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ABSTRACT

Heat transfer through the gas diffusion layer (GDL) is a key process in the design and operation of a PEM
fuel cell. The analysis of this process requires the determination of the effective thermal conductivity as
well as the thermal contact resistance between the GDL and adjacent surfaces/layers. The Part 1 compan-
ion paper describes an experimental procedure and a test bed devised to allow separation of the effective
thermal conductivity and thermal contact resistance, and presents measurements under a range of static
compressive loads. In practice, during operation of a fuel cell stack, the compressive load on the GDL
changes.

In the present study, experiments are performed on Toray carbon papers with 78% porosity and 5%
PTFE under a cyclic compressive load. Results show a significant hysteresis in the loading and unloading
cycle data for total thermal resistance, thermal contact resistance (TCR), effective thermal conductivity,
thickness, and porosity. It is found that after 5 loading-unloading cycles, the geometrical, mechanical, and
thermal parameters reach a “steady-state” condition and remain unchanged. A key finding of this study is
that the TCR is the dominant component of the GDL total thermal resistance with a significant hysteresis
resulting in up to a 34% difference between the loading and unloading cycle data. This work aims to
clarify the impact of unsteady/cyclic compression on the thermal and structural properties of GDLs and

provides new insights on the importance of TCR which is a critical interfacial transport phenomenon.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Commercialization of PEM fuel cells requires further progress
in improving operational lifetime [1]. A number of degradation
mechanisms need to be better understood, including those asso-
ciated with the deterioration of the gas diffusion layer (GDL) due
to mechanical stresses. In the companion paper [2] the effects
of constant compressive loads representative of the clamping of
a stack were investigated for GDLs. In practice, the GDL as well
as other components, including the membrane and catalyst layer,
will be subjected to additional hygro-thermal stresses that arise
due to varying temperature and relative humidity during opera-
tion, and that are cyclic in nature. These stresses induce material
degradation and compromise performance and lifetime [3,4]. The
variation in the compressive load affects all the transport phenom-
ena and consequently the performance of the entire system. In
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addition, servicing and/or reconditioning that involves unclamping
and opening of a stack may be required on a number of occasions
over the course of the operational lifetime of the stack, resulting in
another type of cyclic compression. The effects of cyclic compres-
sion on the fuel cell components need to be examined and better
understood.

The focus in this study is on the GDL which provides five key
functions in a PEM fuel cell: (1) mechanical support, (2) electronic
conductivity, (3) heat removal, (4) reactant access to catalyst lay-
ers, and (5) product removal [5]. Thus, accurate knowledge of the
mechanical and thermal characteristics of GDLs under different
compressive loads is required to determine related transport phe-
nomena such as water and species transport, reaction kinetics, and
the rate of phase change.

Several studies are available on the effects of steady-state com-
pression on fuel cell components and performance; however, the
effects of cyclic compression have not been studied in-depth. Rama
et al. [1] presented a review of the causes and effects of perfor-
mance degradation and failure in various components of PEM fuel
cells. They reported that over-compression and inhomogeneous
compression of GDLs induced during stack assembly or during
operation reduce the porosity, hydrophobicity, and gas permeabil-
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ity. This increases the tendency for flooding in GDLs, which results
in an increase in mass transport losses.

Kleemann et al. [6] investigated the local compression distri-
bution in the GDL and the associated effect on material electrical
resistance and electrical contact resistance. They also measured the
mechanical properties of fibrous paper and non-woven GDLs. The
mechanical properties included Young’s modulus, the shear mod-
ulus, and Poisson’s ratio for in-plane and through-plane directions.
They found that the combined value of the through-plane resis-
tance and of the contact resistance with the microporous layer
and catalyst layer is highly compression dependent and increases
sharply at low compression pressures.

Escribano et al. [7] measured the thickness reduction of differ-
ent types of GDLs including cloth, felt, and paper for the first and
second loading over a range of compressive loads. They reported
differences between the thickness data; the thickness values for
the second loading were smaller and their variation over the range
of compressions was smoother.

Zhou et al. [8] studied the effect of the clamping force on the
electrical contact resistance and the porosity of the GDL using a
finite element method. They assumed the GDL to be a porous elastic
material and reported that after stack loading, the porosity was not
uniform and that its minimum occurred in the middle of flow-field
plate rib.

Bazylak et al. [9] used scanning electron microscopy (SEM) to
investigate the effect of compression on the morphology of the GDL.
They reported that the damage to the GDL is non-uniform under a
small compression which was attributed to the surface roughness.
However, as the compression pressure is increased, the damage
was found to be more isotropic over the entire sample [9]. Bazylak
et al. [9] experimentally showed that compressing the GDL causes
a breakup of fibers and a deterioration of the PTFE coating.

Several studies used a guarded-hot-plate apparatus to measure
the effective thermal conductivity and TCR of GDLs under different
pressures [2,10-12]. Nitta et al. [10] argued that the effective ther-
mal conductivity is independent of compression but Burheim et
al. [11] reported that the effective thermal conductivity increases
with compressive load; however, both studies showed that TCR,
decreases with an increase in the compressive load. In the com-
panion Part 1 of this study [2] we showed that the effective thermal
conductivity increases with compression due to an increase in the
number and size of contact spots. Khandelwal and Mench [12]
investigated the effect of load cycling on the TCR between the GDL
and an aluminum bronze material as well as the total resistance of
the GDL by compressing the sample to 2 MPa and then releasing
it for a single cycle. They found that the measured total resistance
and TCR differed by 20% and 38%, respectively between the loading
and unloading phases.

Although the studies available on the effect of compression-
release on GDL properties are limited, numerous investigations
have been performed in textile engineering that are relevant to
the fibrous structure of GDLs. The first theoretical model in this
field was proposed by van Wyk [13,14] in 1946 to explain the com-
pression behavior of fiber assemblies with random orientations.
van Wyk [13,14] assumed that the compression of a fibrous assem-
bly increases the number of fiber-fiber contact points leading to
individual fibers becoming bent between these contact points. He
found alinear relationship between the pressure and the cube of the
fiber volume fraction. van Wyk’s relationship is a classical model
in textile engineering, however, it does not account for fiber slip-
page and friction during compression. Also, it does not explain
the non-recoverable strain during compression and the mechan-
ical hysteresis during compression-release cycling. Recent studies
[15-20] have focused on accounting for the fiber slippage and
the hysteresis observed during compression-release cycling. The
cycling induces energy dissipation as a result of viscous damping or

Fig. 1. Experimental apparatus used for thickness measurement.

frictional losses. An approach taken to model the hysteresis behav-
ior of fibrous media is to consider the structure as a combination
of series and parallel springs, dashpots, and Coulomb frictional ele-
ment [15,16]. Dunlop [15] used such a model to perform simulation
that yield a hysteresis loop with a shape similar to the experi-
mental data, but no model verification was performed. Also, the
viscoelastic nature of fibers was not considered. The compression
hysteresis was theoretically modeled and verified against experi-
mental data in [17-19] by applying the force, angular momentum,
and bending equations to fiber assemblies. These models [17-19]
reproduced the experimentally observed trends correctly but the
values are different. Also, the hysteresis effect was independent of
the number of load cycles as a result of neglecting the viscoelastic
behavior of the fibers. Stankovic [20] measured the strain of dif-
ferent fabrics including hemp, cotton, viscous, and acrylic fabrics
under compression-release cycles and observed a hysteresis in the
stress—strain curve. He [20] reported that the hysteresis becomes
smaller with repeated load cycling, and approaches zero at the 5th
cycle.

Our literature review shows that the majority of the available
studies have focused on the effect of steady-state compression on
the structure and properties of GDLs; even though, cyclic compres-
sion occurs during the operation and lifecycle of a PEM fuel cell
stack. The present study contributes to addressing this gap through
a systematic investigation of the effects of cyclic compression on
the GDL thermal and structural properties.

A test bed was designed and built to enable the measurement
of thermal conductivity and TCR of porous media. The test bed was
equipped with a loading mechanism that allows the application
of various compressive loads on GDLs. Also, a tensile- compres-
sion apparatus is used to measure the thickness variation of GDLs
under compression. Toray carbon papers with a porosity of 78% and
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Fig. 2. Hysteresis in thickness variation of Toray carbon paper, 78% porosity and
5% PTFE, under cyclic compressive loads: (a) comparison of 1st and 2nd cycles; (b)
comparison of 1st loading and 5th unloading.

5% PTFE content are used in the experiments. The effects of cyclic
compression on the effective thermal conductivity, total thermal
resistance, TCR, thickness and porosity of the GDL are investigated
under vacuum condition. The load cycling in the experiments is
continued until the loading and unloading data coincide. As we
show later, this occurs at the 5th cycle for all properties. The
compression-release curve of the thermal and structural proper-
ties is presented and the hysteresis observed in their behavior is
explained.

2. Experimental study

The experimental apparatus for the thermal tests is a custom-
made test bed designed for thermal conductivity and TCR
measurements under vacuum and ambient pressure conditions and
is described in detail in Part 1 [2]. Toray carbon paper TGP-H-120
with a porosity of 78%, 5% wet proofing, and an initial thickness
of 0.37 mm was used in the mechanical and thermal experiments
under cyclic compression. The apparatus used to monitor the sam-
ple thickness is shown in Fig. 1.

Thermal experiments were conducted under vacuum condi-
tion. A vacuum level of 10~ mbar was achieved under the test

Fig. 3. Normalized porosity at different loading-unloading cycles, P, = 0.5 MPa.

chamber using the vacuum machine. Cyclic compressive loads
were applied to the sample continuously while simultaneously
recording temperature and pressure at each load of the loading
and unloading paths when steady-state conditions were achieved.
The compression-release cycling was continued until no significant
hysteresis effects were observed in loading-unloading curves; as
discussed later, this happens at the 5th cycle.

The thickness of the GDL sample under the cyclic compressive
load was measured separately using the tensile-compression appa-
ratus shown in Fig. 1. The loading was stopped at the end of the
5th cycle when the difference between the loading and unload-
ing paths became negligible. More details on the test procedure
and data reduction of the thermal and mechanical experiments are
provided in Part 1 of this study [2].

3. Results and discussion

Fig. 2 shows the thickness variation of the Toray carbon paper
TGP-H-120 under cyclic compressive load. The thickness reduc-
tion is more significant at the beginning of the loading and as the
pressure increases, the slope of thickness variation decreases. Since
the micro-structure becomes more packed, its resistance to defor-
mation under the load is higher. During unloading a number of
deformed, slipped or broken fibers do not return to their original
state; this results in a difference between the loading and unload-
ing paths, creating the compression hysteresis. When the cyclic
compression is repeated, the hysteresis effect becomes smaller,
and the deformation reaches a steady-state. The variation in hys-
teresis may be a result of the viscoelastic behavior of the GDL
fibers[16-20]. The difference between the unloaded and fresh sam-
ples is 4.5% for the first cycle. The difference gradually increases
with each subsequent cycle, and reaches 7% at the 5th cycle and
remains unchanged afterward. This result is consistent with the
experimental data of Stankovic [20] which shows no change in the
stress-strain curve after the 5th cycle for a variety of fabrics. The
variation of the normalized porosity (i.e. the ratio of compressed
to fresh GDL porosities) at different loading-unloading cycles is
shown in Fig. 3 for a typical compressive load of 0.5 MPa. As shown,
the porosity decreases as the number of cycles increases; this is a
direct result of more permanent (irreversible) deformations in the
micro-structure. We note that the difference between the porosity
values of the loading and unloading paths decreases with continu-
ing load cycling and becomes negligible at the 5th cycle.
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Fig. 4. Hysteresis in total thermal resistance under cyclic compressive load: (a)
comparison of 1st and 2nd cycles; (b) comparison of 1st loading and 5th unloading.

The impact of cyclic compressive load on the total thermal resis-
tance of the GDL sample under vacuum condition is shown in Fig. 4.
The total resistance decreases with an increase in compressive
load due to the increased contact area between the GDL fibers as
well as at the interface between the GDL and the fluxmeters sur-
faces. Increasing compression causes fiber breakage, irreversible
deformations, and fiber slippage resulting in a hysteresis behav-
ior in the total resistance of the unloaded structure. The hysteresis
effect becomes gradually less important for the following cycles
and eventually negligible at the 5th cycle. The hysteresis causes
19.4% and 24.5% differences in the total thermal resistance of the
unloaded GDL sample with respect to the thermal resistance at the
beginning of the loading process for the first and the second cycles,
respectively, see Fig. 4. The hysteresis for the first cycle is consistent
with the result of Khandelwal and Mench [12]. The thermal resis-
tance hysteresis gradually increases and reaches 30.3% at the 5th
cycle. A similar behavior is observed for the TCR variation under
cyclic compression, which is shown in Fig. 5. However, the hys-
teresis seems to be higher for the TCR and starts at 22.5% at the first
cycle, continues to 28.4% at the second cycle and reaches 34.5% at
the end (5th cycle).

Fig.5. Thermal contact resistance hysteresis under cyclic compressive load (a) com-
parison of 1st and 2nd cycles; (b) comparison of 1st loading and 5th unloading.

Fig. 6. TCR and “TCR to total resistance ratio” at different loading-unloading cycles,
P.=0.5MPa.
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Fig.7. Effect ofloading and unloading on the GDL effective thermal conductivity: (a)
comparison of 1st and 2nd cycles; (b) comparison of 1st loading and 5th unloading.

The variations of the TCR and “TCR to total resistance ratio” at
different loading-unloading cycles are shown in Fig. 6 for a typ-
ical compressive load of 0.5 MPa. As expected, the TCR decreases
as the number of loading cycles increases due to enhanced con-
tact area at the GDL-solid (fluxmeter) interfaces. As the load
cycling continues, the hysteresis in the TCR values decreases and
becomes negligible for the 5th cycle. It should be noted that the
“TCR to total resistance ratio” remains approximately constant dur-
ing the loading-unloading cycles; it is also noteworthy that the
TCR includes 73% of the total resistance of the sandwiched GDL.
This clearly indicates the importance of TCR which remains the
dominant resistance in the assembly even after several loading-
unloading cycles. More importantly, the TCR to total resistance
ratio remains almost constant; one can conclude that the loading-
unloading cycles have an approximately equal impact (hysteresis
effect) on both bulk resistance and TCR of GDLs. It should be empha-
sized that the TCR is an interface phenomenon and depends on the
fibrous micro-structure (bulk GDL properties) and the solid sur-
face characteristics as well as the compressive load; whereas the
effective thermal conductivity is primarily a bulk property of a GDL.
Consequently, any successful solution to reduce thermal resistance
and/or improve thermal management of the membrane electrode

Fig. 8. Effective thermal conductivity at different loading-unloading cycles,
P:=0.5MPa.

assembly (MEA) should include interfacial phenomena such as the
TCR, which to date have been largely overlooked.

Fig. 7 shows the effective thermal conductivity values at differ-
ent contact pressures during the loading-unloading process. The
effective conductivity increases with an increase in the compres-
sive load due to larger contact areas between the contacting fibers
providing a lower resistance path for heat flow [2]. Hysteresis is
also observed in the thermal conductivity behavior as a result of
the hysteresis in the total thermal resistance, TCR, and the sam-
ple thickness. The hysteresis in thermal contact resistance and TCR
increases the thermal conductivity during unloading, whereas the
mechanical hysteresis (reduction in thickness) has a reverse effect;
the net effect is a smaller hysteresis in the effective thermal con-
ductivity behavior in comparison with the TCR. This results in a
maximum difference of 6.5% between the effective conductivity
values of the unloaded GDL at the 5th cycle and the loaded GDL
at the starting point.

The variation of the effective thermal conductivity of GDL under
compression-release cycles is shown in Fig. 8 under vacuum con-
dition for a typical compressive load of 0.5 MPa. The effective con-

Fig. 9. Thermal and geometrical properties of Toray carbon paper TGP-H-120 with
5% wet proofing at quasi steady-state condition (after 5th loading cycle) under
vacuum condition.
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ductivity slowly increases with the number of loading cycles. Also,
the thermal conductivity values during unloading are higher as a
result of the irreversible deformations that occur during loading.

The results show that the thermal and geometrical properties of
GDLs reach a quasi steady-state condition and remain unchanged
after the 5th compression-release cycle. In practice, a fuel cell stack
is subjected to many more than five loading-unloading cycles;
therefore, the steady-state values for properties should be used in
PEM fuel cell modeling. Fig. 9 summarizes the effective thermal
conductivity, TCR, normalized porosity, and total thermal resis-
tance (bulk and TCR) for the GDL sample used in this study over
a range of compressive load.

4. Summary and conclusions

A test bed was designed and built to measure and predict ther-
mal conductivity and thermal contact resistance of GDLs under
cyclic compressive loads and vacuum condition. Toray carbon
papers with 78% porosity and 5% PTFE were compressed from
0.25 MPa to approximately 1.5 MPa and then decompressed to the
starting point to investigate the effects of cyclic compressive load.
The number of load cycles was continued until hysteresis effects
became negligible; this occurred at the 5th cycle. The thickness
of the GDL was measured under cyclic compressive load using a
tensile-compression machine. Results show a significant hysteresis
in the total thermal resistance, TCR, effective thermal conductivity
and porosity. This hysteresis is more pronounced for the TCR, and
relatively smaller for the effective conductivity.

An important finding is the dominant contribution of ther-
mal contact resistance. The ratio of thermal contact to bulk GDL
resistance remains approximately constant (2.7/1) over the cyclic
compressive load investigated in this work. Also, the effective ther-
mal conductivity increases during unloading due to irreversible
deformations occurring during the loading process such as fiber
breakage and fiber displacement.

This work has helped clarify the impact of unsteady/cyclic com-
pression on the thermal and structural properties of GDLs and
provides new insights on the importance of a key interfacial phe-
nomenon, as well as data that should contribute to further progress
in computational fuel cell models.
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