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bstract

The contact resistance between the bipolar plate (BPP) and the gas diffusion layer (GDL) is an important factor contributing to the power
oss in proton exchange membrane (PEM) fuel cells. At present there is still not a well-developed method to estimate such contact resistance.
his paper proposes two effective methods for estimating the contact resistance between the BPP and the GDL based on an experimental contact

esistance–pressure constitutive relation. The constitutive relation was obtained by experimentally measuring the contact resistance between the
DL and a flat plate of the same material and processing conditions as the BPP under stated contact pressure. In the first method, which was a

implified prediction, the contact area and contact pressure between the BPP and the GDL were analyzed with a simple geometrical relation and
he contact resistance was obtained by the contact resistance–pressure constitutive relation. In the second method, the contact area and contact
ressure between the BPP and GDL were analyzed using FEM and the contact resistance was computed for each contact element according to
he constitutive relation. The total contact resistance was then calculated by considering all contact elements in parallel. The influence of load
istribution on contact resistance was also investigated. Good agreement was demonstrated between experimental results and predictions by both

ethods. The simplified prediction method provides an efficient approach to estimating the contact resistance in PEM fuel cells. The proposed
ethods for estimating the contact resistance can be useful in modeling and optimizing the assembly process to improve the performance of PEM

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

PEM fuel cells are recognized as potentially environmentally
riendly power sources for residential, portable and transporta-
ion applications [1]. Recent research has revealed that around
9% of the total power losses are due to the contact resistance
etween the bipolar plates (BPP) and the gas diffusion layer
GDL) in PEM fuel cells [2]. One key factor influencing the
ontact resistance of PEM fuel cells is the assembly pressure.
ot enough assembly pressure may lead to leakage of the fuels

nd a high contact resistance. Too much pressure, on the other

and, increases the flow resistance and may also result in damage
o the gas diffusion layer and the proton exchange membrane.
ptimization of the assembly pressure is essential to the per-

ormance of PEM fuel cells. Effective prediction of the contact
esistance between the BPP and the GDL is fundamental to mod-
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ling the assembly process and optimizing the assembly pressure
f PEM fuel cells.

Several theoretical models for predicting the interfacial
ontact resistance have been developed [3–7], including
he Greenwood–Williamson model [3,4], the Cooper–

ikic–Yovanovitch model [5] and the Majumdar–Tien fractal
odel [6,7]. One critical limitation of these models is the

ependence of the geometric parameters on the resolution of
he roughness-measuring instrument. And widely different
alues of contact resistance may be obtained for the same
ontact surface pair depending on the resolution setting of
he profilometer device [12]. Therefore, effective theoretical

odels for prediction of the contact resistance in PEM fuel
ells are still under development.

Experimental research on the contact resistance has been

eported in the literature [8–14]. Lee et al. [8] reported the
hanges in fuel cell performance as a function of the compres-
ion pressure resulting from torque on the bolts that clamped
he fuel cell. Three types of gas diffusion layers were studied

mailto:shuxinw@tju.edu.cn
dx.doi.org/10.1016/j.jpowsour.2006.07.070
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t 202 kPa and 353 K, in which the performance changes may
e attributed to change in electrical resistance. Ihonen et al. [9]
easured the in situ contact resistance of un-plated and plated

tainless steel as a function of operation time, clamping pressure,
as pressure and electric current density. Wang et al. [10] studied
he contact resistance between carbon paper and stainless steel
ecause stainless steel is considered to be a good candidate for
ipolar plates due to its low cost, high strength, ease of machin-
ng and forming, as well as its corrosion resistance. Cho et al.
11] compared the performance of fuel cells with two kinds of
arbon composite bipolar plates due to their different electrical
nd physical properties. Mishra et al. [12] investigated the effects
f different GDL materials and contact pressures on the contact
esistance and compared these with the results predicted by the
ractal model. Lee et al. [13] conducted FEM analysis of the
ressure distribution in a single cell. Jung et al. [14] reported the
ontact resistance of different flow field combinations in a direct
ethanol fuel cell. Though estimation of the contact resistance

y experiments is feasible, it is expensive and time consuming.
In this paper, the contact resistance in fuel cells is estimated

sing two semi-empirical methods. In these methods, an exper-
mental constitutive relation between the contact resistance and
he contact pressure is obtained and then combined with simple
stimation or FEM analysis of contact pressure in estimating the
ontact resistance. The remainder of the paper is organized as
ollows: Section 2 describes the methodology. Section 3 presents
nd compares the results from the FEM analysis, simplified
rediction and experiments. Finally, Section 4 draws the con-
lusions.

. Methodology

The general idea of this study is to experimentally obtain
contact resistance–pressure constitutive relation for the con-

act between the BPP and the GDL, and to estimate the contact
ressure in a real fuel cell stack based on either geometrical rela-
ions or FEM analysis. Then, the contact resistance is estimated
ccording to the constitutive relation and the contact pressure.
he schematic of the methodology is shown in Fig. 1, which
onsists of three steps:

tep 1. Experimental constitutive relation: The experimental

constitutive relation of the contact resistance–pressure
relationship between the BPP and the GDL is obtained
by measuring the resistance of a GDL sandwiched
between two flat plates of the same material and pro-

Fig. 1. Schematic plot of the methodology.
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cessing conditions as the BPP under a stated contact
pressure.

tep 2. (a) Simplified prediction: The contact pressure is esti-
mated by using a simple relation of the nominal
contact area and the clamping force. The resistance
is obtained according to contact pressure and the
experimental contact resistance–pressure constitu-
tive relation.

(b) FEM analysis: FEM analysis is conducted to sim-
ulate the clamping of PEM fuel cells to obtain
the contact area and contact pressure between the
BPP and the GDL. The contact resistance between
contact elements is calculated via the constitutive
relation of contact resistance–pressure. The total
contact resistance is estimated by considering all
contact elements in parallel.

tep 3. Experimental validation: Experiments were carried out
to measure the contact resistance between the practical
BPP and the GDL to verify the results of two estimation
methods.

.1. Constitutive relation experiments

Electrical interface resistance of contacting conductors is
ominated by multiple factors such as the physical–mechanical
roperties, topological status and parameters of contact surfaces,
nvironment conditions and mechanical contact pressure. There
nherently exists a complex constitutive relation between the
ontact resistance and its dominant factor. Unfortunately, present
heoretical models for interfacial contact resistance cannot pre-
isely represent the complex relation. This may be the essential
eason why significant errors exist in theoretical models of con-
act resistance. Furthermore, the parameters in the theoretical

odels must be experimentally calibrated to a specific electri-
al interfacial contact.

The constitutive relation proposed in this paper directly estab-
ishes the empirical relation between interfacial contact resis-
ance and contact pressure by experiments, which circumvent
he various difficulties in dealing with the influencing factors on
ontact resistance.

.1.1. Experimental setup
An experimental setup similar to Ref. [12], as shown in Fig. 2,

as used to obtain the constitutive relation between the contact
esistance and pressure, and to verify the prediction of contact
esistance between the BPP and the GDL of PEM fuel cells. The
etup consisted of a custom-made hydraulic press with a load
apacity of 25 kN, a load sensor with a measurement range of
–25 kN and an accuracy of 0.1%, a ZY9858 micro-ohmmeter
ith a resolution of 0.1 �� and accuracy of 0.1% RX and a

omputer system to acquire the load and resistance data. The
DL was sandwiched between two flat graphite plates of the

ame material and processing conditions as the BPP. The sand-

iched graphite plates/GDL assembly was then placed between

wo gold plates, as illustrated in Fig. 2. Another similar setup
ith only one flat graphite plate between two gold plates was

lso built. Kelvin clip leads were used to connect the gold plate to
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ig. 2. Schematic plot of contact resistance measurement setup (adapted from
ef. [12]).

he micro-ohmmeter. Plexiglas layers were placed between the
latens of the press and the gold plates for insulation. The micro-
hmmeter was used to measure the resistance of two setups.

.1.2. Experimental materials and conditions
The GDL for the experiment was TGP-H-120 from Toray

ndustries, Inc. The flat plates were TB-8 graphite plates

rovided by Beijing LN-Power Sources Corp., Ltd. The
hysical–mechanical property parameters of the GDL and the
raphite plates are listed in Tables 1 and 2. Since the bulk resis-

able 1
hysical–mechanical properties of TGP-H-120 GDL

roperties (units) Value

hickness (mm) 0.377
rea (cm2) 7.9 × 7.9
ulk density (g cm−3) 0.45
orosity (%) 78
urface roughness Ra (�m) 8

lectrical resistivity (m� cm)
Through plane 80
In plane 4.7

lexural strength (MPa) 40
ensile strength (N cm−1) 90
oung’s modulus (MPa) 6.3
oisson’s ratio 0.09

able 2
hysical–mechanical properties of TB-8 graphite plate

roperties (units) Value

hickness (mm) 2.2
rea (cm2) 8.2 × 8.2
ulk density (g cm−3) ≥1.94
orosity (%) �>0.12
ranule (�m) <44

lectrical resistivity (m� cm)
In plane 0.5
Through plane 4.5

lexural strength (MPa) 51
ompression strength (MPa) 110
oung’s modulus (GPa) 0.13
oisson’s ratio 0.21
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ance of the GDL and the graphite plates are quite small, the
hange in bulk resistance due to compression is ignored.

In order to investigate the effect of contact pressure on contact
esistance, the clamping pressure was varied from 0.5 to 3.0 MPa
n the present study as compared to the typical clamping pressure
f 1 MPa in PEM fuel cells. Since the graphite plate is flat,
he clamping pressure applied to the assembly is equal to the
ontact pressure at the interface of graphite plates and GDL, and
he apparent contact area is the area of gas diffusion layer. The
cale of the micro-ohmmeter was set to 20 m� with a measuring
esolution of 1 ��.

The experiments were carried out at room temperature, 20 ◦C,
nd 40% relative humidity.

.1.3. Interfacial contact resistance calculation
Referring to Fig. 2, the total resistance Rtot1 of the gold

lates/flat plates/GDL assembly consists of:

(a) the bulk resistance of two flat graphite plates, 2RGr;
b) the bulk resistance of gas diffusion layer, RGDL;

(c) two interfacial contact resistances between flat graphite
plate and gas diffusion layer, 2RGr/GDL;

d) two interfacial contact resistances between gold plate and
flat graphite plate, 2RAu/Gr.

tot1 = 2RGr + RGDL + 2RGr/GDL + 2RAu/Gr (1)

he interfacial contact resistance between flat graphite plate and
as diffusion layer can be calculated as follows

Gr/GDL = Rtot1 − 2RGr − RGDL − 2RAu/Gr

2
(2)

he bulk resistance of the flat graphite plates and gas diffusion
ayer are calculated according to their electrical resistivity. The
um of resistance RGr and 2RAu/Gr can be measured by another
etup with an assembly of gold plate/flat graphite plate/gold
late.

1 = RGr + 2RAu/Gr (3)

hus

Au/Gr = R1 − RGr

2
(4)

rom Eqs. (2) and (4), RGr/GDL can be calculated as

Gr/GDL = Rtot1 − RGr − RGDL − R1

2
(5)

The constitutive relation of contact resistance–pressure can
e obtained using the relations of R1 and Rtot1 with pressure
ttained in the two experimental setups and the constitutive con-
act resistance Rcontact, as a function of contact pressure, is given
y

contact = RGr/GDL · AGR/GDL (6)

here AGR/GDL is the contact area between the flat graphite plate
nd the GDL.
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shown in Tables 1 and 2. The geometrical parameters of the
model are measured from a practical graphite BPP, as shown in
Fig. 4 and Table 3, which include thickness of graphite bipolar
plate (H1), groove width (W1) and depth (H2), land width (W2),

Table 3
Fig. 3. Constitutive relation of contact resistance vs. contact pressure.

.1.4. Experiment results
The experimental constitutive contact resistance between the

at graphite plate and the GDL, Rcontact calculated from Eq.
6), versus contact pressure is shown in Fig. 3. The constitutive
elation can be modeled using the least squares (LS) method as

contact = 2.2163 + 3.5306

pcontact
(mΩ cm2) (7)

here pcontact is the contact pressure. The LS relation of consti-
utive resistance versus contact pressure (Eq. (7)) is similar in
tructure to the Cooper–Mikic–Yovanovitch model [5] and the

ajumdar–Tien fractal model [6,7].
The experimental constitutive relation can be analyzed in two

egions. When the contact pressure changes from 0.5 to 1.0 MPa,
he constitutive contact resistance decreases very fast, from
.847 to 5.376 m� cm2. When the contact pressure increases
urther, the constitutive contact resistance keeps decreasing but
uch slower. Until the contact pressure reaches nearly 3.0 MPa,

he constitutive contact resistance remains almost unchanged.
his phenomenon is consistent with the results of Ref. [12].
t this stage if higher contact pressure were applied, the con-

act area would not increase significantly. No further increase in
ressure is carried out since it may result in damage to the GDL.

The experimental constitutive relation of contact resistance
etween the graphite plate and the GDL versus the contact pres-
ure as shown in Fig. 3 is combined with a simplified prediction
nd FEM analysis of contact pressure to obtain the contact resis-
ance in the fuel cells.

.2. Simplified prediction of the contact resistance in a
EM fuel cell assembly

In a practical PEM fuel cell stack, the contact pressure is
ifferent from the clamping pressure due to the existence of
hannels in the BPP. The contact pressure can be obtained
ccording to the clamping pressure and geometry of the bipo-

ar plate. Since the constitutive relation is achieved, the contact
esistance can be estimated once the contact pressure is known.

As the contact surfaces of bipolar plate have round corners,
he apparent contact area between the graphite BPP and the GDL

G

P

V

ig. 4. Schematic of geometry parameters of the graphite BPP/GDL assembly.

hanges with clamping pressure. The contact area is roughly
stimated as the average of these areas with and without round
orners and the clamping pressure loaded on the graphite bipolar
late is assumed to be uniformly distributed.

The contact pressure can be obtained by

clamp · Aclamp = pcontact · Acontact (8)

here pclamp is the clamping pressure, Aclamp the area of the sur-
ace which undergoes the clamping pressure, pcontact the contact
ressure and Acontact is the contact area.

The contact resistance can then be calculated with the esti-
ation of contact area, contact pressure and the constitutive

elation.

BPP/GDL = Rcontact

Acontact
(9)

.3. FEM analysis of contact resistance in PEM fuel cell
ssembly

FEM analysis of contact resistance includes setting up of
he FEM model for the graphite BPP and GDL assembly
BPP/GDL), simulating the clamping and contacting and cal-
ulating the contact resistance. Firstly, the contact area, contact
ressure and their distribution between BPP/GDL are acquired
ith FEM simulation under assembly clamping pressure. Then

he contact resistance is computed according to the contact area,
he contact pressure of each BPP/GDL contact element and the
onstitutive relation. The total contact resistance is calculated
y considering all contact elements as parallel resistances.

The FEM analysis is carried out for the cathode side of
he BPP/GDL assembly with the commercial FEM software
NSYS. The physical–mechanical properties of the materials

n the FEM simulation are the same as those in the experiment
eometry parameters of the graphite BPP/GDL assembly

arameters H1 H2 H3 W1 W2 R1 R2

alue (mm) 3.20 2.00 0.377 2.00 1.90 0.20 0.20
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orner radius (R1 and R2) and thickness of gas diffusion layer
H3).

The FEM model for the assembly is set up according to the
eometrical parameters presented in Table 3. Considering the
ctual condition of PEM fuel cells in assembly, the following
ssumptions are made:

(a) The contact status between the BPP and the GDL is a stick
contact.

b) Friction is omitted because the contact interfaces of the BPP
and the GDL are smooth and the surface-to-surface contact
is continuous. The effect of surface roughness on contact
resistance is considered in the constitutive relation of contact
pressure versus contact resistance.

(c) Three types of pressure distributions are set considering the
possible variation of assembly pressure. They are uniform,
linear and block distributions, as shown in Fig. 5. The linear
and block distributions of assembly pressure have variation
of ±20% of nominal or average pressure.

d) The assembly clamping only causes elastic deformation in
the BPP and the GDL. The mechanical properties of the

BPP and the GDL are listed in Tables 1 and 2.

In setting up the FEM model, SOLID95 element and free
eshing scheme are utilized to mesh the BPP/GDL assembly

ig. 5. Distributed form of clamping pressure on the up face of graphite bipolar
late. (a) Uniform distribution; (b) linear distribution; (c) block distribution.
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ith 55,055 elements and 100,023 nodes. SOLID95 is a 3-D
0-node structural solid element, which has compatible dis-
lacement shapes and is well suited to model curved boundaries.

free meshing scheme can automatically refine the elements
n the round corner of the lands of the BPP to fit contact. The
echanical contact between the BPP and the GDL was handled

y CONTA174 and TARGE170 contact elements attached on the
PP and on the GDL, respectively. CONTA174 and TARGE170
re 3-D 8-node surface-to-surface contact elements and appli-
able to 3-D contact coupled structural analyses.

.4. Experimental verification

In order to validate the results of contact resistance obtained
y the simplified prediction and FEM analysis, an experimen-
al verification was conducted by measuring contact resistance
etween the graphite BPP and the GDL. The material properties,
rocessing conditions and geometry parameters of the graphite
PP and the GDL used in the experiment are consistent with the
revious sections. Also the experimental setup and measurement
ethod are the same as in Section 2.1.
The total resistance Rtot2 of the gold plates/BPPs/GDL assem-

ly is the summation of: (a) the bulk resistance of two graphite
PPs, 2RBPP, (b) the bulk resistance of the GDL, RGDL, (c) the

wo interfacial contact resistance between the BPP and the GDL,
RBPP/GDL and (d) the two interfacial contact resistance between
old plate and the BPP, 2RAu/BPP

tot2 = 2RBPP + RGDL + 2RBPP/GDL + 2RAu/BPP (10)

The calculation of RBPP/GDL is the same as RGr/GDL. Since the
raphite BPP used in experimental validation only has grooves
n the contact side with the GDL and is flat on the other side
ontacted with the gold plate, and it is of the same material and
rocessing conditions as those of the flat graphite plate, RAu/BPP
s equal to RAu/Gr in Section 2.1. The resistance RBPP/GDL can
e calculated by Eq. (11).

BPP/GDL = Rtot2 − RBPP − RGDL − R1

2
(11)

. Results and discussion

.1. FEM simulation results of contact pressure

During assembly, it is possible for the clamping pressure
o have some variation. In this study three types of clamping
ressure distribution are considered, which are a uniform distri-
ution, a linear distribution and a block distribution, as shown
n Fig. 5. All three distributions have the same average value of
lamping pressure.

From the FEM simulation results, not only can the contact
esistance be calculated but the contact pressure can also be

btained. The contact pressure between the graphite BPP and
he GDL under the three different types of clamping pressure is
hown in Fig. 6. It can be seen that the contact pressure distribu-
ion has the same distribution of the loading form. The largest
ontact pressure lies in grooves of the graphite BPP.
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ig. 6. Distribution of contact pressure of FEM simulation under different load-
ng condition. (a) Uniform distributed loading; (b) linear distributed loading; (c)
lock distributed loading.

.2. Comparison between the contact resistances by FEM
nalysis, simplified prediction and experiments

The contact resistance between the BPP and the GDL from
he FEM analysis under different loading forms, the simpli-
ed prediction of the contact resistance and the results of the
xperimental verification are shown in Fig. 7. The results of the
EM analysis and the simplified prediction are shown to be rea-
onably accurate compared with the experimental results. This
ndicates that these two semi-empirical estimation methods take

nto account the major influencing factors involved in the contact
henomena. Furthermore, there is very little difference among
he three curves marked with triangles which represent the FEM
nalysis results under different assembly clamping pressure dis-

4

r

ig. 8. Deviations of contact resistances by the FEM analysis and the simplified
rediction from experiments.

ributions. The contact resistance is greatly influenced by the
verage value of assembly clamping pressure but rarely by its
ariation. That is, the contact resistance is robust to the assembly
lamping pressure distributions.

In order to further compare the three types of results, the
eviations of the results by the FEM analysis and the simplified
rediction from experiments are compared in Fig. 8. It can be
een that the simplified prediction method is robust though it has
little more deviation than the FEM simulation.

This methodology may be applied to predict the contact resis-
ance between any other GDLs and BPPs of different materials
nd with various channel geometries and configurations. As
ong as the experimental constitutive relation is obtained, both
he FEM analysis and the simplified prediction may effectively
stimate the contact resistance. In particular, the simplified pre-
iction method provides an efficient approach to estimate the
ontact resistance.
. Conclusions

Two semi-empirical methods for estimating the contact
esistance between a BPP and a GDL are proposed using an
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xperimentally acquired contact resistance–pressure constitu-
ive relation. The proposed methods circumvent the difficulties
f dealing with complex material and geometrical variations for
ontacting bodies and are shown to be effective in predicting the
ontact resistance of PEM fuel cells since good agreement was
emonstrated between the predications and the experimental
esults.

The simplified prediction method provides an efficient
pproach to estimate the contact resistance using only the area of
he BPP, the estimated area of contact between BPP and GDL,
he assembly clamping pressure and the experimental contact
esistance–pressure constitutive relation.

The contact resistance is greatly influenced by the aver-
ge value of the assembly clamping pressure. Variation of the
ssembly clamping pressure has a small impact on the contact
esistance. The contact resistance is robust to assembly clamping
ressure distributions.

The methodology of the present study, in addition to predict-
ng the contact resistance, can be used to model the assembly
rocess and to optimize the assembly pressure to improve the
erformance of PEM fuel cells.
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