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Abstract

It is established that the compression behavior of gas diffusion layers (GDL) is de-
pendent on the level of the mechanical stress it experienced during its lifetime. As
a matter of fact, every cycle of compression induces damages in the GDL, including
fibers breakage and/or their spatial reorganization. As observed in the experimental
work, the first cycle of compression of GDLs as received from the suppliers is already
altered by a previous compression that is applied during the manufacturing process.
This paper then presents a model able to predict the cyclic behavior of GDL, con-
sidering the existence of this compressive stress applied during the manufacturing
process. The experimental mechanical properties of the three main types of non-
woven GDL (rolls, sheets and felts) were first measured and then predicted using the
proposed model, thereby allowing to separate the influences of the manufacturing
process, the type of fibers, the presence of a micro-porous layer and a hydrophobic
treatment on the GDL.

Keywords— Proton exchange membrane fuel cell, Gas diffusion layer, Non-linear
mechanical behavior, Compression, Constitutive model
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1 Introduction

Mechanics is recently becoming a center of interest in the research for performance and
durability of proton exchange membrane fuel cells (PEMFCs), which is proven by the
numerous studies and reviews on the subject [IH5]. It is indeed shown in different
experimental studies [6HI0] that the performance of PEMFCs require the control of the
mechanical state of the stack, and especially of the gas diffusion layer (GDL) [I5HI9].

The GDL is a porous media, composed of carbon fibers, located between the flow field
of the bipolar plates (BPPs) and the catalyst layers (CLs). Different types of GDL are
used in PEMFCs, including non-woven carbon paper and woven carbon cloth [I8], 20 21].
In the non-woven category, the final product can be presented in three forms: sheets,
rolls or felts. Sheets and rolls are composed of straight carbon fibers, whereas felts are
composed of curved carbon fibers. Sheets present higher in-plane Young’s moduli, in
the range of 5 to 10 GPa [22H24], compare to the one of rolls or felts, whose values are
between 1 and 3 GPa [23, [24]. The higher in-plane stiffness of sheets results to additional
graphitization step in the process that is not present in the manufacturing of rolls [20].
Furthermore, the low in-plane stiffness of felts is related to the curvature of the fibers.

The GDL plays an essential role in the operation of a PEMFC; its various functions
are (1) to diffuse uniformly the reactant gases on the active layers, (ii) to provide an elec-
trical and thermal connection, thereby conducting electrons and heat between the CLs
and towards the BPPs and (iii) to participate in the elimination of the water produced
by the electrochemical reactions. All these essential functions can be affected by the me-
chanical state of the GDL. For example, Chang et al. [§] showed that increasing the GDL
compression decreases its porosity rate thereby reducing the gas diffusion path. Con-
versely, it will improve the GDL electrical and thermal conductivity, as well as its contact
resistance with the BPP and CL [25H27]. Recent studies [28432] have demonstrated that
the water management is strongly affected by the GDL compression, mostly in the mass
transport region.

It is therefore necessary to know and understand the mechanical behavior of the
GDL, especially during its compression. Being a porous media, GDLs exhibit an original
behavior in compression as characterized by a strong non-linearity and a dependency on
the level of compression that is applied on the samples [20, 23] [33H46]. New contacts are
created between the fibers during the GDL compression, thus increasing its stiffness [36]
39, 44]. Fiber breakage can also occur, leading to residual deformations and a different
behavior [20] [37, 39, 40, 43H45]. In this way, it is difficult to define a model allowing
to predict with precision the compression behavior of GDLs. Polynomial fits have been
proposed by different authors [35, B8] [47] 48] to model the initial non-linear compression.
Different models based on the beam theory, in the hypothesis that the fibers composing the
GDL bend between contact points, have been proposed by different authors [36], 39, 49, [50].
The latter model exhibits a good prediction of the GDL experimental behavior, but is
applicable only for stress value lower than the maximum compression pressure experienced
by the GDL. Shi et al. enhanced the model of Gigos by implementing the Hertz contact
effect. Carral and Mele [44] showed that the compression of GDL can be predicted by the
physical model developed by Van-Wyk and Toll [51], [62] for the compression of fibrous
materials, bringing a new proof that the compression behavior of GDLs is directly linked
to the number of contact points between fibers. Poornesh and Bhat [53] [54] proposed
a phenomenological model to describe the cyclic response of GDLs. Meng et al. [45]
developed recently a non-linear constitutive model which described the cyclic compression
of felts GDL accurately. This last model is based on the observation that the tangent
modulus of the felts GDL compression follows a linear increase with the compression
stress.

The initial behavior of GDLs can be however affected by the compression pressure ap-
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plied during the manufacturing process, as we observed in the experimental work proposed
in this article. The previous models are not able to take in account of this phenomenon.
A new improved model is thus proposed in this article, which is capable of predicting
the initial and cyclic behavior of GDLs, thereby integrating their history using the defini-
tion of compression applied during the manufacturing process. The three main types of
non-woven GDLs used in PEMFCs (rolls, papers and felts), exhibiting different manufac-
turing process, will be considered. The influence of the hydrophobic treatment and the
presence of a micro-porous layer will be included as well in this study. The objective is
to propose a model capable of predicting mechanical behavior of the GDL that is loaded
in cyclic compression, and then taking into account its previous mechanical history. The
small differences observed between experimental and predicted data, lower than 5% for
all suppliers and references, prove the accuracy of the proposed model and its wilder field
of application.

2 Materials and methods

2.1 GDL Samples

Four different GDL references were used in this study (Table|l)) to confirm the relevance
of the model and reveal the influence of their prior manufacturing process:

e Rolls, represented by refs. 36AA and 36BB, are composed of straight carbon fibers.
Their low in-plane Young’s modulus (~1-3 GPa [23]) allows the manufacturers to
produce them as a continuous roll good. Ref. 36BB will allow to analyze the
influence of micro-porous layer (MPL) and hydrophobic treatment.

e Sheets, represented by ref. H060, are composed of straight graphite fibers. They
exhibit a high in-plane Young’s modulus (210 GPa [23]), mainly due to the addi-
tional graphitization step in the manufacturing process [20]. Therefore, they cannot
be rolled and are commercialized in a sheet form.

e Felts, represented by ref. H23C7, are composed of curved carbon fibers. They
exhibit a low in-plane modulus and can be produced as continuous roll good.

Supplier Reference Areal Thickness ¢ Bulk Type
weight density ¢
g.m2 pm g.cm_3
SGL 36AA 5743 22143 0.26+0.01 Roll
SGL 36BB 103+3 26742 0.39£0.01  Roll with MPL
Toray H060 86+2 19343 0.45+0.02 Sheet
Freundenberg H23C7 13442 2307 0.59+0.02  Felt with MPL
¢ @0.1 MPa

Table 1: References and technical data of the GDL samples (variability is range of mea-
surements).

2.2 Compression tests

The protocol detailed in [44] was used to perform the compression tests, i.e. the compres-
sion of a stack of six GDL samples of 16 mm diameter with intermediate layers composed
of aluminum foils. A pressure of 0.1 MPa was taken into account to detect the contact
with the samples. During the fuel cell operation, and in particular during start-up and
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shutdown phases, hygrothermal cycles lead to cyclic compression of the GDLs through
thermal expansion of the stack components and swelling of the membrane. To analyze the
cyclic behavior of the GDLs, a series of compression cycles between the contact pressure
of 0.1 MPa and different levels of compression (1-1.5-2-3-4-5 MPa) was applied on the
samples, as depicted in Fig. [I}
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Figure 1: Compression cycles applied during the experimental tests to analyze the cyclic
behavior of GDLs (example on ref. 36BB). The different force levels correspond to com-
pressive stresses from 0.1 MPa to 1-1.5-2-3-4-5 MPa.

2.3 Graphic representation of results
2.3.1 Stress-strain curves

Stress-strain curves are the typical representation of compression tests in material science,
and are used in most of existing GDLs mechanical studies [20], 23] B3H43]. It allows the
application of continuum mechanics and their implementation into numerical simulations
such as finite element analysis.

In this representation, the engineering stress o and strain € are calculated as follow:

0= A (1)
Ap
€= ? (2)

with F' the compression force, Ay the initial sample area, Ay the displacement of the
upper compression plate and t; the initial thickness of the GDL samples stacked. The
latter is estimated via the measurement of the thickness at the first compression under
the contact pressure o. = 0.1 MPa.

2.3.2 Stress-relative density curves

Another representation is often employed in the case of compression of fibrous materi-
als [51] [55H58], involves the plotting of the stress versus the relative density of the sample
p- This representation has notably been used in the Van-Wyk Toll model showing that
the compression of fibrous material is directly linked to its relative density (cf. next sec-
tion). The relative density p is an intrinsic parameter, by contrast of the strain which
is relative to the initial thickness of the sample. It can be evaluated via the following
expression:
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Aw
- v )
P

with A,, the areal weight of the GDL sample, ps the fiber density and ¢ the thickness of
the samples during the compression. The fiber density will be assumed to be equal to
1.8 g.cm™3 [20, [44].

p(t)

2.4 Van Wyk-Toll model

Van Wyk [51] and Toll [52] [59] analyzed the statistical distribution of fiber-fiber contact
points as a function of the fibers orientation and morphological properties. Their works
showed that the number of contact points between the fibers follows a power law in
function of the relative density. Based on these elements and the bending theory, they
developed a model capable of predicting the compression behavior of fibrous material as
follow:

o(p) = AE(p" — pc) (4)

with A a dimensionless constant, F the fibers tensile modulus and n an exponent related
to the fibers orientation. p. is the value of the relative density for which the material
exhibits a mechanical response.

In a previous work [44], it has been showed that this model can also be used to fit the
compression curves of gas diffusion layers. Combining Eqn. and [4] it is then possible
to link the mechanical compression stress directly to the strain via the following relation:

o (e)ocA; <1p_16>m (5)

with p; the relative density of the sample as received from the suppliers.

The latter relation will be employed to predict the variation of the experimental data of
the different GDLs gathered during the compression tests. The subscript ¢ will correspond
to the different parts of the model.

3 Experimental results

Taking into account the previous remarks, the stress-strain curves of the different GDLs
will be plotted as well as the stress-relative density curves for all experimental tests.

3.1 Initial behavior after manufacturing process

The initial behavior of the GDLs, that is the properties in compression of the samples
as received from the supplier, is investigated in a first step. The experimental stress-
strain and stress-relative density curves are depicted on Figure [2[ (a) and (b). As already
observed in previous works [20, 23] [33H45], a non-linear behavior of the GDLs can be
observed in Figure 2] (a), characterized by a strong increase of the stiffness during the
compression of the samples related in the literature to the increase of the number of
contact points between fibers. Felts show a singular behavior with a significantly higher
stiffness. On the stress-relative density curves (Figure [2] (b)), we can observe a similar
behavior for rolls and sheets for stress values above 2 MPa. There is a shift of the curves
toward higher relative densities for the sheets, mainly due to a lower initial porosity.
The derivatives of the curves, representative of the tangent modulus in term of strain
(do/de) or relative density (do/dp) (Figure 3| (a) and (b)), confirm the similar behavior
of rolls and sheets, and the discrepancy of the felts behavior. All modulus increases
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in a linear way with the compression stress, as already observed by Meng et al. [45].
However, before reaching this linear regime, the tangent modulus of sheets and rolls
exhibits a peak in the curves. This peak is assumed to be related to a previous mechanical
compression applied before to these tests. To prove this assumption, compression tests
were performed on samples previously subjected to a maximum compressive pressure
oy = 5 MPa (lighter-colored curves in Figure . A peak related to this pre-stress is
clearly visible in Figure [3| (a) and (b), confirming the previous hypothesis. For stress
values above 5 MPa, it can be noted that all samples show similar behavior. This is
confirmed on the curves presenting the derivatives of the stress/relative density curves
(Figure[3| (b)), showing that this representation is independent of the previous mechanical
history undergone by the samples, in contrast to the derivative of the stress/strain curves
(Figure 3] (a)).

In conclusion, the inflection point observed on the derivative curves after the peak
reveals the mechanical pressure applied in the past of the samples. The peak shown on
the initial compression on the samples received from the suppliers can be then linked
to a compression applied during the manufacturing process of the GDLs. The value of
this compression, op, has been then determined from the inflection points represented on

the derivatives of the curves of pristine samples (zooms in Figure [3) and are gathered in
Table 21

Short Ref. op (MPa)

36AA 1.5
36BB 2.5
H060 3.2

H23C7 <0.5

Table 2: Estimated compression pressure applied during the manufacturing process, op,
of the different GDLs.

3.2 Cyclic behavior

As described in the materials and methods section, each reference was subjected to a
series of compression cycles between the contact pressure of 0.1 MPa and different levels
of compression (1-1.5-2-3-4-5 MPa). The maximum pressure value experienced by the

(@) . . . . . . . ®) . . . e

36AA 4
36BB

HO60 104 E
H23C7

20

o (-MPa)
o (-MPa)

0 T T T T T T T 0.1 T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.2 0.3 0.4 05 06 07

€ (-mm/mm) P

Figure 2: Experimental measurements of GDLs compression of samples as received from
the supplier (pristine samples). (a) stress versus strain (linear scales) and (b) stress versus
relative density (logarithmic scales).
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Figure 3: Derivatives of the compression curves (a) do/de (stress/strain tangent modulus)
versus stress and (b) do/dp (stress/relative density tangent modulus) versus stress. Two
sets of samples are employed: pristine samples (curves obtained in Figure and samples
subjected before experiment to a compression pressure oy = 5 MPa.

samples will be refer as 7. The results of the experiments are depicted in Figure[d After
each loading, the compression curves is altered for pressure values below oj;. During the
loading part of the compression, once the value of o is reached, the initial behavior of
the pristine sample is recovered. An hysteresis is observed between the unloading and
the loading part of the compression. Roll GDLs show greater variation in behavior after
mechanical cycling, in contrast to sheet and felt GDLs which exhibit better dimensional
stability. This mechanical stability would be of interest to guarantee that the optimal
mechanical state of the GDL is kept during the hygrothermal cycles induced by the fuel
cell operation.

4 Compression model

4.1 Model description

The model explicited in section 2.4 will be employed to predict the cyclic compression of
the different GDLs. It will be divided in three parts (Figure [5)), according to the different
behaviors exhibited in the precedent sections, and detailed thereafter.
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Figure 4: Cyclic compression of each GDL reference. On the left: stress-strain curves
(linear scales). On the right: stress-relative density curves (logarithmic scales).
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Figure 5: Graphical illustration of the model divided in 3 parts: (a) initial compression
of the GDL with the damaged behavior after manufacturing (curve 1) and the original
behavior (curve 2), separated by op, (b) compression cycling to a stress level oy < op
inducing residual deformation and the new behavior (curve 3), (¢) compression cycling to
a higher stress level o); > op inducing residual deformation and a new behavior (curve
3bis). op corresponds to the pressure applied during the manufacturing process and o,
corresponds to the contact pressure applied to detect the contact with the samples.

1-Initial behavior after manufacturing (o < op): This first part of the model will
be related to the manufacturing process. The compression loading for pressure below op
can be determined by the following relation (Eqn. @:

01—A1<(1p_16> —p;“ﬂ>+ac (6)

2-original behavior (¢ > op): during the compression loading, once the value of op
is reached, the original behavior of the GDL is recovered (Figure [5| a, curve 2). This
behavior depends on the fibers properties (diameter, length, shape (straight or curved),
their stiffness (graphitized or not) and their spatial distribution, including their number
of contacts and its evolution with the deformation. This behavior can be described by

the following equation (Eqn. [7)):
na
09 = A2 ( 1 > (7)

1—c¢

3-4 cyclic behavior (o < oj7): if any compression was already applied to the GDLs,
the compression path will be modified accordingly. The loading and unloading will fol-
low a same path, hence the hysteresis of the compression cycle will not be taken into
account. This new behavior, depending of the level of o), applied, is the results of the
damages incurred by the GDL during previous compression, including fibers breakage and
their reorganization. Eqn. below will define this damaged behavior, with parameters

depending on the value of oy;.
ng
03 = A3 ( ] > (8)

1—c¢

4.2 Methodology to obtain the different parameters

In the previous equations, 8 parameters are needed to predict the initial, original, and
cyclic behavior of the GDLs. This section is devoted to the description of their determina-
tion. The GDL 36BB will be taken as example to show this methodology. All parameters
will be obtained from the test described in Figure [4
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= = Model part 1 o<op
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0.4

Figure 6: Model definition via the experimental measurements shown in Figure [ Ex-
ample on ref. 36BB.

4.2.1 GDL behavior after the manufacturing process: determination of the
parameters A;, ny, p1, Op

op is depending of the manufacturing process, and can be estimated via the plot of the
tangent modulus in function of the applied compressive stress (cf. Sectio)

p1 is the initial relative density measured at o.. It can be determined from the initial
thickness of the GDL ¢; measured at o, and the following relationship (Eqn. E[):

Ay
1= — 9
= (9)
The parameters A; and my are obtained by fitting the experimental measurements
above o and below op from Eqn. @ as shown in Figure |§| (part 1).

4.2.2 GDL original behavior: determination of the parameter n,

The parameter no can be obtained by fitting the experimental measurements above oy
and op using Eqn. as depicted in Figure |§| (part 2).

4.2.3 GDL behavior after cycling compression: determination of the param-
eter ng

The GDL behavior after cycling compression is dependent of the stress o,s, i.e. the
maximum stress experienced during the compression cycles.

Different values of ng can be obtained via the fitting of the experimental measurements
below o) using Eqn. and as depicted in Figure |§| (part 3). The final value of ng
depending of o,; can be evaluated via the following empirical relation:

n3 = Bexp (2M> + ng, (10)

with B, C' and ng, the fitting parameters obtained as depicted in Figure [7] ns,
corresponds to the asymptotic value of ng for infinite values of ;.

10
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Figure 7: Fitting of the evolution of the exponent ns with oj;. Example on ref. 36BB.

4.2.4 Calculated parameters: A, A3

The other parameters can be then calculated by assuming the continuity of the model
between the parts and the following expressions:

op
A2 = (e oy o
1
oM
Foroy <op:As= ey o (].2)
( MA1 c +p11)n3/n1
Foroy =>o0p: Az = oM (13)

CORE

4.3 Comparison of the model versus experimental measurements

A comparison of the experimental and predicted results using the model described in
this article is shown in Figure [8| for the 4 GDLs studied. All the parameters determined
to predict the non-linear mechanical behavior of these GDLs are gathered in Table [3]
A very good agreement between experimental and predicted data can be observed. To
confirm this statement, two criteria are employed, based on the difference of strains with
its absolute error Ae and its relative error Ae/e (Table . It can be seen that the
maximum errors during the compression cycles, going up to 0.026 mm/mm or 19% in
absolute and relative strain respectively, are occuring for low compression pressures. It
could be due to the fact that the hysteresis during the loading and unloading cycles is not
taken into account in the proposed approach. However, in average, the errors are below
0.008 mm/mm and 3.9%, which is a successful outcome.

11
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Figure 8: Comparison of the cyclic stress/strain curves obtained with the model and the
experimental measurements.

Short Ref. op p1 A ni ng B C n3,
MPa MPa

36AA 1.5 0.152 298.7 2.81 2.43 50.0 0.95 13.6

36BB 2.5 0.219 341.7 3.25 279 61.2 1.52 16.1

HO060 3.2 0.257 549.1 4.67 3.44 194 2.03 10.6

H23C7 0 0.332 14150 9.39 9.39 27.8 1.64 226

Table 3: Model parameters, for a contact pressure 0.=0.1 MPa.

Short Ref.  Absolute error (Ae)  Relative error (Ag/e)
36AA 0.008 (0.024) 2.6% (9.7%)
36BB 0.007 (0.022) 3.9% (19%)
HO060 0.008 (0.026) 3.6% (16%)
H23C7 0.005 (0.016) 3.5% (12%)

Table 4: Values of the absolute (Ae) and relative error (Ae/e) between experimental and
predicted data. (Average value on all compression cycles, the number in bracket is the
maximum value encountered during the compression cycles).

12
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5 Conclusion

The experimental part of this work sheds light on the influence of the manufacturing
process on the mechanical behavior of gas diffusion layers. A prior compression has been
revealed on the samples as received from the suppliers, which affects the behavior of the
first cycle of compression. The existing models developed to predict the GDLs mechanical
behavior do not take into account this phenomenon. Therefore, a non-linear model for
the compression of non-woven gas diffusion layers, able to capture the effect of the pres-
sure applied during the manufacturing process, is proposed. This new model offers the
possibility to simulate the cyclic compression of the GDLs integrating the initial behav-
ior of the GDL, the original behavior of the GDL without any compression experienced,
and the new behavior after compression cycles. The model is then divided into three
parts relative to these different behaviors. A set of 8 given parameters is sufficient for
the complete definition of the model. The three main types of non-woven GDL (roll,
sheet, felt) have been employed to analyze the influence of the manufacturing process,
the fibers type, the presence of a micro-porous layer and hydrophobic treatment on the
GDL. It has been observed that all GDLs with straight fibers (rolls and sheets) have sim-
ilar original mechanical behavior. GDLs with curved fibers (felts) are significantly stiffer
in compression compare to the rolls A better dimensional stability during compression
cycles is observed for the sheets and the felts, which is likely due to the graphitization
step during the process of sheets and the organization of the curved fibers for the felts.
A good agreement is obtained between experimental and predicted data, the errors in
strains being below 0.008 mm/mm and 3.9% in average for all types of GDL employed in
this study.

This model can be now implemented in numerical simulations to analyze the influence
of cycles of stresses and strains induced by the fuel cell operation on the GDLs and its
effects on the membrane and active layers. This will be the aim of a future work.
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Annexes: Addendum to the model
5.1 Prediction of the compression behavior in function of the

GDL porosity ¢

If the material would be composed of fibers exclusively, the relative density p would be

equal to the fibers volume fraction. The void fraction ¢, i.e. the porosity of the GDL,
could be then calculated with the following expression:

p=1-p (14)

It is then possible to directly link the compressive stress to one of the main function

of the GDL, which is the gas permeability via its porosity:

o1 =A((1=¢)" = (1=61)") +0c (15)
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g9 = Ag(l - ¢)n2 (16)

o3 = As(1—¢)"™ (17)
with ¢; the initial porosity of the GDL

5.2 Calculation of the GDL residual strain

The following equation is available to calculate the residual strain € g after applying a given
value of stress op;. The parameters Az and ng must be updated previously according to

the level of stress o reached (cf. Eqn. and [13).

A 1/713
er=1-p (3> ; (18)

Oc

5.3 Calculation of the tangent modulus

The following equations are available to calculate the tangent modulus E7 from the model
parameters.

Er, = Aipin; ((8p_1 1)) - (e-1)7? (19)

with ¢=1 to 3 according to the level of o and ops reached during the GDL compression

(cf. Section [d)).

5.4 Calculation of the strain in function of the stress

The following equations are available to calculate the reciprocal of the model i.e. the
strain in function of the stress:

Al 1/77,1
—l-p | —— 20
° p1<(0—0c+PiL1A1> 20)
A 1/n2
e =1—p (2) (21)
g
A 1/’!L3
es=1—p1 <03) (22)
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Nomenclature

Ap the initial sample area

A; a dimensionless constant

A, the areal weight

B a dimensionless constant

C' a dimensionless constant

FE the Young’s modulus

FE,; the tangent Young’s modulus
F' the force

1 subscript corresponding the different parts of the compression model
n; a dimensionless constant

n3o a dimensionless constant

t the thickness

t1 the initial thickness

Ay the displacement measured during the compression test
€ the mechanical strain

er the residual strain

¢ the GDL porosity

¢ the initial GDL porosity

p the relative density

p1 the initial GDL relative density

py the fiber density

pe the critical density

o the mechanical stress

op the compression pressure applied during the GDL manufacturing process

oc the compression pressure value to detect the contact with the samples during the
tests

oy the maximum mechanical stress experienced by the GDL during compression cycles
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