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ARTICLE INFO ABSTRACT

Handling Editor: Umit Koylu The microporous layer (MPL) plays an important role in water and thermal management of proton exchange

membrane fuel cells (PEMFCs). An in-depth investigation of the mechanical compression effect on transport

Keywords: properties in the MPL can help optimize cell performance. In this work, the microstructure of the MPL is
PMEPI\I/ch numerically reconstructed and the finite element method is applied to simulate mechanical behavior. Besides, the

distribution of stress-strain, porosity, and pore size in the MPL under ten different levels of mechanical
compression strains are studied. Lastly, the pore-scale model is employed to investigate the effective transport
properties of the MPL as a function of compression strain. The analysis reveals that as the MPL strain increases
from 0% to 40%, there is a 29% decrease in porosity, a 50% reduction in average pore diameter, a 60% decrease
in effective gas diffusivity, a 100% increase in tortuosity, and an 80% increase in electrical and thermal con-
ductivity. With the escalation of mechanical compression, both the magnitude and uniformity of stress-strain-
displacement concurrently rise. Mechanical compression strains below 20% exhibit a lesser impact on trans-
port properties. Beyond this threshold, exceeding the 20% compression strain point, mechanical stress assumes a
critical role in influencing MPL transport properties.

Stress and strain
Mechanical compression
Transport properties
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1. Introduction

To help achieve the goal of carbon neutrality, a proton exchange
membrane fuel cell (PEMFC) can play an active role by converting the
chemical energy of reactants into electrical energy through electro-
chemical reactions, without producing harmful emissions [1]. The
membrane electrode assembly (MEA) is the core component of a PEMFC,
comprising a gas diffusion layer (GDL), microporous layer (MPL),
catalyst layer (CL), and proton exchange membrane (PEM) [2,3]. The
MPL serves critical functions, providing mechanical support to PEM and
CL, reducing contact resistance between GDL and CL, and enhancing the
water management capability of the fuel cell. Additionally, the MPL
plays a significant role in heat and mass transfer [4-7]. While there has
been extensive study on the deformation of the GDL in the MEA during
cell assembly, limited research has been conducted on the mechanical
stress in MPL due to its thinness and mechanical fragility. Despite its
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small thickness, the MPL experiences significant temperature and oxy-
gen concentration gradient, especially under higher current density
situations. Furthermore, MPL deformation under mechanical stress af-
fects the internal transport properties and consequently cell perfor-
mance [6,8].

An in-depth understanding of the microstructural properties of an
MPL is essential for a systematic investigation of its transport properties.
Deng et al. [9], Yu et al. [4], and Hannach et al. [10] utilized numerical
reconstruction methods to obtain MPL microstructure. Experimental
characterization of microstructural properties inside an MPL is also a
powerful approach for reconstruction. Nanjundappa et al. [11] and
Ostadi et al. [12] used a focused ion beam scanning electron microscope
(FIB-SEM), while Becker et al. [13] employed 3D tomographical images
for microstructure generation and exploration.

Experimental characterization measurements and numerical simu-
lations are the two most common approaches to investigate transport
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properties in MPL. Chen et al. [14] used a computed tomography (CT)
scanner to characterize fifteen different MPLs, revealing the distribution
of porosity and spatial features. Other studies, such as those by Lin et al.
[15], Li et al. [16], and Mohseninia et al. [17], also used experimental
methods to investigate MPL microstructure and transport properties. In
addition to experimental studies, several simulation efforts have been
implemented to investigate MPL properties. Lan et al. [18] proposed a
simple, fast, and accurate artificial intelligence method, revealing the
effects of MPL cracks on fuel cell performance. Specifically, they
concluded that the elongated MPL cracks can improve water manage-
ment, which in turn, enhances fuel cell performance at high current
densities. Although it is to be noted that excessive amount of MPL cracks
may reduce cell durability [19]. Yang et al. [4] built a 3D GDL with MPL
numerical model considering crack shape, porosity, and thickness, and
analyzed the effect of cracks on liquid water behavior. Sepe et al. [20]
applied the Lattice Boltzmann method (LBM) to simulate liquid water
transport in GDL and MPL, providing insights into MPL’s effect on liquid
water behavior in a fuel cell. In addition, Kulkarni et al. [21] used X-ray
CT to characterize PEMFC under compression and obtain the effective
properties, Uzundurukan et al. [22] investigated the effects of
compression on fuel cell performance both numerically and experi-
mentally, Meng et al. [23] proposed a new nonlinear model to describe
the compressive properties. Javaherdeh et al. [24], Lee et al. [25] and Su
et al. [26] have deepened understanding of the impact of compression
on fuel cell performance.

Although MPL has received less attention compared to GDL and CL, it
is indispensable due to its crucial functions. Most MPL studies have
primarily focused on liquid water transport [27-32], with fewer
exploring the impact of mechanical compression on MPL transport
properties [33,34]. Moslemi et al. [35] used multiphase LBM to study
the liquid water transport under four different compression levels in the
GDL with MPL. Zhang et al. [36] applied pore scale model (PSM) and
LBM to study the effect of MPL porosity, mimicking different level of
compression, on effective transport properties. None of these studies
consider the extrusion deformation of solid particles inside the MPL due
to land and channel geometry, therefore, misrepresenting actual MPL
properties in realistic operating conditions.

This work aims to bridge the simulation gap and provide an in-depth
understanding of the actual effect of mechanical stress on MPL transport
properties. The MPL microstructure is reconstructed using numerical
simulation, and mechanical stresses are applied to the computational
domain using the finite element method (FEM). This study investigates
stress-strain-displacement distribution under ten different mechanical
compression strains ranging from 0 to 40%, analyzing the variation of
microstructural parameters and their impact on effective gas diffusivity,
tortuosity, and effective electrical/thermal conductivity using PSM. This
research not only offers a novel approach for the mechanical study of
MPLs, but also can provide theoretical guidance for future optimization
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of assembly pressure in fuel cell stacks.

2. Experimental characterization and numerical methods

The present study is divided into four main parts: experimental
validation, numerical reconstruction, FEM simulation, and PSM anal-
ysis, as illustrated in Fig. 1. The first part is focused on the experimental
characterization of MPL material and the objective is to determine the
distribution of porosity and pore size, and to obtain SEM characteriza-
tion images. The purpose of this phase is to establish microstructural
parameters for subsequent MPL reconstruction, ensuring the accuracy
and reliability of the reconstruction process. Detailed information about
this process can be found in our previous work [36]. The second part
involves the reconstruction of the MPL using microstructural parameters
obtained from the first part. The reconstructed structure is then vali-
dated again using SEM images. This numerical reconstruction employs a
MATLAB reconstruction code, which initially reconstructs spherical-like
carbon particles and then incorporates PTFE into the carbon particle
junctions, resulting in a reconstruction close to the actual MPL structure
[10].

The third part entails FEM analysis based on explicit dynamics. To
more realistically simulate the assembly pressure experienced by the
MPL during the assembly of the fuel cell stack, two pieces of structural
steel are added to the mechanical compression model. The MPL is
compressed and deformed at a specific displacement to study the effect
of mechanical compression on the stress-strain-displacement distribu-
tion within the MPL. In the fourth part, the deformation geometry model
obtained after mechanical compression using FEM is converted to 0, 1,
and 2 to represent the pore phases, PTFE, and carbon particles,
respectively. This model is then input into the PSM to examine the effect
of mechanical compression on effective transport properties. This in-
cludes effective gas diffusivity, tortuosity, effective electrical conduc-
tivity, and effective thermal conductivity in both in-plane (IP) and
through-plane (TP) directions.

2.1. Experimental set-up

Two pieces of experimental equipment used for imaging and
elemental characterization: a field emission scanning electron micro-
scope (SEM) and a X-MAX N80 spectrometer JSM-7500F. The MPL
microstructure is obtained at two different resolutions from two view-
points, as shown in Fig. 2.

As mentioned earlier, these images are then compared with those
obtained by numerical reconstruction methods to assess the reliability of
the reconstructed model. The general porous features of the MPL can be
clearly observed from Fig. 2. The carbon particles and PTFE exhibit
distinct spherical-like shapes, and these particles have an aggregation
phenomenon, forming more pronounced clusters. These apparent
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Fig. 1. The process flow of the current study.
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© (d)

Fig. 2. SEM images of MPL microstructure at different magnifications (a, b)
17,000 x , (c, d) 25,000x%.

microstructural features are largely consistent with the reconstructed
model obtained throughout numerical reconstruction method, con-
firming the rationality of the reconstructed model, as depicted in Fig. 3.

2.2. Numerical model

The numerical reconstruction of the MPL is conducted using a
custom MATLAB code, comprising two parts: one for the reconstruction
of carbon particles and the other for the reconstruction of PTFE additives
[36]. The primary input parameters for reconstructing the carbon par-
ticle domains include length, width, height, overall porosity, diameter of
carbon particles, overlap of carbon spheres, etc. Initially, a multitude of
seed particles, individually separated and devoid of contact or overlap,
are generated and uniformly dispersed within the predetermined
computational domain. Subsequently, the residual carbon particles are
introduced into the computational domain, utilizing these seed particles
as initiation sites for the stochastic formation of carbon particle ag-
glomerates. The quantity and positioning of the carbon particles un-
dergo iterative adjustments within the reconstruction algorithm until
the final porosity attains the predetermined target level. To ensure the
viability of the MPL reconstruction process, it is postulated that all
carbon particles exhibit spherical geometry with uniform diameters, and
the extent of intersection between carbon spheres remains consistent. In
the code for PTFE additives, the main input parameter is the weight
fraction of PTFE in the entire MPL. The dimensions of the computational
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domain in this study are 1000 nm x 1000 nm x 1000 nm with a carbon
particle diameter of 40 nm and a degree of overlap of 0.25. The obtained
carbon particles are shown in Fig. 3(a), with a PTFE weight fraction of
0.35, depicted in Fig. 3(b), and a final MPL porosity of 0.59, shown in
Fig. 3(c) [37-41]. As observed in Fig. 3, the carbon particles are
spherical, consistent with SEM images, and the agglomerates formed
between the carbon spheres bonded by PTFE align with the experi-
mental morphological characterization observed in the SEM. The
experimentally measured average pore diameter of MPL is 114 nm and
the simulated average pore diameter is 112 nm, with an error of 1.6%. In
addition, the maximum error between the simulated and experimental
data is 2.73%, which provides the validity of the model. Further details
on the validation of internal microstructural properties are provided in
our previous work [11,36].

2.3. Finite element method (FEM)

Fig. 4(a) illustrates the use of explicit dynamics for computing the
mechanical compression effects on the MPL. In our model, we simulate
the compression forces encountered during fuel cell assembly by posi-
tioning two pressure plates at the MPL’s top and bottom. We set a
maximum compression strain of 40%, configuring the computational
model to capture data at every 1% increment in compression strain.
Subsequently, geometries with different compression strains can be
obtained. The MPL’s simulation domain is meticulously segmented into
927,351 tetrahedral meshes and 193,922 nodes, as detailed in Fig. 4(b).
We have set up node-to-node interactions as frictional contacts with a
friction coefficient of 0.30. This setup allows us to accurately simulate
the frictional sliding contact between any external node and the scoped
entity. Throughout the simulation, we monitor and record changes at
each node, ensuring that the interactions remain symmetric across the
model. The explicit dynamics equations are used to calculate the rela-
tionship between displacement and compression strain using FEM:
(&ij+ i)

2

Sij= (€]
where § is the compression strain, ¢ represents the displacement, and the
subscripts i, j are spatial vectors.

The relationship between external force and stress is expressed in Eq.
(2), while the relationship between stress and strain is expressed in Egs.
(3) and (4), respectively:

vij,j+ Fi = p¢ 2
yij = Aokkyjj 4 2ucij 3)
ykk = (3 + 2u)okk = 3Eckk 4

where y denotes the stress tensor, p represents the density, F is the
external force, and ¢ is second derivative of displacement with respect to
time, referred to as acceleration. 1 and u are constants related to the
material properties known as the Lame Constant, yjj is the Kronecker

(a)

Fig. 3. 3D microstructure rendering of (a) carbon particles, (b) PTFE additives, and (c) the final MPL combining PTFE and carbon particles.

(b)
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(b)

Fig. 4. Finite element analysis for computing the mechanical compression on the MPL: (a) Illustration of mechanical compression, (b) MPL mesh distribution.

symbol and E is the bulk elasticity modulus of MPL materials. In this
study, the material of the plates is structural steel, with plate dimensions
of 2000 nm x 2000 nm x 150 nm. The material properties for the steel
plate, carbon particles, and PTFE additives are provided in Table 1.

The contact type between nodes is solved using the frictional type, as
per the following equation:

f=[wd+ (ws —yd)e ™R (5)
where f is friction, yd is dynamic coefficient of friction, ys is the friction
coefficient, § is the exponential decay coefficient, and v is the relative
sliding velocity at the point of contact. The fractional coefficient and
dynamic coefficient both are set to 0.3 in the FEM. Non-zero values of
the dynamic coefficient and decay constant should be used to apply
dynamic friction.

2.4. Pore scale model (PSM) and Lattice Boltzmann method (LBM)

The PSM serves as an invaluable tool for enhancing the under-
standing of fluid flow and transport in porous media, contributing to the
design of more efficient and sustainable processes across various sci-
entific and engineering fields. In this study, the MPL, composed of car-
bon particles and PTFE, functions as a porous medium. PSM is used to
calculate the effective gas diffusivity and tortuosity at different me-
chanical compression strains as well as the effective thermal/electrical
conductivity for thermoelectric conduction via solid-phase materials at
varying compression strains. Several assumptions in the model are
drawn from various literatures [36,42,43].

The effective gas transport and the Knudsen diffusivity can be
determined using the following equations [44-46]:

Table 1
Properties of structural steel, carbon particles, and PTFE used in the numerical
model.

Structural steel Carbon PTFE
plate particles additives
Density (kg m~) 7850 2000 2190
Poisson’s ratio 0.30 0.26 0.30
Young’s modulus 200 100 110
(GPa)
Shear modulus (GPa) 76.9 39.68 42.3
Bulk modulus (GPa) 166.7 69.4 91.66
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where x is the mole fraction, j is the flux, D;_; is binary diffusivity, Dk is
Knudsen diffusivity, d, is the pore diameter, and M is the molecular
mass.

The effective electrical and thermal conductivity are solved using
ohm’s law and Fourier’s law in the PSM, as shown in the following
equations [47]:

Je=—0.Vo,:Vj, =0 (12)

(Vo,)’

ANVT; Vjr = 13)

Jr=
where j is the flux of electrons and heat, ¢ is conductivity, ¢ is potential,
A is thermal conductivity. In the computational domain of PSM, the
source term of electrons is set as zero, and the source term of heat is
generated due to the flow of electrons in the solid phase within the MPL.
4 denotes thermal conductivity, encompassing both the solid phases
(Asotiq) and gas phases (A4;r). The A4 is computed by Eq (14):

Jair = (—0.099489a +2) x (0.022423 x (T — 273.15) + 13.27) x 1073
14
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a=“10%0 as)
psa

psat = ay + ay(T — 273.15) + as(T — 273.15)> + a,(T — 273.153)>  (16)

where « is relative humidity, cg,o is the molar concentration of water
vapor, psq is the saturation pressure. The coefficient a;, ay, as and a4 in
the equation is the constant obtained from fitting curve. @y = —2846.4,
a; = 411.24,a3 = —10.554 and a4 = 0.16636.

The thermal conductivities of solid phases are set to be constant in
the PSM and are tabulated in Table 2. Additionally, the settings and
values of the boundary conditions have been described in detail in our
previous work [36].

The governing equations of LBM are as follows

dpu

7+v-puy =-Vp+nViu+F a7
dep 2
E+V~(p}4 =MV-u (18)

Filrtedt,t+60)=f,(r.0) ~ @A (m(r.1) — mir.0)) + o (1

- %Q"A,Q) Gi(r,1) 19)
gi(r+eidt,t+60) =g,(r,1) = @ Ay (my(r,) = m3(r, 1)) (20)

where p is pressure , 7 is viscosity , V refers to the density distribution
function at lattice position r and time t, Ay4—sg) is the diagonal relaxa-
tion matrix, I is the unit matrix.

3. Results and discussions on effects of mechanical compression
3.1. Effect on stress distribution

MPL is more susceptible to plastic deformation or even fragmenta-
tion, leading to MEA failure, compared to GDL due to its unique natural
mechanical fragility [48-50]. Therefore, studying the stress distribution
in the MPL is necessary and critical [51-54]. In the FEM calculation
analysis of this study, the mechanical property values of carbon particles
and PTFE are assigned separately, consistent with practical cases. Unlike
many previous FEM analyses assuming similar properties for different
materials, the methodology used in this study enhances the accuracy and
reliability of the simulation results. The stress distribution of the MPL
and its constituents (carbon particles and PTFE additives) at six different
mechanical compression strains (0%, 8%, 16%, 24%, 32% and 40%) is
shown in Fig. 5(a). The volume ratio of PTFE to carbon particles in the
MPL is approximately 1.0:2.04 and remains the same regardless of the
compression strain. However, the volume ratio of the PTFE in the MPL
increases with increasing compression stain due to the decrease in void
volume. An uncompressed MPL has a volume ratio of PTFE equal to
13.5%. As the compression strain increases to 20% and 40%, the volume
ratio of PTFE in MPL increases to 16% and 19.4%, respectively. It is
evident from the figures that the stresses in both carbon particles and
PTFE gradually increase with increasing mechanical strain. Since the
steel structure is the source of the simulated compressive forces, the
stresses on the MPL contact surfaces are significantly greater than those
in the intermediate regions inside the MPL.

Table 2
Thermal and electrical properties of MPL constituents.
Carbon particles PTFE
Thermal conductivity (W m~! K1) 100 0.20
Electrical conductivity (S m™*) 15,000 ~0

International Journal of Hydrogen Energy 62 (2024) 591-600

Fig. 5(b) shows the frequency plot of the stress distribution of MPL at
ten different mechanical compression strains ranging from 0 to 40%. As
seen from the figure, with the increase of mechanical compressive strain,
not only does the frequency of larger stresses gradually increase, but the
area of stress concentration significantly increases. This is because when
the mechanical stress is low, the MPL is only in contact with the struc-
tural steel plate through a small portion of the protruding MPL surface,
meaning the stress-generating areas only appear above the smaller
areas. However, as the mechanical pressure increases, the contact area
between the MPL and the structural steel plate increases, as well as the
area/frequency of larger stress.

3.2. Effect on strain and displacement distribution

MPLs under compression undergo stress deformation, directly
influencing gas-water-thermal-electrical transport properties in the
MPLs [34,55]. Therefore, it is essential to analyze the trend of strain
displacement with the compression force. The strain distribution for six
different compression strains is shown in Fig. 6. A noteworthy obser-
vation is the emergence of some red spots in the MPL as the mechanical
compression force increases, representing greater strain values. This
indicates that particles inside the MPL are not only mechanically com-
pressed but also stretched, resulting in strain values exceeding 1. This is
mainly because in this FEM simulation, the mechanical compression
force is applied only in the compression direction (Z-direction), while
the other four surfaces are set as free boundaries, which resembles the
real situation. Under the compression force, some localized particles
may experience forces greater than the yield stress of the material,
potentially causing deformation or even breakage of carbon and PTFE
particles. This phenomena, not observed in previous mechanical stress
simulations [36], is successfully demonstrated in the FEM simulation of
mechanical stresses in this study. The number and area of these broken
particles increase with mechanical compression, concentrating in the
region of contact with the structural steel, consistent with the
earlier-discussed stress distribution in the MPL.

Since the compression force is only applied in the Z-direction, the
displacement of nodes within the MPL occurs mainly in the Z-direction,
and the displacements in the X and Y directions are considered negli-
gible [56]. Fig. 7 shows the frequency distribution of displacements of
particles inside the MPL in the compression direction at ten different
mechanical compressions. As observed from Fig. 7, the displacement
along the compression direction inside the MPL is small when the me-
chanical compression is relatively low, and the frequency distribution of
the displacement is mainly around 0. The frequency distribution of
displacement of the carbon particles and PTFE inside the MPL increases
with the compression strain. As the compression strain increases, the
displacements of carbon particles and PTFE inside the MPL increase, and
the frequency peaks of the displacements gradually rise. At a compres-
sion strain of 20%, there are three displacement peaks in the Z-direction:
0 nm, +80 nm, —80 nm. As the compression strain is further increased to
40%, there becomes two displacement peaks in the Z-direction: +170
nm and —170 nm. This is because as the MPL compression strain in-
creases, the overall pressure inside the MPL becomes larger and rela-
tively more uniform, as shown earlier in Fig. 5(b).

3.3. Effect on the porosity and pore size distribution

Mechanical compression significantly impacts the internal micro-
structure of MPL, particularly the internal porosity and pore size dis-
tribution [6,34,53,54,57,58]. Fig. 8 illustrates the porosity and pore size
distribution for ten different compression strains as well as the average
MPL porosity as a function of the compression strain. It is observed that
with the increase in mechanical compression, both the MPL thickness in
the compression direction and the overall porosity decrease. The initial
porosity of the reconstructed MPL is approximately 0.58 when the MPL
is not subjected to any mechanical compression. As the mechanical
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Fig. 5. (a) Stress distribution in MPL at different mechanical compression strains, (b) Intensity distribution of MPL at different compression strains.
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Fig. 6. Strain distribution in MPL at different mechanical compression strains of (a) 0%, (b) 8%, (c) 16%, (d) 24%, (e) 32%, (f) 40%.
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Fig. 7. Displacement profiles for Z-displacement in MPL at different mechan-
ical compression strains.

compression strain increases to 20%, the porosity decreases to 0.52, and
with further mechanical compression to 40%, the porosity decreases to
0.42.

The simulated average porosity of the MPL under compression is
compared with the empirical results shown in Fig. 8(c). For the empir-
ical formula, it is assumed that the effect of mechanical compression on
porous media is elastic, and that compression only reduces the pore
volume [59,60]. However, the actual situation is not ideal. The
solid-phase materials in mechanical compression occur between the
interpenetration, material destruction, and so on. Therefore, the actual
porosity under mechanical compression is greater than the porosity
obtained by the empirical formula in the ideal situation as shown in
Fig. 8(c). The pore size distribution also significantly decreases with the
increase in compression strain. When there is no compression force on
the MPL, the average pore size is approximately 50 nm, and the size of
the largest pore is ~120 nm. As the compression strain increases to 20%,
the average pore size reduces to ~40 nm, with the largest pore size at
around 90 nm. With further compression strain, the average pore size
decreases to about 30 nm, with the largest pore size at ~70 nm. The 40%
mechanical compression strain almost reduces the average pore size
inside the MPL by 40% and the maximum pore size by about half. This

597

further supports the necessity of an in-depth study of the effect of me-
chanical stress on the microstructure inside the MPL.

3.4. Effect on the gas diffusivity and permeability

The effect of mechanical compression on tortuosity and effective gas
transport in both the in-plane (IP) and through-plane (TP) directions in
the MPL is shown in Fig. 9(a). As observed, the compression effect on
MPL tortuosity is pronounced and nearly identical in both directions,
further confirming the isotropy of the MPL. MPL tortuosity shows a
significant increase with compression strain. When compression strain
increases from 0 to 20%, tortuosity increases by 25%. As compressive
strain increases from 20% to 40%, tortuosity further increases by 60%,
representing an extreme 2.4 times increment compared to the prior in-
crease. A compression strain of 20% appears to be a critical cut-off point
for the sensitivity of the mechanical pressure’s effect on MPL tortuosity
and effective gas diffusivity. Below 20% compression strain, the impact
on MPL’s internal transport properties is not particularly noticeable. The
effective gas diffusivity decreases by 30% with an increase in mechan-
ical compressive strain from 0 to 20%. As the strain increases from 20%
to 40%, the effective gas diffusivity decreases by 57%, nearly twice the
change observed when the strain is increased from 0 to 20%.

In addition, the effect of mechanical compression on permeability in
both the IP and TP directions in the MPL are also studied as shown in
Fig. 9(b). The IP and TP permeability decreases almost linearly with
increasing compression ratio due to decreasing pore size. These note-
worthy findings related to transport in the MPL align well with previous
research and underscores the significance of selecting an appropriate
compression force during the assembly of a fuel cell stack [8,60-63].

3.5. Effect on electrical and thermal conductivity

Thermo-electrical conduction within an MPL predominantly occurs
through carbon particles. When the MPL undergoes mechanical
compression, the contact area between the carbon particles changes,
influencing the effective electrical and thermal conductivities in the
MPL. The impact of mechanical compression on effective thermal and
electrical conductivity in both the IP and TP directions is depicted in
Fig. 10. As the mechanical compression strain increases from 0 to 40%,
the MPL porosity decreases from 0.58 to 0.42, and the effective electrical
and thermal conductivity exhibit nearly identical trends under this
strain change. This is attributed to the fact that the majority of heat and
electricity within the MPL are conducted by carbon particles. Under
mechanical compression, the nodes between solid-phase materials
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deform due to compression, resulting in almost identical changes in
effective electrical and thermal conductivities, both increasing with
mechanical compressive strain, consistent with previous findings [36,
62,64,65]. Additionally, the similarity of heat and electricity in both the
IP and TP directions confirms the isotropy of the MPL.
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The MPL was reconstructed assuming both carbon particles and
PTFE as spherical, leading to almost identical thermoelectric conduction
properties in different directions, a key reason for the MPL’s isotropy.
This inherent property aligns well with actual situation observed from
previous study [66].
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When the mechanical compression strain increases from 0 to 40%,
the MPL conductivity increases by 1.8 times. Meanwhile, conductivity
increases by 20% as the mechanical compression strain rises from 0 to
20%. However, with a further increase from 20% to 40%, conductivity
increases by 50%, which is 2.5 times the conductivity induced by the
initial 20% change in compression strain, similar to the change observed
in effective gas diffusivity in the previous section. A mechanical
compression strain of about 20% is again a critical point. This intriguing
finding contributes to the theoretical basis for the optimization of future
fuel cell assembly load design.

4. Conclusions

In this study, a numerical reconstruction method is used to recon-
struct the MPL microstructure, incorporating spherical carbon particles
and PTFE additives to emulate real material and structure. The accuracy
of the reconstruction is validated by comparing the resulting porosity
and pore size distribution with SEM images. In the subsequent stage,
FEM is implemented to simulate the mechanical compression process on
the MPL. Explicit dynamic is utilized to calculate the MPL compression
under mechanical compression strain ranging from 0 to 40%. Notably,
the carbon particles and PTFE within the MPL are assigned their
respective physical properties, significantly enhancing the precision of
the FEM simulation.

The key findings of this study indicate that the stress values within
the MPL escalate with increasing compression strain, leading to a larger
stress concentration area. Nevertheless, the stress distribution becomes
more uniform, and the maximum stress value within the MPL occurs on
the surface in the TP direction. The trend of strain and displacement in
the MPL under mechanical pressure is similar to that of stress, with
strain and displacement both increasing with mechanical pressure,
particularly at the MPL surface. The displacement distribution shows an
overall increase with compression strain, displaying a more uniform
distribution. Concurrently, both porosity and pore size distribution
decrease with increased mechanical compression. When the mechanical
compression strain rises from 0 to 40%, the porosity decreased by 29%,
and the average pore size decreases by 40%, from approximately 50 nm
to about 30 nm. Moreover, the study reveals that effective gas diffusivity
decreases by 60%, tortuosity rises by 100%, and effective conductivity
increases by 80% as the mechanical compression strain increases from
0 to 40%. In sum, a mechanical compression strain of 20% emerges as a
critical point where the transport properties within the MPL exhibit
relatively marginal changes. Beyond 20% compression strain, the
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alterations in transport properties become more pronounced.

This study presents an innovative method for simulating mechanical
compression, which significantly improves the accuracy and reliability
of calculations. Not only does it quantify the impact of mechanical
stresses within the MPL on its transport properties, but it also establishes
a theoretical foundation for optimizing the assembly force in fuel cell
stacks to enhance overall fuel cell performance.
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