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ABSTRACT

Conductive polymer composite materials are fabricated by miring high
density polyethylene and polypropylene with conductive fillers . To overcome

the deterioration in the mechanical properties of carbon-polymer composites

with high carbon loading, ethylene-propylene rubber is blended Into the
composites . Electrical, mechanical and permeation properties of the

composite materials are studied. The present imrestigatlba has revealed that
the conductivity of carbon black tilled conductive plastic composite with or

without graphite fibre is strongly dependant on the state of dispersion,

mixing and processing conditions and Interaction with the polymeric matrix.
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INTRODUCTION

In a previous paper [I] it was reported that
conductive plastic materials with volume resistivity
as low as 03 Q. cm can be fabricated from mixtures
of carbon black and graphite fibre. Up to 5 wt%a
carbon black, the composite was not very sensitive
to loading and was still as insulating as the poly-
mer. As the level of the carbon black increased, at
a critical level (around 10 wt%) a sharp fall in
resistivity occurred and the conductivity increased
very rapidly . On the other hand, composites with
more than 35 wt% carbon black were very brittle
and with more than 4[l wt% of carbon black were
difficult to mix since the resultant compound was
in the form of a powder that would not flow.

Further experiments showed that even lower

resistivity could be obtained by increasing the
conductive fillers . Increasing the proportion of
carbon black, however, resulted in a deterioration
in the mechanical properties of the composite, i .e.
both tensile strength and elongation decreased.

EXPERIMENTAL

Preparation of Composites
The following materials were used in the
preparation of the composites:

Polymers
High density polyethylene (HDPE, Hostalen,
Hoechst Ltd., Australia), polypropylene (PP,
Pmpathenc, LZM60, ICI Chemical Co ., Australia),
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ethylene-propylene rubber (EPR, Vistalon 404 and
805, Exxon Chemicals, Australia), styrenc-
ethylene-butylene ruhhcr (SEBS, KratonK, Exxon
Chemicals . Australia).

Conductive Fillers
Carbon black (Vulcan XC—72, Cabot Crop . 11SA),

graphite powder (Lonza KS—2.5, Lonza Inc .,
USA) and graphite fibre (Kureha C—203s, imm,
Kureha Ca . Ltd. . Japan).

Preparation Procedure
Internal Miter
Each grade of plastic was pre-mixcd in a "Hawke
600" internal mixer with the elastomer for 5
minutes followed by lit minutes mixing with
conductive powder . Graphite fibre was then added
slowly for 211 minutes . The mixture was pressure-
moulded with 250 kg/cm2 pressure at 200 `C for at
least 30 minutes . The composite sheet was placed
inside the mould and the mould was heated up to
200 ' C for 211 minutes . The mould was then cooled

down rapidly.

F_etnfder
Material preparation : raw materials were weighed
to the specified formulation and pre-mixed
mechanically and the following instruments were
employed.
Compounding through a twin screw extruder : the
pre-mixed materials were then compounded
through a Brabender USK 42/7 twin-screw extrud-
er . The extruder was operated at 200 ' C and loll
rpm . 'l' he compounding process was generally run
smoothly except when some rubber pellets were
found adhered to the hopper wall due to the small
feeding throat and the sticky nature of rubber,
which may have resulted in improper compound-
ing . 'rhe process was terminated and a mixer was
considered appropriate tior the application.
Compounding through an internal mixer : 1 kg of
the materials was mixed in a mixer (Moriama
Dispersion Mixer, D1–5, kg capacity, Japan) and
then granulated for later sheet extrusion . The
mixing conditions were 200 'C and 30 rpm.
Compounding through a single screw extruder : the

sheet extrusion was conducted in a sing l e screw
extruder (Rheocord 9(1, Haakc Inc., Germany) with
7 inches sheet die . The extrusion was initially
conducted at 190 'C, then at 200 ` C. At the two
temperatures, the extruded sheet was found with
poor surface finish and holes . The temperature was
then raised to 2111 `C and the quality was found
satisfactory. The screw speed was 200 rpm . Then
materials with thickness of 0 .5 mm and 0 .7 mm
were extruded.

Electrical and Mechanical Properties Measure-
ments
ASTM D-991 (four-probe method) and ASTM
D-638 (with Instron M111S) were employed for
evaluating the electrical and mechanical properties
of the conductive composite materials, respectively.

The resistance of the composites is determined by
measuring current-voltage curves and then working
out the slope of' the 1-V curve by linear regression
method.

Optical Microscopy, SEM and FESEM Studies
To evaluate the surface microstructure of the
selected samples, the cross-section and surface of
the composite materials were examined with an
"Olympus Vanox A041 " optical microscope and
morphologies of the blends and composites were
characterized with a " Cambridge 360" scanning
electron microscope and a "Hitachi FESEM-900"
field emission electron microscope . Samples were
cut at a temperature of around -195

'C
in liquid

nitrogen and the rubber particles were extracted
during 5 minutes in boiling n–heptane vapour.
The surface was then covered with a thin gold and
chromium layer for SEM and FESEM, respect-
ively.

RESULTS AND DISCUSSION

The preliminary experiments showed that addition
of the optimum amount of graphite fibre to the
polymer/carbon black mixture results in higher
conductivity and better mechanical properties
[2-51 . The increased conductivity is duct to a

154

	

bunion 1'r lr,nte Jotrmuf ; Vnfume 5 ,tire, her 3 (1.496)



Table 1 . Effect of processing method on volume resistivity
of composite (40%HDPE + 20%SEBS + 20%carbon black
+ 20%graphite fibre) .

.

Thddadi-ASI V. et al.

Processing method
Thickness of

sample

Volume

resistivity

(mm) (Q .cm)

Extrusion
Across-flow 2.00 1 .20

With-flow 2.00 0 .56

Calendaring 1 .50 29 .5

Mixing with an internal

mixer followed by

compression moulding 1-00 029

Veneering 1 .00 48.2

network-like structure formed by the graphite
fibres and the carbon particles [1].

Effect of Processing Methods and Conditions
In principal, mixing devices should he optimized to
induce a desired morphology in incompatible poly-
mer blends and composites . It was observed that
the processing method and conditions have a signi-
ficant effect on the volume resistivity of the comp-
osite as seen in Table 1 . Samples of the HDPE/
SEGS composite sheets were prepared by veneer-
ing as well as by calendaring and extrusion and the
conductivities compared with that of the compress-
ion moulded sheets . The lowest conductivity was
obtained by veneering and calendaring of the
composite material . This may be because of unsuit-
able applied shear stress and mixing conditions
associated with these techniques which results in
poor particle distribution and break-down of the
polymeric chains in the polymer matrix (Figure 1).

The compounding of fibre-filled systems is
generally achieved with a twin-screw extruder . In
general, the single-screw use is limited to low-
aspect-ratio additives, since the shear involved can
damage the fibres considerably j6j . Therefore pre-
mixing was utilized for portions of the system and

then a twin-screw extruder was applied. Extrusion
of the composite material results in not only higher
conductivity but also better mechanical properties.
This can be attributed to better mixing and shear
stress in the extrusion . in the case of extrusion,
anisotropic conductivity was observed in that the

(a)

(b)

Figure 1 . SEM surface micrographs of HDPEISEBS
composite, (a) moulded, )b) veneered.
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Figure 2 . SEM cross-section micrographs of the orientation of graphite fibres in the extruded composite polymeric matrix.

conductivity in the with-flow direction was twice
that in the licross-flow direction . From these results
it may he concluded that extruding the composite
orients the conductive tillers amongst the poly-
meric chains. In other words, orientation of poly-
meric chains and conductive filler aggregates along

the lines of flow leads to these anisotropic proper-
ties of the composite (Figure 2).

However, the results in Table 1 show that
mixing in an internal mixer followed by compress-
ion moulding of the composite gave the highest
conductivity . The higher conductivity obtained with

( al

	

( b )

Figure 3. Comparison of graphite fibre length in . (a) internal mixer ; (b) extruder.
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internal mixer can be attributed to the important
differences in the mixing conditions of extrusion
and internal mixer processes such as screw geo-
metry, shear stress and shear rate which cause
higher fibre breakage in the extrusion process. As
shown in Figure 3 the average graphite fibre Iength
is 0 .8 mm and 0 .3 mm for extruded and internal
mixer mixed composite materials, respectively.
Furthermore, in the absence of graphite fibres,
extruded composite materials resulted in higher
conductivity than mixed and moulded composite
which confirms that fibre breakage phenomena is
the main parameter which determines the effect of
processing on the conductivity of the graphite
fibres filled composite . In addition, for compress-
ion moulding because of longer cooling time, fibres
have time to he oriented better in the parallel
direction.

During this study it was observed that the
resistivity of the composite depends not only on
the conductive filler concentration but also on the

Figure 4 . Electron micrograph of carbon black particles .

morphology of the mixture, which strongly depends
on the mixing and processing conditions.

The mixing of polymer is classically divided
into four operations : incorporation of ingredients
into the polymer ; distribution to a more or less
homogenous state : dispersion, that is, used in its
limited sense, the attrition of agglomerates to
smaller sized particles ; and reduction of polymer
viscosity . qn occasion chemical reactions may also
be carried out in bulk during mixing 171.

Although, SEM and particle size measure-
ments showed that the average particle size of
Vulcan XC-72 carbon blacks should he 30 to 60
nm (Figure 4), Figure 5 shows that these particles
originally are in the form of pellets with average
size of about 60 pm . Therefore these pellets
require a substantial amount of shear to disperse
properly in a polymer.

Effect of Mixing Time
Figure 6 shows that as mixing time increases,
resistivity decreases for each of the composites.
The initial decrease in volume resistivity is believed

Figure 5 . FESEM surface micrographs of large pellets of

Vulcan XC-72 carbon black particles.
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Figure 6 . Effect of mixing time on volume resistivity of

carbon-PP composite (40%PP + 20%rubber + 20%carbon
black + 20%graphite fibre, mixing temperature = 195 ' 0).

0
to

+ 5E65

n EPR f istalon 404)

20

	

30
Mixing time (min)

40

to be a result of breaking the pellets of the
conductive carbon black into smaller pieces at an
early mixing stage (lt] minutes) . As can he seen
from Figure 7, aggregations of carbon black are
still observed in sample blended at lower mixing
times. The particle size of the aggregates has
decreased to around 400 nm . With increasing the
mixing time, conductivity increased as size of
pellets decreased and conductive fillers dispersion
was improved . After this, a semi-discontinuous
phase of carbon black aggregates distributed in the
continuous phase of polymer matrix forms until a
conductivity plateau is reached (20 minutes) . In the
graphite fibre/carbon black composites, additional
mixing after this point eventually results in break
down of the graphite fibres leading to an increase
in resistivity.

Figure 8 shows that the average length of the
graphite fibres decreased from 0.91 to 0.44 mm
for 20 and 40 minutes mixing time, respectively.
Graphite fibres are more brittle than other fibres
such as glass fibres ; this causes them to break more
readily when they undergo a bending force [8].
Therefore the screw speed for a graphite fibre-
conductive polymer should be set at the minimum
speed . It is said that 191 the decrease in electrical

	

Figure 7. Cross-section micrographs of carbon black
conductivity which occurs at this point is also

	

aggregation in EPR modified carbon-PP composite, (a)
brought about by the electrical conductive paths

	

optical (mixing time = 5 min .), (b) FESEM (mixing time =

being cut short by the rupturing of the connections

	

10 min.) .

(a)

OA
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td carbon blacks into the smaller spherical aggre-
getes . From the above resu]Is, it can be concluded
that to attain maximum conducti\ity . shear input
must he optimized . This optimum point was found
to he around 20 minutes which was reported in a
previous paper i1] .

(a)

Effect of Rotor Speed

It was also observed that varying the rotor speed of
the mixer has a significant effect on resistivity.
Figure 9 shows that increasing the rotor speed
increases the conductivity up to 5(1 rpm, hut above
this speed, conductivity decreases as a result of
high shear rate which can he again related to

40

	

50

	

60

	

70
Rotor speed (rpm)

Figure 8 . Effect of mixing shear rate on the conductivity of
composite (60%PP + 20%carbon black + 20%graphite

fibre, mixing time=20 min and mixing temperature =
195 'C).

(b)

Figure 8. Optical microg raphs of graphite fibre in the
polymeric matrix after, (a) 20, and (b) 40 minutes mixing .

Figure 10. Optical micrographs of length of graphite fibres
at . (a) 50 rpm . and {b] 70 rpm rotor speed.
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breakage of graphite fibres (Figure 10) as well as
to the rupturing of the connections and contacts of
carbon blacks into the smaller spherical aggregates.
The control of the fibre length in the polymeric
blend matrix was very difficult because extensive
fibre breakage occurred during processing.

Effect of Mixing Temperature
Figure 11 shows the effects of increasing the mix-
ing temperature on the conductivity at the comp-
osite. Increasing the temperature of mixing seems
to have a non-linear relation to the conductivity of
the final composite. It can be seen that up to 197
° C, as the temperature increases electrical resist-
ivity decreases . These results show that the rate of
incorporation of the fillers generally increases with
higher mix temperature . Increasing the tempera-
ture promotes composite flow and lower surface
tension, permitting more rapid wetting of particle
surfaces and auto-adhesion [7] . After this point.
the resistivity again shows an increase with increas-
ing temperature . As seen in Figure 12, at the
higher temperatures the elongation and tensile
strength of the composite decrease rapidly which
indicates that as the temperature is increased,
degradative side effects on the polymer (parti-
cularly the amorphous rubber phase) become more
common. In addition, due to the very low viscosity

190

	

210

	

230

	

250

	

270
Temperature CC)

Figure 11 . Effect of mixing temperature on the conductivity

of composite (60%PP + 20%carbon black + 20%graphite

fibre. mixing time = 20 min .) .

0	
195

	

230

	

2130
Temperature ( ° C)

Figure 12 . Effect of mixing temperature on mechanical
properties of EPR modified PP composite.

of the composite, the rate of distribution eventual-
ly becomes too fast for the polymer to rcwet itself
and swallow the conductive particles [7].

Although the use of graphite fibres improved
the mechanical properties of the composites, they
resulted in very difficult processing and a slight
curvature of the moulded composite sheets which
is due to the difference in the thermal expansion
properties of the polymeric matrix and the graphite
fibres where a (linear coefficient of thermal expan-
sion) is 0.1 X IO'/K -1 and 12X ll}-IK- 1 for graphite
fibre and HDPE, respectively [10I . In addition, it
was found that alignment of the graphite fibres in
the direction parallel to the extrusion plane in the
extruded composites and in the horizontal plane of
the compression moulded samples leads to a high
conductivity in that direction but a low conductivity
perpendicular to the plane.

The results in Table 2 show that in contrast
to the results obtained with the graphite fibre
composite, extrusion of this composite material

Table 2. The effect of processing conditions on electrical

resistivity of the EPR modified carbon-PP composite (60%

PP + 10%EPR + 30%carbon black).

Processing method

	

Area resistivity
(S? .om')

Mixing with internal mixer followed
by hot press moulding
Extrusion

+ Tensile strength IMPn]

n Eiomtation (%)

122.0
110 .5
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Table 3 . The effect of processing conditions on mechanical properties of EPR modified carbon-PP
composite (60%PP + 10%EPR + 30%carbon black).

Elongation at Tensile strength (MPa)

Preparation procedure break (%) Yield Break

Mixing with internal mixer followed by
hot press moulding

Slow cooling 3 .20 – 17.8

Fast cooling 4 .40 – 17 .2
Extruded composite sheet
Across-flow 6 .99 21 .7 19.2
With-flow 9 .38 24 .0 21 .3

gave the higher conductivity than mixing in an

	

able to

	

disentangle from each other . Hence only a
internal mixer followed by compression moulding .

	

few tie-molecules are left to bridge the crystallites.
Therefore it can he concluded that in the presence

	

70
of the graphite fibres, breakage phenomena and
fibre orientation are the main parameters which

	

50
determine the effect of processing on the conduct-
ivity of the graphite fibre filled composite .

	

30
It was also observed that the mechanical

	

-o
properties of the composites were strongly

	

10
dependent on the composite mixing conditions and
thermal history. Table 3 shows that, in contrast to

	

-10
the graphite fibre composites, these extruded
composites possessed better mechanical properties
than mixed and moulded samples. Unlike the
compression moulded composite which exhibited a
brittle behaviour with rupture occurring before the
neck formation, specimens having the same comp .-

	

70

osition but extruded have a ductile behaviour.
These differences may he related to the better

	

m
50

mixing and very high undercoating conditions of
extrusion . For very fast cooled PPiEPR blends, the

	

o 30

crystallization occurs very rapidly and the chains

	

J 1e
retain almost completely the original entanglement
network existing in the melt [11] . Therefore the

	

-10

system is highly inter-connected throughout the

	

0

specimens by many tie-molecules (linking crystal-
lites together) . These tie-chains can effectively act
as local lead transducers and will yield therefore a
ductile mechanical behaviour . In contrast, for the

	

Figure

	

13. Tensile stress/strain curve of extruded EPR

moulded composite, since the crystallization time is

	

modified

	

carbon-PP composite, (cell 50 kg and speed 1

long, most of the very mohite macromolecules are

	

mm/ min)

	

(a) across-flow, (b) with flow.

0

	

0 .5

	

1 .0

	

1 .5

	

2.0

	

2 .5 3 .0

Position (mm)

(a)

1 .0 1 .5 2 .0 2.5 3.0 3 .5 4 .0 4 .5
Position (mm)

(b)

0 .5
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(b)

Figure 14 . FESEM cross-section micrograph of extruded EPR modified carbon black-PP composite at 190 ' C, shown edge

;ay and bulk )b) of sample .

( a)

	

(h)

Figure 15 . FESEM cross section micrograph of extruded EPR modified carbon black-PP composite at 210 ' C, showing edge

(a) and bulk (b) of sample.
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Furthermore the latter are very thick due to the
long annealing time. Therefore, when an external
force is applied, the spare tie-chains are unable to
carry the load and to fracture the crystallites
bridged by them [1 1 J . Therefore a brittle behaviour
would he the net result.

In the case of extrusion, in contrast to the
compression moulded composite, anisotropic
mechanical properties were observed in that in the
with-flow direction higher elongation and tensile
strength were achieved than with the across-flow
direction (Figure 13) . Therefore, higher conducti-
vity and mechanical properties of the composite in
the with-flow direction of the extrusion processing
confirm that his processing method leads to
orientation of polymeric chains and conductive
filler aggregates along the lines of flow.

With extrusion (melt) blending of the
composites, various morphologies were observed.
The morphology and properties of the extruded
materials were influenced by extrusion tempera-
ture . When the sheet extrusion was initially
conducted at [9t1 ` C, the extruded sheet was found
to have a relatively high resistivity and could also
absorh 9 wt~~, of moisture during the permeation
tests after one day. Increasing the extrusion
temperature to 200 ' C also resulted in the same
behaviour . At, can be seen from Figure 14, a
porous honey-comb structure was observed in the
cross-section of the composite . On the other hand,
when the temperature was increased to 210
not only did conductivity improve but also no
moisture absorption or permeation was recorded.
In this case a compact microstructure was observed
(Figure 15) . Consequently, as seen in Table 4,
better tnechanical properties (i .c . . higher elonga-
tion and tensile strength) have been achieved . The
reason far these differences in morphological
behaviour may lie in the fact that lower tempera-
ture increases viscosity and thus shearing load of
the particles and polymer during processing.
Increased temperatures have the opposite effect.
Furthermore, this may increase wettahility of the
polymer.

Therefore, from the comparison of Figures
14 and 15, solution absorption of the composite
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Table 4 . The influence of processing temperature on
mechanical properties of the composite

Tensile strength
Temperature

{ C)

Elongation at

break(%)

{M Pa)

Yield Break

190 5 .50 – 16 .0
200 6.35 — 18 .7

210 9.38

	

24 .0 21 .3

can be attributed to the voids which were observed
at the lower temperatures_ In addition, these voids
could be responsible for rupturing the connections
of the carhon blacks and would explain the relativ-
ely higher resistivity in the composite materials.
From the above results it can he concluded that
incorrect processing can lead to poor particle
distribution and high levels of porosity which can
lead to anomalous results.

CONCLUSION

The present investigation has revealed that the
conductivity of carbon black filled conductive
plastic composite with or without graphite fibre is
strongly dependent on the state of dispersion,
mixing and processing conditions and interaction
with the polymeric matrix.

However . depending on precursors and pro-
cessing conditions, the characteristics of the
composite vary considerably . Incorrect processing
can lead to poor particle distribution and high
levels of porosity which can lead to anomalous
results . The shear rate to which the composite is
subjected during the extrusion or mixed-moulding
has frequently shown a detrimental effect on the
resistivity of the final composite . The orientation
of the polymer chain and carhon black particles
along the main lines of extrusion flow, result in an
anisotropic conductivity not only in flow direction
but also in prependicular and parallel directions.

During the mixing of composite with gra-
phite Ohre, severe breakage of fibre was observed.
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Fibre breakage increased with increasing mixing
time as well as with increasing rotor speed.
However, graphite fibres enhanced the conducti-
vity of the composite in the parallel direction of
the composite sheet.
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