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1. Introduction

Nowadays, in addition to traditional uses, polymeray find new applications by using
additives, fillers and reinforcements. The develephof electrically conductive fillers containing
polymer composites (also known as: conductive pelyoomposites (CPCs)) is very promising and
is being studied increasingly widely. Because e@irtilsorrosion resistance and low density, CPCs
may replace metals in several applications, thuseasing the useful life of the equipment.
Significant weight reduction can be achieved byrthse, accompanied by cost reduction.

Electrically conductive polymers can be dividedoirtivo groups. One of them is the
intrinsically conductive polymers the other is thenductive polymer composites which are
conductive because of the electrically conductiNer§ embedded in the insulating polymer matrix.
Intrinsically conductive polymers can be used imr@sion protection, sensors, batteries, controlled
drug delivery systems, light emitting diodes andaar absorbent coatings. While CPCs are used
in self-regulating heating systems, sensors, @sw@gnetic and radiofrequency interference
shielding, electrostatic discharge protection arel €ells [1-6].

Conductive polymers are more and more frequenthd dsr the preparation of mono- and
bipolar plates in fuel cells. More and more peame biethanol in their cars, solar cells and wind
energy for generating electricity and solar cothestfor heating to reduce the consumption of non-
renewable energy sources. Generating electricityfusl cells is a very promising field of
environmentally conscious energy production. Fuetlscproduce electricity directly by chemical
reactions, by using hydrogen gas as "fuel”, resgllin water as a byproduct. As the process does
not involve burning, there is no smoke emissionnbtoand bipolar plates are key parts of the fuel
cells. These plates were traditionally made frontaibut their electrochemical stability was not
satisfactory [7]. To improve the corrosion resis@of the plates they were coated with protective
coatings or they were made from graphite. Howegeaiphite plates were fragile and protective
coatings decreased the conductivity of the plate$ were vulnerable, thus conductive polymer
composites got in the focus of attention [8].

In this work conductive filler containing polymeomposites were developed and examined.
These conductive polymer composites can be usedoa®-and bipolar plates in fuel cells. The
composites were made by compression and injectiolding and the effect of the processing
technology on the mechanical, electrical and mdiaical properties of composites were studied.
Furthermore, the effect of different fillers on bacther and the effect of temperature on the

electrical properties of composites were examined.
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2. Short analysis of the literature, aims of the diss&ation

The increase of the electrical conductivity of poérs is studied more frequently. Articles
and books are dealing mostly with increasing tleetacal conductivity of the CPCs as greatly as it
is possible and with decreasing the amount ofrfdliethe percolation threshold. In case of hybrid;
two, three or four types of filler containing congtes the goal is to achieve synergistic effect
between the fillers in order to prepare more cotideccomposites than the one type of filler
containing ones. However, what really is causing #ynergistic effect is not studied. The
conductivity of the composites is measured mostlyfaur point probe method. Results are
published as a function of the volume fraction aight fraction of the fillers, thus it is hard to
compare these results since the properties ofilleesfare not in every case accessible. The most
frequently used fillers are graphite, carbon blackibon nanotube and graphene and the most
frequently used matrices are thermoplastic (depgndn the operating temperature) and thermoset
polymers. In case of thermoplastic polymers, ngxaf the matrix and the fillers can be solved by
special (e.g. wet lay method) and conventional. (epection molding, compression molding)
methods. The processing technology significantfgc$ the electrical properties of the processed
composites.

The mechanical properties of the CPCs are studydaebding, tensile and impact strength
tests. In fact, the explanations are only speanatisince they are not based on morphological
analysis. The dispersion state of the fillers ie tomposite is examined by scanning electron
microscopy which is - in my opinion - not the bestthod.

In this dissertation the mechanical, electrical amarphological properties of conductive
polymer composites were studied. The different sypkfillers (graphite, carbon black and carbon
nanotubes) containing composites were injection emapression molded using polypropylene,
poly(buthylene terephtalate) and polycarbonate aisixn The goals of the dissertation were:

1. Study the electrical, mechanical and morphologipabperties of one type of filler
containing conductive polymer composites using @ious and semi-crystalline
thermoplastic polymers as matrix.

2. Study the electrical, mechanical and morphologpmalperties of two and three types of
fillers containing conductive polymer compositesngsamorphous and semi-crystalline
thermoplastic polymers as matrix. Analyze the eftéche different fillers on each other.

3. Study the electrical, mechanical and morphologicaperties of compression and injection
molded conductive polymer composites. Analyze fifeceof the processing technology on
the conductivity of the composites.
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4. Develope an image processing method in order tp hetlerstand the connection between
electrical and mechanical properties of condugbelymer composites.
5. Study the effect of temperature on the electricedpprties of differently composed

conductive polymer composites.

3. Overview of the used materials and test methods

TVK Tipplen H949A polypropylene (PP), TVK Tipplen989 A polypropylene (rPP);
Lanxess Pocan B 1305 poly(buthylene terephtal®&)Tf and Bayer Apec 1695 polycarbonate
(PC) were used as matrix materias in the experigndrite graphite powder used to increase the
conductivity (Carbosint Ltd.; specific surface ar@anf/g; density: 2.1 g/ci) was crystalline
natural graphite powder. The carbon black usedKedgnblack EC-600 JD (AkzoNobel; specific
surface area: 1400 %g; density: 1.7 g/ci), and the multi-walled carbon nanotubes used were
Baytubes C150P (Bayer).

Firstly, simple filled (graphite, carbon black acarbon nanotubes) composites were made
using PP, PBT and PC as matrix. Then, in ordentoease the conductivity of the composites,
graphite-carbon black filled composites were masiagiPP, PBT and PC as matrix. Keeping the
graphite content constant (0; 40 and 60 w%) theusntnof carbon black was increased constantly.
As the properties are mainly determined by the m@&uraction of the fillers, the amounts used are
usually given in this form. In order to do so, wharaluating the trends appearing in the material
groups containing 40 w% and 60 w% graphite the malufraction of graphite was taken as
constant, minor deviations were neglected: In teeof 40 w% graphite: 22.8+1 vol%; in the case
of 60 w% graphite: 40.6+2 vol%).

Furthermore, graphite-carbon black-carbon nanotdilied hybrid composites were made
using PP, PBT and PC as matrix. 5 and 10 vol% caback/carbon nanotube mixtures were used
at three different, constant levels of graphite 20, and 40 vol%) content. In the carbon
black/carbon nanotube mixtures the ratio of the filers was varied by 20% steps between 100%
carbon black and 100% carbon nanotube content.

To the comparison of injection molded and compmssnolded specimens 3 vol% carbon
black, 50 vol% graphite and 50 vol% graphite + 4@arbon black containing composites were
made using rPP and PBT as matrix.

The various compositions were mixed in a Brabetdeader with a chamber of 50 tat
240°C (for PP), 250°C (for PBT) and 340°C (for R@)12 min at 25 rpm. From the melt-mixed
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materials, 120 mm x 120 mm x 2 mm and 80 mm x 80 xng&hmm plates were compression
molded at 160 bar using a Collin P 200E mold. 80 m80 mm x 2 mm plates were injection

molded using an Arburg Allrounder Advance 370S 200-injection molding machine.

Electrical measurements

Bulk conductivity was measured on 120x120x2 mmesatsing a four-probe resistivity
testing method with an Agilent 34970A, an AgileBB38B milliohmmeter and a 34901A module. A
special head was prepared for this measurementgtdd-plated Ingun probes were embedded in a
distance of 2 cm from each other in an insulatatep]9-11].

Further electrical characterization of the specinesms carried out by means of current-
voltage characteristics analysis. The current waisetated by a GW Insteak GPS-4303 power
supply from 0.01 to 0.15 A with a step of 0.01 Aelvoltage was measured by an Agilent 34970A

milliohmmeter.

Morphological analysis

Specimens were embedded in epoxy resin and the saxgions of the test specimens were
polished with a Buehler Beta twin polishing instemh in 6 steps. An Olympus PMG3 optical
microscope was used for optical microscopy, anditiia were evaluated by analySIS Steel Factory
5.0 software. As a first step the images were birdrthen in the binarized images the graphite
agglomerates were detected.

SEM analysis was carried out to study the disparstate of nano sized filler content and the
structure of the CPCs using a JEOL JSM-6380LA scgnelectron microscope.

DSC was performed on a TA Q2000-type calorimetegrajing under a Natmosphere
using 4-6 mg of the samples. The degree of crystgllof the differently processed composites
was determined by heating the samples to 250°Cratieaof 10°C/min. To determine the sample’s
crystallization temperature { its thermal history was cancelled by a 5 minglasothermal
treatment at 250°C; subsequently the sample wdsat@ room temperature at a rate of 25°C/min.

Wide-angle X-ray diffractograms (WAXD) were genectusing a PANalytical X’pert Pro
MPD diffractometer; Cu K radiation with a wavelength = 1.54A was used. The radiation was
monochromatized by a Ni filter. A work tension d &V and a current of 30 mA were applied

during scanning.
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Mechanical tests

Three-point bending tests were performed on a 2Wi@R0 universal loading machine on
120 mm x10 mm x 2 mm specimens with a 64 mm spagtheand a 5 mm/min deformation rate at
room temperature according to EN ISO 178:2003.

Tensile tests were performed on a Zwick Z020 ussiaketester with a 40 mm clamping
length and a 10 mm/min deformation rate at roomptmeture on 120 mm x10 mm x 2 mm
specimens.

Impact strength tests were made using a CEAST Rapictor Junior equipment with 2 J
hammer, at room temperature on 120 mm x10 mm x 2 ammotched specimens according to EN
ISO 179:1-2001.

Thermomechanical analysis

Dynamic mechanical analysis (DMA) was made by a DND800 dynamic mechanical
analyzer (TA Instruments) with a three point begditamp. The applied amplitude was 2@, the
frequency was 1 Hz and the DMA curve was measurech -0 to 160°C at a heating rate of
5°C/min.

Apparent thermal expansion was measured by a DMBOQ@§namic mechanical analyzer (TA
Instruments) with a tension clamp. The applied domas 0.001 N and the apparent thermal
expansion was measured from -20 to 130°C (for P& 30 to 130°C (for PBT) and from 30 to
160°C (for PC) at a heating rate of 5°C/min.

Moisture content measurement

The moisture content of the graphite powder wassorea by an Aboni FMX HydroTracer
moisture meter on a 0.22 g sample at 27.0°C ari¥@ielative humidity.
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5. Theses

In my work graphite (particle size: 16-21 um; sfiecsurface area: 6 ffy), carbon black
(particle size: 0.035 pm; specific surface aread0l4f/g) and multi-walled carbon nanotubes
(diameter: 0.015 um; specific surface area: 30fg)mwere used as fillers. The materials were

mixed in a Brabender kneader. My theses are tlawing:

1. | demonstrated, that in the case of the same anwfuptaphite (22.8 and 40.6 vol%) and
carbon black (0.0-8.9 and 0.0-10.6 vol%) containcagnpression molded, conductive,
hybrid thermoplastic polymer (PP, PBT, PC) commssiihe dispersion of the graphite is
dependent of the matrix material. Comparing thdousr amount of graphite containing
composites it can be stated that:

a) in the examined filler content range the differehspersion state of graphite
compensated the flexural strength reduction at B®ixrin the whole studied carbon
black content range, at PBT matrix between 2 arndl®% carbon black content and
in the case of PC matrix above 5 vol% carbon btakent.

b) in the examined filler content range the differahspersion state of graphite
compensated the impact strength reduction at PRixmagtween 2 and 6 vol%
carbon black content, at PBT matrix between 2 aadl% carbon black content and
in the case of PC matrix above 5 vol% carbon btamkent.

It can be stated, that the changes of the flexatrahgth and impact strength as a function of

the filler content cannot be considered as matrdependent phenomena [12, 13, 19].

2. By optical microscopy, | demonstrated that in theecof compression molded, hybrid filled,
conductive thermoplastic polymer (PP, PBT, PC) cositps there is a statistically proven
correlation in the studied filler content rangeapdndently of the matrix material:

a) between the flexural modulus and the average drélaeographite agglomerates of
the graphite-carbon black filled, and the grapkaeion black-carbon nanotubes
filled conductive thermoplastic polymer composites.

b) between the conductivity and the average area efgtaphite agglomerates of
graphite-carbon black-carbon nanotubes filled cotide thermoplastic polymer

composites [18-20].
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3. By optical microscopy and scanning electron micopsc | proved that in the case of

compression molded, conductive thermoplastic poty(R®, PBT, PC) composites filled

with graphite, carbon black and carbon nanotubes ftllowing connections can be

observed between the composition and the propatiesmposites:

— The greater the graphite content, the larger therame area of the graphite
agglomerates.

— Carbon nanotubes have a greater dispersion-supgatfect on graphite than carbon
black does.

— The increasing graphite content helps dispersadne fillers, especially in the case of
carbon black.

— The increasing nano filler content redounds a bejtgphite dispersion.

These statements were conformed by the higherrii¢strength of the graphite containing

hybrid composites [18, 20].

. By bulk conductivity measurements performed in ediéht depths of the specimens, |

demonstrated that in case of the injection moldeddactive polymer composites the
conductivity of the composites is significantly olging along the thickness of the
specimens because of the skin-core structure fodugdg injection molding. In case of the
graphite filled polypropylene composites the castolity of the core is higher by 45% than
that of the skin. While in case of the graphitebeoar black filled polypropylene composites
the difference is only 15% due to the better fillidispersion. By scanning electron
microscopy | proved that the conductivity of themgession molded specimens does not
change along the thickness of the specimens beadube homogeneous structure of the
composites. Thus, conductivity of the compressiatded composites is two to seven times

higher than that of the injection molded ones PR, 22].

. By studying the current-voltage characteristic,royed that in the case of compression

molded, graphite filled conductive polymer compesiohmic conductivity is the dominant
charge transport mechanism, while in carbon blacktaining conductive polymer
composites the dominant charge transport mechanismtunneling and hopping
conductivity. The conductivity of the graphite &l composites decreased as a function of
the increasing temperature, while the conductieftyhe carbon black filled composites did
not change significantly in the examined tempemtange (PP matrix: -20-130°C; PBT

10
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matrix: 30-130°C; PC matrix: 30-160°C) due to thertnal activation of the charge carriers

which compensated the conductivity reducing efeédemperature [20, 23].
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