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Abstract

The interfacial ohmic losses between the bipolar plate and the MEA can signi®cantly reduce the overall power
output from a SPFC. For graphitic bipolar plate materials, these losses are insigni®cant relative to stainless steel,
where the existence of a passive ®lm on the surface greatly reduces electrical conductivity. In this paper we have
evaluated di�erent bipolar plate materials, and present long-term fuel cell data for Pocoâ graphite, titanium, 316
and 310 stainless steel. The properties of the passive ®lm on the surface of 316 and 310 stainless steel are markedly
di�erent. Although both were adequately corrosion resistant in a fuel cell environment, 310 tended to produce
higher fuel cell performance and like 316, no degradation was observed after 1400 h testing. Analysis of the passive
®lm indicated that this increased performance was related to the decreased thickness of the oxide ®lm.

1. Introduction

The solid polymer fuel cell (SPFC) is regarded as a
possible future high e�cient, low pollution power
source, for stationary and transportation applications.
The operating principles of a SPFC are straightforward.
It involves the generation of electricity via the electro-
chemical reaction between a fuel gas (normally hydro-
gen) and oxygen. Their importance is illustrated by the
intense interest shown by the major car manufacturers,
who are now adopting fuel cells as the best route to
combat pollution [1]. However, to be cost-competitive
for all applications, there is a need for cheaper materials
and lower fabrication costs. Prismatic bipolar stack
design is considered to be the most volume e�cient form
that a SPFC can take, o�ering the bene®ts of modularity
and relatively simple construction method. A key
component of this is the bipolar plate, but with
technology based on machined graphitic ¯ow ®eld
plates accounting for as much as 60% of the stack
costs, this is one area where cost is required to be
signi®cantly reduced [2].
A bipolar plate is a multifunctional component of a

SPFC. The raised area of the bipolar plate contacts the
macrodi�usion part of the membrane electrode assem-
bly (MEA), with channels providing gas access to the
gas di�usion electrode (GDE), while also removing
excess water produced by the electrochemical reaction
between hydrogen and oxygen. Consequently, an ideal
bipolar plate would exhibit excellent corrosion resis-

tance, thermal compatibility with other cell components
and provide electrical contact with the macrodi�user
with minimum electrical resistive loss [3]. Current plate
designs are generally based on either metallic (princi-
pally stainless steel) or graphitic materials. Properties of
these materials a�ect the electrochemical response of a
SPFC. Graphite is good in electronic conductivity,
corrosion resistance and also low weight, but lacks
mechanical strength. Conversely, stainless steel plates
have relatively high strength, but due to their ability to
self passivate on exposure to air and the anodic potential
imposed on the plate during fuel cell operation, an
insulating passive ®lm that may increase in thickness
over time, forms on the plate. This reduces electronic
conductivity and consequently lowers SPFC e�ciently
[4]. Also, there is concern that the use of metallic plates
may introduce problems associated with corrosion.
The main fuel cell developers are pursuing this two

material pathway although it is not yet clear which
approach will be favoured in the long-term. With cost
targets for transport applications quoted at $50 kWÿ1

and performance criteria of 1 kW dmÿ3 and 1 kW kgÿ1,
an ideal plate would incorporate the merits of metal and
graphite [5, 6]. A stainless steel approach is currently
being adopted by ourselves and others [7±10]. Hence, in
this paper we detail our research ®ndings on a number of
commercially available stainless steel alloys, suggested
as possible candidate materials for use in SPFCs, and
present long-term performance data for the most
promising.
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2. Experimental details

2.1. Electrical contact resistance of bipolar plate
materials

A method for quick evaluation of electrical interfacial
resistance between each candidate material and the gas
di�usion media (Carbelâ CL), which roughly simulated
a typical SPFC arrangement, was developed. Two pieces
of Carbelâ CL were sandwiched between the two test
samples (Figure 1). These were thoroughly cleaned
using isopropyl alcohol, followed by multiple washes
with distilled water and dried in air overnight. An
electrical current (5 A) was passed through this arrange-
ment and by measuring the potential di�erence across
the plate samples, while the compaction force was
gradually increased, it was possible to calculate the
interfacial resistance dependency on compaction force
according to the following equation:

R � VAs

I
�1�

where R is the electrical contact resistance, V the
potential across the metal samples, I the current and
As the surface area. The compaction force was applied
using a Lloyd Instruments LRX 5K tensometer.
This method was only used as a comparative guide to

interfacial resistance and, as such, no strict resistive data
should be quoted. As can be seen from Figure 1, the
total measured resistive losses are the sum of three
interfacial components (two between the samples and
Carbelâ CL, and one between Carbelâ CL and Carbelâ

CL).

2.2. MEA pretreatment

Gore Primeaâ 5510 membrane electrode assemblies with
Carbelâ CL gas di�usion media was selected as a
standard MEA for the long-term compatibility testing.
Prior to electrochemical performance evaluation, it was
essential to hydrate the membrane to enable proton
conduction. Thus, for each new assembly, the dry MEA
was preconditioned to ensure the optimum hydration
state, according to the following. On start up at ambient
hydrogen and air pressure, the temperature of the cell

and humidi®cation chambers were gradually raised to
60 �C; ensuring that the temperature di�erential was
within 5 �C to avoid cell drying/¯ooding. At this
temperature, the cell potential was cycled between
0.6 V and 0.3 V while monitoring performance with
respect to time; changing potential when a steady state
power output was achieved. A steady cell performance
was achieved after several 0.3/0.6 V conditioning steps.
After leaving overnight, the pressure and temperature of
each cell were maintained at the test operating condi-
tions, and subjected to a ®xed current density, unless
otherwise stated.

2.3. Fuel cell testing

A purpose built multiarray endurance rig, with the
capability for simultaneous long-term testing of upto
eight identical independent cells, was used to determine
actual fuel cell data for the various bipolar plate
materials. For each material, a pair of fuel cell plates
was prepared with a machined gas track design, and
thoroughly cleaned using an organic solvent prior to
use. On assembly, a ®xed compaction force
(220 N cmÿ2) was imparted on each MEA, the purpose
of which was two fold. First, to provide adequate sealing
of the pressurised cell and secondly to reduce ohmic
losses incurred by poor contact between the MEA and
the bipolar plate. Following preconditioning of the
MEA, the long-term test conditions were set as sum-
marized in Table 1. All cells (active surface area
11.8 cm2) were galvanostatically controlled with ®xed
interval monitoring of cell potential recorded via PC
based data acquisition software. The test procedure was
a cycle of ®ve days where each cell was tested at a
constant current density of 0.7 A cmÿ2, followed by a
period of two days where the rig was shut down (0 A
and no reactant ¯ow).
Full polarization data was taken periodically through-

out the long-term testing. The ®rst set was recorded
immediately after the preconditioning step, and period-
ically at points thereafter (typically every 100 h). The
limitations of the ¯ow controllers meant that it was
almost impossible to maintain the stated stoichiometric
¯ow of reactants throughout the current density range.
Thus, a ®xed ¯ow was maintained for all current

Fig. 1. Schematic of test assembly for comparing electrical surface

resistance of each material.

Table 1. Endurance rig operating conditions

MEA Gore Primeaâ Series 5510 (based on

Gore-Selectâ membranes), 0.3 mg cmÿ2 Pt.

Carbelâ CL as gas di�usion media

Hydrogen pressure 3 bar (g)

Air pressure 3 bar (g)

Hydrogen ¯ow 0.08 SLPM (stoichiometry 1.5)

Air ¯ow 0.42 SLPM (stoichiometry 3)

Cell temperature 50 �C
Humidi®cation 100% RH for H2 and Air

Compaction `force' 220 N cmÿ2

Current density 0.7 A cmÿ2
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loadings. For hydrogen this was 0.08 SLPM and air 0.8
SLPM.

3. Results and discussion

3.1. Interfacial resistance losses

Figures 2 and 3 show the relationship between compac-
tion force and interfacial resistance between the Carbelâ

CL and the tested samples. Materials with the lowest
and highest interfacial resistance are detailed in Figure 2
and Figure 3, respectively. The stainless steel samples all
displayed increased resistance relative to Pocoâ graph-
ite, due to the existence of the passive ®lm. However,
depending on the elemental composition of the sample,
there was a large variation in electrical resistance. By
consideration of the values at 220 N cmÿ2 (the compac-
tion `force' imposed for the fuel cell experiments), the
relative interfacial resistance decreased in the order 321>
304 > 347 > 316 > Ti > 310 > 904 > Incoloy 800 >
Inconel 601 > Pocoâ graphite.

The variation in the interfacial resistance throughout
the range of stainless steel sample was most likely due to
the composition of the alloy, in particular in the region
of the passive ®lm. Despite confusion in the literature as
to the exact nature of this ®lm, it is generally regarded
that passivation results from the formation of an
insoluble oxide ®lm on the surface. For stainless steel
the principle components of this ®lm are iron, nickel and
chromium oxides [11±15]. It was suspected that the
cumulative properties of these oxides were inhibiting
the electrical conductivity. Thus, surface analysis of the
stainless steel samples by Auger electron spectroscopy
(AES) was used to provide details of variations within
the oxide ®lm. By use of an AES depth pro®ling
technique, di�erences in the elemental composition of
the oxide ®lm could be deduced. Further stainless steel
samples were prepared (1 cm2) and pretreated in iden-
tical fashion to that for the bipolar plate. If the physical
properties of the oxide ®lm a�ected the surface resisti-
vity, AES depth pro®ling would give information as to
the relative thickness of the passive ®lm. Data shown in
Figure 4 details the normalized oxygen concentration, at
the given depth within the ®lm, given by this technique.
Although it was di�cult to deduce the exact thickness

of the oxide ®lm solely from AES, it was evident that the
concentration of oxygen varied signi®cantly. With AES,
data is given for the normalized atomic percentage of
the constituents at a given depth. For the high alloy
materials, the oxygen was not as prominent as that
illustrated for the other grades of stainless steel, which
suggests that the passive ®lm was thinner in these
samples. From these results we can summarize that the
passive ®lm decreased in thickness according to the
order 321 > 304 > 316 > 347 > 310 > 904 > Incoloy
800 > Inconel 601. This general trend translates to the
measured interfacial resistance losses discussed earlier.

3.2. Electrochemical performance of materials

Immediately following the interfacial resistance analysis,
bipolar plate samples were assembled in the long-term

Fig. 2. Interfacial resistance dependency on compaction force: mate-

rials with lowest interfacial resistance. Key: (r) Inconel 601; (m) Poco;

(+) 904; (d) Incoloy 800; (j) 310; ��� titanium.

Fig. 3. Interfacial resistance dependency on compaction force: mate-

rials with highest interfacial resistance. Key: (r) 347 SS; ��� 304 SS;

(j) 321 SS; ��� 316 SS.

Fig. 4. Depth pro®le for oxygen with passive ®lms. Key: (r) Incoloy

800; (m) 904; ��� 310; (+) 321; (j) Incoloy 601; ��� 304; (d) 316; (j)

347.
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endurance rig. The four materials chosen for this initial
evaluation were Pocoâ graphite, titanium, 316 and 310
stainless steel. Despite exhibiting reduced interfacial
resistance, the high alloyed samples (Inconel 601 and
Incoloy 800) were considered relatively too expensive to
pursue at this stage, but would be evaluated at a later
date. Each fuel cell arrangement was duplicated to verify
consistency of results, which in all cases was within
experimental error (5%). 316 stainless steel and Pocoâ

graphite were selected as most results presented in the
literature use these materials. 310 stainless steel (25% Cr,
20% Ni), a cost competitive alternative to the tradition-
ally used 316 stainless steel, illustrated lower interfacial
resistance losses as well as greater resistance to corrosion
and oxidation. Titanium has the advantage of being
signi®cantly lighter in weight than stainless steel yet
retains mechanical strength, thus would be particularly
advantageous for automotive applications. Figure 5
shows the initial polarization response for these materi-
als, generated once the membranes had been pretreated.
The polarization data taken before long-term evalu-

ation corroborates that the di�erence in fuel cell
performance was due to the surface properties of the
bipolar plate material. Pocoâ graphite, with the lowest
surface resistive losses, produced the highest potentials,
with increased polarisation observed for the metal plates
in the order Pocoâ graphite < 310 < Ti < 316. This
followed the trend seen with the measured surface
resistance. Of most interest from this study was the
signi®cant di�erence between 310 and 316 stainless steel.
At a current density of 0.7 A cmÿ2, the cell containing
316 stainless steel bipolar plates had a potential of
485 mV, whilst 310 stainless steel was at 606 mV. This
increased performance for 310 stainless steel was main-
tained throughout the long-term testing (Figure 6),
where although neither samples showed any perfor-
mance degradation (over 1200 h), higher potentials were
consistently achieved with 310 stainless steel. If the
stainless steel was corroding or passivating further over
time, the surface resistance would increase, and conse-
quently the cell potential would decrease.

Figure 5, gives the average cell potential taken for
each ®ve day period where cells were under load
(0.7 A cmÿ2). This illustrates that there was very little
change in performance for Pocoâ graphite, 316 and 310
stainless steel. Thus, despite concerns regarding cor-
rosion and how this could inhibit performance, 316
and 310 stainless steel have been shown to provide
adequate protection in a fuel cell environment. Post
fuel cell analysis of the membrane also indicated no
stainless steel corrosion products had leached into the
membrane.
Full polarization data recorded at sometime into the

long-term test, shows that there was very little change
from initial data in terms of the current/potential
relationship for the stainless steel samples (Figure 7).
After 1300 h, the 316 stainless steel cell had a potential
of 487 mV, while for 310 stainless steel, the potential
was 597 mV at 0.7 A cmÿ2. This was also the case for
Pocoâ graphite, but with titanium, a much-decreased
performance was observed.
After running each arrangement for the speci®ed

period, the cells were dismantled and the interfacial
resistance for each material was measured (Figure 8).
These measurements supported our ®ndings from the

Fig. 5. Polarization plot for each cell arrangement before long-term

testing. Key: (m) Pocoâ graphite; (r) 316 SS; (j) 310 SS; ���
titanium.

Fig. 6. Average cell potential for periods where cells were under load.

Key: (m) Pocoâ graphite; (j) 310 SS; (r) 316 SS; ��� titanium.

Fig. 7. Polarization plot for each cell arrangement after long-term

testing. Key: (m) Pocoâ graphite; (r) 316 SS, 1300 h; (j) 316 SS,

1300 h; ��� titanium, 400 h.
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fuel cell experiments. For Pocoâ graphite, 316 and 310
stainless steel, there was little change in surface resis-
tance, but for titanium a signi®cant increase was
measured. This was attributed to the growth of the
electrically insulating oxide ®lm. Table 2 summarizes the
link between these changes in interfacial resistance and
electrochemical fuel cell performance, with the chemical
composition of the bipolar plate.

4. Conclusions

We have shown how the properties of the bipolar plate
material e�ect the power capability of a SPFC. In
particular, we have shown that 316 and 310 stainless
steel can be used as a bipolar plate materials in a SPFC
without any detectable long-term performance loss due
to corrosion. Most importantly, the higher potentials
associated with 310 stainless steel suggests a signi®cant
improvement over 316 stainless steel in terms of fuel cell
power output. This was due to a thinner passive ®lm on
the 310 alloy. Thus, it is feasible to suggest that the use
of 310 stainless steel would improve the performance of

low cost metallic bipolar plate SPFCs, with a high
power/volume ratio (>1 kW dmÿ3), and with satisfac-
tory corrosion resistance.
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Fig. 8. Interfacial resistance variation due to running in SPFC. Key:

(r) 316 SS at t � 0; (j) 310 SS at t � 0; ��� titanium at t � 0; (m)

Pocoâ graphite at t � 0 (r) 316 at t � 1400 h; (j) 310 at t � 1400 h;

��� titanium at t � 600 h (m) Pocoâ graphite at t � 1600 h.

Table 2. Data for bipolar plate materials*

Name % Compositiony Interfacial resistivity/mX cm2 Voltage at 0.7 A cmÿ2/V

Cr Ni Other Before After Before After

304 18±20 8±10.5 51 ±

310 24±26 19±22 26 28 0.606 0.597

316 16±18 10±14 Mo 37 44 0.485 0.487

321 17±19 9±12 Ti 100 ±

347 17±19 9±12 Nb 53 ±

904L 19±23 23±28 Mo 24 ±

Incoloy 800 19±23 30±35 Al, Cu, Ti 23 ±

Inconel 601 21±25 58±63 Al, Cu 15 ±

Titanium 32 250 0.565 0.381

Pocoâ graphite 10 10 0.639 0.620

* Stainless steel grades using the American Iron and Steel Institute (AISI) convention. Surface resistance measured at 220 N cmÿ2 using the

technique described
y Balance iron [16]
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