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h i g h l i g h t s
� A new mechanistic model has been developed to predict the PEMFCs GDL’s behavior under compression.
� Unit cell approach has been utilized to model the GDL’s complex microstructure.
� The model takes into account microstructural parameters and properties of the fibrous porous medium.
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a b s t r a c t

In the PEM fuel cell stack, the fibrous porous gas diffusion layer (GDL) provides mechanical support for
the membrane assembly against the compressive loads imposed by bipolar plates. In this study, a new
mechanistic model is developed using fundamental beam theory that can accurately predict the me-
chanical deflection of GDL under compressive loads. The present analytical model is built on a unit cell
approach, which assumes a simplified geometry for the complex and random GDL microstructure. The
model includes salient microstructural parameters and properties of the fibrous porous medium
including: carbon fiber diameter, fiber elastic modulus, pore size distribution, and porosity. Carbon fiber
bending is proved to be the main deformation mechanism at the unit cell level. A comprehensive optical
measurement study with statistical analysis is performed to determine the geometrical parameters of
the model for a number of commercially available GDL samples. A comparison between the present
model and our experimental stressestrain data shows a good agreement for the linear deformation
region, where the compressive pressure is higher than 1 MPa.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction resistances is essential. To insure proper contact between layers
A proton exchange membrane (PEM) fuel cell consists of a five-
layered structure called the membrane electrode assembly (MEA),
which is sandwiched between bipolar plates [1]. The gas diffusion
layer (GDL), one of the main components in the membrane elec-
trode assembly (MEA), is a carbon fiber based highly porous media
in the form of paper or cloth. Fig. 1 shows microstructure of a GDL
captured by scanning electron microscope (SEM). The main duties
of the GDL in a fuel cell stack include: acting as a mechanical
support, providing electronic conductivity between components,
providing reactant access to catalyst layers as well as removing
generated heat and reaction products [2]. To collect generated
electricity and heat from the cell, an appropriate contact between
the membrane layers with low thermal and electrical contact
rouzifard), mbahrami@sfu.ca
and also to seal the cell, the MEA layers are compressed between
the bipolar plates by an initial normal pressure applied during the
assembling process. In addition to the assembly pressure, extra
compressive loads are applied on the GDL during the fuel cell
operation due to hygro-thermal loading and membrane swelling
[3e9]. The flexible, porous microstructure of the GDL deforms
considerably when subjected to such compressive loadings. The
deformation results in significant changes in the GDL’s properties
such as porosity, permeability, diffusivity, electrical and thermal
bulk conductivities and contact resistances [1]. These property
changes can significantly impact the transport phenomena, overall
performance and life of the fuel cell stack. Therefore, the me-
chanical behavior of GDL under compression must be understood.
In recent years, a number of studies have focused on the experi-
mental and analytical investigation of the mechanical [10e15] as
well as thermal [2,16e19] and electrical [11] behavior of the GDL
and its interfacial interaction [1,2,17,20e23] under compressive
loading.
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Fig. 1. SEM image of the fibrous microstructure of a PEMFC gas diffusion layer, GDL:
SIGRACET SGL 24 BA.

V. Norouzifard, M. Bahrami / Journal of Power Sources 264 (2014) 92e99 93
The majority of the existing studies on the GDL’s mechanical
deformation were focused on numerical simulation of inhomoge-
neous compression of GDL under the bipolar plates’ ribs using finite
element method (FEM) [1,6,8,24e26]. In all of these studies, com-
mercial FEM software was utilized for mechanical modeling. Due to
the high porosity (78% and higher), GDLs show a nonlinear me-
chanical behavior in through plane compression. To develop amore
realistic FEM model for GDL in the fuel cell, Garcia-Salaberri et al.
[1] created an empirical nonlinear stressestrain relationship by
curve fitting widespread data sets available in the literature.
Although such empirical relationships can resolve the FEM models
requirements, they do not explain the dependency of the me-
chanical behavior as a function of the GDL microstructure.

Developing a reliable mechanical model that can accurately
predict the behavior of the GDL under compressive loads by
considering its salient porous microstructure properties will pro-
vide an accurate stressestrain relationship for the GDL deformation
during compression and increase the accuracy of FEM simulations.
Moreover, the mechanical model will be useful to model the GDL
bulk and interfacial transport phenomenon in the MEA.

Xing et al. [27] determined an optimum clamping pressure
around 0.77 MPa for SGL 10 BB GDL type and operating voltage of
0.7 V and concluded that the optimum clamping pressure will in-
crease when the operating voltage increases. Therefore, depending
on the fuel cell operating condition, the operating pressure can be
higher than 0.8 MPa. GDL compression test data [10,11,28] shows a
compression modulus that increases from a small value, then,
beyond a critical pressure remains constant. Nitta [28] determined
compressive stress of 1 MPa to be the critical stress for SGL 10 BA
GDL and related the linear deformation region between pressures
1e3.5MPa to the crushing of the hydrophobic pores in the GDL. Our
study focuses on the modeling of the GDL mechanical behavior in
pressures higher than 1MPa, which is the operation pressure range
of PEM fuel cells in high operating voltages. We plan to address the
stress range below 1 MPa in our future study.

In this paper, we develop a new mechanistic analytical model
that predicts the compressive stressestrain relationship of carbon
paper GDLs from their microstructural parameters such as fiber
diameter and elastic modulus, pore size distribution and porosity. A
unit cell approach is used in which the random, complex micro-
structure of real materials is modeled by a simplified geometry that
is assumed to be repeated throughout the media. The unit cell
approach has been successfully used by our group for modeling
GDL’s thermal conductivity, thermal contact resistance, and
permeability [2,18,29,30]. Fundamental beam bending theory is
used to model carbon fiber bending as the main deformation
mechanism at the unit cell level and the overall GDL deformation is
calculated from the summation of all unit cells’ deformations. To
determine the effective unit cell length, the distance between
adjacent fiber intersections and pore area are measured optically at
random locations on several off-the-shelf sample GDLs. The effec-
tive unit cell length is determined using a statistical analysis by
calculating parameters such as the mean standard deviation and
coefficient of variation of each GDL sample.
2. Analytical model development

Paper-based carbon fiber GDLs have a fibrous layered structure
in which each layer consists of randomly distributed carbon fibers.
Based on the deformation mechanism of the structure, an appro-
priate geometrical model is needed to represent the random and
complex structure of the GDL as simply as possible. Fig. 2 shows the
proposed unit cell for the GDL modeling, the same unit cell has
been used consistently in our previous GDL thermal [2,18] and
permeability models [29,30]. This simple geometric model includes
all the salient GDL microstructural characteristics needed to cap-
ture the mechanical behavior under compression. As shown in
Fig. 2, each fiber acts as a bending beam in which the fibers below
and above the contact spot act as the supports and concentrated
forces, respectively. Each fiber in a unit cell can be divided into
small parts with two supports at the ends and one concentrated
load in between, see the dashed line in Fig. 2c. Based on the
interaction between neighboring unit cells, the boundary condition
shown in Fig. 2d can be considered with good approximation.
Deflection of the unit cell beam, d, under a specified load, F, can be
determined by the well-known beam bending theory [31] as:

d ¼ 64Fl3

3pEd4

�
� n6 þ 3n5 � 3n4 þ n3

�
(1)

where, l, E and d are the unit cell length, carbon fibers elastic
modulus in longitudinal direction and fiber diameter, respectively
and n is the fraction that shows the location of the bending load on
the beam, as shown in Fig. 3. n is a random parameter and its value
varies between zero and one. Therefore, the average value of
f(n)¼�n6þ 3n5� 3n4þn3 for 0� n� 1 can be calculated by inte-
gration of f. Substituting the average value of f in Eq. (1) gives:

d ¼ 16Fl3

105pEd4
(2)

A mechanical model is needed to relate the GDL total defor-
mation to the unit cell deflection. Fig. 3 presents a schematic of the
GDL layered structure under compressive loads in which the layers
act as stacked disc springs each of which has an effective stiffness of
kl. Assuming equal stiffness for all layers of GDL, the total through
thickness deformation of GDL can be written as:

dGDL ¼
XM
1

dl ¼
MF
kl

(3)

where, dl and M are the layer deformation and number of the GDL
layers, respectively. The number of layers, M, can be obtained from
the GDL thickness and fibers diameter, by:



Fig. 2. Schematics of the proposed geometrical model for the GDL (a) isometric view,
(b) top view, (c) cross-view section and (d) unit cell beam and boundary condition.
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M ¼ t
d

(4)

As shown in Fig. 3, each layer is composed of unit cell beams that
act as parallel springs under compressive load. Therefore, the
stiffness of a GDL layer is equal to the summation of the unit cells
stiffness. Using Eq. (2) to calculate the stiffness of the unit cell, the
effective stiffness of a GDL layer is calculated as:
kl ¼
XN
1

ki ¼
105pE
16

XN
1

d4i
l3i

(5)

where, N and li are the number and length of the unit cell beams in
each layer, respectively. N is estimated by calculating the number of
pores in one layer. Microscopic images show that both N and li have
random distributions and vary throughout GDL layers. In this paper,
a comprehensive optical study is performed to estimate the
appropriate number of measurements needed to statistically
determine the effective unit cells length using a microscope, as
shown in sample images presented in Fig. 4. A random distribution
is found for the effective unit cell length for GDL samples studied,
which will be presented in the following section. Correlation be-
tween statistical parameters of independent randomvariables with
their simple algebraic products can be found in the literature [32],
therefore, the summation appeared in Eq. (5) can be calculated
using the statistical parameters of unit cell length distribution such
as mean value and coefficient of variation as:

XN
1

d4i
l3i

¼ Nmd4

l3
¼ N

m4d
m3l

�
1þ 6C2

l

��
1þ 6C2

d

�
(6)

where, m and C are the random variable mean and coefficient of
variation, l and d are indices for the unit cell length and fiber
diameter, respectively. Appendix A shows the derivation of Eq. (6).
Using the GDL geometrical model presented in Fig. 2, each pore is
composed of four unit cell beams that belong to two neighboring
layer. Therefore, each pore has two unit cells from the same layer
and shares fibers with the neighbor pores. Thus, the total number of
unit cells in each layer can be estimated by the total number of
pores in the layer. Considering that the summation of all pore areas
and the area occupied by fibers should be equal to the sample area,
the number of unit cells in one layer can be calculated as:

N ¼ Asε

mApore

(7)

where, As, ε and mApore
are the sample area, porosity, and pore area

mean value, respectively. Substituting Eqs. (4)e(7) into Eq. (3)
gives:

dGDL ¼ 16tFm3l mApore

105pEm5dAsε
�
1þ 6C2

l

��
1þ 6C2

d

� (8)

After non-dimensionalization of Eq. (8), a new compact rela-
tionship between the compressive strain, e, and stress, s, is ob-
tained as follows:

e ¼ 16s
105pE

�
l
d

�5

eff
(9)

where

�
l
d

�
eff

¼
0@ m3l mApore

εm5d

�
1þ 6C2

l

��
1þ 6C2

d

�
1A1

5

(10)

In the next section, the developed analytical results are
compared with our and others’ experimental data.



Fig. 3. GDL mechanical deformation model schematic.

Fig. 4. Microscopic image of (a) SGL SEGRACET 25 AA, (b) SGL 24 AA, and (c) TGP-H-60 GDL samples with 92, 88, and 78% porosity, measurement of the unit cell length and pore
area between fibers.

Fig. 5. Measured mean value for unit cell length versus number of optical measure-
ments for SGL 24 AA, SGL 25 AA and TORAY TGP-H-120 GDLs.
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3. Results and discussion

3.1. Statistical measurements

As seen in Eqs. (8) and (10), to model the GDL mechanical
deformation, the mean and standard deviation of the geometrical
parameters of the microstructure are needed, including the dis-
tance between two adjacent intersections between fibers (called
the unit cell beam length in the present study), fiber diameter, and
pores area. It should be noted that themicrostructure parameters of
the GDL varies from manufacturer to manufacturer, thus, optical
(microscopic) measurements and the statistical analysis should be
performed for each new material. Fig. 4 shows an optical image
taken fromGDL samples: SGL SEGRACET 24AA and 25AA, and Toray
TGP-H-60; the unit cell lengths and pore area are marked. In order
to determine a sufficient number of measurements for each sample,
a sensitivity analysis is performed. We systematically increased the
number of optical measurements by increments of 150 and calcu-
lated the variation of themean and standard deviation. Figs. 5 and 6
show the unit cell length mean and the standard deviation versus
the number of optical measurements for SGL 24AA and 25AA, and
Toray TGP-H-120 GDL samples. As seen in Figs. 5 and 6, the value of
both statistical parameters plateau after approximately 600
random optical measurements, beyond this, the average value of
both parameter values becomes independent from the statistical
population size. The probability density of the measured data
versus unit cell length is presented in Fig. 7 for two commercially
available GDL samples SGL 25AA and SGL 24AA. All the measured
statistical and previously reported properties as well as other
geometrical characteristics of the SIGRACET SGL 24AA, 25AA, and
10 BA and Toray TGP-H-060 and TGP-H-120 GDLs needed in the
present model, Eqs. (9) and (10), are listed in Table 1.
3.2. Model validation

To validate the present model, compression tests were per-
formed on commercially available SEGRACET SGL 24AA and 25AA.
The results of compression tests on TORAY TGP-H-60 and TGP-H-
120 GDL samples previously performed in our group [2] and SEG-
RACET SGL 10 BA data from literature [28] were also used in model
validation. Fig. 8 shows the schematic of the experimental appa-
ratus used to perform compression tests on the GDL samples. The
machine was originally designed for the thermal contact resistance



Fig. 6. Standard deviation of unit cell length versus number of measurements for SGL
24 AA, SGL 25 AA and TORAY TGP-H-120 GDLs.
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and thermal conductivity measurements [17]. This apparatus is
equipped with an Acuity AR 700 laser displacement sensor and A-
Tech LBO-2K load cell tomeasure the deformation and compressive
load, respectively. As shown in Fig. 8, applied load by a hydraulic
jack on the test column causes compressive deformation in the GDL
sample sandwiched between flux meters. The laser sensor mea-
sures the upper flux meter displacements by 0.1 mm resolution
during the loading of the samples. The GDL samples are cut in
circular shape with a 25 mm diameter. Figs. 9 and 10 show the
stressestrain diagrams for SIGRACET and Toray GDL samples used
formodel validation in the present study. Our GDL compression test
results (Fig. 9) are consistent with the available data in the litera-
ture [10,11,28], i.e., GDL thickness compression modulus starts with
a small value in lower pressure range and increases until the
compressive stress reaches 1 MPa range. It remains constant above
1 MPa pressure. Nitta [28] related the linear deformation region
between pressures 1e3.5 MPa to the crushing of the hydrophobic
pores in the GDL. In order to compare the predicted results with
experimental data, it is necessary to assign a value for C in the
model equation presented in Figs. 9 and 10. Root mean squares of
difference between the model predicted and experimentally
measured stresses under various strains are calculated by
Erms ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP ðsexp: � smodelÞ2
q

. Value of C is determined by
Fig. 7. Probability density of the measured data versus unit cell length for SGL 25AA
and SGL 24AA samples.
minimizing Erms. Values of C corresponding to the studied GDLs in
this paper are listed in Table 1. As shown in Table 1, the variation in
C is small for the GDL types from the same manufacturer and the
model is not sensitive to C. As such, an average value for C ¼ 1.07
and C ¼ 1.32 can be used for SEGRACET and TORAY GDLs, respec-
tively. As can be seen in Figs. 9 and 10, the present model captures
the deformation trend in the higher pressure range and success-
fully predicts the GDL mechanical behavior for the compressive
pressures higher than 1 MPa.

The effective compression modulus of the GDL can be defined
as:

E* ¼ ds
de

(11)

combining Eq. (9) and (11) gives:

E*Model ¼
105pE

16
�
l
d

�5
eff

(12)

The measured effective compression modulus of the tested
GDLs is compared with the analytically predicted compression
modulus in Fig. 11. The GDL shows a nonlinear mechanical behavior
in the pressures less than 1MPa inwhich the effective compression
modulus and the slope of the stressestrain diagram increase
continuously (see Fig. 11). One potential reason for this nonlinear
behavior could be the existence of ‘gaps’ and binder material be-
tween the fibers in the GDL microstructure. In fact, in the low
pressure range the gaps between fibers lead to larger values for the
unit cell beam length than optically measured data. It should be
noted that the layers stiffness decreases as the unit cell length in-
creases, as shown in Fig. 12. The effective non-dimensionalized unit
cell length (l d�1) calculated by substituting the GDL optically
measured microstructural parameters in Eq. (10) and the experi-
mental stressestrain data in Eq. (9) are compared in Fig. 12. As the
compressive modulus, the effective non-dimensionalized unit cell
length (l d�1) converges to the experimental data in the compres-
sive pressures higher than 1 MPa, as seen in Fig. 12. Fig. 13 sche-
matically shows the concept of ‘gaps’ used to explain this low
pressure deformation behavior using the unit cell effective length.
In Fig. 13, the solid and dashed lines show the fiber deflections
before and after compression in the low range pressure (<1 MPa),
respectively. Also the bent fiber deformation fills the gap between
the fibers, thus the effective unit cell length is changed. As previ-
ously mentioned, the focus of the present study is the modeling of
the GDL mechanical behavior under compression pressure above
1MPa; the nonlinear region (pressure<1MPa) will be addressed in
our future study. Also, Fig. 12 shows that the proposed model has
the capability to predict the effective unit cell length of various GDL
types. The effective unit cell length can be calculated from the re-
sults of GDL compression tests with �2% of accuracy.
Table 1
The mechanical properties and geometrical characteristics of the SIGRACET and
TORAY GDL samples used in this study.

GDL type ε (%) ml (mm) Cl mApore
(mm2) md (mm) Cd E (GPa)

[34]
C

SGL 24AA 88 [18] 130 0.414 9091 6.95 0.0812 225 �1.07
SGL 25AA 92 [18] 135.8 0.433 11,284 6.95 0.0812 225 �1.12
SGL 10BA 88 [28] 118.5 0.376 8949 6.95 0.0812 225 �1.02
TGP-H-060 78 [18] 97.24 0.387 6870 6.13 0.106 225 �1.35
TGP-H-120 78 [18] 83.95 0.413 6357 6.13 0.106 225 �1.30



Fig. 8. (a) Photograph and (b) schematic view of experimental apparatus used for
compression tests.

Fig. 9. Model results (lines) compared to experimental stressestrain data (points) for
SGL 25 AA, 24AA, and 10BA [28] GDLs.

Fig. 10. Model results (lines) compared to experimental stressestrain data (points) for
Toray TGP-H-060 and TGP-H-060 [17] GDLs.

Fig. 11. The GDL through plane compressive deformation modulus versus stress.
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3.3. Uncertainty analysis

From stress definition, s¼ F/A, uncertainties in the force and
sample area measurements can cause uncertainty in the stress. The
uncertainty of the stressestrain data, included in the plots, is
calculated as follows [33]:

EðsÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
EðFÞ
F

�2

þ
�
EðAÞ
A

�2
s

(13)

where, Eð$Þ indicates the uncertainty of the parameters, F and A are
the measured force and the sample area, respectively. Using load
cell and the amplifier manufacturers’ technical specifications, the
uncertainty in the measured force was less than 1%. A circular
cutter is used to cut the samples from the GDL sheets. The diameter
of the cutter is about 1/16 of inch larger than the flux meters 1-inch
diameter. Therefore, the area of the flux meters is determinant. The
dimensions of the flux meters can change due to temperature



Fig. 12. The unit cell non-dimensionalized length factor versus stress.
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variation during the experiments. Since, the temperature variations
was not considerable, the area uncertainty is negligible.

For the strain, ε ¼ 1� t0=t, uncertainty sources are the
deformed GDL thickness, t0, measurement and the GDL initial
thickness, t. The GDL thickness during deformation was measured
using a laser displacement sensor that has a resolution of 0.005% of
the measurement span based on the manufacturer technical data.
Therefore, the strain uncertainty arises from displacement sensor is
negligible. Another source is the GDL initial thickness variation,
which is determined about �7.89% according to the GDL’s data
sheet provided by the manufacturers. The uncertainty of the strain,
included in the plots as well, is calculated as follows [33]:

EðεÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
Eðt0Þ
t0

�2
þ
�
EðtÞ
t

�2
s

(14)

where, t0 and t are the GDL compressed and initial thicknesses,
respectively. Then, 7.89% uncertainty is calculated for the strain
measurements.
4. Conclusion

In this paper, a novel analytical model was developed to predict
the mechanical behavior of carbon fiber based GDLs under through
plane compression. A unit cell approach was used to model the
geometry of the GDL microstructure. Bending of carbon fibers was
considered as themainmechanism responsible for the deformation
of the GDL. The present model took into account salient GDL
microstructural characteristics and properties such as carbon fiber
Fig. 13. Effect of the gap between fibers on the effective unit cell during the GDL
compression (dashed lines show fiber location after GDL compression).
diameter, elastic modulus, pore size distribution, and porosity. A
comprehensive optical measurement study was performed to sta-
tistically determine effective geometric parameters needed in the
proposed unit cell model. We measured compressive strainestress
for a number of commercially available SGL GDL samples. Com-
parison between the model results with the experimental stresse
strain data showed that the present model could accurately predict
the mechanical behavior of the GDL in the linear area, where the
compressive pressures were higher than 1 MPa. Therefore, the
model can be used for GDL deformation simulations as well as
investigation of the GDL structural parameters (e.g. fibers diameter,
pore size and porosity) effects on themechanical behavior strength.
It can also provide guidelines and engineering insight for
manufacturing more efficient gas diffusion layers.

Appendix A

Using relationships reported by Mischke [32] for mean and
standard deviation of simple algebraic operations on the inde-
pendent random variables, the following equations can be written:

mxy ¼ mxmy (A.1)

mx4 ¼ m4x

�
1þ 6C2

x

�
(A.2)

m 1
x3

¼ 1
m3x

�
1þ 6C2

x

�
(A.3)

where, C is the coefficient of variation and can be calculated as

Cx ¼ bsx

mx
(A.4)

where, m and bs are the mean and standard deviation, respectively.
Considering Eqs. (A.1)e(A.3), md4=l3 can be written as

md4

l3
¼ md4m 1

l3
¼ m4d

�
1þ 6C2

d

� 1
m3l

�
1þ 6C2

l

�
(A.5)
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