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The present study reveals that the conventional notion that thermal contact resistance

increases with porosity does not necessary hold. It is proved through a mechanistic robust

model that, under specific circumstances, the porosities of two contacting bodies attain a

critical value beyond which the contact resistance counter-intuitively drops. The model

focuses on micro porous layers (MPLs) coated on gas diffusion layers (GDLs) of polymer

electrolyte membrane fuel cells (PEMFCs) and is validated with the MPL-GDL thermal

contact resistance measured over a range of pressure.

The counter-intuitive reduction of the contact resistance with porosity can find

important applications in energy conversion systems such as PEMFCs and batteries where

contact resistance plays a major role in ohmic loss and heat management. This game-

changing finding can lead to improving mass and heat transfer, diffusivity and perme-

ability of porous materials by increasing the porosity without any compromise on contact

resistance or ohmic loss. The present cutting-edge research can also open new avenues for

fuel cell and any other manufacturers to develop state-of-the-art materials with higher

porosities but lower contact resistances, which are currently not available in the market.
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Introduction

Contact or interfacial resistance plays a major role in ohmic

loss and electrical and heat management of energy conver-

sion systems such as fuel cells, batteries and capacitors

comprised of microstructural porous materials [1e3]. This

interfacial resistance, together with the bulk transport prop-

erties, is a strong function of porosity [4e6]. A high porous

material provides higher heat [7] and mass transfer, diffu-

sivity and permeability but also higher contact resistance and

ohmic loss [8,9]. This crucial trade-off dramatically influences

heat, electron and ion transfer in fuel cells and batteries.

Contact resistance (ohmic loss) reduction and heat transfer,

diffusivity and permeability improvement are simultaneously

favored in energy conversion devices [10]. However, no

reduction of contact resistance with porosity has been to date

reported. All attempts have failed to resolve the tradeoff be-

tween porosity-based transport properties and contact resis-

tance (or ohmic loss).

The aim of this study is to explore the possibility of contact

resistance (or ohmic loss) reduction with porosity through a

mechanistic robust model. The focus will be on the interface

of two widely-used carbon-based porous materials: a fibrous

porous medium called gas diffusion layer substrate and its

neighboring micro porous layer (MPL) (see Fig. 1) of polymer

electrolyte membrane fuel cells (PEMFCs). The MPL carbon
Fig. 1 e Images of an SGL MPL-GDL 24BC surfaces (present stud

particles [25].
particles clusters and their contact with one fiber are sche-

matically illustrated in Fig. 2. The present model allows the

systematic investigation of the effect of GDL and MPL poros-

ities on their contact resistance and provides insights and

guidance for the development of new and improvedmaterials

for energy conversion systems.
Model development

Geometrical model

A schematic of the contact between spherical carbon particles

of an MPL and cylindrical carbon fibers of a GDL is shown in

Fig. 3. The random distance between the fibers of the GDL

surface [11] and the carbon particles of the MPL surface are

exaggeratedly illustrated in Fig. 3. This figure also shows some

ellipses as the contact areas between one fiber and several

carbon particles. The assumptions of the proposed model

include: 1) steady state heat transfer; 2) constant thermo-

physical properties; 3) cylindrical GDL fibers; 4) spherical MPL

carbon particles; 5) elastic deformation; 6) static mechanical

contact, i.e., no vibration effects; and 7) short-range surface

forces are negligible (Hertz/Surface forces z 102 for carbon

particle-fiber contacts) [12e14]. The geometrical equations

and parameters of the GDLs and MPLs required in the present

model are summarized in Table 1. Further details on the
y) and MPL carbon black (CB) agglomerates, clusters and
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Fig. 2 e (a): Geometricalmodelingof spherical carbonparticlesarrangement insideanMPL:ThenumberofMPL carbonparticle

layers can be obtained as
ffiffi
2

p
tMPL
dp

. (b): MPL carbon particles clusters and agglomerates, as the unit components of an MPL,

contacting fibers (not to scale for the purpose of illustration); only carbon particles on the MPL surface touch the GDL fibers.

Fig. 3 e MPL carbon particles in contact with a GDL fiber: Increasing pressure (F < F' < F'') increases the number and contact

area of Hertzian contact ellipses (the size of particles and contact areas have been exaggerated for clarity).
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Table 2 e Hertzian equations of a sphere-cylinder and
sphere-plane contact [12].
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structure and composition of the GDL andMPL surfaces can be

found in “Supplementary Materials A’’.
Contact Contact radius Equation

Sphere-cylinder

contact
1þ dp

df
¼ ð1=k2ÞEðk'Þ � Kðk'Þ

Kðk'Þ � Eðk'Þ
(14a)

k' ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� k2

p
(14b)

b ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3FkEðk'Þ
4pE*

�
1
dp

þ 1
df

��1
3

s
¼ ka (14c)

Sphere-plane

contact
a ¼ b ¼

ffiffiffiffiffiffiffiffiffiffi
3Fdp

8E*

3

r
(15)
Mechanical model

Heat transfers from one GDL fiber to MPL carbon particles

through the contact spots at the interface and the resistance

to heat conduction depends on the contact area dimensions,

which are summarized at the end of Table 2. GDL surfaces

have a random distribution of surface asperities (see Ref. [15]).

Following Mikic [16] and Bahrami et al. [15,17], a Gaussian

distribution of spacings between fibers and the MPL surface is

assumed, which is a function of pressure:

ns ¼ 1
16

m
s

� �2 exp �2g2ð Þ
erfc gð Þ A (16a)

g ¼ erfc�1

�
4P
Hel

�
(16b)

where m, s, g, A, Hel and P are respectively asperity slope,

surface roughness, apparent (total) area, elastic micro-

hardness, and pressure (see Table 1). The number of fibers

contacting the surface (Nf) at a given pressure of P can be

obtained by the same proportionality as Eq. (16) proposes:
Table 1 e Geometrical specification and mechanical properties

Symbol Parameter

E Young modulus of fiber & MPL carbon particles

ʋ Poisson ratio of fiber & MPL carbon particles

k Thermal conductivity of fiber & MPL carbon particles

lfap GDL apparent fiber length

df GDL fiber diameter

dp MPL carbon particle diameter

D Fiber amplitude

l Fiber wavelength

Ns Number of troughs of each fiber

lf GDL fiber length

sarc Arc length of fiber circumference that can come to contact to p

tMPL MPL thickness

εMPL MPL porosity

εGDL Nominal substrate porosities of GDLs SGL 24BA and 25BA

Nft Total number of fibers at the GDL surface

Npt Total number of carbon particles at the MPL surface

A GDL and MPL cross-sectional area (apparent surface area)

jacGDL Active area percentage of a GDL surface at compression of P

jacMPL Active area percentage of an MPL surface at compression of P

pjj GDL-MPL solid-phase contact probability

Np � 1f Total number of carbon particles that come into contact to one

sGDL Roughness of GDLs SGL 24BA & SGL 25BA

mGDL Asperities slope for GDL

Hel GDL Effective elastic modulus

sMPL MPL roughness of GDLs SGL 24BA & SGL 25BA

mMPL Asperities slope for MPL

Hel MPL Effective elastic modulus
Nf

Nft
¼ nsGDL

nstGDL
(17)

whereNft is the total number of fibers as given in Table 1. nsGDL
is obtained at the pressure applied on the sample (e.g.,

P ¼ 2e20 bar) and nstGDL at a pressure where the main gaps
of fibers for typical GDLs.

Units Value or equation Basis Eq./Figure

GPa 210 & 210 [2] [9] Meas. e

e 0.3 & 0.3 [2] [9] Meas. e

W m�1 K�1 115 [21] & 1.5 [16] Meas. e

mm 3000 [6] Meas. e

mm 7.5 [6], 8.5 [9] Meas. e

nm 10e100 Meas. Fig. 5

mm 4 df [6] Meas. e

mm 50e1900 [6] Meas. e

e Ns ¼ Lfap
l
þ 1 Derv. (1)

m 2ðNs � 1Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2 þ l2

4

q
z lfap [6]

Derv. (2)

articles m df tan
�1

 
2 dp

df

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ df

dp

q !
Derv. (3)

mm 45 [26] Meas. e

e 0.42 (MPL mass ¼ 0.029 gr) Meas. e

e 0.88 and 0.92 [26] Meas. e

e 4Að1�εGDLÞ
pdf lf

Derv. (4)

e ffiffi
2

p
dpAð1�εMPLÞ

8
3p

�
dp
2

�3

Derv. (5)

m2 0.000507 Meas. e

m2/m2 ðNf lf sarcÞð1�pPTFEGDLS
Þ

A Derv. (6)

m2/m2

�
NP

pd2p
4

��
1�pPTFEMPLS

Þ
A Derv. (7)

e jacMP L� jacGDL Calc. (8)

fiber e
pjjNp

Nf
Derv. (9)

mm 17, 31 [27] Meas. e

e 0:076s0:52GDL [15] [22] Calc. (10)

Pa E*mGDLffiffi
2

p [15] [22] Calc. (11)

mm 2.5, 1.3 [27] Meas. e

e 0:076s0:52MPL [15] [22] Calc. (12)

Pa E*mMPLffiffi
2

p [15] [22] Calc. (13)
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Fig. 4 e Comparison of the present model with

experimental data for SGL 24BC and 25BC: Pst, the

compression at which all fibers can come into contact to

the MPL surface, is a constant parameter to which the

model is not sensitive, but the model is sensitive to

varying compression P (fuel cell stack clamp pressure).
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between consecutive fibers [18] disappear as a result of pres-

sure. This pressure (Pst) corresponds to the compression at

which no practical change can be observed in the population

density of the contact spots on a pressure indicating film [19]

pressed against the sample, see “Supplementary Materials B’’.

The number of MPL carbon particles that can contact all

the fibers at a pressure of P is

Np

Npt
¼ nsMPL

nstMPL
(18)

The number of MPL carbon particles contacting one GDL

fiber will therefore be:

N1f
p ¼ Np

Nf
(19)

Thermal model

Due to the very small area of the contact (10�17e10�15 m2), the

heat transferred from one GDL fiber to the MPL carbon parti-

cles encounters a large resistance, known as spreading/

constriction resistance. According to Bahrami et al. [15,20], the

total thermal contact resistance of non-conforming surfaces,

here for one fiber, is a summation of the macrocontact and all

the microcontact resistances:

Rf�MPL
tot ¼ Rf�MPL

mac þ Rf�MPL
mic (20)

The spreading/constriction macrocontact resistance that

occurs on each cylindrical fiber surface contacting the carbon

particles of MPL can be obtained by Ref. [6]:

Rf�MPL
mac ¼ 1

plf kf
ln

�
4df

sarc

�
� 1
2lf kf

(21)

where kf is the thermal conductivity of fibers (¼115 W/

m K [2,6,21]). The microcontact resistance for each fiber is an

inverse of the parallel summation of all the microcontact re-

sistances created on its surface:

Rf�MPL
mic ¼

0
@ XNf�MPL

p

i¼1

1

Rf�p
mici

1
A

�1

(22)

whereRf�p
mici

is thespreading/constriction resistancebetweenone

fiber and one arbitrary carbon particle contacting that fiber:

Rf�p
mici

¼ Rf
mici

þ Rp
mici

(23)

Since a and b aremuch smaller than the fiber diameter (a/df
~ 10�3), the concept of heat transfer on a half space is used for

the fiber side of any fiber-particle contact [2,6]:

Rf
mici

¼ 1
2pkfa

Zp
2

0

dtffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� h2 sin2 t

q (24)

h ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

�
b
a

�2
s (25)

And for the particle side, since az b (circular contact spots)

and the fibers can be considered as flat surface against the

small particles of MPL, the equation of smooth sphere-flat

contact can be employed [15,22,23]:
Rp
mici

¼

�
1� 2a

dp

�1:5

2

�
2kf kp
kfþkp

�
a

(26)

where kp is the thermal conductivity of carbon particles

(¼1.5 W/m K [16,24]). The thermal contact resistance between

the GDL and MPL for one carbon particle diameter can be ob-

tained as:

TCRdpj ¼
Rf�MPL
tot

Nf
(27)

Ultimately, the TCR between the GDL and MPL is the TCRs

of different carbon particle diameters (Eq. (27)) averaged based

on their occurrence probability in an MPL:

TCR ¼
Xnptotal
j¼1

pdpjTCRdpj (28)

where pdpj is the probability of occurrence of each particle

diameter (dp) already provided in “SupplementaryMaterials A”.
Results and discussion

Model validation

The interfacial thermal resistances of the MPL-coated type of

the GDL substrates SGL 24BA and 25BA were measured in the

previous work of the same authors [5]. Fig. 4 compares the

present model with the experimental GDL-MPL contact re-

sistances for these GDLs. The model results are in acceptable

agreement with the experimental data and the model well

captures the trend of the experimental TCRs over awide range

of pressure. Fig. 4 also shows that, as mentioned earlier, the

model result is not sensitive to Pst.
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Fig. 5 e Effect of GDL porosity on the TCR at three different

pressures: a critical porosity (εGDL cr) of approximately 86%

is observed at the low pressure of 2 bar. With increasing

the pressure, the critical porosity increases and at high

pressures, it may disappear.
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Effect of GDL porosity (εGDL) on TCR

The influence of GDL porosity on the TCR plotted in Fig. 5 re-

veals that TCR is more sensitive to porosity at lower pressures

and higher range of porosities. It is visible from Fig. 5 that

increasing the pressure reduces its impact on the TCR, irre-

spective of the GDL porosity. One important point to notice

here is that TCR counter-intuitively decreases beyond a

porosity of approximately 86% at the low pressure of 2 bar.

Overall, at low pressures, there can be a critical porosity

beyondwhich the TCRmay decrease. This can be attributed to

the tradeoff between the size of each contact spot (Fig. 6a) and

the number of contact spots (Fig. 6b).
(a)                                   

7
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27

0.64 0.72 0.8 0.88 0.96

a
(n

m
)

εGDL (-)

P=2
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df=8.5 μm, dp=60 nm, 
εMPL=0.6, lf=3000 μm

P=5
P=6
P=8
P=15

P=4
P=3

Fig. 6 e Variations of the radius of each contact spot (a) and
It is well known that the size and the number of contact

spotsdetermine theTCR. For afixedpressure, the radiusor size

of contact spots decreases with their population (Fig. 6a) since

the force divided betweenmore spots will be lower. This effect

is more pronounced at lower number of contact spots, i.e.,

higher porosities and lower pressure as shown in Fig. 6a. (e.g.,

compare a change from 1 to 2 spots with a change from 1

million to one million and one (or even one million and a few

thousands) spots). In other words, for typical GDLs porosities,

the number of fibers is so high that any reduction in it (as a

result of the porosity increase) can lead to little increase in the

size of the contact spots and, hence, TCR increases with

porosity. However, as the GDL porosity approaches very high

values close to unity, the number of contact spots (Fig. 6b) be-

comes so lowthat the effect of the spots size growthon theTCR

becomescompetitivewith, andbeyondspecific (critical) values

of porosity (see Fig. 5), dominant over, the effect of the spots

population. This effect becomes more critical at lower pres-

sures where the number of contact spots is (much) lower

(Fig. 6b). For this reason, as shown in Fig. 5, with increasing

pressure, higher critical porosities are observed and at very

high pressure, the critical porosity (peaks)may disappear. This

is an important trend thatmay be used for GDLmanufacturing

and fuel cell design. Finding this novel concept of the contact

resistance reduction with porosity can help fuel cell and any

other manufacturers develop new state-of-the-art materials

with higher porosities but lower contact resistances. At the

present, such materials are not available in the market.
Effect of MPL porosity (εMPL) on TCR

Fig. 7 shows that the trends of the TCR variations with MPL

porosity are similar to the ones observed for the case of GDL

porosity, i.e., Fig. 5. At lower pressures, the effect of porosity

on the TCR is more pronounced and with increasing pressure,

the effect decreases and an almost linear trend is observed at

the high pressure of 20 bar. At the pressure of 2 bar, a reduc-

tion in TCR is observed with increasing MPL porosity to values
(b)
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Fig. 7 e Effect of MPL porosity on the TCR at three different

pressures: a critical porosity (εMPL cr) of approximately 60%

is observed at the low pressure of 2 bar. With increasing

the pressure, the critical porosity increases and at high

pressures, it may disappear.
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higher than 0.60. A similar trend was observed in Fig. 5 for the

same pressure. In other words, as MPL porosity goes up, the

contact spot radius a increases and the number of contact

points decreases, which lead to the appearance of amaximum

value for the TCR for a wide range of pressure (Fig. 7). This is

because with increasing MPL porosity beyond certain values

(>0.6), the rate of the growth of each contact area, or the rate of

decreasing of the TCR at each contact spot, becomes higher

than the rate of reduction in the number of contacts. This

important finding can be implemented for the design and

manufacturing of fuel cells, GDLs, MPLs, and in general, any

other porous materials.
Summary and conclusion

Through robust mechanistic modeling, it was shown that the

conventional notion that contact resistance increases with

porosity does not necessary hold. Under certain circum-

stances, a critical porosity value is reached when the trend is

reversedmaking it possible for the contact resistance between

two mating porous materials to drop with porosity. The crit-

ical values of the dominant parameters, determined by the

model, provide reference values for GDL manufacturing and

design for improving the heat/electrical management of

polymer electrolyte membrane fuel cells. The novel finding of

contact resistance reductionwith porosity brings the potential

for improving mass and heat transfer, diffusivity and perme-

ability of porous materials by increasing the porosity without

any increase in contact resistance or ohmic loss.
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Nomenclature

a Major radius of contact area between one fiber and

one carbon particle, m

b Minor radius of contact area between one fiber and

one carbon particle, m

Calc. Based on calculations

Derv. Derived parameter or equation

u Half of the width of the rectangular channel area, m

F Force exerted on the entire GDL, N

Exp. experimental value

E Young's modulus, Pa

F Force, N

df GDL fiber diameter, m

dp MPL carbon particle diameter, m

A GDL cross-sectional area, m2

AfP The area of that part of each fiber surface that MPL

carbon particles come in contact with, m2

lfap Apparent fiber length, m

Ns Number of troughs each fiber has

Nf Number of fibers contacting the MPL surface at a

pressure of, P

Np Number of carbon particles that can contact all the

fibers at a compression of, P

N1f
p Number of carbon particles that can contact all the

fibers at a compression of, P per one fiber

Np � 1f Number of carbon particles that may contact one

fiber at a compression of, P

E* ¼
�

1�v2C
EC

þ 1�v2F
EF

�
Effective elastic modulus, Pa

Nft Total number of fibers

GDL Gas Diffusion Layer

lf real Real fiber length, m

k Thermal conductivity, Wm�1 K�1

Meas. Measured value or parameter

ns Number of asperities contacting the surface of

another body in contact

nst Total number of asperities

PEMFC Polymer electrolyte membrane fuel cell

P Pressure on the entire GDL, Pa

Pst Pressure at which all the fibers contact the surface

p probability

pdpj Probability of having carbon particles with a

diameter of dpj
R Thermal resistance, KW�1

Rc Spreading/constriction resistance on cylinder side

resistance, KW�1

RF Spreading/constriction resistance on flat surface

side, KW�1

TCR Thermal resistance correction, KW�1

TCRA Thermal contact resistance per unit area, KW�1 m�2

t thickness, m

Greek letter
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D Amplitude of fiber waviness, m

l Wavelength of fiber waviness, m

g Non-dimensional separation

ε Porosity

s GDL roughness, m

j Active area percentage of GDL (MPL) surface that can

come to contact to MPL (GDL)

y Poisson's ratio

Superscript

f � MPL Contact between one fiber and MPL carbon particles

f � p Contact between one fiber and one carbon particle

Subscript

C Cylinder

cr Critical value

el Elastic

f Fiber

F Flat surface

GDL GDL or related to GDL

i Carbon particle i

j Carbon particle with the diameter of dpj
m Measured

mac Macro

max Maximum value

mic Micro

min Minimum value

MPL MPL or related to MPL

n Summation index

p Carbon particles of MPL

t Total value

tot Total resistance

?? Related to probability of active areas of GDL and/or

MPL that may come to contact
Appendix A. Supplementary data

Supplementary data related to this article can be found at

http://dx.doi.org/10.1016/j.ijhydene.2016.03.073.
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