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bstract

In this paper, a method with the potential to rapidly produce thermoplastic polymer composite bipolar plates with improved formability and
hrough-plane conductivity is described. In our earlier work, it was reported that composite bipolar plates made with graphite filled wet-lay materials
xhibited excellent mechanical properties and in-plane electrical conductivity. However, the through-plane conductivity and formability of the
aterials needed improvement. In this work, laminate polymer composite plates consisting of a wet-lay based core and a fluoropolymer/graphite

kin layer are manufactured in an effort to improve formability and through-plane conductivity. These plates are characterized by their through-
lane and in-plane conductivity, half-cell resistance, and mechanical properties at ambient and elevated temperatures. The laminate plates with

−1
PS based wet-lay core exhibited bulk conductivities of above 300 S cm , tensile strength of up to 34 MPa, and flexural strength of up to 54 MPa.
ompared to the bipolar plates consisting of wet-lay material only, the bipolar plates with laminate structure exhibited an increase in through-plane
onductivity of 25–35%, as well as a decrease in half-cell resistance by a factor of up to 5. The laminate bipolar plates can be manufactured in
everal ways with two of them being discussed in detail in the paper.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Polymer electrolyte membrane (PEM) fuel cells have drawn
ttention as alternative sources of energy for use in stationary
nd automotive applications. Bipolar plates are by weight, vol-
me, and cost one of the most significant parts of a fuel cell
tack. Bipolar plates must exhibit excellent electrical conductiv-
ty, adequate mechanical stability, corrosion resistance, and low
as permeability. Furthermore, bipolar plates must be amenable
o a rapid, low cost processing methodology if they are to be
idely used in the automotive industry.
The endeavor to develop a suitable material for bipolar plate

roduction is based on the following requirements:
Electrical conductivity (>100 S cm−1)1,
low permeability (<2 × 10−6 cm3 (cm2 s)−1)1,

∗ Corresponding author. Tel.: +1 540 231 7870; fax: +1 540 231 2732.
E-mail addresses: brcunni1@vt.edu (B.D. Cunningham), jianhua@vt.edu

J. Huang), dbarid@vt.edu (D.G. Baird).
1 Department of Energy (DOE) & FreedomCAR specified targets [1].
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corrosion resistant (<16 mA cm2)1,
tensile strength (>41 MPa)2,
flexural strength (>59 MPa)2,
high thermal conductivity (>10 W (m K)−1)2,
chemical and electrochemical stability,
low thermal expansion,
efficient processability.

The electrical conductivity target is specified as bulk, or in-
lane conductivity. Although no target has been specified for
hrough-plane conductivity, it is thought to be an important mea-
urement because the through-plane direction is the route that
lectrons travel in an operating fuel cell. Corrosion resistance is
ainly a concern with metal plates and metal-coated fibers, but
t can also apply to polymer systems that may dissolve electro-
hemically in a fuel cell. The mechanical targets are specified
or ambient temperature, while targets at elevated temperatures
ave not yet been specified. Efficient processability incorporates

2 Plug Power targets [2].
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everal factors, including material and production costs and the
bility to be rapidly manufactured.

Traditional materials for producing bipolar plates are sintered
raphite and metal. Graphite plates have been used because they
ossess high electrical conductivity, corrosion resistance, and a
ower density than that of metals [3]. Problems with graphite
lates include brittleness and the cost associated with machining
hannels into the surface. Because the material and machining
ost of graphite plates are exorbitant, at least for the automo-
ive industry, the development of a more suitable material has
rawn extensive research. Metal bipolar plates such as stainless
teel, aluminum, and titanium have gained attention for their
igh electrical conductivity, mechanical strength, and negligible
as permeability [3–5]. The main advantage with metal plates is
hat channels can be embossed or etched into the surface, reliev-
ng much time and cost associated with machining. However,
ecause metals are subject to corrosion and leaching of ions, a
oating must be applied to the surface to provide a protective
ayer. Unfortunately, the protective layer can be highly electri-
ally insulating, drastically reducing the bulk conductivity of the
late. Additionally, metal plates contribute a significant amount
f weight to the overall fuel cell stack. Therefore, it is desired
o make the metal plates very thin.

In an effort to improve on sintered graphite, researchers at
ak Ridge National Laboratory (ORNL) have developed car-
on/carbon composite bipolar plates by slurry molding carbon
ber and phenolic resin [6]. ORNL researchers claim that the
lates have high electrical conductivity and adequate mechani-
al stability. However, the manufacturing step in the production
f carbon/carbon plates is complex and expensive due to a chem-
cal vapor infiltration (CVI) process. CVI operates at very high
emperatures for extended times, sealing the carbon/phenolic
esin preforms by depositing carbon onto the surface. Unfortu-
ately, channels must still be machined into the surfaces of the
arbon/carbon plates.

Graphite-based polymer composite bipolar plates have shown

o potentially meet target requirements. They offer advantages
uch as lower cost, higher flexibility, and are lighter in weight
hen compared to metallic and graphite plates. The gas flow

hannels can be molded directly into the surfaces of the plate,

c
o
m
c

able 1
omparison of conductive and mechanical properties for several polymer composite

ource Polymer Graphite/glass or carbon
reinforcing fiber (w/w%)

C

I

arget
E [21] PVDF 80/0
E [11] PVDF 64/16 CF
ANL [8] Vinyl Ester 68/0
MC [22,23] Vinyl Ester 70/0
lug Power [2] Vinyl Ester 68/0
atent [24] Epoxy 90/0
uPont [25] – –
irginia Tech [13] PET 65/7 GF
irginia Tech PPS 70/6 CF

a DOE target for conductivity [1].
b Plug Power targets for mechanical strength [2].
wer Sources 165 (2007) 764–773 765

liminating the need for a costly machining step. Researchers
t Los Alamos National Laboratory (LANL) have developed a
ipolar plate based on a vinyl ester thermosetting polymer resin
nd graphite powder [2,7]. Bulk conductivities were measured
o be as high as 85 S cm−1, with tensile and flexural strength
t 25 and 38 MPa, respectively which are still lower than the
pecified targets. A compression molding process was used for
roducing the bipolar plates in which channels were formed in
ess than 10 min [8,9]. The advantage in using a thermosetting
olymer is that when the polymer is heated and compression
olded, the plate cures and does not require subsequent cool-

ng. Therefore, the plate can be immediately released from the
old. However, a postcure may be necessary, and can take as

ong as 1 h to complete [8]. Blunk and coworkers [10] have devel-
ped an epoxy-based system using expandable graphite that has
xhibited low resistances. However, the flexural strength of the
lates did not reach the target value. Although the graphite filled
poxy system has shown potential for use in bipolar plate pro-
uction, the generation of the epoxy bipolar plates requires a
0 min curing time and the expandable graphite is anticipated
o be expensive to manufacture. The epoxy-based bipolar plates
lso require the machining of channels. Poly(vinylidene fluo-
ide) (PVDF), a thermoplastic fluoropolymer matrix, has been
sed with graphite particles and carbon fiber to produce bipolar
lates [11]. Bulk conductivity values have reached 109 S cm−1,
xceeding the DOE target. However, the flexural strength was
nly 42.7 MPa, lower than the goal of 59 MPa. Liquid crystalline
olymer/graphite mixtures have been considered for bipolar
late production because of their ability to be injection molded
ue to the low viscosity of the polymer [12]. The injection mold-
ng process allows for a relatively short cycle time of 30 s. Bulk
onductivities have reached as high as 100 S cm−1, just reaching
he minimum target, but no mechanical properties or through-
lane conductivities were reported, and it is anticipated that the
echanical properties may not reach the targets.
Huang and co-workers [13,14] reported the development of
onductive polymer composite materials generated by means
f a wet-lay process. The wet-lay materials were compression
olded to form highly conductive and strong bipolar plates. Bulk

onductivities (in-plane) and mechanical properties of the plates

materials used in the production of bipolar plates

onductivity (S cm−1) Mechanical strength (MPa)

n-plane Through-plane Tensile Flexural

>100a – 41.0b 59.0b

119 – – 30.0
109 – – 42.7

60 – 23.4 29.6
95 50 30.3 38.6
55 20 26.2 40.0
3 – – –
– 25–33 25.1 53.1

230 18–25 36.5 53.0
271 19 57.5 95.8
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Fig. 1. The process to develop

ere higher than that of any other polymer composite plates
see Table 1). However, the through-plane conductivity, half-cell
esistance, and formability of the plates needed further improve-
ent. Considering that the half-cell resistances were previously
easured on monopolar plates (i.e. single-sided plate), the val-

es are expected to be even higher for the double-sided bipolar
lates if no further improvements are made for the materials.

In this paper, a laminate structure is proposed to improve
he formability and through-plane conductivity of the bipolar
lates. The bipolar plates with wet-lay material in the core and
hermoplastic (e.g. PVDF)/graphite composite powders on the
uter layers are generated by two methods. One is to put com-
osite powders on the surfaces of the wet-lay sheet stacks and
ompression mold at a temperature to melt the polymer which
s called the one-step molding method. The other is to generate
consolidated wet-lay composite plaque first, followed by the

ddition of composite powders on the surfaces of the flat plaque
nd compression mold the composite (at a temperature sufficient
o melt the polymer in the surface only). This is called the two-
tep molding method. We will asses the bipolar plates made
y the two different methods and discuss the advantages and
isadvantages of the processes. The evaluation will be focused
n the electrical conductivity and mechanical properties of the
omposites, as well as the half-cell resistance and appearance of
he bipolar plates. Instead of single-sided bipolar plate as used
reviously, bipolar plates with gas follow channels on both sides
ill be generated and used in the evaluation. It turns out to be

mportant to generate and evaluate bipolar plates under condi-
ions as close as possible to those experienced by the bipolar
late under fuel cell operating conditions.

. Experimental

.1. Materials

Two thermoplastics used in the form of fibers were
oly(ethylene terephthalate) (PET) (6 mm long) and poly
phenylene sulfide) (PPS) (6 mm long) at levels in the range

f 13–40 wt%. Conoco carbon fibers (nominal length 1/2”)
r E-glass fibers were used as reinforcing fibers in the range
f 6–9 wt%. Timrex® KS-150 and TimcalTM TC-300 graphite
articles were used as the conductive filler in the range of

b
b
o

ay polymer composite sheets.

0–80 wt%. Microglass (1 wt%) was also added to help par-
icle retention. PVDF (Kynar 761 from Arkema Inc.) was used
n combination with TC-300 graphite powder as the laminate

aterial.

.2. Production and molding of wet-lay composite sheet
aterial

In Fig. 1 is shown the scheme for production of the wet-lay
omposite materials and bipolar plates. Wet-lay sheets contain-
ng a thermoplastic fiber, reinforcing fiber, conductive graphite
articles, and microglass were generated with a slurry-making
rocess on a Herty papermaking machine donated by DuPont.
he slurry contained 1 wt% solids in water. First, the cut ther-
oplastic fibers were added to the water in a pulper and agitated

or 10 min. Next, the cut reinforcing fibers, graphite particles,
nd microglass were added and mixed for 3–6 min. The slurry
as then pumped into a head box containing a sieve screen, gen-

rating a sheet of porous material. The sheet was continuously
olled through an oven at the melting point of the polymer to
ontinue drying and partially melt the thermoplastic fibers.

The procedure carried out by Huang and co-workers [13,14]
or making a test sample or bipolar plate from wet-lay material
as followed in this work. The material was cut to fit the shape
f a mold and stacked to provide a desired thickness. The mold
as then placed between platen heaters of a hydraulic press set

t approximately 20 ◦C above the melting point of the thermo-
lastic fiber (277 ◦C for PET based composites, 305 ◦C for PPS
ased composites). The material was compression molded for
–10 min at a constant compaction load of 10,000 pounds. The
laten heaters were turned off and the mold was allowed to cool
o 30 ◦C while still under pressure. The mold was then removed
rom the press and the flat plaque or bipolar plate was taken out
f the mold. Although a batch process was used in this work, a
ontinuous process is envisioned in the future.

.3. Novel laminate approach
In this paper are described two methods to produce laminate
ipolar plates. The first, called the one-step method, was begun
y covering the bottom surface of the mold with a desired amount
f PVDF/graphite mixture and spreading it evenly over the sur-
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ig. 2. One side of a laminate polymer composite bipolar plate showing the 7-
hannel parallel serpentine style design. Plate dimensions are 4.75 in. × 5.5 in.
hannel dimensions are 0.8 mm × 0.8 mm.

ace. Next, a pre-determined number of wet-lay sheets were
tacked on top of the PVDF/graphite mixture. Finally, another
ayer of PVDF/graphite (same amount as placed in the bottom
f the mold) was spread evenly on top of the wet-lay sheets. The
old was closed and placed into a heated press for compression
olding. The molding temperature for this method was based on

he polymer with the higher processing temperature (i.e. using a
PS based wet-lay core this is about 300 ◦C). Upon compression
olding, the PVDF/graphite powder penetrates into the porous
et-lay material (>50% voids) to help bond the skin layer to the

ore material. The second process is called the two-step method.
irst, the wet-lay sheets by themselves were placed into a heated
old and compression molded to form a pre-consolidated flat

laque. After being removed from the mold, PVDF/graphite was
dded to the bottom surface of the mold and on top of the flat
laque similar to the one-step method. The mold was closed
nd placed into a heated press for compression molding. The
olding temperature for this method was set at approximately

00 ◦C. A lower processing temperature was used because the
et-lay material was already consolidated, and only the PVDF

equired processing. In the two-step method the sole form of
onding between the skin layer and the wet-lay core was adhe-
ion between the surfaces. The level of PVDF/graphite powder
dded to the surfaces of the wet-lay material was varied from
5 to 33 vol% (on each side) to evaluate how differences in the
evel of laminate layer would affect the composite properties. In
ig. 2 is shown a picture of a compression molded laminate bipo-

ar plate of dimensions 4.75 in. × 5.5 in. with 0.8 mm × 0.8 mm
arallel serpentine style channel design.

.4. Measurement of mechanical properties
The tensile and flexural tests were performed on an Instron
204 at room temperature in accordance with ASTM D638
nd D790 standards, respectively. The mechanical tests were
lso performed at 80, 100 and 120 ◦C to evaluate the strength

2
2
s
c

wer Sources 165 (2007) 764–773 767

n an environment that more accurately reflects that found
n PEM fuel cells. The specimens sizes were approximately
6.2 mm × 8.5 mm × 3.0 mm (L × W × T) and were cut from a
at plaque.

.5. Measurement of in-plane and through-plane
onductivity

In-plane (bulk) conductivities were measured according to
STM Standard F76–86. Current contacts were placed at the

our corners of the plaque allowing for a constant current to pass
hrough the specimen. The voltage drop was measured across the
pecimen with a Keithley 2000 digital multi-meter at ambient
onditions. Two characteristic resistances, RA and RB were mea-
ured. The plaque resistance, RS, is obtained by solving the Van
er Pauw equation:

xp

(−πRA

RS

)
+ exp

(−πRB

RS

)
= 1 (1)

The resistivity, ρ, is given by ρ = RSd, where d is the thickness
f specimen. The volume conductivity, σB, is defined as 1/ρ.

Through-plane conductivities were measured based on a
ethod proposed by Landis et al. [15]. A 76.2 mm × 76.2 mm

laque was placed between gold plated copper electrodes.
etween the electrodes and sample was placed a piece of carbon
aper (Toray TGP-H120) to improve electrical contact between
he electrodes and sample. The system was placed under a com-
action force of 2000 pounds (approximately 1000 psi) and the
esistance was measured. The sample was removed, and the
esistance of the test cell (including carbon paper) was mea-
ured again under the same conditions to obtain a “baseline”
esistance. The sample resistance could then be calculated by
ubtracting the baseline resistance from the total resistance. The
esistivity of the material was calculated by:

= [(RT − Rbaseline)A]

L
(2)

here ρ is the resistivity, A the cross-sectional area of sample,
is the thickness of sample, and RT and Rbaseline are total resis-

ance and baseline resistance, respectively. The through-plane
onductivity, σ�, was then calculated as 1/ρ.

.6 Measurement of half-cell resistance

To measure the half-cell resistance of a bipolar plate, an
pparatus was set up similarly to the one used to measure
hrough-plane conductivity. A bipolar plate having dimensions
2.2 cm × 14.0 cm × 0.3 cm and an active area of 100 cm2 was
laced between the gold plated copper electrodes. Carbon paper
Toray TGP-H-120) was placed on both sides of the bipolar plate,
nd hence, in between the sample and electrodes. The size of the
arbon paper was 10 cm × 10 cm in order to completely cover the
ctive area. The sample was placed under a compaction force of

000 pounds (approximately 130 psi) while a constant current of
50 mA was passed through the sample. The potential was mea-
ured between the collectors and the half-cell resistance was
alculated based on Ohm’s law. The bipolar plate was removed,
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negative effect on overall mechanical properties as shown in
Figs. 3 and 4. The wet-lay core material typically contained
70–0 wt% graphite particles. Therefore, for this paper a nomen-
68 B.D. Cunningham et al. / Journal

nd the potential across the electrodes and carbon paper was
easured to produce a baseline resistance. The baseline resis-

ance, that is the resistance of the testing circuit excluding the
ipolar plate but including carbon papers and electrodes, was
easured after testing of the plate. This was done to ensure the

tability of the baseline of the instrument and to evaluate the
ontribution of the bipolar plate to the total half-cell resistance.

. Results and discussion

.1. Production of the wet-lay composite materials and
ipolar plates

The initial idea to produce bipolar plates from wet-lay gener-
ted material was based on the desire to overcome the restriction
n adding high levels of fillers (>50%) to a polymer matrix
hile allowing the material to flow and fill the cavity of a mold.
hen a slurry was produced with thermoplastic fibers, rein-

orcing fibers, and conductive graphite particles, filler loading
evels >80% have been successfully reached while allowing the

aterial to be compression molded [13,16].
PET was the initial thermoplastic fiber used for the devel-

pment of wet-lay material. Because PET may not be the ideal
olymer matrix for bipolar plates due to hydrolytic degradation,
e turned our attention to the modification of the PET based
aterial.

.2. Production of laminate composite materials and
ipolar plates

It was found that a mixture of chemical resistant polymer and
raphite particles could be used to form a protective layer for
he PET composite plate [13,17]. The conductive polymer mix-
ure that forms the skin layer should meet several requirements,
ncluding excellent chemical and electrochemical resistance,
igh electrical conductivity, and formation of a composite with
ood adhesion at the interfaces. PVDF (Kynar 761) meets these
equirements, and also possesses a broad processing tempera-
ure range (from 175 to 300 ◦C) that overlaps with the molding
emperature of PET [18]. Therefore, the outer layer consisted
f a 20/80 wt% ratio of PVDF/graphite. The ratio was chosen
n order to maintain a consistent level of filler concentration
hroughout the skin layer and wet-lay core.

While concerns still remain for using PET based material
n a fuel cell environment, an alternative thermoplastic matrix
as investigated. PPS is a semi-crystalline polymer with a
elting temperature of 285 ◦C and a high degree of chemical

esistance. The highly stable chemical bonds of its molecu-
ar structure impart a remarkable degree of molecular stability
oward both thermal degradation and chemical reactivity, mak-
ng it an improved matrix over PET [19]. It is regarded as second
nly to polytetrafluoroethylene (PTFE) in overall chemical resis-
ance [20]. Furthermore, results have shown (Table 1) that PPS

ased wet-lay composites exhibit comparable conductivity and
uperior mechanical properties relative to PET based wet-lay
omposites [13]. Therefore, it was believed that using PPS based
et-lay material in the core of a bipolar plate could provide suf-

F
o
m

ig. 3. Flexural strength of various volume percents of skin layer on the surfaces
f a PPS-TC70 core material processed by the one-step (�) and two-step (©)
ethods at ambient conditions. Error bars indicate 1S.D.

cient strength, while the PVDF in the laminate layer could
e used to promote improved formability when compression
olded and the possibility for a significant reduction in the

eating/cooling cycle of the molding process.
The volume percent of laminate material for a given plate

as varied to obtain a balance of conductivity, mechanical
trength and complete formation of gas flow channels into
he PVDF/graphite powder. Based on formability observations,
0 vol% PVDF/graphite on each surface was found to be the
inimum level that still allowed for complete formation of chan-

els into the PVDF/graphite powder using our specific channel
esign. Dropping below 20 vol% did not provide sufficient lam-
nate material for channel formation with our channel design,
hile increasing the laminate content above 20 vol% had a
ig. 4. Tensile strength at various volume percents of skin-layer on the surfaces
f a PPS-TC70 core material processed by the one-step (�)) and two-step (©)
ethods at ambient conditions. Error bars indicate 1S.D.
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Fig. 5. Envisioned process for the continuous manufacturing of laminate p

lature of 20Lam80PPS designates that the entire laminate plate
onsists of 20 vol% of PVDF/graphite mixture on each surface,
ith the wet-lay core consisting of a PPS matrix with 80 wt%

onductive graphite particles.
As stated in Section 2.3, the laminate plates were produced by

ither the one-step or two-step molding method. Potentially there
ould be differences in the mechanical strengths of plates pro-
uced by the two methods because of differences in adhesion of
he outer layer to the core composite material. Furthermore, pro-
essing schemes will be different because in the one-step method
he entire part has to be heated, whereas in the two-step method
nly the surfaces have to be heated. In the one-step method, the
aminate powder was added to the surfaces of sheets of porous
et-lay material. Unfortunately, the porous wet-lay material typ-

cally exhibited a significant amount of loft. When a number of
et-lay sheets were stacked, loft was further enhanced. It was
ifficult to manually spread the laminate powder evenly over a
on-uniform surface such as the porous wet-lay sheets. The two-
tep method offered an advantage over the one-step method. It
as found to be significantly easier to evenly spread the laminate
owder over a solid, flat surface. Therefore, it may be possible to
ontinuously manufacture bipolar plates by the two-step method
s shown in Fig. 5. In this process, sheets of wet-lay material

ay be continuously rolled through a calendar creating a com-

acted blank plaque. The laminate powder can be metered onto
he surface while being continuously rolled to other parts of the
rocessing line. The potential disadvantage in this process is the

c
b
s
w

able 2
onductivity results of laminate flat plaque test specimens consisting of an 80/20 rati
raphite concentration, and processing method

aterial designating the amount and type of
raphite contained in the wet-lay core

Processing method

aminate with 70% TC-300 graphite in core One-step
aminate with 70% TC-300 graphite in core Two-step
aminate with 70% KS-150 graphite in core One-step
aminate with 70% KS-150 graphite in core Two-step
aminate with 80% KS-150 graphite in core One-step
aminate with 80% KS-150 graphite in core Two-step

laques consisted of 20 vol% laminate layer on both sides.
r composite bipolar plates by pre-consolidating the wet-lay core material.

ossibility for de-lamination to occur due to poor adhesion of the
aminate layer onto the pre-consolidated wet-lay core material.

.3. Electrical conductivity of laminate composite materials

Electrical conductivity is one of the most important properties
f bipolar plates. Huang et al. [13] reported the electrical prop-
rties of wet-lay based composites compared to other polymer
omposite materials (see Table 1). PET and PPS based wet-lay
omposites have exhibited in-plane (bulk) conductivities higher
han 200 S cm−1, well exceeding the DOE target of 100 S cm−1.
hese values were also higher than any other polymer composite
aterial with similar graphite loadings.
In Table 2 are shown electrical conductivity results for the

aminate flat plaque test specimens. The laminate plaques exhibit
mproved in-plane and through-plane conductivities when com-
ared to plaques generated from wet-lay material only. Laminate
laques exhibit bulk conductivities above 300 S cm−1, with
hrough-plane conductivities as high as 50 S cm−1. Both of these
alues represent significant improvements achieved by the lami-
ate structure. When materials of similar compositions differing
nly by processing method are compared, plates produced by
he one-step method exhibit slightly higher conductivities, espe-

ially in the through-plane direction. This may be expected
ecause when the material is compression molded via the one-
tep method, PVDF/graphite powder penetrates into the porous
et-lay material. Therefore, a more conductive network may

o of graphite/PVDF laminate layer on each side, as a function of graphite type,

In-plane conductivity
(S cm−1)

Through-plane
conductivity (S cm−1)

209–325 17–32
203–350 14–24
166–238 16–24
147–178 16–17
164–226 18–26
186–251 15–23
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e generated in the through-plane direction using the one-step
olding method. When comparing the graphite type at the

0 wt% level, it appears that the TC-300 type graphite provides
he composite material with higher in-plane and through-plane
onductivity than those generated using KS-150 graphite. Unfor-
unately, no data has been obtained for composites generated
ith 80% TC-300 graphite particles in the wet-lay material.
It is important to realize that graphite filled polymer com-

osite plates may have different properties and performances in
ifferent directions. It is apparent from Tables 1 and 2 that the
hrough-plane conductivities for all wet-lay and laminate-based
omposites are significantly lower than the in-plane conductivi-
ies. This may be attributed to several possible factors. First, the
raphite particles are not spherical, but rather elongated platelets
hat may orient in a plane perpendicular to the direction of the
ompaction force during molding. This plane is designated as the
–Y (in-plane) direction as shown in Fig. 6. Furthermore, when

orming the wet-lay sheets, the thermoplastic and reinforcing
bers also align in the X–Y direction and may help induce the
raphite particles to orient in the same direction. It is believed
hat for compression molded composite bipolar plates, the higher
he aspect ratio of the graphite used, the greater the ratio
f in-plane to through-plane conductivity. This might explain
hy composites generated from wet-lay and laminate mate-

ial with TC-300 graphite (greater aspect ratio), have a higher
atio of in-plane to through-plane conductivities when compared
o composites generated with KS-150 graphite (smaller aspect

atio) (see Table 2). Although the use of a more spherically
haped graphite particle reduces the in-plane to through-plane
atio, it might not necessarily improve the through-plane condu-
tivity.

c

h
s

able 3
omparisons of mechanical properties of laminate flat plaque test specimens cons
ompression molded at different temperatures using the one-step and two-step metho

aterial Testing
temperature (◦C)

Processing
method

Flexural
(GPa)

0Lam70PPS

20

One-step

7.238
80 3.571

100 3.416
120 2.659

0Lam70PPS

20

Two-step

6.090
80 3.400

100 2.890
120 2.605

0Lam80PPS

20

One-step

6.630
80 3.940

100 3.394
120 2.922

0Lam80PPS

20

Two-step

5.530
80 3.432

100 2.863
120 2.471

5Lam70PPS 20 One-step 8.089
5Lam70PPS 120 One-step 2.900
5Lam70PPS 20 One-step 8.156
5Lam70PPS 120 One-step 2.950

laques consisting of 15, 20, and 25 vol% laminate layers are compared.
ig. 6. Laminate plate representation showing the direction of the X–Y plane
nd Z plane.

.4. Mechanical properties of wet-lay composite materials

In addition to electrical conductivity, the bipolar plates should
lso have adequate mechanical properties to be used in fuel cell
tacks where they would be subjected to a constant compressive
oad. However, for polymer composites doped with high lev-
ls of conductive particles and/or fibers, it is difficult to obtain
igh conductivity and sufficient mechanical properties simulta-
eously. As a result the mechanical properties of most composite
aterials used to produce bipolar plates are still lower than the

arget values with the exception being the PPS based wet-lay

omposites (see Table 1).

Laminate plates produced using a PPS based wet-lay core
ave potential to meet electrical and mechanical properties
imultaneously. In Figs. 3 and 4 are shown the flexural and tensile

isting of a PPS based wet-lay core containing 70 and 80 wt% graphite, and
ds

modulus Flexural strength
at break (MPa)

Tensile modulus
(GPa)

Tensile strength at
break (MPa)

48.9 15.765 34.4
36.9 14.023 25.7
37.7 14.231 27.7
34.3 7.817 25.4

40.1 14.037 26.2
41.2 14.165 27.8
40.1 9.506 30.4
35.5 7.416 25.0

30.6 10.855 25.0
28.2 8.401 17.8
32.2 9.447 14.2
34.8 8.132 18.5

29.9 11.624 15.2
27.7 6.601 16.7
31.6 9.105 15.0
27.2 5.885 18.1

54.0 16.048 32.7
44.7 9.561 29.1
48.8 16.228 26.2
34.1 10.083 23.2
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trengths of laminate plates at various vol% of PVDF/graphite
sing a PPS based wet-lay core and their dependency on the pro-
uction method. The laminate plates exhibit lower strength than
et-lay composite material as reported in Table 1. A decrease

n mechanical properties is expected with the laminate plates
ecause the surfaces are comprised of the relatively weaker
VDF matrix. However, due to the presence of wet-lay in the
ore, the mechanical strengths of the laminate plates still com-
ared well to the vinyl ester and PVDF based polymer composite
aterials, even at high loading levels of the laminate layer

33 vol% on each side). Composite materials generated by the
ne-step method generally show a 30–0% increase in flexural
nd tensile strengths. This increase may be attributed to the pene-
ration of the outer skin layer into the porous wet-lay sheets when
ompression molded, thus creating a stronger network through-
ut the entire plate than those generated by the two-step method
n which the outer layer contains only PVDF and graphite.

In Table 3 are shown the tensile and flexural strengths and
oduli of various compositions of laminate plates using the

ne-step and two-step methods tested at different temperatures.
echanical properties are evaluated at elevated temperatures

ypical of fuel cell operation (80, 100 and 120 ◦C). The moduli
how a significant decrease when temperature is elevated. The
ecrease in modulus is expected, especially because the testing
emperatures are near or above the Tgs of PPS (∼88 ◦C) and
VDF (∼−30 ◦C). The flexural and tensile strengths exhibit a
ignificant dependency on the processing method at ambient
emperature. However, at elevated temperatures there appears to
e less dependency on the processing method. Although the fuel
ell operation temperatures are above the Tgs of both PPS and
VDF, it is believed that the laminate composite bipolar plates
ill be able to withstand the constant compressive forces of a

uel cell stack because both polymers possess high degrees of
rystallinity.

.5. Half-cell resistance of wet-lay composite plates

Although electrical conductivity of the materials used to pro-
uce bipolar plates is important, the performance of the bipolar
late in a fuel cell is the defining characteristic. A bipolar plate
ay have electrical properties that drastically differ from flat

laque test specimens because of the molded gas flow chan-
els in the surfaces. Additionally, interfacial resistance between
ipolar plates and the membrane electrode assembly, gas diffu-
ion layer, etc. also contribute to the total resistance. To evaluate
heir contribution to the electrical properties of the bipolar plates,
alf-cell resistance tests were conducted. In addition to measur-
ng the resistance of the entire assembly, the resistance of the
lectrodes and carbon paper was measured to produce a base-
ine resistance. The measurement of a baseline was found to be
mportant because the contact resistance between current col-
ectors and carbon paper could differ dramatically depending on
he specific collectors used.
Half-cell resistances measured on bipolar plates can exhibit
ignificant differences than those measured on monopolar plates
f similar compositions. Half-cell resistances for wet-lay based
ipolar plates are measured to be 0.11–.19 � cm2 (see Fig. 7).

n
s
h
a

ig. 7. Through-plane conductivity and half-cell resistance comparisons for
ompression molded wet-lay material and laminate plates.

uang et al. [13] reported half-cell resistances for wet-lay based
onopolar plates less than 0.03 � cm2. It is expected that the

alf-cell resistance for wet-lay based bipolar plates would mea-
ure twice as high as monopolar plates of the same composition
ecause of reduced contact area. However, the half-cell resis-
ances of wet-lay based bipolar plates exhibit a four-fold increase
ver that of wet-lay based monopolar plates of the same com-
osition. This may be due to several factors. First, when the
et-lay material is compression molded into a monopolar plate,

he material exhibits poor flowability in the rib area of the mold.
he situation may be worse when using a double-sided mold

nstead of a single-sided mold. Second, due to the anisotropy
f the wet-lay material there may not be uniform pressure over
he plate when compression molding. Because monopolar plates
ypically had a thickness of 2.4 mm while the bipolar plates had
thickness of 3.6–.8 mm, there may be a larger number of voids
resent in the bipolar plate. Last, the active areas for measuring
he half-cell resistance of a monopolar plate was 100 cm2 (chan-
el side) and 168.5 cm2 (flat side), whereas the active areas for
easuring the half-cell resistance of a bipolar plate was 100 cm2

n both sides. Because a smaller total active area was used for
he bipolar plates, and that bipolar plates contain double-sided
eatures, they are likely to exhibit a higher half-cell resistance
han that of monopolar plates.

In Fig. 7 are presented comparisons of the through-plane
onductivities for wet-lay material and laminate composite
aterials, as well as their respective half-cell resistance of a

ipolar plate generated from material of similar compositions.
he through-plane conductivities increase with the addition of
VDF/graphite on the surfaces by 25–5%. Furthermore, the lam-

nate plates exhibit a decrease in half-cell resistance by a factor of
p to 5. An increase in through-plane conductivity is expected for
he laminate plates, but it is surprising to see a greater change in
he half-cell resistance. The dramatic decrease in half-cell resis-
ance using the laminate structure is believed to be due to several
actors. First, bipolar plates generated by wet-lay material do

ot have surfaces as smooth as that of laminate bipolar plates as
uggested in Fig. 8. As a result, the wet-lay based plates have
igher contact resistance between the plate and carbon papers
nd, thus, higher half-cell resistances. Second, the difference
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ig. 8. (a) Expanded view of a bipolar plate generated by wet-lay material and

f through-plane conductivities for wet-lay and laminate bipo-
ar plates may be greater than that of flat samples used in the
onductivity test. While poor formability of wet-lay sheets may
ot influence the formation of flat samples, it can have a great
mpact on the formation of double-sided bipolar plates and lead
o lower through-plane conductivity (due to uneven compaction
ressures of the materials) in comparison with the flat samples.
or laminate bipolar plates, there is no such difference due to

mproved material formability. Third, when compressed with a
ipolar plate mold, the graphite particles in the PVDF matrix
outer layers of laminate bipolar plate) in the rib area may align
ore in the Z direction compared to that in the wet-lay sheets,

esulting in higher through-plane conductivity of the laminate
lates.

. Conclusions

A new method has been developed to produce cost-effective
ipolar plates with high electrical conductivity, good mechani-
al properties and potential rapid manufacturability. Composite
heets consisting of graphite particles, PPS or polyester and
arbon fibers were first generated by means of a wet-lay pro-
ess. The porous sheets were then stacked and covered with
uoropolymer/graphite particles and compression molded to
orm layered composite bipolar plates with gas flow channels.
ompared to the bipolar plates consisting of wet-lay composite
aterials only, the bipolar plates with laminate structure have

mproved formability, higher in-plane and through-plane con-
uctivities and significantly lower half-cell resistance. The shape
nd definition of the gas flow channels have also been improved
y the laminate structure. Although the mechanical properties
f the laminate plates are not as high as that of the wet-lay based
lates, they are still higher than that of other polymer composite
ipolar plates due to the presence of a strong wet-lay material
n the core. While the one-step method is good for batch pro-
uction of laminate bipolar plates with desired mechanical and
lectrical properties, the two-step method may be chosen for
ontinuous mass production of the plates. It has been shown

hat the mechanical properties of the laminate plates decrease
ith temperature. However, it is believed that because PPS and
VDF both possess relatively high degrees of crystallinity, the

aminate bipolar plates will still be able to perform well in a

[

[
[

panded view of a laminate bipolar plate showing improved channel formation.

uel cell stack. The mechanical properties of the laminate bipo-
ar plates may be improved further by using a thermoplastic
ith higher strength (such as PPS instead of PVDF) in the skin

ayer. Teflon® is another possible thermoplastic matrix which
an potentially improve mechanical properties. Although the Tg
f Teflon® is close to that of PVDF ( < 0 ◦C), Teflon® has an
xtremely high degree of crystallinity (95%). It is also believed
hat reducing the channel depth could provide improvements by
llowing for a thinner plate to be made and potentially lowering
he half-cell resistance of the bipolar plate.
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