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Abstract

The fuel cell is considered to be a promising alternative energy source for the near future. A bipolar plate,
which is the major component of the fuel cell, is always exposed to the moisture during operation, because
one of the important functions of the bipolar plate is to facilitate water management within the cell. In
order to use graphite composite materials as bipolar plate material for PEMFC, the effect of the moisture
environment on the mechanical properties of bipolar plate is studied. Two types of specimens, one made of
particulate graphite 90%-epoxy 10% composite ‘with’ woven carbon fabric, and the other ‘without’ carbon
fabric, were fabricated. Both types of specimens were kept in three different environmental conditions:
(1) dry at room temperature, (2) immersed in 85°C water for 100 h, and (3) immersed in 85°C water for
300 h. A series of experiments were performed with the samples of the two types: water absorption rate,
strength and modulus from the bending and tensile tests were measured. The results showed that a steep
increase of water absorption rate occurred at the beginning of the test followed by a slow increase afterwards.
Total water absorption rate was lower for the specimens with fabric since the inserted carbon fabric has lower
porosity and lower water absorption than the specimens without fabric made of graphite/epoxy composite.
Bending strength and modulus decreased for both types of specimens. However, addition of carbon fabrics
to the graphite-particle/epoxy composite increased the tensile strength significantly.
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1. Introduction

The proton exchange membrane fuel cell (PEMFC) is considered to be a promising
alternative energy source for the near future. PEM fuel cells are favored especially
for use in automobiles due to the high power density, relatively quick start-up, rapid
response to varying loads, and low operating temperature [1-3]. The bipolar plate,
which is the major component of the fuel cell, has important functions in the PEM
fuel cell. The bipolar plate distributes the fuel and oxidant within the cell, facilitates
water management within the cell, separates the individual cells in the stack, carries
current away from the cell, supports thin membrane and withstands the clamping
forces of the stack assembly [3]. Clamping force is a critical factor influencing the
performance of the membrane electrode assembly (MEA). If the clamping pressure
is too small, the interfacial contact resistance between the MEA and the bipolar
plate will increase, decreasing the efficiency of the fuel cell system. The efficiency
also decreases if the clamping pressure is too large [26]. For these reasons, bipolar
plates should possess high enough mechanical strength and stiffness to support thin
membranes and electrodes, and to withstand the high clamping forces in the stack
assembly. Since the bipolar plate plays such important functions, various studies on
the bipolar plate have been performed.

Mehta and Cooper provided a comprehensive review of design and manufactur-
ing alternatives for bipolar plates [3]. Heinzel et al. [4] and Heo et al. [5] introduced
new manufacturing methods of bipolar plates individually. New materials for bipo-
lar plates have been proposed by many researchers. Wind et al. [6] and Hodgson et
al. [7] demonstrated coated metallic plates for the bipolar plate. Kumar and Reddy
[8] proposed Ni—Cr metal foam as an alternative material for the bipolar plate. Due
to the chemical instability of the metals in the fuel cell environments, corrosion
of metal bipolar plates has been discussed by various researchers [9—11]. Compos-
ite materials were also investigated extensively for bipolar plate application, and
Wu and Shaw studied functional improvement of polymer bipolar plates by adding
nanotubes [12]. Electrical, thermal and mechanical properties of composite bipolar
plates have been evaluated by several studies [13—18].

PEM fuel cells are operated at temperatures higher than 80°C and under high
humidity [28]. Since the properties of composite bipolar plates could be affected
by the operating environment, the effect of the environment on properties must
also be understood. While the effects of humidity and temperature on the mechan-
ical properties of proton exchange membrane have been studied [19, 28], there are
insufficient investigations to understand the effect of the environment on the prop-
erties of the composite bipolar plate.

In this study, the bipolar plate samples were constructed and tested to investigate
the effect of the moisture and temperature environment on the mechanical proper-
ties of the graphite particle/epoxy composite as a material for bipolar plate. Also,
the effect of incorporating carbon woven fabric on mechanical properties was in-
vestigated.
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Table 1.
Properties of epoxy resin, graphite particle and carbon fabric

Material Property
Epoxy resin Density 1.17 glcc
(YD-128) Viscosity 11500-13 500 cps at 25°C
Graphite particles Density 0.9 g/cc
(P-15) Diameter 18.8 um
Carbon fabric Thickness 160 um/ply
(KN C123 EPC) Mass per area 290 + 15 g/m?
Press / Heat
l l Al molds
Epoxy resin :

Al molds ' t

Hot-press machine

Figure 1. Manufacturing progress of carbon composite. This figure is published in color on
http://www.ingentaconnect.com/content/vsp/acm

2. Environmental
2.1. Preparation of Test Specimens

The material used in this research is shown in Table 1. The graphite particle and
resin was processed in proportions of 9:1 by volume. Manufacturing process of
carbon composite is shown in Fig. 1. First, top and bottom of aluminum molds were
fabricated by machining. Second, particles were mixed with epoxy resin, and the
mixture was spread over the lower mold. Third, the mold was closed and pressure
(10 MPa) and temperature (120°C) were applied. Finally, the mold must be cooled
to solidify the mixture, and specimen was taken out from the mold [20]. Two types
of bipolar plate specimens, one made of particulate graphite—epoxy composite with
carbon fabric and the other without carbon fabric, were fabricated (Fig. 2). Here,
the carbon fabric was inserted in the middle of the bipolar plate layer in order to
improve mechanical properties.

2.2. Experimental Procedure

An environmental test was conducted to determine tensile strength, modulus and
bending strength, modulus and water absorption rate. The mechanical properties of



Downloaded by [Siauliu University Library] at 06:50 17 February 2013

56 B. Kim et al. / Advanced Composite Materials 20 (2011) 53-64
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Epoxy resin +Particles Epoxy resin +Particles

Figure 2. Geometry of specimens for environmental test: (a) without fabric and (b) with fabric.

Table 2.
Test matrix of environmental test

Environmental conditions Type of specimens

Dry/room temp. (25°C) Without fabric (graphite/epoxy)
With fabric (graphite/epoxy/fabric)

Water/85°C temp. (100 h) Without fabric (graphite/epoxy)
With fabric (graphite/epoxy/fabric)

Water/85°C temp. (300 h) Without fabric (graphite/epoxy)

With fabric (graphite/epoxy/fabric)

*For each type, five specimens were tested.

composite have been investigated at different humidity and temperature in an envi-
ronmental chamber (Daihan-Brand, DWTH-155). Table 2 shows the environmental
conditions as a test matrix.

2.2.1. Water Absorption Rate

Specimens were placed into a distilled water chamber at 85°C. Once the specimens
were taken out from the water chamber, water drops at the surface was absorbed
by dry paper towel. Then specimens were weighed by using a precision balance
with 0.001 g resolution, and the percentage in weight change was determined. The
weight gain was taken as the moisture absorption, using the following formula [21]:

M, =270 00, (1)
mi
where my is the initial mass of the specimen, m; is the mass of the specimen af-
ter immersion for time ¢ in hours, and M; is the percent moisture content of the
specimen.
The water diffusivity of the composite material, D, was obtained from the ex-

pression
h \?( My—M; \?
D, = 2
' ”(4Mm> (w —JE) | *

where My, is the maximum moisture content (weight gain), and # is the specimen
thickness (A =4 mm). M and M, are the moisture contents at time #; and f,,
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respectively. Because of the dimensions of the specimen used, the application of
an edge correction was necessary and the actual sample diffusivity could be deter-
mined as

ho h\7?
Dy=Dy| 14+ -4+ — , 3)
I w

where / and w are the sample length (/ = 80 mm) and width (w = 10 mm), respec-
tively [33]. The diffusivity of the graphite composite with fabric (My, = 1.888%)
and without fabric (M = 2.850%) are 1.90 x 107> mm?/s and 2.93 x 107> mm?/s,
respectively. The change in the moisture content as a function of time could be ex-
pressed as the following equation [22, 23]:

_ 8 o expl—(2j + 1)*n*(Dt/h?)]
M_Mm(l—ﬁjzz(:) 17 > 4)

In Fig. 3, the weight change profiles are demonstrated for the two types of spec-
imens, one with fabric and the other without fabric. The result of the test revealed
that both specimens made with graphite composite, with fabric and without fabric,
showed high water absorption at the beginning of the test. The absorption rate of
the graphite composite without fabric was about 1.5 times higher than that of the
graphite composite with fabric.

The specimen’s data diverge from Fickian behavior before reaching the satura-
tion level, as the experimental weight change is smaller than that of the theoretical
values. The change in moisture content in both types of specimens could be ex-
pressed using typical hygrothermal theory of a graphite/epoxy composite. Imaz et
al. [24] found that the moisture absorption of graphite/epoxy composites was Fick-
ian, but at higher temperature, there is a low correlation for the saturation level
to increase due to material degradation. This trend could be attributed to a slight
irreversible degradation in the material. Loos and Springer [25] investigated the
moisture absorption behavior of many kinds of resin—matrix composites. Their re-
sults show that materials obey Fickian diffusion behavior at lower temperatures and
non-Fickian behavior at higher temperatures. The plausible explanation is due to
the moist, high temperature environment, and microcracks developed on the surface
and inside the materials. As the cracks developed, material was actually lost, most
likely in the form of resin particles. As long as the moisture gain was greater than
the material loss, the weight of the specimen increased. However, for the compos-
ite bipolar plates, Du and Jana [28] reported that the moisture absorption followed
linear Fickian diffusion behavior after 6 months.

2.2.2. Bending Strength and Modulus

A bipolar plate requires mechanical strength to withstand clamping forces of the
fuel cell package. The three-point bending tests were conducted to determine flex-
ural modulus and strength using with Lloyd Instruments LR 50K according to
ASTM D 790. The dimensions of the specimen are shown in Fig. 4.
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Figure 3. Water absorption rate according to circumstance condition: (a) without fabric and (b) with
fabric. This figure is published in color on http://www.ingentaconnect.com/content/vsp/acm

Figure 5 shows failure modes of the bending specimens, and Fig. 6 shows the
results of bending test. The flexural strengths of ‘with fabric’ and ‘without fabric’
specimen were higher than the DOE target value, 34 MPa. However, specimens with
fabric generally show lower flexural strength and modulus than specimens without
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| 80mm

Figure 4. Dimensions of bending specimen (ASTM D 790).

(®)

Figure 5. Failure modes of bending specimens: (a) without fabric (top view) and (b) with fabric (side
view).

fabric, and the fractured specimens with fabric showed that only one side of the
specimens was broken. In the case of the specimens without fabric, the specimens
immersed in 85°C for 300 h showed flexural strength lower by 24%, and by 10%
in flexural modulus than the specimen tested dry and at room temperature condi-
tion. The graphite composite with fabric, with the specimens immersed at 85°C for
300 h, showed flexural strength lower by 34%, and by 10% in flexural modulus
compared to the specimens tested dry and at room temperature condition.
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Figure 6. Results of the bending tests: (a) strength and (b) modulus. This figure is published in color
on http://www.ingentaconnect.com/content/vsp/acm

2.2.3. Tensile Strength and Modulus

Tensile tests were performed with Lloyd Instruments LR 50K according to ASTM
D 638. The dimensions of the tensile specimen are shown in Fig. 7. Figure 8 shows
the failure modes of the tensile specimens, and Fig. 9 shows the results of the tensile
test. The tensile strength of ‘with fabric’ specimen was higher than those of several
polymer composite bipolar plates reported by other researchers [29-32]. Also, ten-
sile strength and modulus increased by 46-66% and 20-39%, respectively, when
carbon fabric was added in the composite. Without carbon fabric, the composite
was brittle due to the small content of epoxy resin that played the role of binder
in the composite. However, with fabric, the composites were able to delay brittle
fracture by the aid of reinforcement. In the case of the graphite composite without
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Figure 7. Dimensions of tensile specimen (ASTM D 638).

(d)

Figure 8. Failure modes of tensile specimens: (a) without fabric and (b) with fabric. This figure is
published in color on http://www.ingentaconnect.com/content/vsp/acm
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Figure 9. Results of the tensile test: (a) strength and (b) modulus. This figure is published in color on
http://www.ingentaconnect.com/content/vsp/acm

fabric, the specimens immersed in 85°C for 300 h showed tensile strength lower by
35%, and by 24% in tensile modulus than the specimens tested dry and in room tem-
perature conditions. The graphite composite with fabric, the specimens immersed
in 85°C for 300 h, showed tensile strength and modulus almost the same as the
specimen tested at dry and room temperature condition.

3. Conclusions

The effect of water absorption on the mechanical properties of two types of graphite
composite for the PEMFC bipolar plate has been studied. Experimental results show
that addition of carbon fabric to the graphite-particle/epoxy decreased water absorp-
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tion of the bipolar plate. Tensile strength and modulus decreased for the composites
‘without fabric’ in the hot water condition, but these values remained almost the
same for the specimens ‘with fabric’. The flexural strengths of ‘with fabric’ and
‘without fabric’ specimen were higher than the target DOE target value of 34 MPa.
However, specimens ‘with fabric’ relatively showed a little lower flexural strength
and modulus. Thus, moisture and high temperature reduced tensile and bending
strength, but the addition of carbon fabrics to the graphite-particle/epoxy compos-
ite increased tensile strength significantly.
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