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ABSTRACT
Two challenging tasks in pore-scale modeling of a gas diffusion layer (GDL) are realistic
microstructure reconstruction and stress-strain simulation to differentiate the heteroge-
neous materials. This study proposes a novel method for reconstructing a GDL using fiber
tracking technique and pore-scale modeling to investigate its stress-strain and anisotropic
transport properties. X-ray computed tomography, fiber tracking, and morphological pro-
cessing techniques were employed to reconstruct a realistic GDL. Pore-scale modeling was
performed to compute the stress-strain, gas diffusivity, and electrical-thermal conductivity
Keywords: at different compression ratios. The sensitivity of compression speed and Young's modulus
X-ray computed tomography were investigated to balance the accuracy and computing cost of stress-strain simulation.
Fiber tracking The results showed that Young's modulus of 1 GPa and compression speed of 3 m/s meet
GDL reconstruction the requirements for both accuracy and computational cost. The reconstructed GDL
Stress-strain simulation showed good agreements with the experimental data when considering fibers' orientation,

length, and curvature. It was found that the stress among fibers was approximately five
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times higher than binders. The anisotropic ratios of diffusivity and conductivity decreased
from 1.35 to 1.25, and 15 to 5, respectively, as the compression ratio increased to 25%. This

study can provide accurate predictions and guidelines for GDL design with low stress and

high performance.

Introduction

Proton exchange membrane fuel cells (PEMFC) are one of the
most promising renewable and sustainable energy conversion
devices because they have zero pollution during operation [1].
The gas diffusion layer (GDL) is located between the catalyst
layer (CL) and bipolar plate (BPP), which performs several roles
in gas-water transport, electric-thermal conduction, and me-
chanical support to protect the membrane. Polyacrylonitrile
(PAN) carbon fibers are used as the skeleton of GDLs [2,3].
Phenolic resin [4] was added to bind these carbon fibers
closely, and polytetrafluoroethylene (PTFE) was further coated
on the surface as a hydrophobic agent [1]. During the opera-
tion of a fuel cell, the GDL has three roles: transporting re-
actants to the CL [5], conducting heat and electrons from the
CL [6], and expelling water generated at the cathode CL [7,8].
The effective transport properties of the GDL depend on the
local distributions of the carbon fiber, binder, and PTFE, which
can be altered by the compressive stress because of the
clamping force.

To investigate the effects of compression on the micro-
structural changes and transport properties of GDLs, some
studies have applied X-ray computed tomography (XCT) to
observe the microstructural changes of non-uniformly com-
pressed porous media [9,10]. James et al. [11] and Kotaka et al.
[12] used XCT to reconstruct the microstructure of GDLs under
compression and analyzed its effects on porosity and gas
diffusivity. The results show that non-uniform compression
has a significant impact on the transport properties of GDLs.
However, it is challenging for XCT to differentiate between
fibers and binders because of their similar material properties.
Moreover, XCT is costly and time consuming. Therefore,
simulation techniques were used to study the effect of GDL
compression on the transport properties. Su et al. [13] and
Zhou et al. [14] found that GDL compression significantly af-
fects the overall performance of the fuel cells. Zhou et al. [15]
showed that the contact resistance between GDLs and other
components was reduced owing to GDL compression. The
transport properties of the GDLs can be significantly affected
by compression. The diffusivity and permeability decreased,
and the thermal and electrical conductivities increased as the
compression ratio of GDLs increased [16—19]. These numerical
simulations were carried out at the macroscale, which did not
reveal the real fundamental microstructural changes of the
GDLs at pore-scale. Therefore, some studies have applied the
stochastic reconstruction method to reconstruct the micro-
structure of GDL [20]. The relationship between microstruc-
tural changes and transport properties was further
investigated in Refs. [21-24]. Shojaeefard et al. [25] and

Fadzillah et al. [26] indicated that several studies ignored the
curvature of carbon fibers during stochastic reconstruction.
The fibers were assumed to be straight, which was inaccurate.
Thus, it is necessary to find a novel method to utilize the ad-
vantages of experimental and numerical methods for GDL
reconstruction with high accuracy and low time consumption.

Based on the reconstructed GDL microstructure, a
compression simulation is required to obtain compressed GDL
models at different compression ratios (CR). Espinoza et al.
[27] and Schulz et al. [24] developed a voxel displacement al-
gorithm that assumes that fiber voxels are moved parallel in
the through-plane (TP) direction. Gaiselmann et al. [28]
applied a vector matrix to represent the new position of the
fibers under compression only in the TP direction. Froning
et al. [29] assumed that the fibers of the adjacent layers could
penetrate each other during compression. However, in prac-
tical compression of the GDL, the fibers and binders may
contact, bend, extrude and squeeze into the nearby pores
dynamically in the TP and in-plane (IP) directions, which
should not be simplified or assumed as mentioned earlier.
Recently, Xiao et al. [30,31] combined the reconstruction
techniques of the finite element method (FEM), and an explicit
dynamic method to obtain the three-dimensional (3D) com-
pressed models and stress-strain distributions at different CR.
Subsequently, more studies applied FEM and reconstruction
techniques to investigate the effects of compression on
transport properties [32—34]. Notably, only the fiber and pore
phases were considered in the stress-strain simulations,
whereas the binder phase was ignored. However, the binder
should have non-negligible effects on the stress-strain of the
GDLs [35-38].

To utilize the advantages and address the drawbacks of the
techniques mentioned above, we propose a new approach
that combines XCT, fiber tracking, and morphological pro-
cessing techniques to reconstruct a more realistic GDL that
differentiates fiber and binder materials. FEM and explicit
dynamic method are applied to investigate the stress-strain of
fibers and binders, and to evaluate the sensitivity of
compression speed and Youngs modulus at varying
compression ratios. A pore-scale model (PSM) code was used
to calculate the anisotropic transport properties of the 3D GDL
microstructure. In this approach, the orientation distribution,
diameter, number, length, and curvature of the fibers are
considered for GDL reconstruction. In addition, fiber and
binder materials were differentiated for stress-strain simula-
tion. Dynamic contact, bending, and extrusion phenomena
during compression were also considered.

The remaining sections of this work are organized as
follows: The governing equations for the fiber tracking,



reconstruction method, explicit dynamic FEM and PSM are
described in Section Model Development. The sensitivity
analysis of the compression speed and Young's modulus,
GDL reconstruction, 3D stress-strain distributions for both
fibers and binders, effective gas diffusivity, and effective
electrical-thermal conductivity are discussed in Section
Results and discussion, followed by a summary of major
conclusions from this study in Section Conclusions.

Model development

In this study, the fiber tracking technique, XCT, and
morphological processing techniques were combined to
reconstruct the 3D microstructure of the GDL (39AA, SGL,
Germany), which accurately reflects the fiber skeleton and
binder distribution. The generated GDLs were then used for
compression simulation and pore-scale modeling to investi-
gate the stress-strain distribution, gas diffusivity, thermal
conductivity, and electrical resistivity at different CR. The
workflow of this approach is illustrated in Fig. 1. The fiber
skeleton of the GDL is recognized using a cylindrical inter-
correlation analysis and fiber tracking method based on a
series of 2D gray-scale images obtained by XCT. The 3D mi-
crostructures of the fibers and binder were reconstructed
using morphological processing techniques. The recon-
structed model was then meshed for solid mechanics simu-
lations to obtain the stress-displacement distributions
differentiating the fiber and binder materials. The compressed
microstructures were then converted into PSM models to
calculate the anisotropic transport properties of the GDL, such
as gas transport, electron conduction, and heat transfer inside
the microstructure at different CR.
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Reconstruction of a heterogeneous GDL

The GDL is mainly composed of carbon fibers, binder, and
PTFE. To improve the accuracy of the reconstructed GDL, more
detailed information on the structural parameters are
required, such as the thickness, local porosity, fiber diameter,
length, position, orientation and distribution, as well as binder
distribution. It can be challenging for the XCT to differentiate
between the fibers and binders because of the similar material
properties. To meet these requirements however, the fiber
tracking technique, SEM, XCT, and morphological processing
techniques are combined to reconstruct a realistic GDL, that
can be more accurate than the stochastically reconstructed
GDL. The fiber tracking technique is an image processing
technique that can be used to track all the centerlines of the
column fibers based on XCT data that is reconstructed by
scanning a realistic GDL, which reflects the distribution of
carbon fibers in a spatial location. The SEM was employed to
determine the fiber diameter and binder distribution.
Morphological processing techniques were used to recon-
struct the microstructure of the GDL based on the experi-
mental data.

The principle of the fiber tracking technique as derived
from literature [39—41] is divided into two steps. The first step
is to calculate the local normalized correlation for tomo-
graphic images using the template of a short solid cylinder.
The diameter and length of the cylinders are adjusted, and the
voxels within the cylinders are grouped using the algorithm,
that is, for each voxel, the highest correlation value and di-
rection of the cylinder are stored. The second step is a linear
search, which starts from a voxel p extending along the cyl-
inder direction to a length d. For each candidate voxel p. in the
search area, the correlation value is calculated as:
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S(p,pc) =C(pc)L(p,pc) (1)

where C(p.) denotes the correlation of the candidate points
and L(p,p.) is defined as:

Sty

L(p,pc)=e E; )
where w, denotes the weight factor, 8 and v are the angles
between the vectors p p. and the direction for the points p
and p.. L is similar to the smoothing term defined by Fischer
and Buhmann [40]. The voxel that produces the highest cor-
relation value is chosen as the next point. Using both steps,
fiber statistics (that is, orientation and length) and the spatial
location of the fiber centerlines are obtained and subsequently
used to reconstruct the skeleton of a GDL with the target
porosity.

Based on the production process of the GDL and the low
static contact angle between binders and fibers, the binder
mainly accumulates at the fiber cross position [22,35]. Binder
addition can be implemented by the closure operation of
morphological processing [42,43], which includes dilation and
erosion steps. The dilation operation causes the boundary of
an object to expand outwards and fill the void, which is
mathematically described as:

A®B={x|(BnA+ @} 3)

To keep the object as close to its original shape as possible,
an erosion operation is applied to eliminate the boundary
points, causing them to shrink inward, which can be defined
as:

AGB={x|(B), = A} @)

A combination of the two operations above can be defined
as:

A-B=(A®B)OB )

Disc and sphere shapes are the most desirable and rec-
ommended types that can mimic the wettability of the binder
in the GDL microstructure [35]. Zhu et al. studied the effect of
the disc- and sphere-shaped binders on the transport prop-
erties of GDLs, and they noted that the disc-shaped binder
showed better agreement with the experimental data [38]. In
this study, a disc-shaped binder was used to achieve the
specified porosity and pore size distribution (PSD).

Explicit dynamic FEM

The membrane electrode assembly (MEA) undertakes
compressive forces owing to the clamping force during
assembling [44]. GDLs are more prone to be compressed owing
to their porous microstructure. Some studies assumed the GDL
to be homogeneous microstructure with fibers that can pene-
trate each other, and only parallel movement of the fibers in the
compression direction was assumed [45]. Xiao et al. [30,31] were
the first to combine the explicit dynamics method and FEM to
compute the stress-strain distributions of carbon fibers by
considering the dynamic contact, frictional motion and extru-
sion deformation among fibers during compression. However,
only fiber materials were considered in their model. In this

study, the fiber and binder materials of the heterogeneous GDL
were differentiated during the compression simulation, which
should render a more realistic microstructure.

This study conducted explicit dynamic simulations with
the assumptions of continuity, complete elasticity, homoge-
neity, and isotropy of the materials in the model. The GDL is a
porous structure composed of carbon fiber, binder, PTFE and
pores. The orientation of the fibers, local concentration and
distribution of these solid materials, as well as pore size dis-
tribution of the pore phase are moderately different, thereby
resulting into an anisotropy in the microstructure and trans-
port properties. In this section however, explicit dynamic
simulations are conducted under the assumption of isotropy.
The fiber and binder materials were assumed to be isotropic,
which represents an inherent property of the material itself.
Therefore, the entire GDL is anisotropic, and the fiber/binder
materials inside the GDL are isotropic. The governing equa-
tions of the stress-strain simulation in this study included
kinematic, geometric, and physical equations.

Kinematic equation:

aijj +fi = pu (6)

where ¢ is the stress, p is the material density, f; is the body
force owing to the clamping force, and i is the acceleration of
the finite element.

Geometric equation:

1
&y =7 (uij + ;1) (7)

where ¢ is the strain and u is the displacement of fibers and
binders.
Physical equations:

o) = Berkdiy + 2pe;; @®)
ok = (38 + 2u)exk

where ¢; is the Kronecher symbol, p and u are the first and
second Lame constants of the material, respectively, which
can be calculated using the following equations:

Ev

p= D ©)
#:ﬁ (10)

where E and v are the modulus of elasticity and Poisson's ratio
of the material.
The boundary conditions are:

{ u;i(x,t) = Uj(x,t) (1)

where U;(x,t), Dp;(x,t) are displacement and stress boundary
conditions. p; = ayn;.
The initial conditions are:
u(x,0) = uo(x)
{u(x, t1) = uy(x) (12)

where uy(x) and u;(x) are the given functions. To solve Equa-
tions (6)—(8), the boundary conditions, initial conditions,
Hamilton's variation principle, and central difference in time



are combined to obtain the displacement-stress distributions
of the fiber and binder materials at every moment.

Pore scale modeling

PSM code was developed [46,47] to evaluate the effective
transport properties for species diffusion, electrical conduc-
tivity, and heat transfer of deformed GDLs. Gas species, elec-
trons, and heat are transported through pores, carbon fibers
and binders, and solid and gas phases, respectively. The Ste-
fan Maxwell formula was used for gas diffusion calculations.
Both Fick and Knudsen diffusion were considered [33].

VXo, E(xozjﬂao xH20j02+x02jN2 xszoz j02 ) (13)

- p Do,-n,0 Do,-n, Do, kn

Vo= L (Xea0J0,  XopJo | Xmolny Xwwo _Jmo (14)
#07p

DO;—H;O DH:O—N; DH;O.KN
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where x; is the molar fraction of species i, j; is the flux of
species i, R is the universal gas constant 8.314J/(mol +K), T is
the temperature, p is the gas pressure, Dij is the binary
diffusivity of speciesi and j, and D;_x, is the Knudsen diffusion
coefficient of species i. The expressions for the binary and
Knudsen diffusion coefficient in this model are listed in Table
1.where p denotes the gas pressure inside the pores of the
GDL, d denotes the equivalent diameter of the pores inside the
GDL, and T denotes the temperature inside the pores of the
GDL. The flux of electrons (current) was calculated using
Ohm's law as follows:

je . Uev‘Pe (16)

where j, is the electron flux, ¢, is the electronic conductivity of
the material and ¢, is the electron potential. Unlike electrons
that can only be conducted through the solid phase, the
thermal energy can be transferred in both the solid and gas
phases [49]. The heat flux can be determined using Fourier's
law as follows:

jr= VT (17)

where jr is the heat flux and 1 is the thermal conductivity of
the material. The values of the electrical and thermal con-
ductivities for the fiber and binder material input to the PSM
models are summarized in Table 2.

In summary, the equations for the conservation of oxygen,
water vapor, electrons and heat are as follows:

Table 1 — Binary diffusion and Knudsen diffusion
coefficients [48].

Parameters Value (x 10 ®m?/s)
Do,-1,0 0.282p~1.(T/298.2)'5
Do,-n, 0.220p~1+(T/293.2)'5
Dio-n, 0.293p~1+(T/308.1)'*
Do, xn 4850d-(T/32)**
Dy,0kn 4850d-(T/18)°°
Dy, kn 4850d-(T/28)°°

Table 2 — Electrical and thermal conductivity of materials
[50,51].

Materials oo/ ( x 10°S/m) M (W/(m+K)

Fiber 60 80

Binder 22 37
Vjo, =0 (18)
Vjro=0 (19)
Vje=0 (20)
VjT = sohm (21)

where Soum is the generated ohmic heat owing to the electron
conduction. To solve Equations (18)—(21), the inlet and outlet
surfaces were set as Dirichlet boundary conditions and the
other four surfaces were set as periodic conditions. The
gradient values for gas, electron potential and temperature
were set as 0.1mol/m3, 0.001V and 0.1K respectively [52]. The
effective transport properties of the GDL were calculated from
the fluxes obtained by the PSM as follows:
jel

where My is the effective transport property, j is the flux
calculated by the PSM, | is the length of the computational
domain, and b, and b, represent the pre-described boundary
conditions.

Mys =

Results and discussion

Sensitivity analysis of compression speed and Young's
modulus

The material and mechanical parameters have different ef-
fects on the FEM compression simulations. Previously, the
authors have performed a sensitivity analysis of the density,
Poisson's ratio, and frictional coefficient between the carbon
fibers of GDL [30]. This section however investigates the
sensitivity of the compression speed and Young's modulus of
the fibers. The density and Young's modulus of the fiber and
binder in a GDL differ significantly in practical applications.
Some studies have reported that the Young's modulus of the
macroscopic GDL is within 10 MPa, and the density is within
1000 kg/m3 [14,15,19,34], which should not be used in the
microscopic scale model. Most of the GDL is prepared using
polyacrylonitrile (PAN) based carbon fibers and phenolic
resins [2—4], which form a staggered arrangement of fibers
after carbonization and graphitization. The fibers are bonded
using the binder. Li reported a Young's modulus of 230 GPa
and a density of 1.76g/cm?® for the Toray PAN-based carbon
fibers; but the Young's modulus was found to be increased by
increasing the graphitization temperature [53]. A Young's
modulus of 210 GPa for carbon fibers was also reported in
another study [54]. Ma et al. [S5] reported a Young's modulus of
263.5 MPa for phenolic resins after carbonization at 1100 °C,



and Jia et al. [S6] applied a density of 1.25g/cm? for phenolic
resins. To the best of the authors' knowledge, no study has
conducted a sensitivity analysis of the compression speed
during the compression simulation. Notably, a higher Young's
modulus and lower compression speed leads toa much higher
consumption of computational resources. To balance the ac-
curacy and computing cost, the effects of Youngs modulus
and compression speed on the 3D displacement of the
microstructure were investigated. The parameters used for
the sensitivity analysis are listed in Table 3. The uncom-
pressed thickness of the GDL models for these casesin Table 3
is 100 um. The displacement constraints of 10, 20 and 30 um
(CR = 10, 20, 30%) were applied to the top surface of the GDL
models, and the direction of the displacement constraints is
downward. The fixed constraints were applied to the bottom
surface of the GDL models. CR is defined as the ratio of the
thickness change in the TP direction to the uncompressed
thickness of a GDL.

The frequency (vertical axis) in Fig. 2 for a given displace-
ment value (horizontal axis) is computed by counting the
number of fiber-binder elements falling within a displacement
interval (2 ym) and divided by the total mesh number of 8.3
million. Fig. 2(a—c) show the displacement distribution (fre-
quency at different displacement value) at different
compression speeds. There are two main peaks in all the
curves of the displacement distribution at different
compression speeds and CR. The first peak is 0 um, and the
second peaks are 10, 20, and 30 um for CR = 10, 20, and
30%, respectively. More GDL microstructure maintains a
displacement of 0 um as the compression speed increases. As
the CR increases or the compression speed decreases, the
displacement increases. The curves of displacement distri-
bution with compression speed of 3 and 0.3 m/s nearly overlap
as CR>10%, which means that the sensitivity of the
compression speed decreases as the CR increases. Therefore,
a compression speed of 3 m/s is sufficiently accurate for
stress-strain simulation.

The effects of Young's modulus of the fiber materials on the
displacement distribution are shown in Fig. 2(d—f). The
Young's modulus of the fiber materials in this study indicates
the inherent properties of the material, which will not be
changed by compression or compression speed. The Young's
modulus of the fiber material is different from that of the
entire porous GDL. The changing variable in Fig. 2 (d), (e) or (f)
is Youngs Modulus of fiber material. The changing variable
between Fig. 2 (d), (e) and (f) is different CR. Only the
displacement distribution can be changed by the Young's
modulus or different CR. Therefore, there is a basis to compare

Table 3 — Parameters of GDL cases used for sensitivity
analysis.

Case Density Compression Young's
Number [g/cm?)] speed [m/s] modulus [Pa]
case 1 176 3 1 x 107
case 2 176 3 1x 108
case 3 176 3 1 x 10°
case 4 176 3 1 x 10%°
case 5 176 30 1x 108
case 6 176 0.3 1 x 10®

the effect of the Young's modulus of the fibers on the
displacement distribution at different CR. There are two main
peaks in all the curves at different Young's modulus and CR.
As the Young's modulus of the fibers increases with the same
CR, the displacement increases. As the CR increases with the
same Youngs modulus, the displacement increases. The
curves of the displacement distribution for Young's modulus
of 1 and 10 GPa show high coincidence, and become increas-
ingly overlapping as CR increases. The displacement distri-
bution curves of Young's modulus at 1 and 10 GPa are highly
coincident at different CR, except for a slight deviation when
CR <10%. Therefore, a Young's modulus of 1 GPa is sufficiently
accurate for stress-strain simulation. To obtain a higher ac-
curacy under low CR, experimental data with a Young's
modulus of 6.5 GPa [57] is used for subsequent stress-strain
simulations.

Based on the sensitivity analysis above, the final parame-
ters selected for subsequent investigations are listed in Table
4. The compression speed is 3 m/s.

3D structure reconstruction

In this part, fiber tracking technique, SEM, XCT, and
morphological processing techniques are combined to
reconstruct the 3D microstructure of the GDL 39AA (SGL
company, German), which reflects the fiber skeleton and
binder distribution accurately. A fiber skeleton with a domain
size of 1000 x 1000 x 300 um? as illustrated in Fig. 3(a) was
generated according to the fiber tracking method introduced
in Section Reconstruction of a Heterogeneous GDL. It can be
observed that the local fiber orientation, density, curvature,
and length are different, which are more realistic and accu-
rate. Morphological processing techniques were then applied
to generate a disc-shaped binder with a volume fraction of
50% in the solid phase based on the fiber skeleton structure, as
shown in Fig. 3(b). The addition of a binder is achieved by
image processing based on three-dimensional gray-scale im-
ages of the fiber skeleton. The operation of binder addition
was completed using AVIZO software. The detailed methods
and principles are described in Section Reconstruction of a
Heterogeneous GDL. The final microstructure of the multi-
phase GDL is illustrated in Fig. 3(c), which was further
compared with the experimental 3D microstructure for
validation.

Fig. 4(a) compares the pore size distribution (PSD) of the
reconstructed model with the experimental data obtained
using XCT, which shows a good agreement between them.
The diameter of the pores ranges from 40 to 90 pm, and the
number of pores fluctuates slightly. The local porosity distri-
bution is also an essential method for GDL characterization.
Fig. 4(b) compares the local porosity distributions of the
reconstructed model with those of the experimental model in
the TP direction. The content and position of the binder are
highly related to the fiber orientation and concentration,
resulting in an average difference of 3% between the curves of
the fiber skeleton model without the binder, and the recon-
structed model with the binder. A good agreement is found
between the reconstructed model and the experimental
model. The validated GDL model was then used for subse-
quent stress-strain simulations.
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Fig. 2 — The effects of compression speed with (a) CR = 10%, (b) CR = 20%, and (c) CR = 30%, and the effects of Young's
modulus with (d) CR = 10%, () CR = 20%, and (f) CR = 30% on the displacement distribution.

Stress-strain

In this section, the effect of compression on the stress-strain
distribution that differentiates fiber and binder materials at

different CR is investigated, which reflects the dynamic con-
tact, frictional motion, and extruded deformation between
fibers and binders during compression. Presumably, this study
is the first to consider the dynamic compression process for



Table 4 — Material parameters used for subsequent
investigations.

Materials Frictional Young's Poisson's Density
coefficient modulus [Pa] ratio  [g/cm?]

Fiber 0.1 6.5 x 10° 0.256 1.76

Binder 0.1 2.65 x 10° 0.256 1.25

differentiating fiber and binder materials, which is significant,
however challenging.

From the curves of the displacement distribution for fiber-
binder materials at different CR in Fig. 5(a), it is evident that
there are two main peaks in each curve. The first peak is
approximately O um for all curves, and the second peaks are
approximately 27, 44, 59 and 73 um for CR = 10, 15, 20
and 25%, respectively. The displacement increases as the CR
increases, and the curves move significantly downward. The
displacementranges for CR= 10, 15, 20 and 25% are ( 42, +10),
( 70, +13), ( 80, +10) and ( 93, +11) pm, respectively. As the
CR increases from 10 to 25%, the displacement increases
significantly, and the displacement distribution tends to be
more uniform. The displacement and its trend are consistent
with those of other studies [30,31]. The fiber and binder ma-
terials gradually squeeze into the nearby pores of the middle
and bottom areas with increasing CR, which significantly

(a) (b)

alters the gas-water transport properties and thermal-
electrical conductivity [58,59].

The stress distributions of the fiber and binder at different
CR are shownin Fig. 5(b) and (c). As the CRincreases, the stress
of the fiber and binder increases gradually, and the curves
move toward the right-bottom corner. The stress of the fibers
ranges from 0 to 50 MPa, and the stress of the binder materials
ranges from 0 to 10 MPa. As CR increases from 10 to 25%, the
proportion of fiber materials with stress <40 MPa decreases,
and binder materials with stress > 5 MPa increases slightly. It
is worth noting that the stress of the fibers is approximately
five times higher than that of the binders. This is because the
Young's modulus of the binder is 265 MPa, and the Young's
modulus of the fiber is 6.5 GPa, resulting in higher stress in the
fibers and lower stress in the binders at the same strain. This
stress-strain simulation can guide heterogeneous GDL design
with lower stress and better durability.

Gas diffusivity and electrical-thermal conductivity

The compressed models at different CR from Section Stress-
strain are then imported for PSM modeling, including the
effective gas diffusivity and thermal-electrical conductivity.
Notably, the transport properties computed here are accurate
because the compressed microstructures obtained from Sec-
tion Stress-strain reflect the dynamic contact, frictional

Binder

(c)

Fig. 3 — 3D rendering of the reconstructed GDL: (a) carbon fiber skeleton, (b) binder structure and (c) heterogeneous GDL.
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Fig. 4 — (a) Pore size distributions and (b) slice porosity distributions in TP direction.
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Fig. 5 — (a) Displacement distribution of the fiber-binder
materials in the TP direction, the stress distribution of (b)
fiber, and (c) binder at different CR.

motion, and extruded deformation among the fiber and binder
materials.

Fig. 6(a) shows a comparison of the local slice porosity
along the TP direction (z direction) at different CR. It can be
observed that these curves fluctuate significantly along the
thickness direction. This is because the fiber materials are
distributed layer-by-layer. It is evident from this figure that
the local slice porosity generally decreases as the CR in-
creases. This is expected because the fiber-binder materials
are compressed and extruded into the lower or upper nearby
pores, which results in a decreased fraction of the pore phase.
Fiber bending, warpage and extrusion were simulated during
the compression simulation in this study, which obtained
more accurate GDL models at different CR.

To better compare the results in the TP direction, we adopt
the relative effective gas diffusivity and relative effective con-
ductivity in this study. The relative effective diffusivity equals
to the ratio of the effective diffusivity to the TP effective diffu-
sivity with a compression ratio of 0%. The relative effective
conductivity equals to the ratio of the effective conductivity to
the TP effective conductivity with a compression ratio of 0%.

The effective diffusivity in the TP and IP directions de-
creases as CRincreases, as shown in Fig. 6(b). This is expected
because of the decreasing porosity and pore size inside the
GDL, resulting in more tortuous gas transport pathways. From
Fig. 6(b), it can be concluded that the effective diffusivity de-
creases by approximately 25% as CR increases to 25% in the TP
and IP directions. The effective diffusivity in the TP direction is
much lower than that in the IP direction, which is the same
trend as reported in literature [60]. This is because the fibers
are mainly oriented and the binders are fiber-relatively
distributed in the IP direction. The anisotropic ratio de-
creases from 1.35 to 1.25 as CR increases from 0 to 25%, indi-
cating that the GDL microstructure is becoming more
isotropic. Here, the anisotropic ratio is defined as the ratio of IP
diffusivity to TP diffusivity.

Carbon fibers and binders provide conductive pathways for
thermal and electrical applications. As the CR increases, the
volume fraction of the solid phase increases, and the conti-
nuity and contact area between the solid materials increases,
which results in a significant increase in the thermal-
electrical conductivity, as shown in Fig. 7(a). As the CR in-
creases from 0 to 25%, the effective electrical-thermal con-
ductivity growth rate in the IP direction is 40%, which is
significantly lower than that in the TP direction (300%). The
increasing rate of the thermal-electrical conductivity is highly
consistent with the data of Devin et al. [61] and Unsworth et al.
[62]. The TP conductivity shows a higher sensitivity with
increasing CR. This is because more fiber and binder materials
are squeezed into the nearby pores during compression, and
the contact area of the solid materials in the TP direction in-
creases significantly, resulting in an increase in the solid
continuity for conduction in the TP direction.

A comparison between Figs. 6(b) and 7(b) shows that the
anisotropic ratios of electrical and thermal conductivity are
much higher than those of gas diffusivity. Here, the
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anisotropic ratio is defined as the ratio of IP conductivity to TP
conductivity. As CR increases, the anisotropic ratio of elec-
trical and thermal conductivity decreases from 19.5 to 6.5, and
13.8 to 5.1, respectively. This indicates that the IP conductivity
is much higher than the TP conductivity. This is because the
fibers are mainly oriented, the binders are fiber-relatively

(b)

Fig. 6 — (a) Slice porosity along the thickness direction, and (b) effective diffusivity and anisotropic ratio for GDL at different

distributed in the IP direction, and the continuity of solid
materials in the IP direction is significantly better. The
anisotropic ratio of thermal conductivity is lower than that of
electrical conductivity. This is because heat can transfer
through both pores and solid materials, whereas electrons can
only conduct through solid materials.
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Conclusions

In this study, the sensitivity of compression speed and
Young's modulus of fibers were investigated to balance the
accuracy and computing cost for stress-strain simulations.

Then, the fiber tracking technique, SEM, XCT, and morpho-
logical processing techniques were combined to reconstruct
the actual microstructure of the GDL, which reflects the fiber
skeleton and binder distribution. FEM and explicit dynamics
methods were combined to simulate the stress-strain



distributions that differentiate between the fibers and binders
inside the GDL. During compression, the dynamic contact,
frictional motion, and extruded deformation among the fibers

an

d binders were considered. Based on these compressed GDL

models at different CR, PSM modeling was performed to
investigate the effects of mechanical compression on trans-
port properties. This study can guide a heterogeneous GDL
design with lower stress and higher performance. The main

fin

dings are as follows:

(1) A Young's modulus of 1 GPa and compression speed of
3 m/s meet the requirements of both accuracy and
computing cost for stress-strain simulations.

(2) Fiber tracking combined with XCT and morphological
processing techniques can provide an accurate recon-
struction of GDLs, which reflects the fiber orientation,
length, number, position, and curvature.

(3) The stress of the fibers is approximately five times
higher than that of the binders because of the higher
Young's modulus of the fibers. The fiber-binder mate-
rials gradually squeeze into the nearby pores in the
adjacent layers inside the GDL under compression.

(4) As CR increases to 25%, the effective diffusivity de-
creases, and the anisotropic ratios decreases from 1.35
to 1.25. The effective electrical-thermal conductivity
increases significantly, and the anisotropic ratios of
electrical and thermal conductivity decreases from 19.5
to 6.5, and 13.8 to 5.1, respectively.
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