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Abstract
This study aims to optimize the mechanical and electrical properties of electrically conductive polymer
composites (CPCs) for use as a material of bipolar plates for PEM fuel cells. The thin CPCs consisting of
conductive fillers and polymer resin were fabricated by a preform molding technique. Expanded graphite
(EG), flake-type graphite (FG) and carbon fiber (CF) were used as conductive fillers. This study tested two
types of CPCs, EG/FG filled CPCs and EG/CF filled CPCs, to optimize the material properties. First, the
characteristics of EG/FG filled CPCs were investigated according to the FG ratio for 7 and 100 µm sized FG.
CPCs using 100 µm FG showed optimal material properties at 60 wt% FG ratio, which were an electrical
conductivity of 390 S/cm and flexural strength of 51 MPa. The particle size was an important parameter
to change the mechanical and electrical behaviors. The flexural strength was sensitive to the particle size
due to the different levels of densification. The electrical conductivity also showed size-dependent behavior
because of the different contributions to the conductive network. Meanwhile, the material properties of
EG/CF filled CPCs was also optimized according to the CF ratio, and the optimized electrical conductivity
and flexural strength were 290 S/cm and 58 MPa, respectively. The electrical conductivity of this case
decreased similarly to the EG/FG filled case. On the other hand, the behavior of the flexural strength was
more complicated than the EG/FG filled case, and the reason was attributed to the interaction between the
strengthening effect of CF and the deterioration of voids.
© Koninklijke Brill NV, Leiden, 2008
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1. Introduction

The fuel cell is a relatively new but fast developing power system that is sustainable,
clean and environmental friendly. There are several types of fuel cells of com-
mercial importance: alkaline, DMFC, MCFC, PAFC, PEMFC, SOFC, etc. [1–3].
Recently, polymer electrolyte membrane fuel cells (PEMFC) have been explored
as the most promising power sources for various portable electronic devices and
transportation applications. They offer the advantages of low operating temperature,
compactness, light weight, high power density and energy conversion efficiency [4–
6].

A key component of the fuel cell stack is the bipolar plates that account for 80%
of the total weight and 45% of the stack cost [7, 8]. The functions of the bipolar
plates in the stack are to distribute the fuel and oxidant within the cell, separate the
individual cells in the stack, carry current along the cells and carry water away from
each cell. With the bipolar plate accounting for the bulk of the stack, it is desirable
to fabricate bipolar plates that are as thin and lightweight as possible. Therefore, the
bipolar plates have to have a high electrical conductivity, sufficient flexural strength,
etc. [9, 10]. There are many kinds of materials used for the bipolar plates, such as
machined graphite plates, metal sheets, graphite composites, etc. The most com-
monly used material has been machined graphite plates with micro-channels made
by direct machining on the resin-infiltrated plates. But the expensive cost for ma-
chining all the channels has blocked their commercialization. Metal plates such as
titanium and stainless steel offer low thickness and weight, excellent electrical and
thermal properties, and good mechanical and gas permeation characteristics, but
have several problems such as spring backs and corrosion [11, 12]. The conductive
polymer composite (CPC) is a powerful candidate for the bipolar plates because
it is light in weight and can be molded into any shape and size, and also provides
a low manufacturing cost, high electrical conductivity and good electrochemical
stability [13]. However, the fabrication of the thin-type bipolar plates for a PEMFC
has the following issues associated with high conductive-filler loadings: substantial
reductions in the mechanical properties and ductility [14]. Also, research to achieve
high electrical conductivity at low filler loadings has been attempted by using liquid
crystal polymers, which have a high glass transition temperature and good mechan-
ical properties due to their molecular structure [15].

A number of manufacturers and governments have supported ongoing research
about the optimization of composite bipolar plates to maintain both the high elec-
trical conductivity and good mechanical properties. These works have been carried
out with respect to the size, shape and weight contents of fillers, etc. [16–19]. Many
researchers have focused on the commercialization of PEM fuel cells, especially
the reduction of the cost and weight of the bipolar plates [20, 21]. The compression
molding method has already proven to be a good method to fabricate fuel cell bipo-
lar plates to ensure superior material properties, but the curing time (longer than
10 min) was a considerable barrier to its cost-benefit production [14].
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Lately, composite bipolar plates with graphite loadings above 80 wt% have been
produced by injection molding to satisfy the U.S. D.O.E.’s specification of an
electrical conductivity of 100 S/cm or above [22, 23]. However, large thin plates
comparable to existing machined graphite plates cannot easily be manufactured
using injection molding. Thus, another method, such as wet-lay composites, is
needed to improve manufacturing productivity [24, 25]. A preform molding tech-
nique consisting of pre-curing and stamping steps was developed in our laboratory
to reduce the high-pressure compression time to less than 3 min, and the pre-curing
and stamping conditions were optimized based on the formability and the material
properties of CPCs [26].

This study is focused on the optimization of mechanical and electrical properties
of EG filled hybrid CPCs prepared by a preform molding technique. The conductive
fillers used were expanded graphite (EG), flake-type graphite (FG) and carbon fiber
(CF), and the experiments were carried out for three cases of CPCs using 100 µm
FG, 7 µm FG and CF. The effect of weight composition on the mechanical and
electrical properties of three composite plates were investigated.

2. Experimental

2.1. Materials

Conductive polymer composites (CPCs) are combinations of at least two materi-
als in which one of the materials, called the conductive filler, is in the form of
fibers or particles, and embedded in the other materials called the polymer resin.
The novolak-type phenol powder (Kolon Chemical, Korea) was selected as a ther-
mosetting polymer resin. This resin had been widely used in various industrial
fields because it had a lot of advantages, such as a low shrinkage rate, good chemi-
cal stability, high thermal resistance and mechanical strength [27]. The conductive
fillers used in this study were expanded graphite (EG), flake-type graphite (FG) and
carbon fiber (CF). Table 1 shows the target functions of the fillers and their contri-
butions to the material properties. The characteristics of raw materials are specified
in Table 2, where the density of EG is an innate density measured under no com-
paction.

Table 1.
The target functions of fillers and their contributions to material properties

Target function Contribution to material properties

Electrical conductivity Flexural strength

Filler EG Formability H L
FG Densification M M
CF Strengthening L H

Contribution level: H-high, M-middle and L-low.
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Table 2.
Characteristics of used materials

Type Diameter (µm) Length (µm) Density (g/cm3)

Filler EG 500 5000 0.015
FG 100 – 2.2

7 – 2.2
CF 18 200 2.0

Resin Phenol powder 25 – 1.07

Figure 1. Shape of EG: (a) raw state; (b) horizontally compressed state at 7 MPa.

Figure 1(a) and 1(b) shows the shapes of a raw EG and compressed EG, respec-
tively. Industrial production of EG is usually derived from graphite intercalation
compounds (GIC) which were prepared by treating graphite flakes with sulphuric
acid and a strong oxidizing agent. By submitting these sulphuric acid-based GIC
precursors to a brutal thermal shock, the sudden volatilization of the intercala-
tion induces a huge unidirectional expansion of the initial graphite plates [28]. At
the beginning of the compaction of the loose packed EG, the worm-like particles
rearrange spatially, and then the rigidity threshold is met as the EG undergoes com-
paction [29]. After that threshold, more compaction kept on reducing the intra-voids
of EGs, which finally returned to a shape similar to the original graphite flake, while
the surface of those was highly porous and flat-wide. The raw EGs were beneficial
to fabricate a preform at a low pressure because they could bind the fillers by uti-
lizing their tangled structure, and the compressed EGs were excellent in forming
a conductive network in CPCs owing to wide direct contact areas between them.
From those reasons, EGs were the most suitable filler for both curing steps of the
preform molding technique. However, the compressed EGs were so porous and flex-
ible that it was hard to guarantee a good physical densification and high mechanical
strength of EG-filled CPCs.
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Figure 2. Shape of ancillary filler: (a) 7 µm FGs; (b) 100 µm FGs; (c) CFs.

FG and CF were separately added to the EG-filled CPCs for the purpose of en-
hancing the level of densification and the mechanical strength of CPCs. Figure 2
shows the shapes of FG and CF. FG particles were suitable for the filler of CPCs
because of their good electrical conductivity, mechanical strength and immunity to
corrosion [30]. The diameters of FG particles used in this study were 7 and 100 µm,
and their thicknesses were several microns. The analysis of particle size distribu-
tions of each FG were carried out using a Laser Particle Size Analyzer (CILAS 920
Liquid, CILAS, France) and the size distributions are shown in Fig. 3. CF was also
a well-known reinforcement which had been widely used for a long time and also
has good characteristics like those of FG. On account of these characteristics, FG
and CF were selected as ancillary fillers of CPCs. These graphite particles were
supplied by Hyundai-kish, Korea and CF was provided by KRECA, Japan.

2.2. Fabrication

Both EG/FG filled CPCs and EG/CF filled CPCs were fabricated by a preform
molding technique, which was developed at our laboratory [26]. The fabrication
process of this technique consisted of material mixing, precuring and stamping.
Conductive fillers and phenol resin were mechanically mixed at the test ratio and
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Figure 3. Size distribution of 7 µm and 100 µm FGs.

Figure 4. Curing cycle of preform molding technique [26]: (a) precuring; (b) stamping.

shaken for approximately 30 min to make a uniform blend of the materials. This
blend was poured into the precuring mold at room temperature. The precuring mold
was placed on a preheated plate of the hot press (Tetrahedron 40 ton, US) at 100◦C,
slightly higher than the melting point of phenol powder (90◦C). Precuring step was
carried out at 100◦C, 0.3 MPa for 5 min. The preform made in the precuring step
was inserted into the stamping mold at 150◦C and preheated for 30 s to soften
the precured phenol resin. After preheating, the preform within the steel stamping
mold was compressed to 10 MPa at 150◦C and maintained for just 3 min. This
high compression caused the re-melted phenol resin to infiltrate into the voids of
the preform. Figure 4(a) and 4(b) represents the precuring and stamping cycles,
respectively [26].

However, the EG/FG filled CPCs with 0:75:25 wt% (EG/FG/resin) composition
were prepared by a pre-existing compression molding method because it was very
hard to get a well-made preform without any addition of EGs. In this case, molds
had to be cooled down to room temperature before dispersion of the blend to prevent
the mixed blend from curing. Figure 5 represents the curing cycle of the existing
compression molding method [18].
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Figure 5. Curing cycle of compression molding method [18].

2.3. Measurements

The analyses of microstructures and relative densities were performed to examine
the manufactured state and estimate the amount of voids in the CPC specimens. The
microstructures of specimens were observed with a Philips XL30S Scanning Elec-
tron Microscope, and the relative densities were represented by a non-dimensional
ratio of the physical density to the theoretical density. The physical density of the
tested specimen was measured based on Archimedes’s principle (ASTM D792-00)
and the theoretical density was calculated by the linear summation of the innate
densities of the component materials. The innate densities of FG, CF and phenol
powder did not vary even though they were under various compaction pressures.
The density of an uncompressed EG, however, was initially 0.015 g/cm3, and then
increased up to nearly 2.0 g/cm3 with the increase of the compaction pressure due
to the reduction of inter-particle and intra-particle voids. At the beginning of the
compaction of the loose packed EG, the worm-like EGs rearrange spatially, and
then the rigidity threshold is met as the EG undergoes compaction [26]. After this
threshold, the constant ratio of intra-particle void to total void and the density of
EG at a given pressure are calculated according to the following equations [28]:

constant A =
1 − density of the compressed material

density of the EG

1 − density of the compressed material
density of graphite

, (1)

density of EG = density of compressed material

1 − A × overall porosity
. (2)

The constant A of EG used in this study was experimentally derived as 0.33
by the normal compaction test, and finally the density of EG was calculated at
1.822 g/cm3.

The electrical conductivity (in-plane) was measured by the four-point probe tech-
nique. The samples were cut to a size of 80 × 12.7 × 2.4 mm3 using a bandsaw.
A current was applied stepwise through the two outermost probes and the result
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voltage across the two inner probes was measured by a multimeter 34491A (Agi-
lent). The electrical conductivity is calculated according to the following equation:

σ = I

V
· L

A
, (3)

where I is the applied current, V is the resultant voltage potential, A is the cross-
sectional area of the specimen and L is the distance between the inner probes.

The flexural strength was measured by the three-point bending test in accordance
with ASTM D790-02 using a universal testing machine (Shimadzu 5 ton, Japan).
Specimens used in measuring the electrical conductivity were reused in this test for
consistency of experiments. The support span to depth ratio (L/t) was 16, and the
cross-head speed was 1 mm/min. The flexural strength was calculated according to
the following equation:

Flexural strength = 3PL

2Wt2
, (4)

where P is the breaking force of the specimen, L is the support span, W is the
width of the specimen and t is the thickness of the specimen.

3. Results and Discussion

3.1. Analysis of EG/FG filled CPCs

The principal variables affecting the mechanical and electrical properties of EG/FG
filled CPCs were the weight ratio and the particle size of FG. It was decided to
fix the weight ratio of the phenol resin at 25 wt% in accordance with the previous
study [26]. The remainder, 75 wt%, was allocated for conductive fillers divided
into various ratios of EG and FG. The experimental range of FG ratio was 0 and
37.5–75 wt% for both cases of CPCs using 7 and 100 µm FGs. At 0 wt% FGs, the
conductive filler was only EG. The experiments in the range lower than 37.5 wt%
were excluded due to insufficient mechanical strengthening. At 75 wt% FGs, there
was no EG in the CPCs.

3.1.1. Relative Density
To verify the level of a densification of EG/FG filled CPCs, the relative density
was investigated according to the weight ratio and the particle size of FG. The rela-
tive density is inversely proportional to the amount of pores in CPCs, and is hence
directly related to the level of a densification. Because EG was a highly porous ma-
terial, the amount of pores should be verified considering the intra-particle pores
of EGs and inter-particle pores between the fillers. In this study, the compaction
pressure was sufficiently high (almost 10 MPa) that the amount of the inter-particle
pores could be regarded as being similar for both CPCs using 7 and 100 µm FGs.
Therefore, the level of a densification of CPCs could be determined by the amount
of the intra-particle pores only.

Figure 6 represents the behavior of the relative density according to the weight
ratio and particle size of FG. The relative density was initially about 0.8 at the FG
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ratio of 0 wt%. As the FG ratio increased from 37.5 to 75 wt%, the relative density
kept on increasing up to the value of 0.97–0.98, which could be considered quite
a high level of densification. This tendency resulted from the reduction of absolute
amounts of EGs, which was directly proportional to the decrease of the amount of
the intra-particle pores.

The increasing behavior, however, showed a different aspect according to the
particle size of FG. At FG ratios lower than 70 wt%, the relative density was com-
paratively higher in the case using 100 µm FG than 7 µm FG. The difference of the
relative density could be verified by considering the amounts of the intra-particle
pores of each CPC. Figure 7 showed the microstructures of fractured surfaces for
specimens of CPCs using 7 and 100 µm FGs under the same FG ratio of 67.5 wt%.
As shown in Fig. 7(a), 100 µm FG particles and compressed EGs formed a stack
structure in which EGs were sufficiently compacted. On the other hand, Fig. 7(b)
showed that 7 µm FG particles were randomly located between compressed EGs, so
the compaction of EGs was not enough. This difference of the compaction brought

Figure 6. Relative density of EG/FG filled CPCs according to weight ratio and particle size of FG.

Figure 7. Microstructure of fractured surface of CPCs at FG ratio of 67.5 wt%: (a) 100 µm FG and
(b) 7 µm FG.
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Figure 8. Material properties of EG/FG filled CPCs according to weight ratio and particle size of FG:
(a) flexural strength and (b) electrical conductivity.

on the relative difference in the level of a densification. At FG ratios greater than
70 wt%, the EG ratio was very low, so the role of EGs was confined to prevent the
preform from breaking and had an insignificant influence on material properties.
Then, the relative densities of EG/FG filled CPCs were similar to those of FG-only
filled CPCs; that is, the relative densities of both cases become similar or slightly
higher in CPCs using 7 µm FG.

3.1.2. Flexural Strength
The bipolar plates should have adequate mechanical properties to bear the loads
in fuel cell stacks. However, CPCs with high filler loadings had difficulty reaching
a high electrical conductivity and sufficient mechanical properties. Therefore, the
experiments with respect to the various FG ratios were carried out to optimize the
mechanical properties (such as flexural strengths).

As shown in Fig. 8(a), the behavior of the flexural strength according to the
weight ratio and particle size of FG was similar to that of the relative density. The
flexural strengths of both CPCs kept on increasing as the FG ratio increased, and the
increasing behavior was different according to the particle size of FG. The pores in
CPCs generally resulted in stress concentrations that lowered the flexural strength,
so the behavior of flexural strength could be explained by considering the level of
densification, or relative density of CPCs.

The flexural strength of CPCs using 100 µm FG rapidly increased up to 51 MPa
until around 60 wt% FG and scarcely changed above that ratio. This result indicates
that the densification of CPCs using 100 µm FG attained a sufficient level and that
little further densification occurred when the FG ratio was increased further. On
the other hand, the flexural strength of CPCs using 7 µm FG was about 43 MPa
at 60 wt% FG, which indicates the insufficient densification of CPCs. As the FG
ratio increased, however, the flexural strength was further increased and reached
over 68 MPa because of the increasing densification of CPCs. Finally, the flexural
strength of CPCs using 7 µm FG surpassed that of CPCs using 100 µm FG. These
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behaviors were supported by the microstructure analysis of polished side surfaces
of tested specimens.

Figure 9(a) and 9(b) represents the SEM images of CPCs using 100 µm FG at
FG ratio of 67.5 and 75 wt%, respectively. In the case of 67.5 wt%, EGs and FG
particles (dark gray) formed the stack structure mentioned in the relative density
section, so the compaction of EGs was sufficient. That is, the microstructure of this
case was similar to that of the case of 75 wt% in Fig. 9(b). This fact indicated that
no further compaction occurred even though the FG ratio increased, and the flexural
strength was maintained above the FG ratio of 60 wt%, at which the densification
was sufficiently achieved. On the other hand, the SEM images of CPCs using 7 µm
FG at FG ratios of 67.5 and 75 wt% showed different microstructures, as shown in
Fig. 10. Insufficiently compacted EGs existed in the 67.5 wt% CPC in Fig. 10(a),
meaning that the densification was not sufficient. That is, the microstructure at this
FG ratio was different from that of the case of 75 wt% in Fig. 10(b), which had a

Figure 9. Microstructure of polished surface of CPCs using 100 µm FG: (a) 67.5 wt% and (b) 75 wt%.

Figure 10. Microstructure of polished surface of CPCs using 7 µm FG: (a) 67.5 wt% and (b) 75 wt%.
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stack structure. Therefore, as the FG ratio increased, further compaction occurred,
so the flexural strength increased continuously until the FG ratio of 75 wt%.

3.1.3. Electrical Conductivity
The bulk electrical conductivity along the in-plane direction is one of the most
important properties of fuel cell bipolar plates. The prepared specimens of EG/FG
filled CPCs all have high electrical conductivity regardless of the FG ratio, as shown
in Fig. 8(b), with all values exceeding the commercial requirements (>100 S/cm)
for composite bipolar plates. It is well known that the electrical conductivity of
CPCs is closely related to the formation of a conductive network among the con-
ductive fillers. In general, the flat surface of a compressed EG particle was relatively
longer and wider than that of a FG particle, so EG has an advantage in forming a
conductive network in EG/FG filled CPCs. Even though FG particles are also con-
ductive, their contribution to the electrical conductivity was much lower.

As shown in Fig. 8(b), the electrical conductivity decreased with the increase of
the FG ratio in both cases. As previously mentioned, this tendency resulted from
the reduction of the amount of EG, which is excellent in forming a conductive
networking. Figure 8(b) also indicates that the decreasing tendency of the electrical
conductivity was apparently more obvious for 7 µm FG than for 100 µm FG. This
result was attributed to the difference in the electrical contribution with respect to
the size of FG particle. The contact area between fillers was larger in the case using
the larger FG particles, so the electrical contribution to the conductive network was
superior.

3.2. Analysis of EG/CF filled CPCs

Several kinds of fibers have been widely used as reinforcements in variously aimed
composites. In this study, CF was selected for the ancillary filler with the object
of strengthening the mechanical properties of EG filled CPCs. The effect of CF
weight ratio on the mechanical and electrical properties was investigated experi-
mentally to find the optimal properties satisfying the commercial targets of fuel cell
bipolar plates. The weight ratio of phenol resin was fixed at 40 wt%, the ratio from
an experiment similar to our previous study [26]. The remainder, 60 wt%, was allo-
cated for conductive fillers divided into the ratios of EG and CF. The experimental
range of CF ratio was 6–42 wt%. The experiments in the range lower than 6 wt%
and greater than 42 wt% were excluded; the former due to the insufficiency of me-
chanical strengthening, and the latter because of the occurrence of voids among the
abundant fibers which made it hard to get well-made specimens.

3.2.1. Relative Density
As discussed in the analysis of EG/FG filled CPCs, the relative density was involved
with the level of a densification. Figure 11(a) gives the behavior of the relative
density according to the CF ratio.

The relative density was initially about 0.97 at the CF ratio of 6 wt%, and then
decreased only slightly until 24 wt%. As the CF ratio further increased, however,
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Figure 11. Relative density of EG/CF filled CPCs: (a) according to CF ratio and (b) according to
stamping pressure (CF ratio of 24 wt%).

Figure 12. Microstructure of polished surface of EG/CF filled CPCs: (a) 24 wt% and (b) 36 wt%.

the relative density decreased sharply. The reason for the latter decreasing tendency
could be the occurrence of voids which were generated among the excess fibers,
which would cause a falling-off in the densification of CPCs. Figure 12(b) shows
the appearance of voids according to the increase of the fiber ratio. Meanwhile, it
was reported that the level of densification of CF-containing hybrid CPCs could
be upgraded by the increase of the stamping pressure [31]. This means that an in-
sufficient stamping pressure could be a possible reason for the occurrence of the
voids and drop of material properties, but a test with respect to the stamping pres-
sure, as shown in Fig. 11(b), indicated that the relative density was not improved
even though the stamping pressure was increased over 20 MPa. Thus, the stamping
pressure of 10 MPa was enough to fabricate EG/CF filled CPCs, which implies that
the decrease of material properties was dependent on the CF ratio, not the stamping
pressure. The occurrence of voids will be a considerable barrier to the manufactura-
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Figure 13. Material properties of EG/CF filled CPCs according to weight ratio of CF: (a) flexural
strength and (b) electrical conductivity.

bility of composite bipolar plates, so a manufacturing method that does not generate
voids should be developed in future works.

3.2.2. Flexural Strength
CFs have been used to enhance the mechanical properties of EG filled CPCs. As
shown in Fig. 13(a), all tested CPCs show sufficiently high flexural strengths of
greater than 50 MPa, that is, the strength of the composites bipolar plates was im-
proved significantly by adding CFs. The flexural strength of EG/CF filled CPCs had
more complicated behavior and also higher values than that of EG/FG filled CPCs.
The flexural strength initially increased and reached the highest value at the CF
ratio of 24 wt%, and then decreased afterward. The flexural strength was already
greater than 50 MPa at the CF ratio of 6 wt% and further increased up to 58 MPa
at 24 wt%. Even the initial strength value of 52 MPa was higher than the opti-
mized value of EG/FG filled CPCs. This behavior resulted from the strengthening
effect of CFs. CFs located between compressed EGs bound them to each other in
Fig. 12(a). Adding the excessive CF, however, generated voids among the fibers. As
mentioned in the density analysis, these voids gave rise to stress concentration, so
the flexural strength deteriorated over 30 wt%. This analysis could be supported by
the analysis of the relative density. From these results, the range from 6 to 24 wt%
is recommended for the proper CF ratio of EG/CF filled CPCs.

Results reveal that all specimens of various CF ratios effectively improve the
flexural strength and could certainly achieve the commercial requirements, and the
improvement level by using CFs is greater than that by using FG particles.

3.2.3. Electrical Conductivity
The electrical conductivity is a function of the conductive network among the
conductive fillers. Even though CF is also a conductive material, the electrical con-
tribution to the conductive network is much lower than EG, even than that of FG
particles because of CF’s needle-like shape. Figure 13(b) shows that the electrical
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Table 3.
Optimal properties of CPCs according to the type of ancillary fillers

Conductive Weight ratio Flexural strength Electrical conductivity
type (wt%) (MPa) (S/cm)

EG/100 µm FG 15:60:25 51 390
EG/7 µm FG 7.5:67.5:25 50 130
EG/CF 36:24:40 58 290

conductivity decreased rapidly with increasing CF ratios. The electrical conductiv-
ity was initially 660 S/cm at the CF ratio of 6 wt%, and decreased continuously,
dropping below the PEMFC specification at about 42 wt%.

The reasons for the decreasing tendency were considered to be the following.
One was the reduction of the amount of EG, which is excellent in forming the
conductive network by direct contact between particles. The other reason was the
voids that occurred at the excessive fiber region and deteriorated the conductive
network formed among EGs.

3.3. Comparison of Three Types of Tested CPCs

Table 3 is the results of the optimization of material properties for three different
cases of CPCs with respect to the weight contents of fillers and resin. CPCs using
100 µm FG had the optimal flexural strength of 51 MPa and electrical conductivity
of 390 S/cm at the FG ratio of 60 wt%, and CPCs using 7 µm FG had 130 S/cm
and 50 MPa at the FG ratio of 67.5 wt%. While the flexural strengths were similar,
the electrical conductivity of the case using 100 µm FG was about 3 times higher
than that of the case using 7 µm FG because of the better electrical contribution.
CPCs using CF had the highest flexural strength of 58 MPa, and a middle-level
electrical conductivity of 290 S/cm at the CF ratio of 24 wt%. This shows that CFs
were excellent in strengthening the mechanical property in the proper adding range
(from 6 to 24 wt%) at which there were no voids. Overall, the optimal mechanical
and electrical properties of all cases satisfied the commercial requirements and were
good enough to be applied to the bipolar plate for PEM fuel cells.

4. Conclusions

This work focused on optimizing of the mechanical and electrical properties of EG
filled hybrid CPCs prepared by a preform molding technique. Expanded graphite
was excellent in forming the conductive network in CPCs but produced poor me-
chanical properties. The ancillary fillers, 100 µm FG, 7 µm FG and CF, were added
to the composites to improve mechanical properties, especially flexural strength.

In the case of EG/FG filled CPCs, as the ratio of FG increased, the flexural
strength increased because of the reduction of the intra-particle porosity in CPCs,
especially in EG. On the other hand, the electrical conductivity decreased due to the
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reduction of the absolute amount of EG, which is excellent in forming the conduc-
tive network. CPCs using 100 µm FG showed a high flexural strength at a FG ratio
of 60 wt% while maintaining a high electrical conductivity. This was attributed to
the superior level of densification in CPCs using 100 µm FG rather than 7 µm FG.
In the case of EG/CF filled CPCs, meanwhile, the flexural strengths were greater
than 50 MPa and had a maximum at 24 wt%. This behavior resulted from the in-
teraction between the strengthening effect of fibers and the deteriorating effect of
voids. The electrical conductivity decreased sharply with increasing CF ratio owing
to not only the reduction of the amount of EG but also the increase of voids which
deteriorated the conductive network.

The optimized properties for all kinds of CPCs achieved the commercial require-
ments, so they can be applied to the bipolar plate of PEM fuel cells. The principal
properties of the materials, such as the electrical conductivity and flexural strength,
kept pace with those of the previous research. Future work will focus on improving
the mechanical properties and examining electrical conductivity in the through-
plane direction, gas permeability, etc.
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