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Abstract: The manufacturing process for membrane electrode assemblies (MEAs), from coating to
stack assembly, is typically performed under climate-controlled conditions due to the hygroscopic
properties of catalyst-coated membranes (CCMs). Large climate-controlled areas in the assembly line
not only increase the energy consumption but also limit the scalability of the production line. In this
study, experiments were conducted to analyze the effects of ambient humidity on the mechanical
properties of a CCM. The hygroscopic swelling behavior of a commercial CCM with an ePTFE-
reinforced membrane was also characterized. Using the finite element method, a 3D numerical model
covering the entire MEA assembly process was developed, allowing for a numerical investigation of
different climate control strategies. The influence of ambient humidity on the dimensional changes in
the CCM, which leads to significant stress on the CCM due to mechanical constraints and thus to
deformation of the MEA product, was simulated and validated experimentally using optical mea-
surements. Finally, the critical steps during MEA assembly were identified, and a recommendation
for the optimal humidity range for climate control was derived.

Keywords: MEA production; roll-to-roll; micro-environment; swelling and shrinkage behavior

1. Introduction

In recent years, proton exchange membrane fuel cells (PEMFCs) have been considered
as a potential alternative to fossil fuels, particularly in the fields of transportation and power
generation [1,2]. Although battery-electric vehicles (BEVs) have reached market readiness
as passenger cars over the past few years, PEMFCs still offer significant advantages in
terms of their higher gravimetric energy density and faster charging rates, making them a
high-potential solution for decarbonizing long-distance heavy-duty trucks [3]. The proton
exchange membrane (PEM) serves as the core component of a PEMFC, with functions
including separation of the reactant gases and the conduction of hydrogen ions [4]. Catalyst
layers consisting of platinum are applied to the membrane to form the so-called catalyst-
coated membrane (CCM), where the electrochemical reactions take place. Alternatively, the
catalyst layer can also be directly deposited onto the Gas Diffusion Layer (GDL), which
is normally referred to as the Gas Diffusion Electrode [5]. Research has shown that a fuel
cell prepared with a CCM exhibits a better cell performance than that of a GDE-based
fuel cell because the CCM method involves higher utilization of the catalyst and a lower
contact resistance in comparison to the GDE method [6]. The industrial standard has also
evolved toward the CCM-based fabrication method. A CCM, two subgaskets, and two
GDLs together form the membrane electrode assembly (MEA). The CCM is fixed within
the subgasket frame through lamination. The subgaskets, with central cut-outs for the
active area, provide mechanical support to the CCM. Furthermore, this frame-shaped edge
protection helps the fragile membrane to withstand the compression force during the stack
fixation process better and ensures precise positioning [1]. The GDLs on the anode and
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cathode sides are then bonded to the subgasketed CCM. Because the membrane thickness
is typically in the range of tens of microns, the entire handling process is particularly
challenging.

Perfluorosulfonic acid (PFSA) membranes have good thermal, mechanical, and chem-
ical stability, along with high proton conductivity, making them one of the most used
membrane materials today. Since water transport plays a crucial role in the proton conduc-
tivity within PFSA membranes, they exhibit significant hydrophilic and water-absorbing
properties [7]. This type of membrane was first developed and commercialized by DuPont
under the trade name Nafion®. Extensive research has been conducted on the mechanical
properties and moisture absorption characteristics of Nafion®. Kundu et al. measured the
mechanical properties of Nafion® 112 and Nafion® 117 [8]. Tang et al. conducted tensile
tests on Nafion® 112 under 16 different combinations of temperature and humidity [9]. The
results revealed the fundamental relationships of the Young’s modulus, proportional limit
stress, and fracture stress with temperature and humidity. They also found that Nafion®
112 exhibits slight anisotropy between the machine direction (MD) and the transverse
direction (TD). To develop thinner membranes with a higher strength and lower proton
resistance, reinforced composite membranes were introduced by adding support materials
to PFSA membranes. Expanded polytetrafluoroethylene (ePTFE) is the most well-known
and extensively studied microporous material for reinforcing fuel cell membranes, both
PFSA and non-PFSA membranes [10]. Due to the addition of support materials, the in-plane
anisotropy of reinforced membranes is typically suppressed [7]. For example, Kolde et al.
reported that fuel cells using ePTFE-reinforced membranes have a longer lifespan compared
to those that use pristine PESA membranes [11]. They also suggested that the in-plane
dimensional stability of the membrane is also enhanced, which is an essential factor for the
durability of fuel cells. Tang et al. tested the mechanical properties of an ePTFE-reinforced
membrane under different combinations of humidity and temperature [12]. Using finite
element method (FEM) simulations, they compared the in-plane stress and swelling strains
of unreinforced PFSA membranes and ePTFE membranes under hygrothermal cycling in
fuel cells. The results indicated that the reinforced membranes showed better durability
compared to the unreinforced PFSA membranes. Coating catalyst layers onto both sides of
the reinforced membranes forms catalyst-coated membranes (CCMs). Since the catalyst lay-
ers contain the same ionomers as those in the membrane, they couple with the membrane
components and may affect the mechanical properties of the membrane [1]. For example,
Goulet et al. found that the swelling strain of the CCM at the same humidity level is half
that of pure PFSA membranes, and they observed that the catalyst improves the mechanical
properties of the membrane [13]. Uchiyama et al. compared the mechanical properties
of NR211 membranes and catalyst-coated NR211-CL membranes, similarly finding that
NR211-CL exhibits a higher mechanical strength and a lower swelling strain compared to
NR211 membranes [14]. Various studies have investigated how the swelling and shrinkage
behavior of PFSA membranes accelerates mechanical degradation due to wet-dry cycles
during fuel cell operation [15,16]. However, the dimensional instability of the membrane
due to humidity changes is equally critical during manufacturing processes, particularly in
mass production scenarios. An uncontrolled production environment can lead to significant
quality issues and increased scrap rates, which is a critical aspect that has received little
attention in the literature and will be specifically addressed in this present work.

To meet the production yield and precision requirements in MEA manufacturing,
the roll-to-roll (R2R) process has been proposed, investigated as a viable replacement
for the current pick-and-place-based sheet-to-sheet assembly processes [17,18]. Typically,
in the R2R process of film production, the internal stress within the flexible substrate
must be controlled precisely to ensure product quality and productivity [19]. Humidity
deviations will cause the CCM to absorb or desorb water molecules, leading to changes
in its dimensions [12]. As the CCM is constrained by the subgasket at the perimeter
after the lamination process, the swelling and shrinkage behavior of the membrane is a
critical factor in the assembly process. However, this process can lead to various defects,
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such as wrinkling and yielding of the membrane, as well as bending and bulging of
the MEA [20-22]. In the past decade, numerous FEM models have been developed and
reported in the literature for studying the mechanical durability of membranes under
hygrothermal cycling during fuel cell operation [14,23,24]. Most of these models have
focused on the out-of-plane stresses, which are induced by the fuel cell’s bipolar plates.
However, the in-plane stresses due to fluctuations in web tension and deformation due to
humidity variations during the R2R process of MEA assembly cannot be ignored. Currently,
few studies have addressed this aspect.

In this study, we investigated the mechanical properties of a commercial ePTFE-
reinforced CCM under different humidity conditions using tensile tests conducted in an
environmental chamber. Parameters such as the elastic modulus and proportional limit
stress were examined, and the moisture absorption and desorption behavior were measured
under specific humidity conditions. The elastic properties of the GDL and the subgasket
were ascertained at room temperature. A numerical model using the finite element method
was developed to cover the local climate control during different MEA manufacturing
processes. The focus was on simulating the effect of humidity on dimensional changes in
the CCM, which can lead to deformation of MEA products.

2. Materials and Methods

The CCM used in this study was a GORE® PRIMEA® CCM (W. L. Gore & Associates
GmbH, Putzbrunn, Germany) based on the Gore-Select® 8 um membrane and had a Pt
loading of 0.4 mg/cm? on the cathode side and 0.1 mg/cm? on the anode side. The
thickness of the CCM itself was measured as 0.03 mm. According to the DIN EN ISO
527-3 standard [25], it was cut into strip specimens with a width of 20 mm and a length
of 150 mm. Tensile tests were conducted using the Zwick Roell material testing system
zwickiLine (ZwickRoell GmbH & Co. KG, Ulm, Germany), with the temperature and
humidity controlled in the environmental chamber. The test setup is shown in Figure 1.
The experimental temperature was set to 21 °C since the R2R assembly process for a CCM
usually occurs at room temperature [26]. The hygroscopic expansion coefficient and stress—
strain curves of the CCM were measured at five different humidity levels (25%, 40%, 50%,
60%, and 75%). This humidity range encompassed the typical laboratory conditions, with
21 °C and 50% representing the industry standard for MEA manufacturing. Additional
humidity levels were selected to enable precise interpolation of the swelling expansion
coefficient.

e —

Gauge length
| E
| Specimen

Gripper

Figure 1. Membrane tensile test setup.
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Before starting the experiment, the gauge length of a pair of wedge grips was set
to 75 mm. Once the specimen was clamped into place, a preload of 0.001 N-0.002 N
was applied to ensure it remained straight throughout the test and to eliminate the slack
caused by hygroscopic expansion. Stabilizing the initial temperature and humidity in the
environmental chamber for 16 h allowed the set values to be achieved and maintained.
During this process, the length of the CCM changed due to the swelling or shrinkage
behavior, which was recorded using the universal testing machine. Figure 2a shows an
example of the strain in the CCM plotted over time when the temperature is 21 °C and
the humidity increases from 60% to 75%. The first derivative curve of this strain—time
curve is shown in Figure 2b. From this figure, it can be observed that after the humidity
reaches the set value and is maintained for 5400 s (1.5 h), the strain rate and the dimensional
changes stabilize, indicating that the CCM reaches a saturated state. The gauge length of the
specimen is now the original length plus the displacement of the grips. The recorded change
in the crosshead is considered a measure of the dimensional changes due to variations in
humidity. For all tests, the crosshead speed was set to 5 mm/min according to the DIN
EN ISO 527-3 standard. It should be noted that the mechanical strength of the CCM also
changes with the humidity variations. Therefore, the recorded crosshead displacement
represents the total strain £/ in the CCM due to changes in humidity, which is the sum of
the elastic strain e and the humidity-induced strain ek, as shown in Equation (1).

Stot — sEl + SRH (1)
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Figure 2. (a) Curves for strain and humidity with time variation during the experiment; (b) the curve
of the first derivative of strain with time variation.

Tensile tests until failure were also conducted at each humidity level. The stress—strain
relationship was calculated from the force-displacement data recorded during the tensile
testing. Based on this relationship, the elastic modulus, yield strength, and hygroscopic
expansion coefficient of each specimen at specific humidity levels were determined. The
mechanical properties of the GDL and the subgasket are not significantly affected by
temperature and humidity. Commercially available subgasket and GDL materials were
used for the experiments. The GDL used in this work was a non-woven felt-like fiber
fleece H14CX653 from Freudenberg. And for the subgasket, a polyethylene naphthalate
(PEN) film with a one-sided polyester-resin-based heat-seal adhesive layer from CMC
Klebetechnik GmbH was chosen. The mechanical properties of the GDL and the subgasket
at room temperature were measured using similar experimental procedures. To express
the orthotropic material behavior of the GDL [27], the Young’s modulus was obtained for
both the in-plane and out-of-plane directions, where the subscripts x, y, and z represent the
machine direction, transverse direction, and the direction through thickness, respectively.
The results are shown in Table 1.
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Table 1. Mechanical properties of the GDL and the subgasket.
Material Density (g/mm?3) Poisson’s Ratio Ex (MPa) Ey (MPa) E, (MPa) Yield Stress (MPa)
GDL 6.25 x 1074 0.25 3380 950 4.5 8.90
Subgasket 1.30 x 1073 0.34 1973.00 - - 110.30

3. Experimental Results
3.1. Mechanical Properties

Figure 3a,b show the true stress—strain curves of the CCM in the MD (machine di-
rection) and the TD (transverse direction) at different humidity levels. Unlike traditional
metal materials, which experience a region of Hookean (linear) behavior, the CCM shows
viscoelastic properties [28,29]. Therefore, referring to the ASTM D882 standard [30], the
tangent modulus should be applied to describing the material’s stiffness in the designated
region, where the processability plays a more important role. We referred to the method by
Tang et al., defining a proportional limit stress to describe the onset of the yield [9,12], as
shown in Figure 4. Table 2 summarizes the Young’s modulus and the proportional limit
stress of the CCM at different humidity levels. The mechanical properties of the CCM
exhibit anisotropy. The E modulus and the proportional limit stress of the CCM in the
MD are higher than those in the TD. In the TD, these values decrease significantly with
an increase in humidity. However, in the MD, this trend of variation is not evident. The
Poisson’s ratio of the membrane is not significantly affected by humidity, so in this study,
the Poisson’s ratio at 50% humidity is used as a constant value.

30 30
F20 = 220 | — ’____"f
g ————— \2/ == {:’ sl
g e g =
z . ——25%RH-MD g ol ——25%RH-TD
E 0, g <’ ’/—C” 0,
10 f 40%RH-MD 2o | ) 40%RH-TD
V4 — - 50%RH-MD goo” — -+ 50%RH-TD
/ = 60%RH-MD ! ~ = = 60%RH-TD
/e B%REMD |\ | e 75%RH-TD
0 L L L 0 L ! |
0 5 10 15 20 0 5 10 15 20
True stain (%) True stain (%)
(a) (b)
Figure 3. Stress—strain curves for CCM at different humidity levels: (a) MD; (b) TD.
Table 2. Mechanical properties of CCM at different humidity levels.
Relative Densit Proportional Limit Proportional
Humidity (%) ( /mm"?; Emp (MPa) Erp (MPa) Poisson’s Ratio Stress in MD Limit Stress in
y (%o 8 (MPa) TD (MPa)
25 1.5 x 1073 593.80 499.30 0.3 6.63 5.00
40 1.5 x 1073 587.53 478.41 0.3 6.08 473
50 1.5 x 1073 588.30 477.41 0.3 5.84 4.49
60 1.5 x 1073 576.42 453.40 0.3 5.65 4.24

75 1.5 x 1073 568.62 347.25 0.3 5.47 3.98
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Figure 4. Definition of the secant modulus and the proportional limit stress (50% RH, MD).

3.2. Hygroscopic Expansion Properties

Due to the hydroscopic nature of PFSA, the membrane will swell with increasing
humidity and contract due to water loss. This can cause stress and deformations between
the CCM, the subgasket, and the GDL during assembly. Therefore, the total strain in the
MD and TD at 40%, 50%, 60%, and 75% relative humidity was measured. The hygroscopic
expansion strain caused by moisture absorption was calculated as the total strain minus
the elastic strain generated by 0.001 N, as shown in Figure 5. As the humidity increases, the
swelling strain of the CCM increases, and the CCM’s swelling is isotropic. Since Abaqus
does not have a material model built in for defining the hygroscopic swelling coefficient,
the relative humidity was input into the model as a predefined field. The hygroscopic
expansion coefficient could then be defined as a field-dependent expansion of the material
property. Referencing the field expansion coefficient formula in Abaqus, the hygroscopic
expansion coefficient ay is defined as shown in Formula (2), where a}, is the hygroscopic
expansion coefficient, ¢, the strain value under different humidity, f, the reference value
of predefined humidity n for the field expansion coefficient, and fj the initial value of

predefined humidity #.
ap = €n/(fn = fo) ()
1
®m TD-I L
g 0.8 | e TD-2
Eﬂ O MD-1
< L
g 0.6 | o MD-2 ‘
é 04 | 5
02 | B
’_,,—"' y=1.235257 ® + 0.424200 x — 0.130856
"""" R2=0.996562
0 1 1 1 1 1 1 1 1 1

25 30 35 40 45 50 55 60 65 70 75
Humidity (%)

Figure 5. Dimensional change as a function of relative humidity at various humidities.
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The quadratic fitting of the humidity expansion coefficient shows good accuracy
(Figure 6). The formula for the hygroscopic expansion coefficient is obtained as follows:

a;, = —0.000000067h* + 0.000011063k — 0.000235867 (©)]

where £ is the humidity value, and «y, is the humidity expansion coefficient. Based on this
formula, the humidity expansion coefficient is introduced into Abaqus at each 1% humidity
interval.

0.00025
z y = 0.000000067 x>+ 0.000011063 x —
g 0.000235867 . 4
£ 00002 f R*=0988317941 .
B
3 e
= o L7
2 0.00015 |
g
o P
2 00001 f P
3
£ 0.00005
> P4
0 ! 1 1 1 1 1 1 1 1 1

25 30 35 40 45 50 55 60 65 70 75
Humidity (%)

Figure 6. Hygroscopic expansion coefficient at different humidity levels and the fitted curve.

4. FEM Analysis of the MEA Production Process
4.1. The Model and Assumption

The model simulating the MEA manufacturing process was constructed as a five-layer
structure, including two subgaskets, a CCM with full-area catalyst coatings on both sides,
and two GDLs on the anode and cathode sides, which is a widespread industrial design
among fuel cell manufacturers [31-34]. A schematic illustration and a cross-section of
the five-layer MEA used in this research are shown in Figure 7. It is worth mentioning
that while the GDL does not initially make contact with the CCM during the assembly
process in this MEA configuration, contact will be established during the stacking process
through compression forces. Since the thicknesses of all the components are significantly
smaller than the in-plane dimensions, the 3D shell element was selected for all components.
The geometric parameters are shown in Table 3. The subgaskets were only modeled with
the window as the active area, and the manifold areas for the gas inlets and outlets were
neglected for simplification.

Subgasket

CCM
CCM

Subgasket
GDL GDL

(@) (b)

Figure 7. Schematic views of the MEA design (a) 3D illustration; (b) cross-section (not true to scale).
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Table 3. Geometric parameters of the MEA components.
Length (mm) Width (mm) Thickness (mm)
CcCM 200 116 0.030
GDL 200 116 0.185
Window for active 194 110 0

area

Subgasket 360 136 0.040

In R2R processes, the influence of web tension cannot be ignored. Based on the experi-
mental setup, in this FEM model, the web tension is simplified by applying a displacement
boundary condition of 0.02 mm on the right side of the MEA to ensure that this four-layer
structure of the MEA is under tension [35,36]. The left edge is assigned as a fixed constraint.
The connections between the CCM, the subgasket, and the GDL are adhesive. Since this
study did not focus on adhesive connections, a TIE connection was used to simplify the
definition of the adhesive interaction between the MEA components. Due to the high
density and elastic modulus of the adhesive used in the MEA assembly process, the GDL
was divided into two sections: the active area section and the overlap section. Different
material properties were defined for each section. The area applied with adhesive was
assigned a higher density and Young’s modulus. Additionally, gravity loading was added
in the first step of the FEM model to make the FEM more closely resemble the actual
experimental conditions. Typically, the temperature variation in a factory is estimated to
be between 20 and 30 °C. The mechanical properties of the CCM do not vary significantly
within this temperature range. Therefore, the simulation temperature in this study was set
to room temperature (21 °C) and kept constant throughout the simulation. As described in
Section 3.2, the relative humidity was introduced into the model through a predefined field,
as in the humidity field in this case. By invoking the field-dependent expansion property
of the CCM, the swelling-induced strain could be simulated.

In state-of-the-art production lines, subgaskets are always supported by a carrier film
or a vacuum conveyor belt and are therefore not easily deformed. Hence, the FEM model
simplified the adhesive process between the subgasket and the CCM. The assembly process
of the MEA is simulated in four steps:

Step1 The web tension was applied in the form of a shell edge load onto the subgaskets.
The initial temperature and humidity fields were set up to 21 °C and 50% RH
(RHO, ideal conditions). The temperature was held constant throughout the rest
of the simulation.

Step2 The CCM was disposed between two subgaskets with adhesive components. The
humidity was changed linearly from the initial conditions to the next humidity
level (RH1).

Step 3 One GDL was glued onto the bottom of the subgasketed CCM. The humidity level
was again modified (RH2).

Step4 The second GDL was attached to the other side of the subgasketed CCM to form a
five-layer MEA. The humidity level was set up to the next potential value (RH3).

4.2. Validation of the FEM Model

To validate this finite element model, the focus was placed on the third step of the
MEA assembly process. First, an MEA with a four-layer structure, including a CCM,
two subgasket layers, and a GDL at the bottom, was fabricated at 50% humidity. The
experimental setup is shown in Figure 8. The MEA was first attached to a metal frame
on both sides and stretched tight. Two sets of experiments were conducted, one under
a hydration cycle of 50%-60%-75% and the other under a dehydration cycle of 50%-40%-
25%. Each humidity level was maintained for 16 h to ensure that the CCM’s deformation
reached a stable and equilibrium state. The out-of-plane displacement of the CCM was
recorded using an industrial 3D camera (ATOS Q, Carl Zeiss GOM Metrology GmbH).
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Out-of-plane displacement of the CCM (mm)

Various reference markers (supplied by GOM) were applied onto the CCM’s surface. The
swelling- and shrinkage-induced geometrical irregularities like buckling and wrinkling
were tracked and recorded through automatic recognition of the reference markers by
the GOM system. Using the center point of the CCM as the origin, the out-of-plane
displacement was measured in both the X- and Y-directions and compared with the results
from the FE model. The results are shown in Figure 9. It can be seen that the experimental
and simulation results agree qualitatively in capturing key behavioral trends regarding
the swelling- and shrinkage-induced buckling behavior of the CCM. Furthermore, the
magnitude and the location of the out-of-plane displacement could also be prognosed. The
deviation in Figure 9b,d) between the finite element simulation results and the experimental
results may be attributed to the non-ideal symmetric conditions in real situations, such
as assembly errors and the initial wrinkles present in MEAs that are manually assembled
and laminated. Therefore, it can be inferred that the boundary conditions and material
parameters used in the model are reasonable.

GOM 3D Camera

Figure 8. RH variation experiment for 4-layer MEA.
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Figure 9. Cont.
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Out-of-plane displacement of the CCM (mm)
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3
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True distance along path CCM (mm)
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Figure 9. Comparison of experimental and finite element simulation results for out-of-plane dis-
placement of the CCM. (a) 50%-60%-75% humidity in X-direction; (b) 50%-60%-75% humidity in
Y-direction; (c) 50%-40%-25% humidity in X-direction; and (d) 50%-40%-25% humidity in Y-direction.

5. Results and Discussion

The first objective of the simulation was to ascertain the effect of humidity on the final
assembled five-layer MEA. The FEM simulations were conducted with relative humidity
(RH) variations between 50%-60%-75%-50% and 50%-40%-25%-50%, and the stress dis-
tribution in the CCM and the deformation of the entire MEA were compared. As shown
in Figure 10a, it can be seen that the change in humidity from 50% to 75% initiates water
absorption and a swelling effect in the CCM, while the edge constraints of the subgasket
hinder the expansion of the CCM. Therefore, the magnitude of stress on the CCM in the
region in contact with the subgasket is higher than in the central region. When the hu-
midity is cycled back to 50%, there is a residual stress of 0.027 MPa on the CCM seen. In
the dehydration process (Figure 10b), the change in humidity from 50% to 25% causes the
CCM to lose water and contract. The subgasket and the GDLs have a greater thickness and
a higher stiffness, which hinder the contraction of the CCM. As a result, significant stress
on the CCM is shown. Consequently, when the humidity is cycled back to 50%, an average
residual stress of 0.43 MPa remains on the CCM. Dehydration has a more critical impact on
the MEA. It is therefore recommended that the storage environment for the MEA should
not experience excessive reductions in humidity.

Since the GDLs and subgaskets are assembled symmetrically to the CCM in the five-
layer MEA, only the in-plane stress variations in the upper GDL and the subgasket under
different humidity cycles are presented here, as shown in Figure 11. From the figures, it
can be seen that compared to the GDL, the subgasket experiences less stress due to the
expansion or contraction of the CCM. The bonded area of the GDL has relatively low stress
due to the higher stiffness of the dry adhesive, while the areas adjacent to the bonded
region of the GDL experience higher stress. Notably, when the relative humidity decreases
to 25%, stress concentrations of 8.4 MPa occur at the four corners of the GDL, which is one
magnitude higher than the hydration-induced stress of the GDL and even approaches the
yield strength. Therefore, at very low relative humidity, there is a risk of GDL fracture.
When the relative humidity returns back to 50% after hydration or dehydration, residual
stresses of 0.09 MPa and 1.59 MPa can be observed on the GDL, respectively. Residual
stress caused by reductions in humidity will potentially have a negative impact on the fuel
cell’s lifespan after stacking.
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Figure 10. Von Mises stress states of the CCM and stress distribution along the middle path under
humidity changes: (a) hydration cycle and (b) dehydration cycle.
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Figure 11. Stress variations in the upper GDL and the subgasket under different humidity cycles.

Figure 12 shows the cross-sectional shape of the MEA in the Y-direction when the MEA
returns to its initial humidity after experiencing an increase or decrease in humidity. The
wrinkles caused by the hygroscopic expansion of the CCM do not fully recover when the
humidity returns to the initial level, and flattening the CCM may require further lowering
of the humidity. The reduction in humidity causes the CCM to shrink, resulting in bending
of the MEA but no wrinkling of the CCM.
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Figure 12. The cross-sectional shape of the MEA in the Y-direction when the MEA returns to the
initial humidity.

To further investigate and identify the key step most affected by changes in humidity,
eight different simulations were conducted, where the fluctuations in humidity occurred
between step 2 and step 3 or step 3 and step 4. The humidity in the other steps was
maintained at or cycled back to 50%. Figure 13 shows the maximum in-plane stress of
the CCM at each step during the different humidity fluctuations. Due to the constraining
effect of the subgasket on the CCM (in the three-layer MEA) and the compressive effect
of the GDL on the wrinkled CCM (in the four-layer MEA), regardless of at which step the
hydration occurs, the in-plane stress of the CCM increases, possibly due to the compression
of the wrinkled CCM by the GDL. Humidity changes in the three-layer MEA structure
result in a greater increase in the in-plane stress in the CCM in the next step than the
increase after humidity changes in the four-layer structure. This is because the installation
of the GDL stabilizes the size of the active area in the subgasket. To explain the mechanism
of this phenomenon better, Figure 14 compares the deformation in the Y-direction of the
MEA. The upper images in Figure 14a,b represent when the humidity change occurs at
step 2 and the lower images when it occurs at step 3. From the figures, the stabilizing effect
of the GDL on the size of the active area in the MEA can be observed more clearly. As
the relative humidity increases, the active area of the three-layer MEA expands outward.
However, the shape of the active area of the four-layer MEA does not change. When the
relative humidity decreases, the inward shrinkage of the active area in the three-layer
MEA’s subgasket is almost twice that of the four-layer MEA. If humidity changes occur
before the GDL is installed, the subsequently installed GDL will hinder the shrinking or
swelling of the CCM, leading to higher in-plane stress on the CCM and possibly even
causing plastic deformation. From this, it can be observed that humidity changes have the
least impact when they occur on an MEA that already has one GDL assembled. Irrespective
of the step at which the humidity is reduced to 25%, the stress on the CCM exceeds the
maximum linear elastic range.
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Figure 13. The maximum in-plane stress of the CCM at different steps: (a) hydration and (b) dehy-
dration.
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Figure 14. Deformation of MEA during hydration and dehydration in Y-direction: (a) RH: 50%-75%
and (b) RH: 50%-25%.

At the same time, the dimensional accuracy of the MEA plays an important role
in both the electrochemical performance and operational lifespan of a PEMFC. While
the impact of the minimum residual stress on the cell’s performance is unclear, residual
deformations in the form of wrinkles can be extremely critical, especially when considering
that the final stack will be compressed at a certain force to improve the volumetric energy
density and reduce the mass transport resistance. Figure 15 shows the cross-sectional
shapes of the final five-layer MEA in each component. The results of all the simulations
with dehydration to 25% are excluded since the maximum in-plane stress of the CCM
approaches the proportional limit stress. The lower GDL is then installed at the beginning
of the third step. The figure indicates that the FEM simulations with the 50-75-50-50 (%),
50-60-50-50 (%), and 50-50-40-50 (%) humidity sequences result in significant bending
deformation in the lower GDL and the whole MEA. In the FEM results with humidity
sequences of 50-40-50-50 (%) and 50-50-40-50 (%), the CCM exhibited severe wrinkling. A
schematic is shown in Figure 16 to analyze the causes of the deformation in the MEA. The
shape of the active area is stabilized by the relative higher stiffness of the GDL compared to
the three thin plastic films. This means that any humidity disturbance before and after the
initial installation of the first GDL is critical. The key point is not whether it is currently
in the ideal state or not but how the relative humidity changes between those two states.
If the relative humidity increases, the CCM will wrinkle, and conversely, the GDL will
bulge. Once the first GDL is installed, an increase in humidity will not affect the size of
the active area because the swelling force of the CCM cannot overcome the stiffness of the
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GDL. However, the tendency of the CCM to shrink can still generate enough tension to
cause the GDL to bulge, keeping the dehydration process critical at this stage.
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Figure 15. Cross-sectional shapes of five-layer MEA during different humidity changes.
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Figure 16. Schematic diagram explaining the deformation of the MEA after different humidity
changes. (a) RH: 50-60-50-50 (%); (b) RH: 50-40-50-50 (%); and (c¢) RH: 50-50-40-50 (%).

6. Conclusions

This study measured the mechanical properties and hygroscopic expansion behavior
of a PTFE-based catalyst-coated membrane (CCM) under different humidity levels and in
various directions. A 3D numerical model was developed to simulate local climate control
at different stages of the MEA production process chain. The simulation analyzed the
effects of deviations in humidity on dimensional changes in the CCM, which subsequently
resulted in stress and deformation of the MEA’s subcomponents. The following conclusions
were drawn from this study:

(1) The mechanical properties of the CCM, such as its Young’s modulus and proportional
limit stress, exhibit significant anisotropy and are influenced by humidity changes.
The CCM experiments demonstrated isotropic hygroscopic swelling and shrinkage
behavior. Any humidity changes during the MEA assembly process will result in
in-plane stress and deformation.

(2) For the five-layer MEA, an excessive reduction in humidity causes great stress on
the CCM and the GDL, leading to bending of the whole MEA assembly. Hence, the
final product of the MEA’s assembly should be stored in such an environment where
excessively low humidity does not occur. On the contrary, humidity fluctuations
above 50% can be quite well tolerated if the humidity can be restored before stacking.

(3) During the R2R process of MEA assembly, humidity control exactly at the step of the
installation of the first GDL is more crucial. The humidity control after the attachment
of the first GDL can be less strict, as resetting the humidity back to 50% afterward will
not significantly increase the stress on the CCM.

(4) MEAs with only one GDL assembled should not be subjected to a humidity reduction
process, as this will result in substantial bending deformation in the final assembled
MEAs, which will not pass quality control for the stacking process and should be
counted as scrap.
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