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Abstract 
The performance of Polymer Electrolyte Membrane Fuel Cells (PEMFC) is dependent on the properties of bipolar plates (BP). In 
this research, the BP had been developed using hybrid fillers; graphite (G) as the main filler and carbon fiber (CF) as the second 
filler while polypropylene (PP) as a binder in G/CF/PP composite. All materials were in powdered form and the composition of 
this composite was fixed at 80% (fillers) and 20% (PP). The contents of CF was varied from 5% up to 20% of the total weight of 
fillers (80%). Ball mill was used to mix the fillers and binder together before being pressed by compression molding (hot press) 
in a rectangular shape (140 mm x 60 mm) mould. The electrical and mechanical properties of the developed composite were 
measured to investigate its suitability of BP to be used as PEMFC. The result showed that the electrical and mechanical 
properties decreased as the loading of CF was increased. The composite with 5% of  CF loading showed the highest value of 
electrical conductivity (262.75 S/cm) and flexural strength (40.2 Mpa). Images of the fractured surface for G/CF/PP composites 
for various CF contents was determined by Scanning Electron Microscope (SEM). This finding shows that the properties 
G/CF/PP composite is suitable for BP of PEMFC in the future. 
 
Keywords:  graphite, carbon fiber, polypropylene, electrical conductive polymer composite, bipolar plate 

 
Abstrak 

Prestasi Sel Bahan Bakar Membran Polimer Elektrolit (PEMFC) bergantung pada sifat plat dwikutub (BP). Dalam penyelidikan 
ini, BP telah dikembangkan menggunakan pengisi hibrid; grafit (G) sebagai pengisi utama dan serat karbon (CF) sebagai pengisi 
kedua sementara polipropilena (PP) sebagai pengikat dalam komposit G/CF/PP. Semua bahan dalam bentuk serbuk dan 
komposisi komposit ini ditetapkan pada 80% (pengisi) dan 20% (PP). Kandungan CF divariasi dari 5% hingga 20% dari jumlah 
berat bahan pengisi (80%). Kempa bebola digunakan untuk mencampurkan pengisi dan pengikat bersama sebelum ditekan 
dengan acuan mampatan (tekan panas) dalam bentuk segi empat tepat (140 mm x 60 mm). Sifat elektrikal dan mekanikal 
komposit yang dihasilkan diukur untuk mengkaji kesesuaiannya untuk digunakan sebagai BP untuk PEMFC. Hasilnya 
menunjukkan bahawa sifat elektrik dan mekanikal telah menurun apabila kandungan CF meningkat. Komposit dengan 
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kandungan CF 5% menunjukkan nilai tertinggi bagi kekonduksian elektrik (262.75 S/cm) dan kekuatan lenturan (40.2 Mpa). 
Imej permukaan patah untuk komposit G/CF/PP untuk pelbagai kandungan CF ditentukan oleh Mikroskop Elektron Pengimbas 
(SEM). Dapatan ini menunjukkan bahawa sifat komposit G/CF/PP sesuai untuk BP PEMFC pada masa akan datang. 
 
Kata kunci:  grafit, serat karbon, polipropilena, komposit polimer konduktif elektrik, plat bipolar 

 
 

Introduction 
Fuel cell which only uses hydrogen and oxygen from 
the air offers environmentally beneficial energy 
sources to generate electricity through an 
electrochemical reaction that converts chemical energy 
into electrical energy with high efficiency [1]. Polymer 
Electrolyte Membrane Fuel Cell (PEMFC) or also 
called proton exchange membrane fuel cells are widely 
applied in automobiles and BP is one of the most 
important components in the PEMFC        stack [2-5]. 
The functions of BP in the PEM Fuel Cell system are 
[6]: 
 
a. To separate the individual components of fuel cells 

from each other. 
b. To electrically connect them in series 
c. To distribute the process gases (hydrogen and 

oxygen) to the positive and negative electrodes, 
respectively. 

d. As a cooling system of the fuel cells.  
 
There is a strong relationship between the material 
employed in the manufacturing of the bipolar plate and 
its final properties. The most commonly used material 
for a bipolar plate is Gaphite which has good electrical 
conductivity and excellent corrosion resistance with a 
low density [7]. However, it is very brittle and lacks 
mechanical strength and has poor ductility, and causes 
the fuel cell stack to be heavy and voluminous [4, 8-9]. 
The other materials such as metal-based require a 

proper machining process, special coating, have extra 
weight, and have a high tendency to corrode, even 
though they have good electrical conductivity [10, 11]. 
Hence, conductive polymer composite (CPC) with 
carbon-based BP is an attractive option to be used for 
PEMFC [8, 9]. On the other hand, Gaphite/polymer 
composites can be considered as an ideal material for 
producing BP [11, 12, 14]. Thus, in this research 
graphite and carbon fiber were used as fillers for BP in 
order to improve the electrical and mechanical 
properties and ease to manufacture, besides reducing 
the weight and fabrication cost [2, 9, 12, 15].  
 
Moreover, CF has a high tensile and compressive 
strength, and have a high resistance to corrosion, creep, 
and fatigue [10,16-17]. The main material for filler in 
this research was G powder which can be obtained 
either naturally or synthetically [18]. While CF was 
being used as a second filler. The other material used in 
producing this composite was the polymeric binder or 
matrix. The main function of the binder is to provide 
greater strength and geometric stability. In this 
research, the PP was selected as the binder. G/CF/PP 
composite that being produced must achieve the 
required target specified by the United States of 
America Department of Energy (DOE) for the BP as 
shown in Table 1 [5,11]. The objective of this research 
is to study the effect of CF loading on G/CF/PP 
composite properties such as electrical conductivity 
and mechanical properties. 

 
Table 1.  Requirement properties for the bipolar plate (DOE target) [6, 11] 

Property Value 

Electrical conductivity > 100 [Scm-1] 
Thermal conductivity > 10 [W(mK)-1] 
Flexural strength > 25 [MPa] 
Shore Hardness > 50 
Bulk Density < 5 [g/cm3] 
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Materials and Methods 
Materials of composites 
The polymer matrix used in this research was PP Grade 
Titan 600 which was purchased from Polypropylene 
Malaysia Sdn. Bhd. The main conductive filler was G 
powder and the second filler was chopped CF 
purchased from Zoltek Industries.  Comparison of the 
properties  between  PP,  CF,  and G are shown in 
Table 2.  Figure 1 shows the materials involved in this 
research. 
 
Preparation of composites 
A ball mill machine was used to mix the fillers and 
binder. Firstly, the PP granular was pulverized into a 
powdered form. The amount of fillers in one 
composition was fixed at about 80% and another 20% 
was the binder. CF loading was varied from 0% to 20% 
respectively  from  the  filler  content as shown in 
Table 3. The mixed composite was poured into a steel 
mould and pressed in the hot compression molding 
machine at 185 ᵒC with 70 tonnes to produce a 
rectangular specimen (140 mm x 60 mm). After being 
pressed, the mould was cooled by air until it reached 
room temperature. A 200 Tonne high precision 

hydraulic compression molding machine was used to 
prepare the specimen.  
Testing  
The in-plane conductivity, flexural strength, shore 
hardness, and bulk density were determined to study 
the effect of CF loading on the properties of G/CF/PP 
composite. The in-plane conductivity was measured 
using Jandel Multi Height Four Point Probes as shown 
in  Figure 1.  Shore  hardness  was  measured  by  using 
Shore Durometer (Type D) and bulk density was 
measured by using Densimeter according to ASTM 
D792. While the flexural strength was determined 
using Universal Testing Machine according to ASTM 
D790. 
 
Microstructure 
SEM micrograph of the fractured surface for G/CF/PP 
composites for various CF content with the same total 
binder was determined by using Joel Scanning Electron 
Microscope (SEM). The sample had been cut with the 
height not more than 1 cm and the surfaces of all the 
samples were coated with a thin film of platinum. The 
Polaron SC 7640 Sputter machine was used for about 5 
minutes to improve the conductivity and avoid electron 
charging effects during the examination. 

Table 2.  Properties of G, CF and PP 

Material G CF PP 

Gade 3243 Chop Flake Titan 
Density [g/cm3] 1.74 1.72 0.91 
Thermal stability [ᵒC] 350-400 2000 175-220 
Size ≤60[µm] 7.2 [µm] 250 [µm] 
Resistivity 1295 [108Ωm] 0.00155 [Ωcm] 1[1014Ωm] 

 
Table 3.  Composition of G/CF/PP composite by weight percentage 

Fillers [%] Binder [%] 
G CF PP 

80 0 20 
75 5 20 
70 10 20 
65 15 20 
60 20 20 
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Figure 1.  Jandel Multi Height Four Point Probes 
 

 
Results and Discussion 

Physical observation of composites 
Based on the images shown in Table 4, there are lumps 
of materials that can be seen on the surface of 15 % CF 
and 20 % CF specimens. Besides that, the specimens of 
15 % CF and 20 % CF have uneven and bumpy 
surfaces. This is due to the mixture of G/CF/PP 
composite that tends to agglomerate when the quantity 
of CF content is higher. The surface conditions of these 
composites affect the final properties and the test result 
of the G/CF/PP composites.   
 
Effects of in-plane conductivity on G/CF/PP 
composite 
In-plane electrical conductivity of G/CF/PP composites 
with various CF loadings was shown in Figure 2. The 
electrical conductivity of G/CF/PP composite has 
increased with the increase of CF loading from 116.29 
S/cm (0% CF) to 262.75 S/cm (5% CF). However, 
when the CF content is further increased, the electrical 
conductivity has decreased to 105.10 S/cm (10% CF). 
This is due to the presence of voids in the G/CF/PP 
composite and the volume has increased with the 
increment of CF content. Voids have become obstacles 
or barriers on the network and interaction of 
conductive fillers. This has affected the in-plane 
electrical conductivity of G/CF/PP composites [8, 19-

20]. The percentage of increment between G/PP 
composite and G/CF/PP composites with 5% CF 
content is about 125.94 %. As compared to the DOE 
target, the value of electrical conductivity of 5% CF 
content is higher than the target value, which is 100 
S/cm. The results are supported by Lee et al. and 
Mathur et al., in which the electrical conductivity 
increases with the increasing of carbon fiber loading 
until the maximum loading and then decreases with 
further increase in carbon fiber content [7, 8, 18]  
 
The effect of flexural strength of G/CF/PP 
composite 
The flexure strength result is shown in Figure 3. The 
highest flexural strength of G/CF/PP composite of 40.2 
MPa is observed at the CF loading of 5% and it is more 
than 100% enhancement as compared to the gear/PP 
composite with no CF content. The value of flexural 
strength is decreased with a further increment of CF 
content of 10% to 20%. CF acts as a reinforcement 
material as CF has a high aspect ratio and its fibrous 
characteristic can improve the electrical conductivity 
and flexural strength [8, 9, 22].  Lee et al. also reported 
the same behaviour of G/CF composites. The flexural 
strength for 10% and 15% of CF content decreases and 
later increases with the increasing of CF loading. 
During the test run for 20% of CF content, the samples 
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did not break in the middle as they should be. It is due 
to the uneven and rough surface of the specimen and 
agglomeration between the three materials. This 
finding shows that there is imperfect bonding between 
the fibers and binders [8]. This explains the unstable 

trend in the flexural strength of the composites with 
high filler loadings. All the composition of G/CF/PP 
composites achieve higher than the DOE target, which 
is 25 MPa. 

 
Table 4.  Photographs of G/CF/PP composite for each composition 
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Figure 2.  Electrical conductivity and flexural strength against CF content in G/CF/PP composite 
 
 

 

Figure 3.  Flexural strength against CF content in G/CF/PP composite 
 
 
 
The effect of hardness of G/CF/PP composite 
The hardness of the composite plate shows a 
significant improvement from 58.56 (0% CF) to 64.33 
(5% CF) although it decreases with the continuing of 
the CF content as shown in Figure 4. The increment in 
hardness of the specimens with the addition of CF 
content can be attributed to the well-known ribbon or 
glassy carbon structure of PAN based carbon fibers [9]. 
The increment of hardness value is due to the 
application of pressure during compression moulding, 
which increases the interconnectivity and interactions 
between the reinforcing constituent [10]. Furthermore, 
the surface’s condition of the composites has highly 
influenced the result of shore hardness. With more CF 
content the composite tends to agglomerate, it affects 

the result of the hardness test. The hardness value is 
reduced with more CF content. As compared to DOE 
target, all value of the shore hardness of G/CF/PP are 
higher than target value, which is 50. According to the 
result, the composition for a bipolar plate of G/CF/PP 
composites with 5% CF content is highly 
recommended.  
 
The effect of bulk density of G/CF/PP composite 
Figure 5 shows that the value of bulk density for 
G/CF/PP composites. It decreases with the increasing 
of CF contents. Initially, at 0% of CF, the value of bulk 
density is 1.718 g/cm3 and it drops with the loading of 
5% of CF (1.700 g/cm3) and until 1.634 g/cm3 for 20% 
of CF. The minimum value of bulk density is 1.630 
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g/cm3 for 15% of CF loading. G has the highest value 
of density, so when the value of G decreases, the value 
of bulk density of the specimens also decreases. 
Besides that, the bulk density for all compositions 
meets the DOE target, which is lower than 1.9 g/cm3.  
The density of the specimens decreases with the 
additional CF contents due to their lower density as 
compared to G and PP. 
 
Microstructure 
Table 5 shows the fractured surface of G/CF/PP 
composites captured by SEM for various CF content. 
The scanning electron micrograph shows that the CF is 
evenly distributed in G/PP composites. Based on the 
images in Table 5, the CF distribution in each 
percentage has been distributed well and no 

agglomeration of CF can be observed. More pulled out 
fibers are observed than broken fibers as the CF 
content is increased. Previous research by Lee et al. 
stated that this indicates that there is incomplete 
bonding between the fibers and binder, thus making the 
fibers are easy to pull out. Thus, it explains the 
decreasing value of the flexural strength with higher 
CF contents. The voids that occurred during the 
fabrication process affect the electrical conductivity 
and mechanical properties result of the composites [23-
24]. Moreover, when the CF content increases, the 
voids also increase. When the voids increase, the result 
for electrical conductivity and mechanical properties 
such as flexural strength and hardness decrease. It is 
proven by the result discussed previously.  
 

 

 

Figure 4.  Shore hardness versus CF content in G/CF/PP composite 
 
 

 

Figure 5.  Bulk density versus CF content in G/CF/PP composite 
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Table 5.  Scanning Electron Micrographs of fractured surfaces of G/CF/PP composites for various CF content 

CF [wt% ] SEM micrograph of G/CF/PP composites 
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20 

 
 
 

Conclusion 
This research has shown that CF as a second filler with 
polypropylene as a binder had improved the strength 
and mechanical properties of BP. The addition of CF to 
the G/PP composite affected the electrical, hardness, 
strength, and density of G/CF/PP composites. By 
adding 5 % of CF to the G/PP composite, the in-plane 
conductivity, flexural strength, and hardness increased 
and achieved the DOE target for BP. However, by 
increasing the CF content in the G/PP composite, the 
in-plane conductivity, flexural strength and hardness 
were decreased. On the other hand, the density of 
G/CF/PP composite was decreased with the CF 
content. The scanning electron micrograph also showed 
that the material especially CF was distributed evenly 
in the G/CF/PP composites. It was found that the 
composite with 5 % of CF content was highly suitable 
as a bipolar plate for PEMFC. The addition of CF in 
the G/PP composite can offer a high opportunity in the 
production of high conductive composites, especially 
for PEMFC bipolar plates. 
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