resistivity, which is a very useful charac-
teristic for preparing materials with 10°-10° Q.cm
resistivity.

Effect of rubber content on electrical property of
CB/TPV composites

Effect of rubber content on electrical property of
CB/TPV composites is shown in Figure 4. The elec-
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trical resistivity of the CB/TPV composites with all
kinds of CB contents tends to drop when the R/P
ratio changes from 30/70 to 50/50. A marked drop
in the resistivity can be noted in the low CB content
composites. However, the resistivity rises up with
an increase of R/P ratio after the R/P ratio reaches
50/50. This novel result indicates that two effects,
which are exclusion and block effect originated from
crosslinked rubber particles, work at the same time
in the CB/TPV composites. CB concentration in the
plastic phase increases because of the exclusion of
rubber particles under a lower R/P ratio. Therefore,
an electrical pathway might be formed in the CB/
TPV composites and the resistivity drops. However,
the block effect can play an important role in higher
R/P ratio composites, in which crosslinked rubber
particles contact each other to interrupt the forma-
tion of CB network. Therefore, the electrical resistiv-
ity increases with a rise of rubber content when the
R/P ratio is higher than 50/50. In addition, as
shown in Figure 4, the law of the resistivity of the
CB/TPV composites with the rubber content was
affected in return by the content of CB. At the low
CB content, such as the content of 3 wt %, the resis-
tivity of the composite was high and the function of
the exclusion was obvious. However, at the high CB
content, the resistivity of the composite was low and
the function of the exclusion was weakened because
CB networks already formed or became strong. For
the same reason, the block effect expressed the same
operation regulation with CB content.
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Figure 4 Effect of rubber content on electrical property of CB-TPV composites (a) 3 wt% CB, (b) 5 wt% CB, (c) 10 wt%

CB, and (d) 20 wt% CB.
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TABLE II
Effect of Aging on Electrical Property of CB/TPV Composites

CB Content 30/70 40/60 50/50 60/40 70/30

3 wt % CB Before aging 42 x 108 9.8 x 10° 1.0 x 10° 1.8 x 10° 8.5 x 10°
+2.1 x 10 +4.8 x 10° +3.1 x 10° +2.3 x 10° 459 x 10°

After Aging 4.1 x 10" 1.2 x 10" 6.2 x 10° 3.5 x 10 43 x 10"
+3.3 x 10" +2.8 x 10" +3.6 x 10° +2.6 x 10 +3.2 x 101

6 wt% CB Before aging 2.2 x 10° 6.6 x 10* 1.8 x 10* 2.5 x 10° 1.3 x 10°
+1.1 x 10° +8.1 x 10° +7.6 x 10° +2.3 x 10° +3.4 x 10°

After Aging 4.5 x 10° 1.1 x 10° 1.6 x 10° 1.2 x 107 1.1 x 10*°
+1.6 x 10° +1.7 x 10° +1.5 x 10° +2.7 x 107 4+3.3 x 10"

10 wt % CB Before aging 6.0 x 10° 6.0 x 10° 6.0 x 10° 7.5 x 10° 5.3 x 10°
+8.5 x 107 +6.1 x 10° +7.5 x 107 +4.4 x 10 +3.2 x 10°

After Aging 2.1 x 10° 4.0 x 10° 8.2 x 10° 8.7 x 10° 9.5 x 10°
+7.1 x 10° +7.8 x 10° +8.6 x 107 +52 x 10° +2.4 x 10°

20wt % CB Before aging 2.3 x 10° 2.1 x 10? 2.2 x 10? 1.1 x 10* 5.1 x 10°
+50 +38 +32 +5.2 x 10° +4.6 x 10°

After Aging 2.0 x 10? 2.1 x 107 1.7 x 10 1.2 x 10* 6.8 x 10°
+48 +45 +36 +6.3 x 10° +5.2 x 10°

In a word, above experiment results illustrate that
the resistivity of the CB/TPV composites can be con-
trolled by changing CB content and R/P ratio, which
are very interesting results for application.

Effect of air aging on electrical property of
CB/TPV composites

TPV has an excellent antiaging property as reported
in Ref. . Tt can keep its original mechanical prop-
erty and elasticity even after aging at 100°C for 30
days. However, it was found that the extrusion flow
ability of aged TPV after long time became worse
and extrude surface became coarse. This result was
attributed to the agglomeration of crosslinked rubber
particles during the air aging. Does this agglomera-
tion prevent CB particles from forming the electrical
pathway and therefore affect the electrical resistivity
of the CB/TPV composites? Table II summarizes the
effect of aging (100°C for 7 days) on the electrical
property of CB/TPV composites. The resistivity of
the CB/TPV (R/P = 30/70)composites with 3 wt %
CB content rises about two orders in magnificent.
However, the resistivity of composites almost keeps
the same level at high CB content., the other R/P
composites also have the same effect. The increase of
the resistivity of composites with low CB content is
ascribed to a strong block effect generated by
agglomeration of rubber particles during aging.
However, at high CB content, the conductive filler
network density is high. Rubber particles move-
ments during aging break some filler conductive
lines because of block effect, but help to construct
some new conductive lines in new areas due to the
exclusion effect. In summary, the TPV composites
with high CB content possess the steady electrical
property, which is also interesting discovery for
application.

Effect of heat treatment on electrical property of
CB/TPV composites

When polymer matrix was in melt state the self-dif-
fusion capability of polymer matrix was greatly
strengthened and the aggregation of inorganic par-
ticles dispersed in it also greatly enhanced. Observ-
ing the evolution of electrical property of CB/TPV
composites in melt state is an interesting research.
Thermal annealing was also used to study the aggre-
gation of inorganic particles in polymer matrix and
to improve the conductivity of composites.”*®

To get a clear mechanism, CB/PP and CB/TPV
composites were studied in comparison. The CB/PP
and CB/TPV composites with different CB contents
were treated in the mold by hot pressor at 180°C
(above the melting point of PP) for different time
under 10 MPa pressure, respectively.

It can be seen from Figure 5 that the electrical con-
ductivity of the CB/PP composite with 3 wt % CB
content first dramatically increases with the heat
treatment time and then approaches a balance. The

10°

molded for different time at 180°C

Conductivity ohm-1cm-1
-
o

107 Flocculation of carbon black in PP melt
‘]0-9 T T T N T T T T T ‘ T
0 50 100 150 200 250
Time,min

Figure 5 Effect of heat treatment on electrical property of
CB-PP composites.
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Figure 6 (a) TEM photographs showing the effect of heat treatment on the condition of melting and press (before the
heat treatment), (b) TEM photographs showing the effect of heat treatment on the condition of melting and press (after

heat treatment 30 min at 180°C).

CB/PP composite transforms into a semiconductor
after heat treatment for 80 min from an insulator.
This result can be reasonably explained that an elec-
trical conducting network is formed in the CB/PP
composite because of the aggregation of CB particles
in the PP melt, which is thermodynamically driven
by the difference of surface tensions between CB
particles and PP melt.*® Figure 6 shows the TEM
photos of the CB/PP composite with 3 wt % CB con-
tent before and after heat treatment. As shown in
Figure 6(a), before the heat treatment, the conduct-
ing network of CB particles does not form in the
composite, and CB particles are dispersed in PP as
CB aggregates (i.e., fused primary particles and
chemically bonding together). However, from Figure
6(b), it can be seen that CB particles aggregating def-
initely occurs. It is believed that a three-dimensional
network generated in space. Figure 5 also displays
that the conductivity of CB/PP composite with 5 wt
% CB content with thermal annealing time obeys the
same rule as that expressed by composite with 3 wt
% CB. However, the resistivity change is not so
much, which is because that an electrical conducting
network already formed in composites due to a
higher CB content.

Inconceivably, a different rule is presented by CB/
TPV composite and shown in Figure 7. The electrical
conductivity of the CB/TPV composite with 3 wt %
CB content reduces with an increase of heat treat-
ment time. This result is contrary to that of the CB/
PP composite. At the same time, the electrical con-
ductivities of the CB/TPV composite with higher CB
content do not change with an increase of heat treat-
ment time. It is believed that the aggregation of CB
particles in TPV still occurred, which benefited con-
ducting property. Therefore, a suggested mechanism

Journal of Applied Polymer Science DOI 10.1002/app

is put forward here and sketched by Figure 8. The
spherical rubber particles of TPV would be trans-
formed into ellipse-shaped particles by pressure at
180°C. The ellipse-shaped rubber particles would
restore to original spherical shape because of their
elastic characteristic when the thermal treatment fin-
ished and mold pressure was released. As a result,
the conducting network strengthened by aggregating
of CB was destroyed again (at least part of the net-
work) by this release process, and the CB particles
distribute again around the rubber particles as
shown in Figure 8. In addition, accompanying with
the aggregating of CB particles, the crosslinked rubber
particles also aggregate in melt state of TPV, which is
already mentioned before. The block effect of rubber
particles was probably strengthened by aggregating
of rubber particles, which also decreased the conduc-
tivity of the CB/TPV composites. Further investiga-
tion will be conducted.
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Figure 7 Effect of heat treatment on electrical property of
CB-TPV composites.
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NTC effect of CB/TPV composites

Some research results showed that the CB-filled
polymer matrix composites had PTC and NTC
effect,”®>* which was the resistivity of the CB/poly-
mer composites changed with an increase in temper-
ature and generally ascribed to the destruction and
construction of conductive network because of the
thermal expansion and shrinkage of polymer matrix
with temperature, especially in temperature-volume
transition region, such as melt region and glassy
transition region. PTC effect is very remarkable in
many composites with the electrical conducting fill-
ers. Figure 9 shows the PTC effect taken place in the
CB/PP composite. It can be seen that the resistivity
of the composite gradually increases with a rise in
temperature from 20 to 140°C, which is attributed to
a normal heat expansion of the composite. The resis-
tivity of composite rapidly increases when tempera-
ture increases from 140°C to 170°C because the
volume expansion becomes strong due to melting of
matrix. However, the resistivity drops rapidly when
the composite is kept at 190°C for 10 min, which is
because strong aggregating of CB particles in melt
state strengthens the conducting network. This
strengthened new network even prevents composite
from further change (generally decrease) of resisitiv-
ity with temperature decreasing. However, the resis-
tivity of composite displays a special and weak
increase and decrease around 110°C. When tempera-
ture was lowered to 110°C, PP melt would crystal-
lize. On one hand, the produced lamellar crystals
possibly cut off the conductive network and
increased the resistivity, and on another hand, the
volume shrinkage brought by crystallization would
make CB particles move closely and decreased the

resistivity of composite. It was assumed that this
competitive effects resulted in this change of resistiv-
ity around 110°C

Different from the result reflected by Figure 9, Fig-
ure 10 (the first heating/cooling cycle) demonstrates
that all the CB/TPV composites exhibit the NTC
effect, i.e., the resistivities of the CB/TPV composites
decline with temperature increasing from 30 to
180°C. During the heating stage, both plastic phase
and rubber phases expand. However, the expansion
of the rubber phase is stronger than that of the plas-
tic phase, so no PTC effect is observed with CB/
TPV. CB particles that disperse around rubber par-
ticles are easy in connection with each other because
of the strong expansion effect of rubber phase,
which therefore decreases the resistivity of compos-
ite. However, in a comparison with the CB/PP com-
posite, CB/TPV composites keep relatively stable
resistivities even if the CB/TPV composites are kept

-
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Figure 9 The PTC and NTC behavior of CB-PP

composite.
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Figure 10 The NTC effect of CB-TPV composite.

at 180°C for 60 min. Different from CB/PP compo-
sites, CB particles would not only aggregate in PP of
TPV but also crosslinked rubber particles aggregate
in PP of TPV. The aggregation of CB in PP melt
favors the improvement of conductivity, whereas the
aggregation of rubber particles increases resistivity.
The relatively stable resistivity of TPV composite in
melt region is the result brought by two competitive
aggregations. When temperature decreases from
melt point to room temperature, the resistivities of
CB/TPV composites gradually increase. The resistiv-
ity of the CB/TPV composite with high CB content
even recovers the original value. This novel recovery
still comes from higher thermal shrinkage of rubber
phase (than that of plastic phase) and crystallization
of PP. Because the content of PP in TPV is low, the
small peak corresponding to crystallization does not
appear IN Figure 10. The good recovery of resistivity
of conductive TPV composite might be found poten-
tial application in electrical field.

CONCLUSIONS

1. The content of CB has a remarkable influence
on the electricity performance of the CB/TPV
composites. With the CB amount increasing, the
resistance of the CB/TPV composites reduces
greatly. However, the content of rubber phase
of TPV also strongly affects the resistivity of
composites. The percolation threshold value of
composites apparently decreased with rubber
phase content. However, percolation behavior
of composites was weakened when rubber
phase content was very high. Therefore, both
R/P ratio and CB content can be used to adjust
the electric conductivity of the composite.
Therefore, it is possible to get the polymer com-
posites with steady antistatic property or con-
ductive polymer composites with lower CB
content base on TPV.

Journal of Applied Polymer Science DOI 10.1002/app
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2. Although air aging has a negligible effect on
the electrical properties, the microstructure of
the CB/TPV composites has changed during air
aging. In the melting state, the heat treatment
favors the CB particles forming the network
structure, thus enhances the electric conductiv-
ity of the CB/PP composite. However, for the
CB/TPV composite, the ellipse-shaped rubber
particles by high pressure would restore to
original spherical shape because of their elastic
characteristic when the thermal treatment fin-
ished and mold pressure was released. There-
fore, the conducting network strengthened by
aggregating of CB was destroyed again (at least
part of the network) by this release process. As
a result, the conductive property of CB/TPV
composite was less affected.

3. The CB/TPV composites exhibit typical NTC
effect, i.e, as the temperature increasing, the
resistance of the composite decrease. At the same
time, the CB/TPV composites display unique
characteristics, which is the resistance change is
very small in the melting condition. It is valua-
ble for developing new conductive material in
the future.
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