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� X-ray computed tomography and

fiber tracking are combined for

reconstruction.

� Sensitivity analysis of compres-

sion speed and Young's modulus is

conducted.

� Stress-strain simulations differen-

tiating fiber and binder materials

are carried out.

� Anisotropic transport properties of

the heterogeneous GDL are

investigated.
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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

at different compression ratios. The sensitivity of compression speed and Young's modulus

were investigated to balance the accuracy and computing cost of stress-strain simulation.

The results showed that Young's modulus of 1 GPa and compression speed of 3 m/s meet

the requirements for both accuracy and computational cost. The reconstructed GDL

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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Pore-scale modeling
Anisotropic transport properties
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 themicrostructure 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 similarmaterial 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 [16e19]. These numerical

simulations were carried out at themacroscale, 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. [21e24]. 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

reconstructionwith 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 elementmethod (FEM), and an explicit

dynamic method to obtain the three-dimensional (3D) com-

pressedmodels and stress-strain distributions at different CR.

Subsequently, more studies applied FEM and reconstruction

techniques to investigate the effects of compression on

transport properties [32e34]. 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 [35e38].

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

dynamicmethod are applied to investigate the stress-strain of

fibers and binders, and to evaluate the sensitivity of

compression speed and Young's 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 bindermaterials. 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.
Fig. 1 e Workflow
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, aswell as binder

distribution. It can be challenging for the XCT to differentiate

between the fibers and binders because of the similarmaterial

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 [39e41] 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 pc in the

search area, the correlation value is calculated as:
of this study.
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where CðpcÞ denotes the correlation of the candidate points

and Lðp;pcÞ is defined as:
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where w0 denotes the weight factor, b and g are the angles

between the vectors p pc and the direction for the points p

and pc. 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:

A4B¼�
x
��ðbBÞx ∩As ∅

�
(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:

A.B¼�
x
��ðBÞx 4A

�
(4)

A combination of the two operations above can be defined

as:

A $B ¼ ðA4BÞ.B (5)

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 parallelmovement of the fibers in the

compressiondirectionwas 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:

sij;j þ fi ¼ r €u (6)

where s is the stress, r is the material density, fi is the body

force owing to the clamping force, and €u is the acceleration of

the finite element.

Geometric equation:

εij ¼1
2

�
ui;j þuj;i

�
(7)

where ε is the strain and u is the displacement of fibers and

binders.

Physical equations:

�
sij ¼ bεkkdij þ 2mεij
skk ¼ ð3bþ 2mÞεkk (8)

where dij is the Kronecher symbol, b and m are the first and

second Lame constants of the material, respectively, which

can be calculated using the following equations:

b¼ En
ð1þ nÞð1 2nÞ (9)

m¼ E
2ð1þ nÞ (10)

where E and n are the modulus of elasticity and Poisson's ratio
of the material.

The boundary conditions are:

�
uiðx; tÞ ¼ uiðx; tÞ
piðx; tÞ ¼ piðx; tÞ

(11)

where uiðx; tÞ、 piðx; tÞ are displacement and stress boundary

conditions. pi ¼ sijnj.

The initial conditions are:

�
uðx;0Þ ¼ u0ðxÞ
uðx; t1Þ ¼ u1ðxÞ (12)

where u0ðxÞ and u1ðxÞ are the given functions. To solve Equa-

tions (6)e(8), the boundary conditions, initial conditions,

Hamilton's variation principle, and central difference in time







Fig. 2 e The effects of compression speed with (a) CR ¼ 10%, (b) CR ¼ 20%, and (c) CR ¼ 30%, and the effects of Young's
modulus with (d) CR ¼ 10%, (e) CR ¼ 20%, and (f) CR ¼ 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





Fig. 5 e (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 CR increases, as shown in Fig. 6(b). This is expected

because of the decreasing porosity and pore size inside the

GDL, resulting inmore 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

consistentwith the data of Devin et al. [61] andUnsworth et al.

[62]. The TP conductivity shows a higher sensitivity with

increasing CR. This is becausemore fiber and bindermaterials

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



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

CRs.
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
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 solidmaterials, whereas electrons can

only conduct through solid materials.



Fig. 7 e (a) Effective electrical-thermal conductivity and (b) anisotropic ratios of GDL at different CR.
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

and 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

findings 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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