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1. Introduction

Proton exchange membrane (PEM) fuel cells are considered one
of the most promising environmentally friendly power sources for
various electronic devices, and transportation and stationary appli-
cations [1–5]. An integral part of PEM fuel cells is bipolar plates
which performs multiple functions and has become the subject of
recent extensive research [6–26]. Conventional pure graphite bipo-
lar plates contribute significantly to the cost and weight of PEM
fuel cell stacks. Metals such as stainless steel and metal alloys –
alternatives favored by industry – are not preferable because of
corrosion-related issues [8,9], although coatings by carbon film
[10], polypyrrole [11], gold [12], and chromium nitrides [13] have
been found useful. In view of this, the development of lightweight,
low cost and highly conductive polymer composite bipolar plates
with scope for mass production can enable rapid commercializa-
tion of PEM fuel cells [3,5,14,15]. Recent literature shows significant
progress in graphite-based composite bipolar plates with useful
attributes as light-weight, low cost, and desired properties [25].
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chanical, thermal, and electrical properties of highly conductive graphite-
vestigated. The highly conductive graphite-based epoxy composites were

tions as bipolar plates in proton exchange membrane (PEM) fuel cells. The
s were designed to simulate the service conditions in PEM fuel cells. Specif-
s were immersed in boiling water, aqueous sulphuric acid solution, and
eroxide. The water uptake, changes in surface appearance and dimensions,
ermal stability, and electrical and mechanical properties were evaluated.
ncreased linearly with the square root of time as in linear Fickian diffusion.
cantly reduced both the rate and extent of water uptake. No discernible
s, surface appearance, and morphology of the composites were observed.
mechanical properties remained almost unchanged. The wet specimens

ss transition temperature (Tg) due to plasticization of epoxy networks by
ried specimens showed small increase of Tg. The composites maintained
bout 300–500 S cm−1 and good mechanical properties and showed thermal
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Polymer composite bipolar plates are now commercially available
from commercial suppliers such as DuPont, H2 Economy, ICM Plas-

tics, NedStack, to name a few. This shows that the technology
of polymer composite bipolar plates is rapidly maturing. Never-
theless, many challenges still exist. For example, PEM fuel cells
are operated at temperatures greater than 80 ◦C and under high
humidity and highly acidic environment. Consequently, bipolar
plates are exposed to high temperatures, high humidity, and highly
acidic membranes and gaseous oxygen over a long period of time.
In view of this, it is critical to evaluate the combined effects of
these severe PEM fuel cell in-service conditions on the proper-
ties of potential polymer composite bipolar plates. A very limited
literature exists on investigation of hygrothermal reliability and
durability of polymer composite bipolar plates at the PEM fuel cell
service conditions. In view of this, we undertook a study in our
laboratory on hygrothermal aging of polymer composite bipolar
plates with specific emphasis on expanded graphite (EG)–epoxy
composites.

In an earlier study [26], we reported the development of epoxy-
based polymer composites suitable as bipolar plates with high
electrical conductivity and glass transition temperatures greater
than 150 ◦C. In addition, strong mechanical properties, good ther-
mal and chemical properties, and good gas tightness at dry states
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were reported. It is imperative that the polymer composites bipo-
lar plates should also exhibit long-term resistance to hygrothermal
aging fatigue, chemical corrosion, and thermal degradation under
PEM fuel cell service conditions in order to be viable for economi-
cally successful PEM fuel cells.

It is learned from existing literature that hygrothermal aging
is a degradation process that combines the effects of mois-
ture and temperature and results in substantial deterioration of
the thermal and mechanical properties of polymers and poly-
mer composites. A large number of studies reported the effects
of hygrothermal aging on polymers and fiber-reinforced poly-
mer composite laminates [27–62]. Some researchers suggested
multiple water diffusion mechanisms, ranging from the simplest
case, a Fickian model, where diffusion is driven by the water
concentration gradient, to the more complex stress-dependent,
history-dependent, and dual-phase diffusion models. Although
Fickian diffusion is often assumed, diffusion in thermosetting poly-
mers usually involves the concentration-gradient-driven Fickian
diffusion, and a time-dependent relaxation process. This results in
phased or pseudo-Fickian response, usually called the two-stage
diffusion model [38]. Fickian diffusion behavior is observed when
no chemical degradation occurs in materials [42,47,55,59]. Thus,
Fickian diffusion may indirectly indicate that the hygrothermal
effects are reversible. Non-Fickian diffusion behavior, on the other
hand, usually relates to either chemical degradation of the materi-
als or matrix cracking, and interface debonding between the fillers
and the polymers [36,41,46,49,52,55–57].

Hygrothermal exposure of polymers and composites can often
lead to significant drop in glass transition temperature (Tg) of the
materials [37,38,41,46–48,50,52,54,58,61,62]. Such drop in Tg can
sometimes be more than 50 ◦C as reported by Cornelia [61,62] for
the bismaleimide (BMI)- and polyimide (PI)-carbon fiber compos-
ites, and in some rare cases can be as high as 100 ◦C. Mechanical
properties, such as tensile modulus and tensile strength, flexural
modulus and strength, and adhesion strength also show significant
deterioration [27,30–35,39–40,42,43,45,46,51,58,60]. For example,
Ishak et al. [42] reported a reduction of tensile properties for
short glass fiber-reinforced poly(butyleneterephthalate) compos-
ites. A number of other researchers also reported either no change
or a slight increase in mechanical properties after hygrother-
mal exposure [30,37,39,40,51]. Long-term hygrothermal exposure
can also cause matrix swelling and cracking, moisture vapor-
induced microvoids, interface debonding behavior between fillers
and matrix, surface blistering, and microstructural and composition

change due to chemical degradation, such as oxidation and hydroly-
sis [28–35,43,45,53–58]. These detrimental changes will eventually
cause damage to the materials and hence failure of the components.

A ramification of reduction in wet Tg, can be microvoids and
surface blistering. For example, if the wet Tg approaches the fuel
cell operating temperature, the internal vapor pressures due to
moisture can be sufficiently high and can generate both interior
microvoids and small surface blistering. This is aided by acceler-
ated polymer relaxation at temperatures higher than the wet Tg. In
addition, the intrinsic properties of the polymers and the compos-
ites, such as mechanical properties, can significantly deteriorate.
Consequently, the values of wet Tg set the acceptable upper limit of
the service temperature. Thus, water diffusion behavior in polymer
composite bipolar plates plays a crucial role in determining the wet
Tg and hence the performance towards microvoid generation and
mechanical failure.

In view of the importance of wet Tg, it is useful to fully under-
stand the mechanism of water diffusion in polymer composites.
In addition, the effects of the PEM fuel cell service conditions on
the properties of the polymer composite bipolar plates must be
studied before they can be confidently used in PEM fuel cells. This
ources 182 (2008) 223–229

paper investigated water diffusion mechanism, hygrothermal aging
effects on the thermal, chemical, mechanical, and electrical prop-
erties of epoxy resins, and graphite/epoxy composites.

2. Experimental

2.1. Materials

The composite materials were synthesized from a mixture of
an aromatic and an aliphatic epoxy resin, the rationale for which
was provided in our earlier work [26]. The aromatic epoxy was
diglycidyl ether of bisphenol A in the form of Epon® 826, obtained
from Resolution Performance Products (Houston, TX) with epoxide
equivalent weight of 178–186, viscosity of 65–95 Pa s, and specific
gravity of 1.15 at 25 ◦C. The aliphatic epoxy was polypropyleneg-
lycol glycidyl ether in the form of Araldite® DY3601, received from
Vantico (Brewster, NY) with epoxide equivalent weight of 385–405,
viscosity of 0.42–0.52 Pa s, and specific gravity of 1.03 at 25 ◦C. The
curing agent, diaminodiphenylsulphone (DDS) was received from
Ciba (Tarrytown, NY) with trade name HT976, melting tempera-
ture 180 ◦C and molecular weight 248 g mol−1. Epon® 826 cured
with DDS produced a brittle material, while Araldite® DY3601 cured
with DDS produced a gum-like material. In view of this, we resorted
to a mixture of 90:10 (wt%) of Epon® 826 and Araldite® DY3601,
which yielded more ductile material when cured with DDS. The
material will be referred to in the rest of the paper as EP90. Elec-
trically conductive carbon black (CB), Ketjenblack® EC-600JD was
received from Akzo Nobel Chemicals Inc. (Chicago, IL). Expandable
graphite (EG), GRAFGUARD® Expandable Flake 160-50N with high
expansion volume of ∼250 cm3 g−1 at 600 ◦C was obtained from
GrafTech (Cleveland, OH). Mixtures of EG and CB were used to make
composites electrically conductive.

2.2. Preparation and characterization of composites

Epoxy resin mixture was prepared by mixing Epon® 826 and
Araldite® DY3601 at the weight ratio of 90:10 in a beaker at room
temperature, followed by addition of 5 wt% excess curing agent DDS
than necessary to balance the stoichiometry of epoxide and amine
groups. Clear solutions were obtained by heating the mixtures up
to 135 ◦C with stirring. Alternatively, the epoxy-curing agent mix-
ture was prepared by mixing all three components in a beaker with
acetone as the solvent. Electrically conductive composites were

prepared by solution intercalation method, whereby desired quan-
tities of EG and CB were added to the solution of epoxy resins and
curing agent in acetone. Accordingly, the composites are designated
in the rest of the paper by the parts by weight of epoxy, EG, and CB;
for example, the composite 50–45–5 contained 50 parts by weight
of epoxy, 45 parts by weight of EG, and 5 parts by weight of CB. The
materials were mechanically stirred for 6 h, after which the solvent
was allowed to evaporate at room temperature with continuous
stirring. The remaining trace of acetone was removed by drying in
a vacuum oven for 24 h at 60 ◦C, and 2 h at 110 ◦C. The dried mate-
rials were obtained in powder form and were compression molded
into composite sheets at a pressure of 4000 psi and cured at 180 ◦C
for 4–6 h, followed by post-curing in vacuum oven at 200 ◦C for
6 h.

Specimens for evaluation of hygrothermal effects were cut from
the compression molded sheets. The thickness of the specimen was
approximately 0.5 mm. This guaranteed one-dimensional diffusion
of water perpendicular to the specimen surface. A typical speci-
men had the following dimensions: 80 mm × 10 mm × 0.5 mm. The
specimens of cured epoxy resins and composites were immersed in
boiling water, boiling aqueous solution of sulphuric acid (pH 1–2),
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it is interesting to determine and compare the values of water dif-
fusivity in the epoxy resin and composites. Water diffusivity, D, in
epoxy resins and composites were calculated from the initial slope
of the water absorption profiles shown in Fig. 1 and Eq. (2) [47].
Such data is presented in Table 1.

D = �

16

(
h

Mm

)2( Mt2 − Mt1√
t2 − √

t1

)2

(2)

where h is the thickness of the specimen, Mm is the maximum water
uptake of the specimen, Mt1 and Mt2 are the weights of the speci-
L. Du, S.C. Jana / Journal of P

and boiling aqueous solution of 6 wt% hydrogen peroxide and kept
for a period of up to 6 months under continuous reflux. The pH
of the acid solution was periodically checked and adjusted to 1–2.
The specimens were periodically withdrawn from the reflux appa-
ratus, dried using lint-free tissues to remove the surface liquid, and
weighed. The electrical conductivity was also measured. Finally, the
specimens were dried in a high vacuum oven for 3 months at 60 ◦C,
and for an additional 3 months at 140 ◦C. The glass transition and
thermal degradation temperatures of wet and dry specimens were
measured. The elastic (G′) and loss (G′′) modulus of the epoxy resins
and composites were measured by dynamic mechanical analysis
(DMA) after the hygrothermal aging process. Note that elastic and
loss modulus relate to the viscoelastic response of the materi-
als when subjected to sinusoidal strain. The ratio tan ı ≡ G′′/G′ is
referred to as the loss tangent. The plots of tan ı vs. temperature
were used to infer glass transition temperature of cured epoxy and
composites. Dynamic mechanical analysis was performed with a
Pyris Diamond DMA, from PerkinElmer-Seiko Instruments (Boston,
MA) in tensile mode at 3 ◦C min−1 under nitrogen atmosphere, 1 Hz
frequency, and thermal scans from room temperature (25 ◦C) to
300 ◦C. Thermal stability of composites was investigated in a TGA
2050 device from TA Instruments (New Castle, DE). Specimens
weighing ca. 6 mg were subjected to thermal scan from room tem-
perature up to 1000 ◦C, at a scan rate of 20 ◦C min−1 in nitrogen gas.
The changes in morphology of the specimens due to hygrothermal
exposure were inspected by scanning electron microscopy (SEM).
The specimens were dipped in liquid nitrogen and fractured by
impact. The fractured samples were coated with silver using a
K575x sputter coater from Emitech (Kent, England) under argon
gas atmosphere. Surface morphology was observed using a SEM
S-2150 from Hitachi (Ibaraki, Japan) at 25 kV.

3. Results and discussion

The data on hygrothermal aging in acid solution and in water are
discussed below. It was found that the surface appearance, electri-
cal conductivity, and dynamic mechanical properties of specimens
subjected to hygrothermal aging in 6 wt% hydrogen peroxide solu-
tion were indistinguishable from those in water. In view of this, the
data on hygrothermal exposure in hydrogen peroxide solution are
not discussed.

3.1. Water absorption
The mechanism of water diffusion was studied from the amount
of water uptake by the specimens. The water uptake was calculated
from Eq. (1):

M(%) = W − Wd

Wd
× 100 (1)

In Eq. (1), M is water uptake in percent by weight of the dry spec-
imen, W is the weight of the specimen at time t, and Wd is the
weight of the dry specimen. Water absorption profiles for the epoxy
resin and composites are presented in Fig. 1. It is apparent that
the water absorption in all materials followed the Fickian diffusion
model, whereby the amount of absorbed water increased linearly
with the square root of time in the early periods and reached
equilibrium water content after about 100 h. This is contrary to
what was observed by other researchers, e.g., Zhou and Lucas [46]
reported non-Fickian water diffusion behavior in graphite/epoxy
composite laminates at reflux temperature greater than 90 ◦C. Bao
et al. [36,55–57] reported two-stage diffusion model for the bis-
maleimide matrix carbon fiber composites system with the first
and the second stages being diffusion- and relaxation-controlled,
respectively. It is seen from Fig. 1 that the maximum water uptake
Fig. 1. Water uptake with time by cured epoxy and epoxy composites of EG and CB.
Water uptake is given as gram of water per one hundred gram of cured epoxy.

by neat cured epoxy was 4.3 g water per 100 g cured epoxy. The
composites, on the other hand, showed substantial reduction in
water uptake, e.g., about 3.4 g water per 100 g cured epoxy, which
was equivalent to 1.8 g water per 100 g of cured composite. Such
reduction in total water absorption in composites can be attributed
to the presence of EG and CB fillers. The presence of close to 50 wt%
of EG should also make the composites more hydrophobic in nature.
A positive ramification of this can be easier water management in
the operation of fuel cells.

Although water absorption profiles in Fig. 1 present a clear trend,
men at times t1 and t2, respectively. The values of times t1 and t2
were chosen in the linear regime in Fig. 1. A clear trend is apparent
from the data in Table 1. Water diffusivity of composites was more
than an order of magnitude smaller than those of epoxy resins. This
can be attributed to the hydrophobic nature and the layered struc-
ture of EG particles which presented higher barrier to diffusion of
water molecules.

Table 1
Water diffusivity in epoxy resin and composites

Material Epoxy/EG/CB Medium Mm (%) (6 months) D (×10−6 mm2 s−1)

100/0/0 Water 4.22 8.4
100/0/0 Acid 4.20 10.2
50/50/0 Water 1.62 0.46
50/50/0 Acid 1.59 0.34
50/47/3 Water 1.77 0.53
50/47/3 Acid 1.72 0.52
50/45/5 Water 1.46 0.69
50/45/5 Acid 1.52 0.66

The materials are designed by parts by weight of epoxy, EG, and CB.
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Fig. 2. Water desorption profile of epoxy resin and composites during drying after
hygrothermal exposure. The drying temperature in Steps I and II were, respectively,
60◦ and 140 ◦C. In this case, 100% absorbed water for each composite represent the
value of Mm in Table 1.

3.2. Water desorption profile

Water desorption profile was obtained by drying the specimens
at 60 ◦C for 3 months, referred to as Step I, and then at 140 ◦C
for another 3 months, referred to as Step II. The weight percent
of moisture remaining in specimens in various steps is shown in
Fig. 2. The amount of water desorbed was calculated from Eq.
(3):

Mloss(%) = Mm − Mt

Mm
× 100 (3)
Mt = Wt − Wd (4)

where the Mloss is the percentage of weight loss due to desorp-
tion of water, Mm is the maximum water uptake by the specimens
obtained from the data in Fig. 1, Mt is the weight of water that
remained in the specimens at time t, Wt is the weight of the
specimens at time t, and Wd is the weight of the dry specimens.
Fig. 2 reveals that the weight of desorbed water also showed lin-
ear behavior with the square root of time at the beginning, and
reached a plateau at long time at the drying temperature of 60 ◦C
(Step I). Note however, that not all water absorbed by the sam-
ple could be removed in Step I, e.g., approximately 4 wt% of the
original absorbed water (Mm in Table 1) could not be removed
from the specimens with further increase of drying time at 60 ◦C.
This residual water in the specimens is referred to as locked-in
water [47] and can only be removed at temperatures higher than
the boiling temperature of water. In view of this, the drying tem-
perature was elevated to 140 ◦C in Step II. Zhou and Lucas [47]
postulated that two types of bound water exist for cross-linked
epoxy resins. Type I water (as in Step I) is bound by Van der
Waals forces or by single hydrogen bonding, while the residual
water molecules (removed in Step II) are usually multiply hydrogen
ources 182 (2008) 223–229

bonded with the epoxy molecules and are termed Type II bound
water. Thus the trend seen in Fig. 2 reveals that both Type I and
Type II bound water were present in the materials considered in
this work.

The water that was removed at 60 ◦C may have resided in the
free volume of the samples or was bound with epoxy molecules
by Van der Waals and/or single hydrogen bonding. Fig. 2 reveals
that this Type I bound water was easily removed from the
samples and constituted the majority of water absorbed in the
samples. It is seen in Fig. 2 that the original weights of the spec-
imens were recovered after drying at temperature of 140 ◦C for 3
months. This indicates that water absorption–desorption process
is reversible, a ramification of which is the absence of chem-
ical degradation during the reflux process, such as hydrolysis
of epoxy. However, some researchers reported weight loss after
hygrothermal aging process, indicating the possibility of chemical
degradation [28–35,43,45,53–58], which was not the case in this
study.

Fig. 2 also reveals that the water desorption rate of
graphite/epoxy composites was much lower than that of unfilled
epoxy resin. Thus, it can be inferred that EG particles not only
slowed down the water absorption rate as seen in Fig. 1, but
also slowed down the water desorption rate. Note that both
water absorption and desorption processes are governed by water
diffusion and that the presence of EG particles in the compos-
ites substantially reduced the value of water diffusion coefficient
(Table 1). After the drying Step I, the epoxy resin recovered most
of its original weight, but some locked-in water remained in
all graphite/epoxy composites. The locked-in water was finally
removed from the samples in Step II. As will be seen later, this
behavior affected the value of thermal degradation temperature
T1.

3.3. Dimensional stability, surface appearance, and morphology

The specimens subjected to water and acid reflux presented no
discernible changes in material dimensions. The thickness of the
specimens recorded before and after reflux and after drying did
not show any change from the original specimen thickness, indi-
cating that the specimens had excellent dimensional stability. An
inspection by optical microscope also did not reveal any changes in
surface appearance in specimens.

Some researchers reported that hygrothermal aging processes
caused micro-cracking, micro-voids, or debonding at the interface

between fillers and polymer matrices caused by water [29,44].
The morphology of cold-fractured surfaces of composite spec-
imens after hygrothermal exposure was inspected by scanning
electron microscopy as presented in Fig. 3. The SEM images pre-
sented in Fig. 3 show no apparent interface debonding between
graphite particles and epoxy and no micro-cracking or micro-
voids in the composites. The absence of interface debonding
between graphite and epoxy can be interpreted as follows. Graphite
layers are known to contain the functional groups, such as car-
boxyl, epoxide, hydroxyl, and carbonyl on the surface [63–66], as
revealed from X-ray photoelectron spectroscopy (XPS) data pre-
sented in Figs. 4 and 5. The XPS data was obtained using a VG
ESCALAB Mk II system under high vacuum conditions. The alu-
minum anode on a Mg/Al X-ray source was used at a power
of 180 W with a fixed analyzer transmission energy of 100 eV.
Specifically, Fig. 5 presents evidence that the EG particles used
in this work contained carboxyl, carbonyl, ether, epoxide, and
ester functional groups contributing to approximately 3.9 wt%
of the surface composition. Of these, carboxyl and epoxide can
react with the amine groups of the curing agent DDS and result
in covalent bonding between graphite and epoxy. In addition,
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Fig. 3. Morphology of cold fractured specimen EP/EG/CB (50/50/0) composite (a)
before and (b) after hygrothermal exposure in acid solution obtained by scanning
electron microscopy method.

the polar functional groups on graphite particles also partici-
pate in hydrogen bonding with hydroxyl and substituted amine
groups in cross-linked epoxy. The strongly bonded interface thus
formed delivers high resistance to water attack on the inter-
faces.

Fig. 4. XPS spectrum of expanded graphite.
Fig. 5. Narrow XPS spectrum of the C (1s) region of EG. The convoluted peaks cor-
responding to graphitic carbon and polar functional groups are shown.

3.4. Electrical conductivity and mechanical properties

It is imperative that the graphite/epoxy composites must have
very high electrical conductivity at the dry state and should main-
tain high electrical conductivity during the service life. Thus one
aim of this study was to monitor the electrical conductivity of
the composites during the hygrothermal exposure. The electrical
conductivity of the epoxy composites was measured periodically

during the hygrothermal aging process, and the data is shown
in Fig. 6. It is seen that electrical conductivity of the specimens
decreased only slightly due to hygrothermal exposure, and all speci-
mens maintained electrical conductivity at higher than 400 S cm−1.
Note that the conductive filler content in these composites was sub-
stantially higher than the percolation threshold. Thus, water uptake
had very little influence on the global conductive filler network
structures in these composites. In view of the data presented in
Fig. 6, we can infer that the composites studied in this work should
be able to maintain stable high values of electrical conductivity at
the PEM fuel cell service conditions.

The polymer composite bipolar plates should also retain good
mechanical properties so as to support thin membranes and elec-
trodes, and withstand the clamping forces for the PEM fuel cell stack
assembly. Thus hygrothermal effects on mechanical properties of
epoxy resin and composites also need to be monitored. In this paper,
the mechanical properties were inferred from dynamic mechani-
cal properties of the materials after hygrothermal exposure. A set
of representative data is presented in Fig. 7.

Fig. 6. Change in in-plane electrical conductivity of composites with time of
hygrothermal exposure. Solid lines connect data points and guide the eye.
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case of phenol novolac epoxy cured by DDS [67].

3.5. Thermal stability of the composites

The thermal stability of the composites was characterized in
terms of thermal degradation temperatures (T1 and T2), derived
from fractional weight loss vs. temperature plots. A representative
plot is shown in Fig. 8. In this case, T1 and T2 represent the
temperature at 5 wt% weight loss and the maximum rate of weight
loss, respectively. The values of Tg measured by DSC, T1, and T2 of
composites are presented in Table 3. It is evident that Tg of wet
specimens decreased slightly. However, after re-drying, the values
of Tg were restored to their values before hygrothermal exposure.
A slight increase is also seen for some re-dried specimens. The
reduction in Tg of wet specimens can be attributed to the moisture-
induced plasticization, while the increase in Tg of the re-dried
specimens was due to post-curing of epoxy. Some researchers sug-
gested that loss of small molecules during long-term hygrothermal
exposure may also cause an increase in Tg [38,68]. In our case,
however, the water desorption data in Fig. 2 indicate that this
Fig. 7. Effect of hygrothermal exposure on (a) storage modulus (G′) and (b) loss
tangent (tan ı) of EP/EG/CB (50/45/5) composite obtained by DMA. Data obtained
prior to hygrothermal exposure are designated as “Before”.

Table 2
Glass transition temperatures inferred from the peaks of tan ı vs. temperature curves
of DMA before and after hygrothermal aging process

Epoxy/EG/CB Tg (◦C)

Before Water Acid

100/0/0 186 185 189
50/50/0 190 204 203
50/49/1 188 204 202
50/48/2 187 205 204
50/47/3 189 201 202
50/46/4 185 203 202
50/45/5 189 202 201
50/44/6 186 202 201

It is seen from Fig. 7 that the values of storage modulus
(G′) increased due to hygrothermal exposure, which is counter-

intuitive. It is also seen that the materials subjected to hygrothermal
exposure maintained high values of G′ up to approximately 160 ◦C
compared to 130 ◦C in the case of the original materials. This also
indicates that no degradation occurred in the materials as already
discussed. The loss tangent (tan ı) vs. temperature plots of com-
posites show that the peaks of tan ı shifted to higher temperatures
for all composites after reflux, indicating that the glass transition
temperatures also increased as a result of the hygrothermal expo-
sure. Table 2 presents the values of Tg determined from the peak of
tan ı vs. temperature plots as function of the type and the amounts
of fillers. The trend presented in Table 2 was also verified from
measurement of Tg by differential scanning calorimetry (DSC), see
Table 3. A TA Instruments (New Castle, DE) DSC 2920 Modulated
DSC was used for this purpose with a heating rate of 10 ◦C min−1.
Another curious observation can be made from the data presented
in Fig. 7b; the peaks of tan ı for composites became very broad
and even split into two peaks after hygrothermal exposure. This
kind of splitting of the peaks of tan ı was observed earlier by other
researchers [38,44] and can be attributed in our case to slow post-
curing that occurred during long-term (6 months) exposure of the
ources 182 (2008) 223–229

Fig. 8. Thermal degradation temperatures of EP/EG/CB (50/45/5) composites before
and after hygrothermal exposure determined by TGA.

specimens to boiling water and boiling acid solution. The same
argument of long-term post-curing can be invoked to interpret the
increase of storage modulus in materials subjected to hygrother-
mal exposure (Fig. 7a). The unfilled, cured epoxy also showed an
increase of the values of storage modulus upon hygrothermal expo-
sure. The same observation was made by other researchers in the
Table 3
Glass transition temperatures determined by DSC (scan rate 10 ◦C min−1) and ther-
mal degradation temperatures of epoxy resin and composites before and after
hygrothermal aging process

Material Conditions Tg (◦C) T1 (◦C) T2 (◦C)

Epoxy Before 182 390 424
Wet water 171 367 424
Wet acid 172 352 424
Re-dried water 187 NA NA
Re-dried acid 186 NA NA

50/50/0 Before 177 392 415
Wet water 170 371 416
Wet acid 169 305 413
Re-dried water 182 NA NA
Re-dried acid 181 NA NA

50/45/5 Before 174 370 402
Wet water 168 363 393
Wet acid 167 358 395
Re-dried water 179 NA NA
Re-dried acid 180 NA NA
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was possibly not true and that there was no dissolution loss from
the epoxy resin and the composites. Thus, the increase in Tg seen
in Tables 2 and 3 should be attributed to the post-curing of the
specimens during hygrothermal exposure. For wet samples with
absorbed water, however, the plasticization effect dominated over
the effect of post-curing and caused an overall reduction in Tg.

The data in Table 3 shows that after water and acid refluxes,
T2 remained at the same high values as for materials before reflux.
The values of T1 of specimens decreased after reflux owing to water
evaporation upon heating. The small peaks in the derivative of
weight loss data for all graphite/epoxy composites correspond to to
the removal of water at around 200 ◦C. The inset of Fig. 8 presents
a representative set of data for the composites; no corresponding
small peaks were observed in the derivative of weight loss data of
unfilled epoxy resin. Recall from Fig. 2 that the presence of graphite
in composites prevented removal of absorbed water from the spec-
imens. In addition, the composites contained more locked-in water.
Consequently, small peaks appeared at around 200 ◦C for all com-
posites during the thermal degradation test, which correspond to
water evaporation. For unfilled epoxy resin, however, the water was
almost completely removed at lower temperatures and no water
evaporation peak was observed.

4. Conclusions

The study showed that water diffusion in both unfilled epoxy
resin and composites followed linear Fickian diffusion behav-
ior. This indirectly indicated that no chemical degradation of
epoxy occurred in the composite specimens. It was also seen that
incorporation of EG rendered composites more hydrophobic and
significantly decreased the maximum water uptake and water dif-
fusivity. Accordingly the composites studied in this work would
yield favorable performance for water management in PEM fuel
cells. It was seen that composites were dimensionally stable and
did not undergo changes in surface appearance and in morphology.
The water desorption profile showed that water absorption process
was reversible. DSC and TGA data indicated that the composites
would be thermally and chemically stable under the PEM fuel cell
service conditions. Also long-term hygrothermal exposure would
have very little effects on electrical conductivity and mechanical
properties of the epoxy composites. Thus, the graphite-based epoxy
composites developed in this study would meet most requirements
for application as bipolar plates in PEM fuel cells.
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