ELECTRICAL CONDUCTIVITY OF CARBON BLACK/FIBRES FILLED GLASS-
FIBRE-REINFORCED THERMOPLASTIC COMPOSITES

Abstract

The influence of filler structure on electrical and mechanical properties of
unidirectional glass-fibre-reinforced polyethylene (GF/PE) has been investigated.
Both, carbon black and recycled short carbon fibres were used. The percolation
threshold was determined. It depends on the structure of the fillers, filler content and
structure of the PE-matrix. An anisotropy of the electrical conductivity was observed
only in the range of the percolation threshold. A good correlation was found between
mechanical properties and the specific electrical conductivity of the thermoplastic

composites.
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1 Introduction

Composite materials based on thermoplastic matrices are of key interest in many
fields of engineering application. Major advantages are their technological and
ecological properties and potentials. The physical profile of properties can be
attained both by the choice of components and by a variation of the materials
morphology. One essential property that limits the application-field of such
composites is that the thermoplastic polymers are electrical non conductive. With an
electrical conductivity less than 108 S/cm the polymer can not discharge static
electric loading. In order to attain an electrically conductive polymer, electrical
conductive fillers can be established in the material to form a continuous pathway
(percolation of the conductive fillers) [1].

Numerous papers have been published where an influence of various factors on the
electrical conductivity of composites was discussed [2]. In particular many
investigations confirmed that the percolation threshold depends on the filler type and
its content [3,4], the form of filler particles, their ability to the restructure and the
physical-chemical condition of their surface [5,6]. The type of polymer, its physical

properties [7,8] and the conditions of manufacturing and processing of the composite



[9,10] play as well an important role in the electrical conductivity of the composite.
Furthermore, temperature, pressure, influence of an electrical and/or magnetic fields
during processing also influences the final electrical conductivity [11].

For deeper understanding of the percolation threshold the following influencing

factors have to be taken into account [2, 10]:

e Microstructure of filler-particles, their intrinsic electrical conductivity, filler
content, contact resistance between filler particles;

e Arrangement of particles in volume of composite and anisotropy;

e Surface-chemistry;

e Type of polymer;

e Manufacturing process;

e Influence of exploitation factors (deformation, temperature, etc.);

The aim of the present work is to study the correlation between the structure of filler
particles, the filler content, the morphology and the electrical conductivity and
dependent mechanical properties of a glass-fibre-reinforced thermoplastic composite.

2 Experimental

2.1 Materials

Composites were produced with a laboratory scale filament winding machine,
described elsewhere [12]. E-Glass fibre bundles (Zerotwist EC13-136 TD22,
Vetrotex) were pulled continuously through a stabilized suspension of PE-
powder/propanol/water. As matrix high-density polyethylene (HDPE) powder
ABIFOR1300/20 from Billeter Kunstoffpulver GmbH was used. The average patrticle
size was about 80 um. As conductive filler carbon black (Printex XE2, DEGUSSA
A.G.) with an average particles size of ~30 nm was used. The specific surface is in
the range between 950 to 1075 m?/g and was measured by BET (DIN 66132). The
density of the carbon black is p=2,17g/cm3. The second filler used were short HTA
carbon fibres (CF) from HADEG GmbH, Stade, Germany. This material was recycled
from commercial but outdated prepregs. The prepregs were pyrolysed at 700°C.
After an additional purification the carbon fibres were crushed to an average length of

=120 um in @ hammer mill [13].



2.2 Preparation of samples

The polyethylene (PE) matrix powder and the conductive particles (CB, CF) were first
sonicated for 10 min at 20°C in a solution of 40% water and 60wt-% propanol. The
stable suspension was then filled into the filament winding-device. The glass fibre
roving was impregnated while pulled through the suspension with a velocity of 6 min-!
and winded onto flat plates. While the rowing was pulled through the suspension the
PE-powder particles and the conductive filler could be picked up as they penetrated
between the individual fibres of the roving. Because of the azeotropic behaviour of
the suspension, the impregnated rovings dried relative fast. After complete drying
(24h at RT) the wounded plates were hot pressed at T=160°C and P=0.5 MPa to
consolidate the matrix. After removing the organosheets from the plate, the thin
sheets (t~0.3mm) were laminated using 12 layers. In a last step the composite was
hot pressed in a mould at a temperature of T=160°C and a pressure of P=0.9 MPa
using a laboratory scale hydraulic press. The thickness of the UD-laminates were
about 2mm. The glass-fibre content was varied from 25 to 48 wt. %.

The content of CB in the matrix was varied from 0,25 to 10 wt. % and the content of
CF between 10 and 20 wt. %, respectively. The filler content is the amount of filler to
the PE-matrix only. Microscopic investigations were used to demonstrate the void
free and high quality of the laminates. The E-glass fibre volume fractions were
estimated by the loss ignition technique (ENG0O).

The measurements of specific direct current electrical conductivity were carried out
by five-probe method and in frequencies from 20 to 1-10% Hz [11].

Cross sections of the laminates were polished and etched for 30 minutes in acid

according to Olley and Bassett [14].

3 Results and Discussion

3.1 Concentration dependence of conductivity
The electrical conductivity of CB and CF filled glass fibre reinforced polyethylene as a

function of filler content is shown in Fig. 1.
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Fig. 1: Electrical conductivity of CB and CF filled glass fibre reinforced PE composites

as a function of filler’'s content. Direction 1 is the direction of the glass fibres.

The electrical conductivities were measured in fibre direction (1), transverse in plane
(2) and transverse out of plane (3). In case of the CF only the conductivity in (3)
direction was measured. In case of CB the electrical conductivity is lower than 10-°
S/m for a filler content below 6 wt.%. At a content of 6 wt.% the conductivity jumps
above 2.5 10-3S/m and further increases to 2 102 S/m at a CB content of 10 wt. %.
When the short CF are used as filler, at least 15 wt.% are needed to obtain an
electrical conductivity of 4.5 10-3S/m. The maximum value of 2 102 S/m is found for a
CF content of 20 wt.%. The difference in the experimentally observed percolation
threshold for CB and CF is related to the particle shape and size; also CB has
potentially a higher tendency to build up a network with structured aggregates and

agglomerates [5].



By observing polished and etched cross sections of the laminates agglomerates were
found. The number and diameter of these agglomerates of CB increase with
increasing CB content.

At higher magnifications (Fig. 2a-b) the spherulitic morphology of the non filled PE-
matrix can be observed. The shape and size of the spherulites is only influenced by
the presence of the glass fibres. However, when CB is added to the matrix the
spherulitic morphology is destroyed, already at small amounts of CB (1 wt.%, Fig.
2b). Even if large amounts of CB (10 wt.%) are added (Fig. 2c) no further variation in

the morphology occurs.







Fig. 2: Polished and etched cross section of carbon black filled glass fibre reinforced
polyethylene; a) no filler; b) 1 wt. % CB; c) 10 wt. % CB.

In a second series of composites the amount of filler in the matrix was kept constant
and the weight fraction of E-glass fibres was varied from 0% up to 48 wt.%. The
results of the measured DC conductivity is presented in Fig. 3. The glass fibre
content has a significant influence on the electrical properties. In case of short carbon
fibres as filler and no glass fibre reinforcement the electrical conductivity strongly
depends on the CF content. With 15 wt% CF the PE shows still insulating behaviour.
However, adding 35 wt% glass fibres the conductivity increases to 4.5 10-3S/m. For
the higher CF content of 20 wt.% without glass fibres we already measure a

conductivity of 4.3 10-3S/m and with 37 wt% E-glass fibres 2 102 S/m was obtained.
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Fig. 3: Influence of glass fibre and CB content on DC- electrical conductivity of
PE and PE/GF composites.

With 7 wt% CB as filler, the neat PE has an electrical conductivity of 0.5 10-°S/m.
With a glass fibre content of 25 wt% a conductivity of 4.7 10-3S/m is measured. A
further increase in the content of glass fibres (48 wt%) leads to a low increase in
conductivity to 7.9 10-3S/m.

In both cases, for CF and CB the fillers preferentially orientate and concentrate

alongside the glass fibres and therefore a conductive trace is formed.

3.2 Anisotropy
Due to the presence of the unidirectional glass fibres the material should behave

orthotropic. From the manufacturing process of hot pressing laminated organosheets



the properties transverse and perpendicular should be different to those in fibre
direction.

A macroscopic anisotropic conductivity is possible if electrical isotropic fillers are
distributed anisotropically in a matrix [1, 15] or it electrically anisotropic fillers are
distributed in the isotropic matrix [2,16]. In the present case there are isotropic CB
particles and anisotropic short CF are investigated.

In the range of the percolation threshold (Fig. 1) the electrical conductivity of the
composites is anisotropic. Fig. 4 makes this phenomena more clear when measuring

the AC-conductivity.
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Fig. 4: The anisotropy of electrical AC-conductivity of PE/GF composite filled with 7
wt. % CB and electrical conductivity of neat polyethylene filled 7 wt. % CB (no glass
fibres).



Over the whole frequency range the composites are conductive. The maximum
conductivity was formed along the direction of glass-fibre (1). The transverse in plane
(2) conductivity shows the lowest values, transverse out of plane (3) shows values
close to those in fibre direction. This phenomenon can be explained to the flow-
character of matrix by the impregnation of roving. The preferred direction for the filler
is the fibre direction. The corresponding behaviour of the PE without glass fibres and
7 wt% CB is given for comparison, the electrical conductivity values are much lower

then the values of the glass fibre reinforced composite.

3.3 Mechanical properties

The mechanical properties showed a strong influence of CB the stress-strain
behaviour. Standard tensile tests were carried out (Zwick 1475) parallel (1) and
perpendicular (2) to the direction of glass fibre reinforcement.

For the longitudinal tensile test the influence of CB is significant (Fig. 5) besides the
basic influence of glass fibres on the tensile stress strain behaviour. The scatter of
the tensile behaviour is independent from the CB content. The average tensile
strength for all filler contents is o=161+10 MPa and the corresponding average strain
to failure is eg=2.1+0.1 %. Compared to the non filled PE/GF composite (cg=242+5
MPa, es=2+0.1 %) the strength is reduced and the strain remains the about same

value. However, the E-modulus is significantly reduced, as the tensile strength.
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Fig. 5: The influence of CB filler content on the longitudinal stress strain behaviour of

glass fibre reinforced PE.

For the matrix dominated transverse direction (2) the influence of filler type and filler
content became more evident. Representative stress strain curves of the [90°]-
composites are shown in Fig. 6. At a CB-content (<1 wt%) the failure strain reaches
maximum values. With increasing CB the failure strain decreases but the strength
values remain at low levels. For CB content above 5 wt% the strength is increases
but never reaches the value of the neat PE-matrix. It is remarkable that adding small

amounts of CB (0.25 w%) already doubles the transverse strain to failure.
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Fig. 6: The influence of CB filler content on the transverse stress strain behaviour of

glass fibre reinforced PE.

The dependence of the transverse tensile strain to failure is plotted versus the CB
content in Fig. 7. At the very low CB content of 0.25 wt.% the transverse tensile strain
to failure has the maximum value of ¢=2.1+£0.3%. With increasing filler content the
strain to failure decreases down to e=1.14£0.1% for a content of 10 wt.%. The reason
for this behaviour is the occurrence of CB agglomerates in the matrix which lead to
local stress concentration and reduces the bearable global strain. It must be
mentioned that for the lower filler content the strain values are higher than for
composite with non filled matrix (e=1.5+0.1%). The low content of well dispersed nano
sized CB particles leads to an enhanced craze formation during transverse fracture

and amplified the maximum strain to failure.
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Fig. 7: Transverse tensile strain at break o versus the weight content of carbon

black.

For more exact estimation of the influence of CB and CF on the mechanical
properties the specific Young’s modulus was calculated according to:

E

Espec :F (1)

a

The glass fibre volume content and the CB (CF) volume content were found by joined
solution of the equations (2) and (3).
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where: P., P-, P, are the glass, filler (CB or CF) and matrix volume content;

Ca, C-, Cy are the glass, filler (CB or CF) and matrix weight content;

Pa, Pr, Pm are the density of glass, filler (CB or CF) and matrix.

The relative transverse Young's moduli for the CB filled matrix of the composites are
shown in Fig. 8. With increasing the filler content the relative transverse Young’s
modulus also increases. This is associated to the structure of the filler particles and

accordingly to the interactions between them.
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Fig. 8: Relative transverse modulus versus the weight content of carbon black.



4 Conclusions

Electrical and mechanical measurements showed that shape of filler-particles and
filer content have a different influence on the percolation threshold and on
mechanical properties of materials. The addition of glass fibres decreases the
percolation threshold as the fillers are preferentially concentrated along the fibres.
Anisotropy in conductivity was observed in the range of the percolation threshold.
The mechanical properties mainly decreased by adding CB as filler to the PE matrix.
However, for very small amounts of CB (<0.25 wt%) the transverse strain to failure
was doubled. Adding recycled C-fibres improves the electrical conductivity, but higher

volume fractions are needed as for CB.
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