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Mechanical Characterization of Electrolyzer Membranes and
Components Under Compression
Claire Arthurs1,2 and Ahmet Kusoglu2,z

1Department of Mechanical Engineering, University of California, Berkeley, California 94720, United States of America
2Energy Conversion Group, Lawrence Berkeley National Laboratory, Berkeley, California 94720, United States of America

Proton-exchange membrane (PEM) water electrolysis is a promising technology for producing clean hydrogen by electro-
chemically splitting water when paired with renewable energy sources. A major roadblock to improving electrolyzer durability is
the mechanical degradation of the cell components, which requires an understanding of their mechanical response under device-
relevant conditions. However, there is a lack of studies on the mechanical characterization of the PEM and other components, as
well as and their interactions. This study aims to address this gap by using a custom-designed testing apparatus to investigate the
mechanics of electrolyzer components in uniaxial compression at 25 and 80 °C. Findings show stress-strain response of
components have a varying degree of nonlinearity owing to their distinct deformation mechanisms and morphologies, from porous
structures to polymers. These results are used to develop an expression for compressive stress-strain response of Nafion membranes
and then analyze the deformation of components under applied pressure by using a 1-D spring network model of cell assembly.
This work provides a new understanding of mechanical responses of the electrolyzer membrane and cell components, which can
help assess material design and cell assembly strategies for improved electrolyzer durability.
© 2024 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution Non-Commercial No Derivatives 4.0 License (CC BY-
NC-ND, http://creativecommons.org/licenses/by-nc-nd/4.0/), which permits non-commercial reuse, distribution, and reproduction
in any medium, provided the original work is not changed in any way and is properly cited. For permission for commercial reuse,
please email: permissions@ioppublishing.org. [DOI: 10.1149/1945-7111/ad7a26]
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A growing need for carbon-free hydrogen as an energy carrier
and fuel in many transportation and industrial applications necessi-
tates the development and deployment of electrolytic hydrogen
generation from renewable electricity.1 Proton-exchange membrane
(PEM) electrolyzers are an emerging technology for carbon-free
hydrogen generation when powered by renewable energy. However,
performance, cost, and durability are significant areas needing
improvement for large-scale commercial deployment of water
electrolyzers. In particular, the lifetime of PEM electrolyzers must
be improved to meet the 2026 Department of Energy target of
80,000 h.2 A few studies reported achievable lifetimes of up to
60,000 h but with higher catalyst loadings than the current DOE
targets.3,4 Demonstrating such lifetimes with the current state of
materials is still an ongoing challenge as identified in the DOE’s
H2NEW consortium - Hydrogen from Next-generation Electrolyzers
of Water (H2NEW).5

A critical component affecting the electrolyzer durability is the
PEM which suffers from a combination of chemical degradation and
mechanical damage during operation.6–9 Additional stressors arise
during the cell assembly as the membrane is compressed between
other cell components and constrained at the edges of the membrane
electrode assembly (MEA). An important pathway to understand
component response and interaction during assembly and cell
operation is to characterize their mechanical response in device
relevant conditions, particularly under compression, considering the
growing interest in developing effective assembly strategies and
differential pressure operation in next-generation electrolyzers.
Common membrane failures resulting in reduced performance are
decomposition from chemical attack by hydroxide radicals, delami-
nation between the membrane and electrodes due to membrane
thinning or creep, intrusion from GDL and PTL fibers, and crack
formation near the gaskets due to increased stress and
constraints.6,7,10–15 Therefore, it is imperative to mitigate failures
associated with mechanical degradation from assembly or operation.
An effective cell assembly strategy is critical to enhance the cell
performance and mitigate chemical and mechanical damage.5,15–17

To better predict component lifetimes, a detailed analysis of cell

components′ mechanical response under device configuration is
necessary.6 While such analysis and design strategies have been
employed for membranes in PEM fuel cells,18–23 these investigations
are not fully extended to electrolyzers. Previous studies modeled fuel
cell systems which have different materials and operating conditions
than electrolyzers impacting the mechanical response of the cell
components. This study addresses this gap by focusing on the
electrolyzer materials and operating conditions (compression in
liquid water, at 80 °C).

The components assessed in this study include the PEM, the gas
diffusion layer (GDL), the porous transport layer (PTL), the gasketing
material, and a polymer used as edge protection. The prototypical
chemistry for PEMs is a sulfonated fluoropolymer, perfluoro-sulfonic
acid (PFSA).24 H2NEW consortium adopted standardized materials
for the electrolyzer cell MEA (so-called, Future Generation Membrane
Electrode Assembly or “FuGeMEA”).5 The components of a
FuGeMEA consist of a NafionTM 115 PEM (N115), a Pt/C cathode
catalyst layer, IrO2 anode catalyst layer, cathode GDL (AvCarb
MGL280) at approximately 20% compression, and a Pt-coated
titanium felt anode PTL (Bekaert 2GDL10N, 56% nominal
porosity).25 A common gasketing material is polytetrafluoroethylene
(PTFE). Kapton® HN, a polyimide film, is being considered for edge
protection within an electrolyzer cell due to its thermal, chemical, and
mechanical stability, which could prevent damage to the membrane at
the diffusion media and gasket interface.

These components′ mechanical properties are directly related to
the mechanical durability of the cell assembly, yet their mechanical
behavior has not been characterized systematically, let alone under
compression. The tensile properties of PFSA have been extensively
characterized in literature.26–31 However, there has been little
investigation into the compression response of PFSA (or other
electrolyzer cell components for that matter) under device-relevant
conditions due to the difficulty of conducting compression experi-
ments on thin membranes (<200 micron) while under hydration.
There have been a few studies that overcame these challenges by
developing a custom-designed mechanical testing apparatus and
procedure to investigate PFSA response under compression how-
ever, they are limited to lower temperatures.22,32,33 It is of interest to
characterize these materials under compression, and at higher
temperatures to mimic electrolyzer operation (80 °C).6,8,17,34 ThezE-mail: akusoglu@lbl.gov
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mechanical response of PFSA, is expected to change at these
temperatures approaching its glass transition temperature (90–110,
depending on hydration level).24 Since the mechanical response of
PFSA under compression differs greatly than from tension, as
reported in our previous work,33 it is critical to characterize
membranes and other cell components under compression and at
elevated temperatures.

Polytetrafluoroethylene (PTFE) exhibits rate- and temperature-
dependent mechanical response, which has been extensively studied
and many constitutive models have been developed.35,36 Similarly,
the mechanical properties of polyimide films (Kapton) have been
characterized in tension and are also temperature and strain rate
dependent.37,38 In fuel cell literature, GDLs have been the focus of
several compression-based studies driven by the need for better
inter-component contact, water transport, and reduced resistance to
improve fuel cell performance.14,39–48 However, excessive compres-
sion of GDLs may reduce the mass flow rate of reactants and
therefore limiting the current.14,39–42,48 Existing models for fibrous
materials were used to develop a stress-density constitutive model to
predict the mechanical behavior of the GDL under compression by
taking into account material density and mechanical history.43,49 The
orthotropic elastic properties of various GDLs were characterized
through tensile, shear, and compression tests.44 The GDL stress-
strain response was found to change depending on the GDL
structure47–49 as well as the rib/channel configuration of the cell.45

In the field of electrolysis, sintered powder titanium PTLs have
been tested mechanically, although under tension.50,51 Beyond the
electrolyzers, compression studies have been conducted on the
mechanical behavior of porous or foam metals which have similar
microstructure to the titanium felt used in electrolyzer cells.52–54 The
mechanical properties of such materials are dependent on the raw
material, sintering parameters, and morphology (e.g., pore size,
porosity). In studies focused on sintered powdered titanium foams,
titanium scaffolds were mechanically tested under compression and
modulus was found to decline with increasing porosity52 and exhibit
a rate-dependent response.53 The compressive response of sintered
fiber metal sheets for other applications have also been investigated
with micro tomography to assess deformation mechanisms within
metal fiber structures.54 Nevertheless, the compression response of
titanium fiber PTLs for electrolyzers have not been studied under
compression. Yet, recent electrolyzer studies on PTLs, GDLs, and
their interfacial structure have highlighted the need for such
mechanical understanding of system components.6,55,56

In addition to determining the properties of individual compo-
nents, the mechanical behavior of their assembly is significant for
electrolyzers. There have been few research efforts to assess the
PFSA membrane and component interfacial interactions within an
electrolyzer cell. In an X-ray tomography of catalyst-coated mem-
branes and porous layers, the water uptake and resistance was found
to decrease under the land regions due to clamping forces.57 By
varying the cell design to adjust the CCM compression, the increase
in mass transport losses was attributed to a reduced pore volume in
the GDL which diminished removal of dissolved hydrogen.34 Thus,
understanding and mitigating the mechanical failure of electrolyzer
components and their assembly requires a systematic examination of

their mechanical properties. This study elucidates the mechanical
response of electrolyzer cell components under quasistatic compres-
sion at low and elevated temperatures, and under hydration for
membranes, and aims to improve the understanding of the mechan-
ical interactions between cell components. Further, the constitutive
response of PFSA under compression with varied environmental
conditions is modeled using experimental data. Finally, the acquired
mechanical properties are used to analyze the compression of the cell
components under an applied assembly stress with a simplified 1-D
mechanical spring network representation.

Experimental Methods

Materials.—The components of a FuGeMEA consist of Nafion
115 membrane (N115), a Pt/C cathode catalyst layer, IrO2 anode
catalyst layer, cathode gas diffusion layer (AvCarb MGL280) (GDL)
at approximately 20% compression, and a Pt-coated titanium felt
anode porous transport layer (PTL, Bekaert 2GDL10N, 56%
nominal porosity). Grade II titanium is commonly used for the
flow plates or end plates and PTFE and Kapton, a polyimide film, are
used as gasketing and edge protection, respectively. Table I provides
a list of the electrolyzer components used in this study.

Mechanical testing.—All cell components were individually
tested under uniaxial compression to assess mechanical behavior
and determine compressive properties using a custom-made compres-
sion apparatus (Fig. 1). The testing setup is inspired from previous
studies33,60 and improved by incorporating heating control. The
modified setup has a liquid water chamber, two heating bands from
Omega, and two K-type thermocouples connected to a temperature
control system (Digi-Sense 2-Zone Temperature Controller) and is
attached to an Instron 68TM-10 Dual Column Tabletop Testing
System. The temperature is verified with an external temperature
data logger from National Instruments. The compression apparatus is
made of stainless steel and equipped with a DP/2/S Orbit 3 Digital
Gage Probe as the linear variable displacement transducer (LVDT)
capable of recording displacement at 0.01 μm resolution.

First, circular samples were cut to 6.35 mm diameter for
compression testing by either laser (in the case of titanium PTL)
or using a circular die and rubber mallet. Sample thickness was
measured using a Heindenhan depth probe, and diameter measure-
ments were taken optically with a goniometer after calibration with a
Mitutoyo gauge block. Measurements were taken at three locations
for each thickness and diameter then averaged. For hydrated
membrane samples (e.g., Nafion), the sample was placed on a
porous ceramic disc that is housed by the water reservoir of the
fixture. Then, a piston connected to the LVDT was placed on the
sample. Once the sample was positioned and aligned, the water
reservoir of the fixture was filled with Millipore-grade water
(18.2 MΩ*cm). The change in thickness of the membrane sample
was monitored until a steady-state thickness is reached. For non-
hydrated tests carried out in ambient conditions (40%-50% RH), dry
samples were placed on a stainless-steel disk. Dry samples were not
stored or soaked in liquid water; hydrated samples of PFSA were
stored in purified liquid water.

Table I. List of electrolyzer components and their properties investigated in this study.

Component Material Nominal thickness Notes and references

PEM Nafion 115 125 μm 58
Porous Transport Layer (PTL) Bekaert 2GDL10N 254 μm
Edge Protection Kapton® HN 1 mil (25.4 μm)
Gasket Skived PTFE 10 mil (254 μm) standard

9 mil (228.6 μm) edge protection
Gas Diffusion Layer (GDL) MGL280 280 μm at 50 kPa59

Flow Plate Grade II Ti 1 inch (25400 μm)
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The temperature controller was then switched on and the
apparatus and membrane were allowed to heat and equilibrate for
about 30 min, while the displacement was continuously recorded.
Finally, the equilibrated sample was compressed at a rate of 10 μm
min−1 up to 40 MPa of compressive stress (400 bar, ∼5,800 psi),
and then the load was removed at the same rate. The strain rate was
chosen for a relatively slow loading to achieve a quasistatic
response. A preload of 5 N was applied before the experiment began
to ensure uniform contact between the sample surface and apparatus.
Thickness and diameter measurements of the post-compressed
samples were taken again in the same manner as was done before
the testing began. This technique allows in situ measurement of the

compressive response of the membrane in liquid water, at a fixed
temperature. Repeated experiments for all materials at 25 °C were
conducted to validate the procedure (see supplementary information
for details).

In this study, mechanical response is generally represented using
engineering (nominal) stress and strain, which are calculated from
the applied load divided by the measured original cross-sectional
area and the displacement divided by the measured original sample
length, Ao and L ,o respectively, in the direction of the applied load,
respectively:

F

A
1eng

o
σ = [ ]

L L

L

L

L
2eng

i o

o o
ε = − = Δ [ ]

Swelling measurements.—To verify hydration of the membrane,
the compression apparatus and the LVDT are used to measure the
out-of-plane swelling during the temperature ramp. The sample is
first measured at room temperature and thickness change is
monitored with the LVDT before load is applied and while the
sample is heated to 80 °C. The standard deviation of the room
temperature measurements is added to the equipment error from the
LVDT for the heated sample.

Analysis of mechanical compression.—Quantifying the tough-
ness, energy dissipation, and stiffness of each component can
provide greater insight into the deformation mechanisms. Various
mechanical properties can be determined from the engineering
stress-strain response, as shown in Fig. 2 for the case of hydrated,
room temperature PFSA membrane. The area under the loading
curve is toughness (sometimes referred to as modulus of toughness),
which is the amount of strain energy per unit volume (strain energy
density). Toughness is an indicator of material ductility under
tension since it characterizes a material’s ability to deform until
failure, which, however, does not apply to compression. Because in
this study, the materials are compressed without failure, strain
energy density is calculated from the stress-strain regime (stress

Figure 1. Custom-designed mechanical compression apparatus with temperature control and water reservoir.

Toughness
(Area under

loading curve)

Energy 
Dissipated

E

εmax
εp

Figure 2. Determination of effective modulus, dissipated energy, toughness,
plastic strain ( pε ), and strain at 40 MPa applied stress ( maxε ) on load-unload
stress-strain curve for hydrated N115 at 25 °C.
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up to 40 MPa and strain up to maxε ) which serves as a proxy for
toughness. The area between loading and unloading curves (shaded
in Figs. 2 and in 4) is the energy dissipated, or hysteresis, as internal
friction or heat during deformation. The magnitude of strain at the
end of unloading (at zero stress) is the plastic strain ( pε ), which is
indicative of permanent deformation induced during the compres-
sion.

Because all the material responses to uniaxial compression are
nonlinear and contain plasticity in this study, a typical material
property description of elastic modulus or Young’s modulus as it is
done in tension is not applicable. For this reason, a secant modulus is
calculated for each material. Additional details on the secant
modulus analysis can be found in the SI.

Results and Discussion

Hydration state in membrane.—The hydration of PFSA mem-
brane is a key factor in both the ionic conductivity (performance)
and the mechanical response to an applied stress.24 Therefore, it is
helpful to verify the hydration state of the membrane during the
compression tests. Figure 3 shows the change in measured thickness
of N115 samples with hydration (from nominal dry thickness to
equilibrated in water at 25 and 80 °C). The amount of water in a
hydrated membrane is commonly defined as water contenta, ,wΛ
which is defined as the amount of water per SO3

− group:

mol H O

mol SO

M

M

EW

M
3w

p w
w

2

3
⎜ ⎟
⎛

⎝

⎞

⎠
Λ ≡ ( )

( )
= Δ

¯ [ ]

where Mw (Mp) and Mw¯ (Mp¯ ) are the mass and molar mass of water
(dry polymer), respectively. Equivalent weight (EW) is the ratio of
the mass of polymer to the moles of ionic group, in this case SO .3

−

The volumetric change can be related to the swelling strain, ,swellε
and therefore one-dimensional change in thickness assuming iso-
tropic swelling in the following expression:
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where Vw (Vp) and Vw̄ (Vp¯ ) is the volume and molar volume of water
(dry polymer), respectively. The molar volume of water is defined
as:

V
M

5w
w

wρ
¯ =

¯
[ ]

The molar mass and density of water ( wρ ) are 18 g mol−1 and 1 g
cm−3, respectively. The molar volume of Nafion is defined as:24

V
EW

6p
pρ

¯ = [ ]

The equivalent weight of Nafion 115 is taken to be 1100
gpolymer/molionic-group and the density of dry polymer is
2.1 g/cm3.24 From Fig. 2, the LΔ /Lo at 80 °C is 0.18 with respect
to initial state of the membrane at nominal thickness of 125 micron.
This corresponds to a change in water content of wΔΛ = 18.9 for
N115 at 80 °C, which is close to the literature values of approxi-
mately 21±1, which includes the residual bound water in membranes
that exist at nominal thickness.24 At 25 °C, the calculated water
content at 50% RH is 3.9 using a swelling strain of 4.3%, which also
agrees with published literature values of 4.24 This confirms the
relative changes in the hydration state of the polymer membrane
based on the measured thickness swelling.

Stress-strain response of components.—The stress-strain re-
sponse of the electrolyzer cell components under uniaxial compres-
sion (through-plane direction) and controlled environments are
useful for understanding the material response and determining
relevant material properties. Compressive mechanical response of
PFSA, PTL, GDL, polyimide film (Kapton), and PTFE in thickness
direction are summarized at 25 and 80 °C (Figs. 4 and 5). All
samples exhibit a stress-strain response with a varying degree of
nonlinearity due to their polymeric morphology (e.g., PFSA) or
porous microstructure (e.g., PTL and GDL). Elevated temperature
has minimal impact on the stress-strain response of the GDL, PTL,
and Kapton but has a noticeable softening effect in PFSA and PTFE.

Dry PFSA membrane, which herein refers to Nafion 115 in
ambient conditions, exhibits a linear stress-strain response under
compression (Fig. 4a). Wet PFSA membrane exhibits a nonlinear
response (Fig. 4b). Both dry and hydrated membranes lack a
discernible yield point commonly associated with a transition from
linear to nonlinear regime.27,28,31,61 Yielding in tension is commonly
observed following an initial linear elastic response and previously
reported for dry PFSA, whereas for liquid-equilibrated PFSA, the
yield point becomes less apparent due to reduced stiffness.26–28

Because, with hydration, growing water domains in PFSA polymer
matrix reduce the fraction of hydrophobic domains that lower the
effective stiffness.24,62,63 With increased temperature, further soft-
ening of the stress-strain response is observed (Fig. 5).

While it is not trivial to assess plasticity from these nonlinear
loading curves due to the lack of a transition point that can be
attributed to a yield stress, one can infer the degree of the permanent
deformation from the unloading curves, that is the strain at zero
stress at the end of the loading (Fig. 5). This final strain value can be
attributed to a plastic strain. The hydrated PFSA has greater induced
plasticity (9% strain) than dry PFSA (3% strain). Since the original
sample thickness for the hydrated case includes the swelling from
water uptake, the greater magnitude of permanent strain in the
hydrated case could partially be due to the water being compressed
out of the membrane sample at these high loads as it has been shown
that water uptake decreases with increased compressive stress.22

However, since the membrane could re-equilibrate with water upon
unloading, any final reduction in thickness upon load removal likely
arises from permanent deformation.

PTFE is used as the gasketing material in electrolyzer cells and is
also the chemical backbone of the PFSA imparting its chemical and
mechanical stability.24 Thus, it is not surprising that PTFE displays a
stress-strain curve qualitatively similar to dry PFSA, but with a
stiffer response owing to its higher crystallinity (∼70%64,65) when
compared with PFSA (7%-17% for extruded membranes24). At

Figure 3. Calculated swelling ratio based on measured thickness with
respect to the nominal thickness (See SI for additional information).

aWater content is usually denoted with a lowercase lambda but to distinguish water
content from stretch, a capital lambda is used.
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Figure 4. Load and unload stress-strain curves of components in compression regime at 25 °C: (a) Dry PFSA membrane, (b) Hydrated PFSA membrane, (c)
PTFE, (d) Kapton, (e) PTL, (f) GDL. Loading curves are solid lines and unloading curves are dashed lines. The (shaded) area between the load-unload curves
represents the mechanical energy the material dissipates under deformation.

Figure 5. Engineering stress-strain curves of components in compression regime at (a) 25 °C and (b) 80 °C. Comparison of temperatures for individual
materials: (c) Hydrated PFSA membrane (in water), (d) PTFE, (e) Kapton, (f) PTL, (g) GDL. Color coding of the materials is the same as used in Fig. 4.

Journal of The Electrochemical Society, 2024 171 094510



40 MPa, PTFE reaches a compressive strain value of 25%, compared
to 35 and 45% for dry and hydrated PFSA, respectively (Fig. 4c).
However, PTFE has greater energy dissipation and slightly higher
permanent strain than both dry and hydrated PFSA. Compared to
PFSA, PTFE shows less sensitivity to temperature even though
softening is observed at high stresses (Fig. 5). Kapton shows
stronger thermal stability than PFSA and PTFE as evidenced by
the close stress-strain curves at low and high temperatures which
also have similar curvatures (Fig. 5). The load-unload curve of
Kapton also shows lower energy dissipation but slightly higher
permanent strain compared to PTFE (Fig. 4d).

The titanium fiber or felt PTL (Bekaert 2GDL10N) is a porous
metal (56% nominal porosity) which exhibits linearity (Fig. 4e). By
contrast, the GDL is a soft, porous material composed of carbon
fibers which exhibits nonlinear compression behavior. The nonli-
nearity of the GDL is attributed to the collapse of pore structures
leading to an increase in contact between fibers with compression
and then an increase in stiffness (Fig. 4f).14,43–45,47 However,
compared to PTL, there is greater deformation and damage in
GDL as evidenced by the load-unload curve showing significant
permanent strain as the sample (pore structure) is crushed, which
was observed and analyzed in previous studies.46–49

Mechanical properties of components.—A comparison of effec-
tive modulus, toughness, and energy dissipation of all components
and between 25 and 80 °C is provided in Fig. 6. The calculation of
the secant modulus is described in the SI. The stress-strain curve for
PFSA becomes more nonlinear in water and at higher temperatures.
Therefore, the linearization of the stress-strain curve for PFSA is not
trivial, yet the values here provide a comparison point.

Among the polymeric materials, PFSA has the lowest secant
modulus at elevated temperatures, followed by Kapton then PTFE.
The effective modulus of PFSA decreases from 145 MPa in dry state
at 25 °C to 45 MPa in water at 80 °C. PTFE softens with increased
temperature, as evidenced by the secant modulus decreasing from
234 MPa to 152 MPa. Kapton has lower stiffness than PTFE with a
secant modulus of 35 and 50 MPa for 25 and 80 °C, respectively.
Lastly, among the porous materials, GDL’s secant modulus of
7.8 MPa is two orders of magnitude smaller than PTL, which has
a secant modulus of 280 MPa at 80 °C.

The toughness of the cell components is not affected by the
temperature change, apart from PTFE. Wet PFSA exhibits an
increase of toughness with increasing hydration (from 6.5 to 8.2
MJ/m3 for membrane in dry state at 25 °C to wet state at 80 °C,
respectively) because it can accommodate more deformation owing
to higher mobility of its constituent units, especially in hydrated
state. The toughness values for PTFE indicate a temperature
dependence as the toughness increases from 4.8 to 9.5 MJ/m3.
Kapton is more thermally stable than PTFE and has a toughness of
about 7 MJ/m3 at both temperatures. PTL has the lowest toughness
(3.3 MJ/m3 at 80 °C) of the cell components due to its rigid porous
structure that collapses under pressure. GDL, being a softer carbon-
based porous material, has a greater toughness than PTL. The energy
dissipation for PFSA and PTFE is larger at higher temperature likely
due to higher chain mobility. The greater energy dissipation in GDL
(∼5.5 MJ/m3) is consistent with the larger permanent deformation
resulting from the damage within the carbon fiber structure.21,47–49

The weaker temperature dependence of mechanical properties for
Kapton, PTL, and GDL indicates greater thermal stability of these
materials within this temperature range.

Dimensional and volumetric analysis.—In this section, the
change in sample dimensions is analyzed to assess if a permanent
volume change has occurred. The longitudinal, radial, and volu-
metric strains are calculated based on measurements of the sample
dimensions (thickness and diameter) before and at the end of the
compression experiment based on LVDT displacement measure-
ments (Table II). Since polymers are viscoelastic, the final measure-
ments are taken several minutes after load removal using the depth

probe. A change in dimensions upon load removal (non-zero strain)
indicates a permanent deformation. For a cylindrical sample in radial
coordinates, the plastic volumetric strain, ,v

pε is given by:

2 7v
p

z
p

r
pε ε ε= + [ ]

where z
pε is the permanent longitudinal (thickness) strain and r

pε is
the plastic radial (in-plane) strain.

At 25 °C, the PFSA membrane has permanent dimensional
change in two directions yet exhibits a near-zero volume change
(Table II). Thus, PFSA membranes compressed to 40 MPa exhibit
permanent thickness reduction ( 0z

pε < ) while expanding in the
plane ( 0r

pε < ) with an overall net volume change of near zero due to
incompressible plastic deformation. A similar response is observed
for PTFE and Kapton, the other polymeric materials studied herein.
Wet PFSA exhibits greater volume change which could be attributed
to water leaving the polymer matrix.22

For porous materials (GDL and PTL), there is a permanent volume
change as their micro-porous morphology are compressed resulting in
a reduced porosity ( 0v

pε < ). This deformation mechanism is different
from PFSA, or solid incompressible materials, in that porous materials
show negligible permanent radial strain compared to longitudinal

Figure 6. (a) Effective modulus of dry (gray, 25 °C) and wet PFSA, PTFE,
Kapton, PTL, and GDL during uniaxial compression test at 25 (blue) and
80 °C (red). (b) Toughness and (c) energy dissipated during compression
test. Error bars represent the standard deviation.
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strain due to thickness contraction. In essence, the porous materials do
not expand in-plane when compressed in thickness direction, which
result in collapse of their porous-finer structure as also reported in
previous studies.21,47,49 Therefore, a constant volume assumption is
not applicable to porous materials.

Constitutive modeling of PFSA.—As mentioned previously,
PFSA’s mechanical response alters with hydration and temperature
which is observed as increased water uptake at elevated tempera-
tures, as shown in Hydration State in Membrane section. With an
increase in temperature from 25 °C to 80 °C, PFSA undergoes
softening and greater strain (thickness reduction) is observed under
the same stress (Fig. 7). As noted previously, the stress-strain
response is nonlinear for PFSA, therefore, a standard Young’s
modulus is not evident from these curves. Thus, an instantaneous
stiffness is defined from the tangent modulus, E ,z which is the
derivative of the stress-strain curve (Fig. 7). Figure 7d shows that at
80 °C instantaneous modulus, E ,z shows a linear dependence on the
strain, which can be expressed as:

E
d

d
C 8z

σ
ε

ε= = [ ]

Integrating this expression gives:

d C d 9∫ ∫σ ε ε= [ ]

C
1

2
102σ ε= [ ]

where C is the slope of the tangent modulus vs strain curve in Fig. 7d
which equals to 242 MPa (best-fit to 80 °C data). This expression is
similar to a power law function describing strain hardening during
plastic deformation. However, the contribution of plasticity is not
described by this expression.

While Eq. 10 captures the compressive stress-strain response, this
is only accomplished at 80 °C and in liquid water. Another approach
using hyperelastic constitutive models can describe the nonlinear
stress-strain response of PFSA for a wider scope of environmental
conditions. Inspired by the hydration-driven mobility and elasto-
meric behavior, we adopt rubber elasticity theories to reproduce the
experimental data. Even though there is an indication for permanent
deformation in PFSA under high compressive stresses, the stress-
strain curve of hydrated membrane exhibits rubbery behavior
without a discernible linear elastic region.

Hyperelastic material models are a class of constitutive models
that were first introduced to describe incompressible, rubber
elastomers where the stress-strain relationship is derived from the
strain energy density function, W .66,67 A reduced form of the
polynomial hyperelasticity model is given by:68

W C I 3 11
i

n

i
i

0

0 1∑= ( − ) [ ]
=

where I 21 1
2

2
2

3
2 2 1λ λ λ λ λ= + + = + − and i 1,2, 3λ = are the principal

stretches and in the uniaxial case stretch is defined to be:

1 . 12engλ ε= + [ ]

The stress tensor can be found by taking the derivative of the strain
energy function with respect to the strain. For n=1, the polynomial
strain energy function is reduced to the neo-Hookean model. The
nominal stress-stretch relation for the neo-Hookean model in
uniaxial deformation simplifies to:

C
1

1311 10 2
⎛
⎝

⎞
⎠

σ λ
λ

= − [ ]

where C10 2
= μ and μ is the initial shear modulus.

Figure 8 compares the experimental stress-strain curves of PFSA
with the neo-Hookean model using best-fit parameters as tabulated
in Table III. The model generally captures the mechanical response

Table II. Permanent strains under compression calculated based on measurements of samples taken before and after the compression test (outside
of compression apparatus).a)

Material RH Temperature
Permanent thickness

strain
Permanent radial (in-plane)

strain
Permanent volumetric

strain Notes on nature of material
% °C εz

p εr
p εv

p

N115 100 25 −1.4% 1.7% 2.0% Solid ionomer in liquid
water

N115 50 25 −0.1% 0.4% 0.7% Solid ionomer in air
(50%RH)

PTFE 42 25 −2.4% 1.8% 1.3% Solid polymer
Kapton 41 25 −1.0% 0.8% 1.0% Solid polymer
PTL 46 25 −11.5% 0.3% −10.9% Porous metal
GDL 43 25 −64.0% 5.3% −32.0% Soft, porous material

a) The values at higher temperatures are conflated with the thermal expansion and contraction during the experiments and therefore omitted from the analysis.

Figure 7. (a)–(b) Hydrated PFSA (N115 AsR) engineering stress strain
curve at 25 and 80 °C. (c-d) Derivative of stress strain curves (tangent
modulus, Ez) vs engineering strain.
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well in all conditions, even though the agreement improves at high
temperature and hydration. PFSA membrane’s tensile response was
shown to transition from a semi-crystalline response to gel-like
behavior in liquid water, as reported by Kusoglu et al.28 However,
the neo-Hookean model does not capture the behavior well in lower
hydration state.

Mechanics of assembly compression: 1D spring-network
model.—To predict the compression of the electrolyzer cell compo-
nents, a 1D spring network model is developed using the measured
mechanical properties. The simplified network consists of a spring
element for each component which are arranged in series or parallel
to represent the cell assembly (Fig. 9). In this simplified version of a
standard assembly, a PFSA membrane (without catalyst layers) is
sandwiched between the PTL and the GDL with PTFE gaskets at
both edges. Therefore, the PTFE gasket and PTL are in parallel
forming Group A at the anode side. Similarly, PTFE and GDL form
Group C at the cathode side. Those two groups are in series with the
Grade 2 Titanium (Ti) flow plates and the PFSA membrane.

Each spring element is then assigned a compressive stiffness (Ei)
determined from the experimental data discussed above. When the
entire assembly is deformed under an applied stress, ,appliedσ
(compressive stress) the strain of each spring component undergoing
the same stress can be calculated as follows:

E 14applied i iσ ε= [ ]

where E ,i iε is the stiffness and strain, respectively, in each
component, i.

For PFSA, a modified spring element with an adaptive modulus
is implemented based on the nonlinear stress-strain response
observed (Fig. 7). The adaptive modulus increases proportionally

as the material is strained under compression exhibiting increasing
stiffness. The stress-strain expression from Eq. 10 is implemented
for the compressive response of PFSA at 80 °C. Therefore, for

PFSA, E C .PFSA PFSA
1

2
ε= Thus, the compressive strain as a function

of applied stress is:

C
1

2

15PFSAε σ= [ ]

The strain of the components in parallel are equivalent such that:

16A PTFE
A

PTL C PTFE
C

GDLε ε ε ε ε ε= = = = [ ]

Within each group, the porous layers cover the active area while the
gasket covers the inactive area. The total force is applied between
the two areas such that:

F F F 17active gasket= + [ ]

The distribution of stress between the components is expressed as:

F

A

F

A

A

A

F

A

A

A
18

total

active

active

active

total

gasket

gasket

gasket

total
σ = = + [ ]

Letting faa be the fraction of active area, the stresses are distributed
to the two groups such that:

f f

f f

1 ,

1 . 19

A PTFE
A

aa PTL aa

C PTFE
C

aa GDL aa

σ σ σ

σ σ σ

= ( − ) +
= ( − ) + [ ]

The stress in the components in series are equivalent along the
network:

. 20applied Ti PFSA CAσ σ σ σ= = σ = = [ ]

Therefore, the strain in Group A (anode side) is related to stress such
that:

E f E f1
. 21A

applied

PTFE aa PTL aa

ε
σ

=
( − ) +

[ ]

The strain in Group C (cathode side) is given by:

E f E f1
. 22C

applied

PTFE aa GDL aa

ε
σ

=
( − ) +

[ ]

The total strain (thickness changes) of the network assembly is the
sum of the strains in the individual elements normalized by the total
thickness of the cell, L, connected in series:

L

L

L

L

L

L

L

L
. 23Total A

A
Ti

Ti
PFSA

PFSA
C

Cε ε ε ε ε= + + + [ ]

By solving this system of equations, the strains of components
can be determined as a function of applied stress. Figure 10 shows
the strains of components at 5, 10, and 20 MPa stress from the
experimental data compared with strains estimated from the simpli-
fied cell assembly representation. In each sub element with two
parallel components, the stiffer component carries more of the stress
and dominates the equivalent strain in the element. Thus, to
represent Group A, the experimental strain value from the PTL is
used because the PTFE has a lower stiffness than PTL. Similarly,
PTFE is representative of Group C since PTFE (152 MPa) is
significantly stiffer than the GDL (7.8 MPa). GDL is thicker than
PTFE, but its thickness will reduce to that of PTFE during initial
assembly which will generate a small initial strain, which is ignored
due to its low stiffness. Thus, the deformation of Group C is
determined predominantly by PTFE since it is stiffer than GDL in
the strain regime modeled. Conversely, the deformation of the

Figure 8. PFSA experimental data vs model dry (25 °C) and hydrated
(25 and 80 °C).

Table III. Model fitting parameters for neo-Hookean model.

Temperature RH C10 R2
°C % MPa

25 50 (ambient) 25.51 0.9775
25 100 (liquid water) 13.25 0.9942
80 100 (liquid water) 9.31 0.9913
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titanium flow plate remains elastic with negligible strain because its
modulus of elasticity or Young’s modulus is three orders of
magnitude greater than the stiffest components in the cell, and
therefore, it can be neglected and is not represented in the plot.

Using the stiffness values from the experimental data (Table IV)
and assuming a cell with an active area of 25 cm2 (based on a cell
design from NREL69), the thickness change in each component
under applied pressure (of 0, 5, 10, and 20 MPa) are summarized in
Fig. 10. The electrolyzer assembly is represented mechanically by
three dominant components stacked together with an initial total
thickness of 732 μm (Fig. 10). As this system is compressed, the
total thickness decreases with different contributions from each
component based on their stiffness. The change of this relative strain
contribution as a function of applied stress can be seen in Fig. S7d.
At low compression levels, PFSA (Nafion 115) membrane con-
tributes most to the thickness reduction, followed by Group C, then
Group A. For example, at 10 MPa, the total assembly thickness
decreases by 153 μm to 579 μm, with the greatest contribution
coming from the Nafion 115 membrane (∼53% of total thickness

change). Meanwhile, Group C and A contribute 34 and 15%,
respectively. At higher compression levels, the membrane becomes
stiffer with strain hardening, which reduces the rate of additional
thickness reduction. Therefore, with compressions over 20 MPa,
Group C contributes a greater percentage of thickness reduction than
does the PFSA membrane. Group A’s contribution to thickness
reduction, however, remains under 20% due to their greater stiffness.
For example, under 40 MPa compression, PFSA membrane accounts
for 34% of the thickness reduction while Group C and A account for
45 and 20%, respectively.

Figure S7 in the SI compares the percent of total thickness
change for varying cell sizes. Tables S2 and S3 list the 6 cells
compared and their active and total areas and the active area fraction
(from 0.13 to 0.6). With increasing active area fraction, Group C
(cathode side) contributes more to the total thickness reduction while
Group A (anode side) contribution decreases. This is because the
gasket area fraction decreases with increasing active area fraction,
thereby increasing the stress field in the PTFE and reducing the
cathode side thickness further (especially when in parallel with the

Figure 9. (a) Simplified schematic of a standard electrolyzer assembly and (b) a representative equivalent spring model of the cell assembly.

Figure 10. (a) Experimental strain measurements from uniaxial compression of individual components. PTL is representative of the displacement in Group A
from the model and PTFE is representative of Group C since PTFE does the majority of load bearing as illustrated in the SI. (b) Strains in Group A, PFSA, and
Group C are calculated from the 1D model. (c) Absolute thickness of components when modeled in the 1D network based on experimental data and a 25 cm2

active area cell.69
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softer GDL). In Group A, however, the PTL carries more of the
stress load as the active area fraction increases thereby resulting in a
lesser thickness reduction.

Due to the linearization of the deformation in the components
(except PFSA), the strain calculated from the model (Fig. S7b) is
slightly greater compared with the experimental values at lower
stresses (5 and 10 MPa) (Fig. 10a). In addition, at higher loadings, it
would be expected that the PTFE gasket on the cathode side would
yield as the stress in this component would exceed the elastic limit at
80 °C. Despite the simplification of the approach, the model provides
a comparative analysis of thickness change of an electrolyzer
assembly under compression (Fig. 10b). The model captures the
nonlinear deformation of the PFSA well, due to the modified stress-
strain relationship used (Fig. S6c). The other cell components have a
linear response, albeit with permanent deformation occurring parti-
cularly in porous materials (Fig. S6). Thus, this model could be
interpreted as a first order approximation of the compression of an
electrolyzer cell even though in reality there is a distribution of
thicknesses across the MEA and components with nonlinear
effects15,55 as well as time-dependent changes in the form of creep
as evidenced for membranes33 which however cannot easily be
applied to porous components. Nevertheless, this study focuses on
the comparative analysis of compressive mechanical response of cell
components provides guidance for their relative thickness change
under pressure and underscores the role of gasket elements in
redistributing the stress load. The results reported herein would
benefit studies focusing on cell assembly strategies as well as
investigations focusing on mechanical durability of electrolyzer
membranes and stability of their interfaces with the electrodes and
PTLs.6,8,9,17,55

Conclusions

This study investigates the mechanical response of electrolyzer
cell components under quasistatic compression in device-relevant
environmental conditions. All electrolyzer cell components were
tested in uniaxial compression at 25 and 80 °C, from which several
compressive mechanical properties are extracted. The permanent
deformation of each component was examined from the analysis of
the loading-unloading curves. Based on the notion of increased
mobility of polymer chains under hydration and higher temperatures,
an elastomer mechanics constitutive model was adopted to repro-
duce the compressive response of PFSA (Nafion 115 membrane).
The hyperelastic constitutive model of PFSA provides a benchmark
for prediction purposes and can be extended to complex loading
where experiments are impractical. The collected data were also
used to develop a 1D spring network model to analyze the thickness
reduction of an electrolyzer cell under compressive load.

The compressive stress-strain responses of most electrolyzer cell
components have a degree of nonlinearity owing to the unique
morphologies and deformation mechanisms of each component. The
elevated temperature had a minimal impact on the stress-strain
response of the GDL, PTL, and Kapton but had a noticeable
softening effect in PFSA and PTFE. Additionally, PFSA mem-
brane’s compressive response exhibited an increasing degree of
nonlinearity and softening with increasing water content (from dry to

liquid water). Using the expression for the nonlinear response of
PFSA and the linearized response of other electrolyzer cell compo-
nents at 80 °C, a 1D spring network model representative of a cell
assembly was developed to predict the thickness changes of
components′ applied stress and can be easily adapted to assess the
effect of changing the active area relative to the total area or
gasketed area.

This study elucidates the mechanical response of solid polymers
and porous metal or carbon fiber cell components under compression
at low and elevated temperatures and provides a qualitative
comparison of their deformation behavior and quantitative analysis
of their thickness change and mechanical properties. This work
improves understanding of compression-induced mechanical inter-
actions between membrane and cell components and can help assess
material design and assembly strategies for improved durability.
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