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a b s t r a c t

This paper presents an analytical model of the electrical contact resistance between the carbon paper gas
diffusion layers (GDLs) and the graphite bipolar plates (BPPs) in a proton exchange membrane (PEM) fuel
cell. The model is developed based on the classical statistical contact theory for a PEM fuel cell, using the
same probability distributions of the GDL structure and BPP surface profile as previously described in Wu
et al. [Z. Wu, Y. Zhou, G. Lin, S. Wang, S.J. Hu, J. Power Sources 182 (2008) 265–269] and Zhou et al. [Y. Zhou,
G. Lin, A.J. Shih, S.J. Hu, J. Power Sources 163 (2007) 777–783]. Results show that estimates of the contact
eywords:
lectrical contact resistance
EM fuel cell
robability distribution

resistance compare favorably with experimental data by Zhou et al. [Y. Zhou, G. Lin, A.J. Shih, S.J. Hu,
J. Power Sources 163 (2007) 777–783]. Factors affecting the contact behavior are systematically studied
using the analytical model, including the material properties of the two contact bodies and factors arising
from the manufacturing processes. The transverse Young’s modulus of chopped carbon fibers in the GDL
and the surface profile of the BPP are found to be significant to the contact resistance. The factor study
also sheds light on the manufacturing requirements of carbon fiber GDLs for a better contact performance

in PEM fuel cells.

. Introduction

Fuel cells are receiving increasing attention as a clean power
ource. Among the commercially available fuel cells, proton
xchange membrane (PEM) fuel cells are attractive because of their
ow operation temperature and quick startup. However, various
rreversible losses existing in an operational PEM fuel cell tend to
ffect its performance and result in power losses. As part of the
hmic losses which dominate in the normal fuel cell operation,
he contact resistance in PEM fuel cells has been reported to be
s important as the ionic resistance [3,4]. The contact resistance
lso causes in-plane current non-uniformity between bipolar plate
BPP) gas channels and land areas [5,6], which may impact MEA
urability and cell lifetime.

Various researchers have contributed to the prediction of the
ontact resistance between gas diffusion layers (GDLs) and bipolar
lates (BPPs), which is a primary source of the contact resistance

n PEM fuel cells [1–4,7–11]. Predictions of the contact resistance

t the GDL/BPP interface in PEM fuel cells were first performed by
ishra et al. [9]. A fractal asperity based model was used to estimate

he contact resistance for several GDL materials under a combina-
ion of pressure, material properties, and contact surface geometry.

∗ Corresponding author. Tel.: +1 734 615 4315; fax: +1 734 647 7303.
E-mail address: jackhu@umich.edu (S.J. Hu).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2008.12.129
© 2009 Elsevier B.V. All rights reserved.

However, since GDLs are fundamentally porous materials, their sur-
face characteristics may not be properly captured using commonly
used surface profilometric measurement systems. Zhang et al. [10]
proposed two semi-empirical methods to obtain the contact resis-
tance versus pressure relationship with carbon papers as the GDL.
One prerequisite of the semi-empirical methods is the constitu-
tive contact resistance obtained by repeated experiments. Zhou et
al. [2] numerically described the micro-contacts between the car-
bon fibers in a carbon paper GDL and the asperities on a graphite
BPP surface. Their work was extended by Wu et al. [1] by taking
into account the bending behavior and the anisotropic property of
the carbon fibers using finite element method (FEM). Lai et al. [11]
developed a mechanical–electrical FE model for contact resistance
prediction. Although favorable agreements have been achieved in
all the above-mentioned models, factors affecting the contact resis-
tance have not been systematically studied to provide the physical
insights since such parameter studies cannot be cost effectively
carried out using the numerical models or experiments.

In this paper, an analytical model based on the classical sta-
tistical contact mechanics is developed for the electrical contact
resistance at the interface of carbon paper GDL and graphite BPP.

The contact resistance and the pressure at the interface are for-
mulated as functions of variables that characterize the surface
profiles. Probability distributions of the variables are extracted
from a numerically generated GDL structure and an experimen-
tally measured BPP surface. Two models, a simplified model and a

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jackhu@umich.edu
dx.doi.org/10.1016/j.jpowsour.2008.12.129
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eneralized model, are derived to evaluate the contact resistance.
n the simplified model, the micro-contact between carbon fibers
n the GDL and BPP asperities is described without taking into
ccount bending behaviors of the carbon fibers; while the general-
zed model presents a more general contact situation by including
he bending element. Contact resistance estimates from the models
re compared with experiments by Zhou et al. [2]. This analytical
xpression of the statistical contact also enables a parametric study
o provide useful information for a good contact performance in
EM fuel cells.

. Contact resistance model

The contact at the GDL/BPP interface actually happens as micro-
ontacts between GDL carbon fibers and BPP surface asperities.
he contact responses at the interface, including contact force
nd electrical contact resistance, are the overall effect of all the
icro-contacts with each micro-contact spot contributing a certain

ontact force and resistance to the current flow across the inter-
ace. The force over the nominal contact area is equivalent to the
um of the contact forces on all individual micro-contacts. The total
ontact resistance is composed of a series of resistances from the
icro-contact spots in parallel.
Using the probability theory, the pressure over the nominal con-

act area can be expressed as:

= Na

An

∫ ∫
· · ·

∫
m︸ ︷︷ ︸

Fc (x1, x2, . . . , xm) f (x1, x2, . . . , xm)

dx1 dx2 . . . dxm (1)

here Fc is the contact force on each micro-contact spot, f(x1, x2, . . .,
m) is the joint probability density function of the random variables
i (i = 1, 2, . . ., m) that influence the contact force, An is the nominal
ontact area, and Na is the number of BPP asperities at the interface.

Similarly, the contact resistance can be expressed as:

= An

Na

⎡
⎣∫ ∫

· · ·
∫

k︸ ︷︷ ︸
r(y1, y2, . . . , yk)

Rc(y1, y2, . . . , yk)
dy1 dy2 . . . dyk

⎤
⎦

−1

(2)

here Rc is the contact resistance on each micro-contact spot, r(y1,
2, . . ., yk) is the joint probability density function of the random
ariables yj(j = 1, 2, . . ., k) that influence the contact resistance.

Hence, the relationship between the contact resistance and the
ressure (P–R relationship in short) can be written as:

· R=

∫ ∫
· · ·

∫
m︸ ︷︷ ︸

Fc (x1, x2, . . . , xm) f (x1, x2, . . . , xm) dx1 dx2 . . . dxm

∫ ∫
· · ·

∫
k︸ ︷︷ ︸

r(y1,y2,...,yk)
Rc(y1,y2,...,yk) dy1 dy2 . . . dyk

(3)

Eq. (3) can be solved using the following procedure:

1) Determine the micro-contact pair at the GDL/BPP interface. The
contact resistance at the interface was reported to be governed
by micro-contacts between carbon fibers in the carbon paper
and graphite asperities on the BPP surface [2]. Thus, the con-

tact bodies under investigation are carbon fibers and graphite
asperities.

2) Formulate the contact force and the contact resistance for
micro-contacts. Since current polymer-graphite bipolar plates
are relatively brittle and carbon fibers are also commonly
rces 189 (2009) 1066–1073 1067

known as brittle fibers, only elastic deformation needs to be
considered.

(3) Determine the joint probability density functions f(x1, x2, . . .,
xm) and r(y1, y2, . . ., yk).

(4) Calculate by Eqs. (1) and (2) the contact resistance over the
GDL/BPP interface at different pressures and obtain the P–R
relationship.

The following assumptions are made in the calculation within
the loading range: (1) each micro-contact is far enough from the
others so that interaction effect among the contacts is negligible;
(2) no large strain deformation occurs for both the BPP and the GDL;
(3) the micro-contact surfaces are perfectly smooth; (4) frictional
forces at the micro-contacts are negligible; and (5) the micro-
contact area is planar and circular. The last assumption ensures that
the contact resistance at individual micro-contact can be described
using Holm’s equation [12]:

Rc = �1 + �2

4
√

Ac/�
(4)

where Ac is the micro-contact area, �1 and �2 are the resistivities
of the two contact bodies.

2.1. Simplified contact resistance model

The micro-contact between a BPP asperity and a carbon fiber can
be modeled as a hemisphere in contact with an external cylinder
using the Greenwood–Williamson (GW) model for rough surfaces
[13]. When the micro-contact model is developed without consid-
ering the bending behaviors of the carbon fibers, the model can
be simplified as a hemisphere in contact with a fixed cylinder, as
shown in Fig. 1. The relationship between an elastic displacement
ı and a compressive load Fc can be obtained using the Hertz theory
[14] as:

Fc = 4

(3E∗Re
1/2ı3/2)

(5)

and the contact area is given by:

Ac = �Reı (6)

where Re is the equivalent radius, Re = R1

√
R2/(R1 + R2), R1 and R2

are the radii of the BPP asperity and the carbon fiber respectively;
and E* is the equivalent elastic modulus as E∗ = 1/((1 − �2

1/E1) +
(1 − �2

2T /E2T )), E1, E2T, �1, �2T are Young’s moduli and Poisson’s
ratios of the BPP asperity and the carbon fiber respectively. The
subscription T indicates the transverse direction. By substituting
Eq. (6) into Eq. (4), the contact resistance is obtained as:

Rc = �1 + �2

4
√

Reı
(7)

An estimate of the number of asperities on the BPP surface, Na,
can be approximated as:

Na = DsumAn (8)

where Dsum is the density of the BPP summits, which can be
obtained by experimental profilometric measurement of the sur-
face.

As illustrated in Fig. 1(b), when the separation between the sum-
mit mean plane of the BPP and the envelop surface of the GDL, d,
is specified, the elastic displacement ı can be readily obtained as a
function of the horizontal distance s and the asperity height h. By

substituting Eqs. (5)–(8) into Eqs. (1) and (2), the pressure and the
contact resistance over the nominal contact area are reduced to:

P = CP

∫ ∫ [
ı(h, s)

]3/2
cos �(h, s)f (h, s) dh ds (9)
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ig. 1. Schematic of the simplified contact model: ı is the elastic displacement; h is
he asperity height; and d is the separation between the summit mean plane of the
PP and the envelope surface of the GDL.

= CR

{∫ ∫ [
ı(h, s)

]1/2
f (h, s) dh ds

}−1

(10)

here CP = (4E∗DsumR1/2
e )/3 and CR = (�1 + �2)/(4DsumR1/2

e ). The
robability density functions f(h,s) and r(h,s) can be factorized in
erms of the product of the marginal density functions of h and
since the two variables are independent. Eqs. (9) and (10) are

xpressed accordingly as:

= CP

∫ ∫ [
ı(h, s)

]3/2
cos �(h, s)fH(h)fS(s) dh ds (11)

= CR

{∫ ∫ [
ı(h, s)

]1/2
fH(h)fS(s) dh ds

}−1

(12)

.2. Generalized contact resistance model

The simplified model will not be sufficient for micro-contacts
hen the load on BPP asperities causes bending in the carbon fibers

ecause such bending would alter the contact responses. In this
ection, a generalized micro-contact model is developed as a hemi-

phere in contact with a simply supported beam. The schematic of
he model is shown in Fig. 2.

Fig. 2 indicates that the contact responses by the generalized
odel are closely related to the length of the carbon fiber, the

ontact location, and the transverse displacement. The transverse
Fig. 2. Schematic of the generalized contact model between a BPP asperity and a
carbon fiber: l is the length of the carbon fiber; a = l·t(0 ≤ t ≤ 0.5) denotes the contact
location, which is the longitudinal distance from the center of the asperity to the
nearer end of the carbon fiber; and ı is the transverse displacement.

displacement consists of the fiber deflection and the elastic dis-
placement as:

ı = ıd + ıc =

[
Fc(0.25 − t2)

2
l3
]

(3E2LI) +
[

(3Fc)/
(

4E∗R1/2
e

)]2/3
(13)

where ıd denotes the fiber deflection, ıc denotes the elastic dis-
placement, E2L and I are the longitudinal Young’s modulus and the
moment of inertia of the carbon fiber. The transverse displacement
ı in Eq. (13) can be similarly obtained as a function of the asper-
ity height and the horizontal distance as in the simplified model.
The micro-contact force can then be determined by solving the
following cubic equation [15]:

x3 + c2x2 + c0 = 0 (14)

where

x = F1/3
c ,

c2 = (35/3E2LI)

[(4E∗)2/3(0.25 − t2)2l3R1/3
e ]

,

and
c0 = − (3E2LIı)

[(0.25 − t2)2l3]
.

Due to the coupling effect between the fiber deflection and the
elastic displacement, there exists an error in the solution of the
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Table 1
Parameters for the contact surface profiles [2].

Parameters Value

BPP summit radius R1 (�m) 3.67
BPP summit density Dsum (#mm−2) 982

GDL carbon fiber length density (mm mm−2) 57
GDL carbon fiber radius R2 (�m) 3.5

Table 2
Material properties of BPP asperities and carbon fibers.

Properties BPP asperity Carbon fiber

Young’s modulus EL (GPa) 10a 230b

Transverse Young’s modulus ET (GPa) 3.2a

Poisson’s ratio �LT 0.26a 0.256c

Transverse Poisson’s ratio �TT 0.3c

Electrical resistivity � (�� m) 190a 70a

neglected. This is because the length of the carbon fiber section
in contact decreases as the fiber length density in the GDL grows.
When the fiber length density in the GDL is sufficiently high, the car-
bon fiber section in contact is short and the transverse deflection at
Z. Wu et al. / Journal of Pow

ontact force by Eq. (14). Such error can be corrected by applying
coefficient that estimates the deviation of the prediction from

he results by the finite element method (FEM). The coefficient is
btained by the following regression model:

rr = 1.42 − 0.00204l − 0.0303a − 0.155ı + 0.000227a2

+ 0.0587ı2 + 0.000303la − 0.00564aı (15)

here a is a variable denoting the contact location in the horizon-
al direction, as shown in Fig. 2. Eq. (15) is found to be significant
p < 0.0005) and with an adjusted R-square 97.2%. The resulted con-
act force is modified as:

′
c = err · Fc (16)

The contact resistance is given as:

c = �1 + �2

4
√

Reıc

(17)

It is apparent from Eqs. (13) and (17) that the contact responses
y the generalized model are functions of independent random
ariables that include length of the carbon fiber section l, contact
ocation parameter t, BPP asperity height h, and horizontal distance
. The pressure and the contact resistance over the nominal contact
rea are then formulated as:

= Dsum

∫ ∫ ∫ ∫
Fc

′(l, t, h, s) cos �(h, s)fL(l)fT (t)fH(h)fS(s)

dl dt dh ds (18)

= �1 + �2

4DsumRe
1/2

×
[∫ ∫ ∫ ∫ [

ıc(l, t, h, s)
]1/2

fL(l)fT (t)fH(h)fS(s) dl dt dh ds

]−1

(19)

.3. Probability density functions of random variables

For both the simplified and the generalized models, the probabil-
ty density functions of random variables l, t, h, and s are extracted
rom the numerical models by Wu et al. [1] and Zhou et al. [2],
here the GDL structure is built in accordance with the wet-laid
apermaking process for carbon papers [16] and the BPP surface

s established as a regular engineering surface with the GW model
13]. The BPP surface model is generated from experimental mea-
urements of a grade FU 4369 graphite plate from PEM Technology
nc. and the GDL structure is developed using the technical data of
Toray TGP-H-30 carbon paper. The probability density functions

L(l), fT(t), fH(h), and fs(s) are determined as:

L(l) = 1
27

exp
(

− l

27

)
, l > 0 (20)

T (t) = 2, 0 < t < 0.5 (21)

H(h) = 1

3.55
√

2�
exp

[
− h2

2 × 3.552

]
, − ∞ < h < ∞ (22)

S(s) = 1
5

exp
(

− s

5

)
, s > 0 (23)

That is, BPP asperity height h has a normal distribution with a

ean of zero and a variance of 3.552 �m2; length of the carbon fiber

ection l follows an exponential distribution with a mean of 27 �m;
ontact location parameter t is uniformly distributed between 0 and
.5; and horizontal distance s also follows an exponential distribu-
ion with a mean of 5 �m.
a Reported by Ref. [2].
b Reported by Ref. [17].
c Reported by Ref. [18].

Parameters for the BPP surface profile and the GDL structure are
listed in Table 1. Material properties of the BPP asperities and the
carbon fibers are listed in Table 2.

3. Results and discussion

3.1. Contact resistance predictions

The P–R relationship is estimated by the simplified and gener-
alized models for the contact between a Toray TGP-H-30 carbon
paper and a grade FU 4369 graphite plate. Reasonable agreements
are observed with the experimental data by Zhou et al. [2], as shown
in Fig. 3. The similarity in results from the two models in the figure
indicates that the P–R relationship can be estimated with an ade-
quate accuracy by the simplified model for contact situations when
the carbon paper GDL bears a fiber length density similar to that
of TGP-H-30 carbon papers. For such contact situations, the elas-
tic displacement accounts for a large part of the overall transverse
displacement and the bending behavior of the carbon fiber can be
Fig. 3. The estimated P–R relationship of contact resistance vs. pressure by the sim-
plified and generalized analytical models: a Toray TGP-H-30 carbon paper and a
grade FU 4369 graphite plate are used as the GDL and the BPP respectively.
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density, asperity radius, and standard deviation of asperity height.
Effects of these three parameters on the contact resistance are
ig. 4. The estimated P–R relationship by the simplified and generalized models
ith a fiber length density of 36 mm mm−2.

ndividual contact location is small enough to be neglected. There-
ore, under the assumption of no large strain for the two contact
odies, estimates of the contact resistance provided by the simpli-
ed model may be comparable to those by the generalized model.
n the contrary, when the fiber length density in the GDL is low,

he slenderness ratio of carbon fiber sections in contact becomes
arge and the transverse deflection at the contact locations would
e of the same level or even larger than the elastic displacement. In
his case, the simplified model is no longer sufficient, as shown in
ig. 4, where a large deviation from the estimates by the generalized
odel is observed.
Accuracy of the generalized model depends on feasible formu-

ae of the micro-contact responses and correct determination of the
robability distribution of random variables in effect. The analyti-
al result of the contact force is corrected by a regression coefficient
alculated by Eq. (15). The error introduced by statistical approx-
mation can be identified by comparing the analytical result with
numerical result obtained by summing individual micro-contact

esponses. Both models use Eqs. (14)–(18) to calculate the micro-

ontact responses, but differ in the calculation of the overall contact
orce and contact resistance at the GDL/BPP interface. The minor
ifference between the two curves in Fig. 5 confirms the proba-
ility density functions of the random variables in the analytical

ig. 5. Comparison between the generalized model and a numerical simulation.
Fig. 6. Comparisons between the simplified model and the model by Zhou et al. [2]
and between the generalized model and the model by Wu et al. [1].

model. The comparatively large difference between the two results
at low pressure can be attributed to a relatively small number of
micro-contact spots at such pressures. Insufficient sample points
at low pressure induce biases on the estimates of expectations of
the micro-contact force and micro-contact resistance. Such biases
eventually cause a deviation from the actual contact situation. Com-
parisons between the simplified model and the numerical model by
Zhou et al. [2] and between the generalized model and the numer-
ical model by Wu et al. [1] also indicate the biases at low pressures,
as shown in Fig. 6.

3.2. Parametric study

One distinct feature of the generalized model is the analytical
expressions of the contact responses, which facilitate a systematic
investigation on the effects of material properties of the two contact
bodies and their manufacturing processes.

Parameters regarding the BPP surface profile include asperity
shown in Figs. 7–9 respectively. Fig. 7 indicates that an increase
in BPP asperity density would induce a decrease in the contact

Fig. 7. The P–R relationships for different BPP asperity densities.
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modulus would cause a decrease in the number of micro-contacts
Fig. 8. The P–R relationships for different BPP asperity radii.

esistance. The increase in asperity density increases the number of
icro-contacts but reduces the average micro-contact area at the
DL/BPP interface. The growth in the number of micro-contacts
ecreases the contact resistance, while the reduction in the micro-
ontact area increases the contact resistance. The change in the
ontact resistance, as shown in Fig. 7, is more significant with the
hange of the number of micro-contacts than with the change of
he micro-contact area. For various BPP surface profiles with dif-
erent asperity radii, the contact resistance at the interface tends
o decrease as the radius increases. Under a contact situation with
certain transverse displacement, the BPP surface profile with a

arger asperity radius is associated with a higher pressure at the
nterface. Hence, compared at the same pressure, the surface profile

ith a larger asperity radius has a smaller transverse displacement,
smaller number of micro-contacts, but a larger average micro-

ontact force. The change of the contact resistance at the interface is
nally determined by the changes in the number of micro-contacts
nd the micro-contact area, as indicated in Fig. 8. Comparison in
ig. 9 shows that variation of BPP asperity height may significantly

ffect the contact resistance. With a smaller variation, the cell may
xhibit a better performance regarding the contact resistance: a
ower contact resistance can be achieved and the contact resistance
ecreases more quickly to a steady state.

Fig. 9. The P–R relationships for different variations of BPP asperity height.
Fig. 10. The P–R relationships for different longitudinal Young’s moduli of chopped
carbon fibers: the moduli are selected from technical data of Toray PAN-based carbon
fibers [19].

Material properties of chopped carbon fibers in carbon paper
GDLs are also significant to the contact resistance at the GDL/BPP
interface. Factors of concern are Young’s modulus, fiber radius,
and fiber section length. The chopped carbon fibers bear typical
anisotropic properties. The longitudinal Young’s modulus is usually
an order of magnitude higher than the transverse modulus. When a
BPP asperity comes into contact with a carbon fiber, deflection of the
carbon fiber depends on the longitudinal Young’s modulus, while
the elastic displacement is determined by the transverse modu-
lus. Effects of the longitudinal and transverse Young’s moduli on
the contact resistance are shown in Figs. 10 and 11 respectively. In
Fig. 10, no distinct deviation is observed among the P–R curves for
standard modulus, intermediate modulus, and high modulus car-
bon fibers (classified as Toray carbon fibers); while as the results
indicated in Fig. 11, a growth in the transverse Young’s modulus
causes an increase in the contact resistance. For contact situations
under the same pressure, an increase in the transverse Young’s
and a reduction in the micro-contact area, which eventually lead
to an increase in the contact resistance. Difference among the P–R
curves in Fig. 11 indicates that using chopped carbon fibers of

Fig. 11. The P–R relationships for different transverse Young’s moduli of chopped
carbon fibers: the moduli are selected from specific values of Toray PAN-based
carbon fibers [20].
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ig. 12. The P–R relationships for different carbon fiber diameters: the diameters
re selected from technical data of Toray PAN-based carbon fibers [19].

ower transverse Young’s modulus can effectively reduce the con-
act resistance.

The typical diameter of the PAN precursor fiber is about 15 �m,
hich ultimately results in a carbon fiber with a diameter of about
�m [21]. The impact of carbon fiber diameter on the P–R rela-

ionship is illustrated in Fig. 12, where a favorable reduction in the
ontact resistance occurs when the fiber diameter decreases from
to 5 �m. However, current fiber-production technology makes it
ifficult and expensive to process a PAN fiber with a diameter signif-

cantly less than 15 �m [21]. Using a carbon fiber with a diameter
f less than 7 �m may result in worse cost-performance of PEM
uel cells. Carbon fibers in carbon papers are usually chopped into a
xed length. If the length is too short, strength and handling prop-
rties of the carbon paper may be reduced. On the other hand, if
he length is too long, dispersion irregularities may occur, causing
n local regions a lower porosity that causes potential damage to
he carbon paper or localized thinning of the membrane or catalyst
ayer in PEM fuel cells when pressure is applied [22]. Fig. 13 com-

ares the P–R relationships for chopped carbon fibers with different

engths. Result shows that using shorter carbon fibers may improve
he contact performance with a smaller contact resistance, espe-
ially at lower pressures. Therefore, carbon fibers with a shorter

ig. 13. The P–R relationships for different carbon fiber lengths, in which 6 mm is
egarded as a preferable length in Ref. [22].
Fig. 14. The P–R relationships for different carbon paper porosities.

length could be a premier option when requirements of strength,
handling properties, and uniform dispersion are met.

Porosity is one critical parameter that actually controls the con-
figuration of carbon papers. Although it is not an explicit variable in
the analytical model, its effect can be investigated by altering GDL
fiber length density. Porosity and fiber length density are closely
related since the density can be expressed as a function of the
porosity as indicated in Zhou et al. [2]:

LF = 4(1 − ε)VGDL

�d2
F

(24)

where LF is the fiber length density, ε the porosity, VGDL the vol-
ume of GDL, and dF the fiber diameter. The fiber length density
can eventually be represented by two parameters in the analyti-
cal expressions, that is, the distributions of carbon fiber section in
contact and the horizontal distance. A larger porosity is associated
with a lower fiber length density, which results in average a longer
fiber section in contact and a larger horizontal distance. The P–R
relationships for different porosities are illustrated in Fig. 14. Com-
parison shows that the contact resistance increases as the porosity
decreases. As the porosity decreases, carbon fiber sections in con-
tact become shorter, causing smaller deflection and a reduction
in the number of micro-contacts, which eventually result in an
increase in the contact resistance. This trend may seem inconsistent
with the common belief that a better contact performance would
be achieved with more carbon fibers in the carbon paper GDL. The
fact is that although a GDL with a higher fiber length density tends
to have more micro-contacts with BPP asperities, its deformation
under the same pressure would have to be smaller, which in turn
reduces the number of micro-contacts at the interface. The com-
bination of the two effects finally determines the variation of the
contact resistance. The combined effect may also explain the pos-
sible existence of an optimal value for the GDL porosity, beyond
which any further reduction may not cause apparent improvement
on the P–R curve, as comparison shown in Fig. 14 when the porosity
reduces from 0.8 to 0.6.

As indicated in the analytical models of contact force and contact
resistance, the probability distribution of the four random vari-
ables may also affect the P–R relationship. Besides the BPP asperity
height, factors of concern include length of the carbon fiber section

in contact and horizontal distance. Distributions of the two fac-
tors depend on the specific structure of carbon papers and can be
therefore traced to the effects of carbon paper porosity and length
of the chopped carbon fibers. In addition, lower resistivities of the
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ig. 15. Variation of contact resistance with various parameters: the pressure rang-
ng from 1 to 3 MPa.

DL and the BPP would result in a lower contact resistance at the
nterface.

.3. Summary of parametric study results

Fig. 15 summarizes the effects of various parameters on the con-
act resistance. Among all the parameters regarding BPP surface
rofile, material property of chopped carbon fibers, and con-
guration of GDL, the transverse Young’s modulus of chopped
arbon fibers and the standard deviation of BPP asperity height
re indicated as the most significant factors that affect the con-
act resistance at the GDL/BPP interface. A visible variation in the
ontact resistance can also be expected by a change in BPP asperity
ensity. Changes in the BPP asperity radius, diameter and length
f the chopped carbon fibers in the GDL cause a small variation in
he contact resistance, but these parameters should also be consid-
red with regard to the cost-performance of PEM fuel cells, material
roperty requirement, and handling requirement.

. Conclusions

An effective analytical model is developed in this paper to esti-
ate the electrical contact resistance between graphite BPPs and

he carbon paper GDLs in PEM fuel cells. Random variables that fea-
ure the BPP surface roughness and the GDL structure are employed

o characterize the actual contact situation at the interface. Esti-

ates of the contact resistance by the model agree well with
xisting experimental data. The analytical model also facilitates
systematical parametric study on factors that affect the contact

esponses, include material properties of the two contact bodies

[
[

[
[

rces 189 (2009) 1066–1073 1073

and factors arising from the manufacturing processes. Among all
the parameters investigated, the transverse Young’s modulus of
chopped carbon fibers in carbon paper GDLs and BPP surface pro-
file are found to be most significant to the contact resistance. The
parametric study also sheds light on the manufacturing of carbon
fiber GDLs for a better contact performance in PEM fuel cells.
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