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e The microstructure morphology of compressed GDL is obtained by mechanical simulation.

e The nonlinear GDL compressive curve is determined by fibrous layered structure.

¢ Porosity, diameter and thickness are key parameters affecting compressibility.

e The average and local porosity distribution vary with compressing pressure.
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ABSTRACT

As the softest part in a proton exchange membrane fuel cell (PEMFC), the gas diffusion
layer (GDL) could have a large deformation under assembly pressure imposed by bipolar
plate, which would have an impact on the cell performance. So, there is an urgent need to
clearly reveal the mechanical behavior of GDL under certain pressure. In this paper, the
mechanical behavior of paper-type GDL of PEMFC is studied, considering the complex
contact environment in the fibrous layered structure. The microstructure of GDL is
reconstructed stochastically, then the stress-strain relationship of GDL is explored from
the perspective of solid mechanics by using the finite element method. Based on micro-
structure morphology, it is found that contact pairs and pore space of microstructure are
two key factors determining the nonlinearity of the compressive curve. The equivalent
Young’s modulus increases with the decrease of porosity and carbon fiber diameter but it is
not very sensitive to the carbon paper thickness. The results indicate that with the increase
in acting pressure, the average porosity of the carbon paper decreases, and the nonuni-
formity of porosity along the through-plane direction increases. Furthermore, a reasonable
explanation for the increase of concentration loss and the decrease of ohmic loss is given
from the microstructure findings of the present study.

© 2020 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

With the advantage of quiet operation process, quick start-up

electrolyte membrane fuel cell (PEMFC) has become a prom-
ising alternative power source for stationary, portable, and
vehicular applications [1]. Many fundamental studies have
been done to solve the existing challenges against the wider

and load response, and efficient energy conversion, polymer
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Nomenclature

Diffusivity (m?%/s)

Young's modulus (Pa)
Auxiliary variable

Body force (N)

Shear elastic modulus (Pa)
Standard deviation

x direction

y direction

z direction

N< X 0o QMmoo myg

Greek letters

Shear strain
Normal strain
Lame constant
Poisson ratio
Normal stress (Pa)
Shear stress (Pa)
Porosity

< 2 Q ¥ > oo

Subscripts and superscripts

eff Effective

i Initial state

1 Local value

j jth Components

commercialization of PEMFC, which includes cost, perfor-
mance, and durability [2]. A typical membrane electrode as-
sembly (MEA) of PEMFC is a five-layer structure, including a
proton exchange membrane, two catalyst layers (CLs), and
two gas diffusion layers (GDLs) sandwiched between two bi-
polar plates (BPPs) [3]. Among the major components of
PEMFC, the gas diffusion layer (GDL), situated between the
catalystlayer and bipolar plate, plays multiple roles during the
cell operation, such as: (i) transporting the reactant gas into
the catalyst layer; (ii) removing the liquid water from the
catalyst layer to the gas channel; and (iii) conducting electrons
with low resistance. Better design and understanding of GDL’s
characteristics are critical to improving the performance and
durability of PEMFC.

The GDL is a typical porous medium, usually consisting of
carbon fiber, polytetrafluoroethylene (PTFE), and binder [4]. In
terms of the fiber microstructure, three kinds of commercial
GDLs are available on the market, including carbon paper,
carbon cloth, and carbon felt [5]. As shown in Fig. 1, the carbon
fibers are distributed in a matrix (paper), woven (cloth)
structure, and hydro-entangled (felt) in these GDLs, respec-
tively [6]. Each type of them has its own characteristics [3,4,7]
and finds its applications in PEMFC practice.

To reduce the thermal and contact resistance inside the
PEMFC and also to maintain its seal characteristic, the MEA
layer is compressed between the bipolar plates by an initial
normal pressure applied during the assembly process [8].
When subjected to such compressive loadings, the GDL de-
forms considerably, due to its low Young’s modulus compared
with the CL and BPP. The compressed GDL and pristine GDL
are quite different in thickness, porosity, permeability,

conductivity, and contact resistance [9], and all these changes
will have a profound effect on the cell performance. For
example, the GDL compression ratio changing from 14% to
45% will reduce the maximum electrical current from about
1.4 A/cm? to 1.0 A/cm? [10]. So, there is an urgent need to
clearly reveal the mechanical behavior of GDL under certain
pressure, which is the basis for the study of other parameters
influenced by compression.

Several experiment techniques have been developed to
study the compressive behavior of GDL. The following is a
brief review in this regard. Using a commercially available cell
assembly compression test or any other tensile-compression
apparatus, a compression test can be done on a specific GDL.
From the experiment results in Refs. [6,11-18], we can find the
nonlinear stress-strain curve of compressed GDL. Some re-
searchers used the SEM or the digital microscope to study the
microstructure of different kinds of compressed GDL
[6,11,13,15,17—21]. From the SEM micrograph, more compact
fiber distribution can be observed with an increasing steady
load [6], and the bending of carbon fiber occurs obviously,
especially in a cross-sectional view [16]. Some authors
[6,13,15—17,20,22] measured the bulk resistance, pore size
distribution, gas permeability, etc. of the GDL sample as a
function of compression pressure. Some researchers consid-
ered the effect of cyclic pressure on the deformation of GDL
[6,12,13,17] during the compression test. Carral et al. [12]
proposed a stress-density constitutive law to consider me-
chanical history’s effect. In addition to studying the GDL
sample itself, Nitta [16] and Radhakrishnan et al. [20] consid-
ered both the BPP and GDL in the compression test, as it is
assembled in practice, and established the relationship be-
tween the electric contact resistance and compression pres-
sure. Considering the periodic structure on the bipolar plate,
the clamping pressure applied on the GDL is highly uneven.
This uneven pressure distribution results in inhomogeneous
compression of GDL. The region under the rib may undergo a
significant strain, while the region under the channel may
intrude into channel [11,16,19,20]. Bazylak et al. [21] utilized
fluorescence microscopy to visualize liquid water transport
through the cross-plane of a GDL sample. Froning et al. [23]
used synchrotron X-ray tomography to get the compressed
microstructure and then calculated the gas transport in non-
woven GDLs of a PEMFC with the lattice Boltzmann method.

These experimental methods provide valuable data and
visualization of GDL’s microstructure, but they are costly and
time-consuming. Numerical methods provide an important
cost-effective way for such study. The finite element method
(FEM) is a common numerical technique to compute the
deformation in solid materials. There are many references
using FEM simulation to study the deformation of GDL under
the BPP. Zhou et al. [24] got the distribution of the gas diffusion
layer characteristics (relations between geometry structure,
thickness, porosity, and permeability) under the different as-
sembly forces through a 2D FEM simulation. Carral et al. [25]
investigated the influence of the assembly phase of PEMFC
stacks on the mechanical state of the MEA by a 3-D FEM
analysis. Chien et al. [26] studied the effects of bolt pre-loading
variations on the performance of GDL, like porosity, resis-
tance, etc. in a bolted PEMFC stacks by a 3-D FEM analysis.
Peng et al. [27] investigated the influences of coating, weld,
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Fig. 1 — SEM image of carbon paper, carbon cloth and carbon felt [6].
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and dimensional error on the contact resistance through a
FEM model of BPP/GDL assembly. Many researchers coupled
the FEM mechanical analysis and computational fluid dy-
namics (CFD) simulation to study the cell performance under
different assembly pressure. In this method, the compressed
GDL’s characters predicted by the FEM, like porosity, diffu-
sivity, and conductivity, are incorporated into 3-D
[11,24,30—35] or 2-D [28,29] models of a PEMFC or a stack. In
this kind of FEM simulation, there are two practices in dealing
with GDL mechanical properties. A simple practice is
regarding GDL from a macroscopic view and taking it as an
isotropic material. Then Young’s modulus of GDL domain is a
key value that determines the simulation result. Even though
carbon paper GDL has a relatively high modulus in its in-plane
direction compared with that in its through-plane direction,
some scholars still regarded the carbon paper as an isotropic
material and set a constant Young’s modulus in the GDL
domain. For example, in Refs. [24,27,32—34], Young’s modulus
of GDL is set as 6.3 MPa, and in Ref. [8] as 10 MPa. A more
reasonable practice is to take its anisotropic character into
consideration. In this regard, Lu et al. [36] took in-plane
modulus E; = E;, = 1500 MPa, and E, = 9 MPa in an ortho-
tropic model. To further establish a more accurate model, the
nonlinear character of through-plane Young’s modulus E,
should be considered. Kleemann et al. [37] tested some com-
mercial GDL materials and recorded the nonlinear, declining
compression behavior in through-plane direction. Their re-
sults show a pronounced material hardening at high strains.
Based on their test data, the dependency E, = f (e;) was
expressed using a polynomial fit function for each GDL and
used as an input for the structural simulation. Refs
[25,31,36—40] all used this method to describe the GDL'’s
through-plane direction Young’s modulus. One weak point of
such numerical study is that the macroscopic method sup-
poses the deformation of GDL is homogeneous, which does
not conform to actual situation. In addition, such macroscopic
study is unable to capture local morphology change of
microstructure in GDL.

According to the SEM image, paper-based carbon fiber
GDLs can be regarded as a thin layer of stacked cylinders that
extend far more into the in-plane direction than the through-
plane direction. If we can study the GDL’s deformation based
on its real microstructure, then the characteristics and
essence of it could be revealed more deeply. Some researchers
[8,41,42] used an analytic method to predict the compressive
behavior of GDL, based on the simplified geometry. In their
model, some key parameters still need to be obtained from
experimental results. Toll et al. [43] studied the process of fiber
packing and a micromechanical theory based on the contact
points statistics was developed for the forced packing. It re-
veals that the applied pressure will be a nonlinear function of
fiber volume fraction. As for the numerical methods, discrete
element method (DEM) is a special way to simulate the
movement of granular materials through a series of calcula-
tions that trace individual particles constituting the granular
material. Rodney et al. [44] used this method to study the
entanglement transition of non-cross-linked semi-flexible fi-
bers during isostatic compressions. Then Barbier et al. [45]
extended the previous discrete element model [44] to study
the influence of static friction on the mechanical response of

assemblies. Besides DEM, the FEM analysis was carried out by
Sui et al. [46] and Jiao et al. [47,48] recently, based on a sto-
chastic microstructure model. Then the two-phase flow of
water and diffusion of reaction gas was investigated in the
compressed GDL.

From the above brief review, it can be seen that in the
numerical methods for studying the compression behavior of
GDL, there is still a large room for improvement. From the
macroscopic point view, FEM is a good simulation method for
mechanical problems, but usually, in this method, Young’s
modulus in the through-plane direction of GDL is represented
by an empirical nonlinear stress-strain relationship through
curve fitting of experimental data. Hence, it cannot reveal the
dependence of mechanical behavior as a function of the GDL
microstructure. On the other hand, from the microscopic
view, although the research using the DEM method or FEM
method could get the compressed microstructure of GDL,
there is a lack of analysis of the nonlinear mechanical
behavior of carbon paper combined with the microstructure
morphology. Moreover, the effect of key parameters (porosity,
carbon fiber diameter, and thickness) of carbon paper on its
mechanical characteristics should also be addressed based on
the microstructure view.

This paper numerically studies the GDL compression
behavior based on its microstructure. As indicated above,
there are three types of GDL, and each type has its own
characteristics. Among them, carbon paper is regarded as one
of the most promising candidates for the use of its high
porosity and good electricity conductivity [4,7]. In addition, for
the microstructure study, a stochastic reconstruction method
is very important. Among the three types of GDL, it is the
carbon paper that such a method has been well developed
[49—57]. Thus, the present study works on carbon paper. In our
study, the microstructure of carbon paper is stochastically
reconstructed, and the FEM is applied to perform the solid
mechanical simulation. The nonlinear stress-strain law of
typical carbon paper is obtained from the simulation results,
which is in good agreement with the experimental data. By
analyzing the deformed morphology of carbon paper, the
mechanism of deformation has been revealed. Then three key
parameters, porosity, carbon fiber diameter, and thickness,
are studied from a microscopic view. How these three factors
affect the stress-strain law of carbon paper is also analyzed.
Furthermore, from the compression results, the effect of
compression on GDL'’s porosity distribution and cell perfor-
mance is discussed.

The rest of the paper is organized as follows. Section Model
description describes physical and numerical models,
including the governing equations, boundary conditions, and
numerical procedures. Section Result and discussion presents
numerical results and discussion. Finally, some conclusions
are drawn in Section Conclusions.

Model description
Model assumptions and construction of fiber matrix

The stochastic algorithm for construction of fiber matrix we
employed here has been widely used in numerical simulation
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of GDL region [49-55], and it is based on the following
assumptions:

(1) Carbon fibers are straight cylinders with a constant
diameter, and they are placed in the x-y plane randomly
[49,56]. The overlap of the fibers in a layer is allowed.

(2) The component of PTFE and binder inside the carbon
paper are ignored, and the bonded contact constraint is
used to replace their role, which is a popular assump-
tion adopted in Refs. [46,48].

(3) The carbon fiber is initially homogeneous in the
through-plane direction, which means each layer has
the same given porosity.

(4) Only the elastic deformation of carbon fiber is consid-
ered, and plastic deformation or damage of carbon fiber
under stress is neglected.

(5) The Young’s modulus of fibers has been treated as
isotropic [46—48], and it is set as the transverse Young’s
modulus of carbon fiber [47].

About the 5th assumption, 3 Young’s modulus values,
3 GPa (transverse Young’s modulus of carbon fiber), 10 GPa,
and 200 GPa (longitudinal Young’s modulus carbon fiber) have
been tested. Finally, we have found that 3 GPa could best
characterize the carbon paper’'s equivalent mechanical
behavior.

The computational domain is set up as follows, the in-
plane (x-y plane) area is fixed at 120 pym x 120 pm, while the
through-plane distance or the thickness of carbon paper de-
pends on the layer numbers and carbon diameter, which will
be given in advance for each simulation case. As for the in-
plane area of the computation domain, too small or too big,
are both inappropriate. It should be balanced between result
accuracy and time efficiency. In the present study, we
compare the carbon paper’'s compression value under the
pressure of 2.5 MPa for three cases with different size of the in-
plane area: 120 pm x 120 pm, 180 pm x 180 pm, and
240 pm x 240 pm, and the differences among them are listed in
Table 1. It can be seen that the size 120 pm x 120 pm is large
enough, so 120 pm x 120 um is chosen as the in-plane area of
120 pm x 120 um. To simulate the working condition of the
rear GDL, which is sandwiched between the BBP and CL, and
to apply the boundary condition easier, two plates at both
ends of the computational domain are placed.

The workflow of constructing a computational model is
shown in Fig. 2. It’s worth pointing out that the first step,
generating a cylinder in the Nth layer, consists of complicated
Boolean operation to truncate the fiber volume to the size of a
finite space. To execute the whole workflow, the ANSYS
Parametric Design Language, a scripting language, is used to

Table 1 — The plate displacement and strain value in
three cases.

120 pm x 180 pm x 240 pm x
120 pm 180 pm 240 um
Displacement 63.23 62.93 63.41
of stressed
plate/um
Strain 0.224 0.223 0.224

build the model in terms of parameters. Fig. 3 shows a model
constructed by this method.

Governing equations and boundary conditions

The elastic deformation of the GDL under certain pressure is
modeled using the elastic mechanics of material, which is
governed by the equilibrium, geometric, and constitutive
equations, as listed in Egs. (1)—(6).

(1) Equilibrium equations:

0oy O0Txy 07y

F,=0
ox oy 0z +
doy  OTyx 0Ty
— F, =0
<'jy+6x+62+y 1)

% 0T,y 07y
0z 0x ay

+F, =0
(2) Geometric equations:

azgx 628y azyxy_
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(3) Constitutive equations:

ox = Ae + 2Gey
gy = e + 2Ge,
g, = Ae 4+ 2Geg,
T.
Txy = % (3)
_Ta
YXZ - G
Tyz
'sz = E

In the above equations,
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vE
a2 2
E
G:2(1 ) ©

The Young’s modulus and Poisson ratio adopted in this
paper are listed in Table 2. Because we only consider the GDL’s
deformation, Young’s modulus of the two endplates is set to a
big value enabling them be treated as rigid body.

Table 3 lists boundary condition settings in the model (see

Fig. 3(b)).
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)
1.Generate a cylinder in the Nth layer
(random ori ion in X-Y plane)
No
[ 2.Calculate the volume of all entities in Nth layer |
No
| 3.Calculate the porosity in Nth layer |
5.1Is N equal to the
set number?
4. Is the porosity
equal to or greater
han the set number?
N=N+1
Yes
Fig. 2 — Flow chart of reconstruction.
(a) Tsometric view of the constructed model
Four side surfaces
No.2 Plate

No.] Plate
—

>

>
>
>
D>

(b) Side view of the constructed model and boundary condition applied

Fig. 3 — Example of the constructed model.

To improve the convergence of calculation, the load of
2.5 MPa is applied in twelve steps. In the first four load steps,

Table 2 — Physical property of plate and carbon fiber the pressure increment is 0.125 MPa, while in the last eight
[47,58]. load steps, it is 0.25 MPa. For each load step after getting the

Fiber Endplate converged solution, the next load step computation begins.
Young’s modulus (GPa) 3 13

Poisson ratio 0.256 0.26 Contact settings between fibers

Besides the boundary condition settings of the endplates and
the surrounding areas, the contact type for the complex con-
tacting pairs existing inside the model is also necessary to be
specified. In the GDL microstructure, carbon fibers of adjacent

Table 3 — Boundary condition list.

Boundary Conditions layers are bonded by the PTFE, and as described in subsection
No.1 Plate (one side) Pressure Model assumptions and construction of fiber matrix, they are
No.2 Plate (one side) Fixed support set to be “Bond” contact type. That means these contacting

Four side surfaces Symmetry pairs initially contact each other. After the force is applied,



https://doi.org/10.1016/j.ijhydene.2020.07.240
https://doi.org/10.1016/j.ijhydene.2020.07.240

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 45 (2020) 29379—29394

29385

they will not be separated or slide. However, for those surfaces
of carbon fibers that do not contact initially, contact may
occur during the load increase process. After each load
increment, the newly contacting surfaces will be iteratively
detected, and this contact type is set as “contact-after-
compression (CAC)”. Our contact detection algorithm can
ensure that those fibers not initially contacting may become
contacting in the subsequent appropriate load increment,
rather than penetrating with each other.

The Bond type contacts are given as initial condition, while
CAC type contacts are nonlinear in that they are detected in
the pressing process gradually, and their determination re-
quires multiple equilibrium iterations to obtain the conver-
gence solution. It should be mentioned that if only adopting
the bond contact type, which is set at initial stage and omit-
ting the CAC type contact, the nonlinear deformation char-
acteristics during deformation of carbon paper cannot be
reflected in the stress-strain curve, as can be seen in the later
discussion of model validation.

Numerical procedure

Even though the computational domain is a simple cubic
space, it includes many small fibers that are randomly posi-
tioned. Thus, the unstructured mesh was adopted to dis-
cretize the computational domain. We perform the grid
independence analysis with five different grid numbers:
289,616, 571,715, 723,794, 798,258, 1,164,885, as shown in Fig. 4.
The maximum deformation value of the whole computational
domain approximately does not change until the node num-
ber reaches 0.79 million. Considering the accuracy, computer
source, and time limit, we adopted a grid number of 0.8
million here to perform the numerical simulation. A typical
example of the constructed grids is shown in Fig. 5. Because
the curvature size function controls the generation of un-
structured grids, so the different section shapes exhibit
different mesh density. And the different section shapes are

caused by the random orientation of fibers, and the truncation
during the reconstruction process. The mechanical model was
solved by the commercial software ANSYS Workbench 17.2.
Distributed memory sparse direct solution was adopted to
solve the governing equation. Table 4 lists the cases studied in
this paper.

Result and discussion

In this section, firstly, the model we constructed is validated
with experimental data. Then, the nonlinear deformation
behavior of carbon paper is discussed from the point of view of
the microstructure in detail. After that, the effects of porosity,
fiber diameter, and thickness on carbon paper’s deformation
are analyzed. Seven cases with different parameters are
analyzed in detail. Finally, the effects of compression on
average and local porosity are presented.

Model validation

To validate the proposed numerical model, the predicted
compression curve for the TGP-H-90 GDL sample is compared
with the experimental data reported by Mathias et al. [4]. The
major parameters of TGP-H-090 are listed in Case 1 of Table 4.
Here, stress denotes the pressure applied on the plate, and the
strain value is calculated by plate displacement divided by the
carbon paper’s original thickness. As shown in Fig. 6, the
predicted compressive curve of Bond and CAC contact setting
is generally in good agreement with the experimental data.
For comparison, the result of only Bond contact setting is also
presented in the figure. It shows a linear stress-strain curve
which cannot reflect the carbon paper’s nonlinear mechanical
behavior during compression. Fundamentally, this nonlinear
character of deformation is caused by the complex micro-
structure, which we will analyze from a microscopic view
later.

Maximum displacement value/um
~ = o o o o
- [} = N w s
T T T T T T

1
o
T

I

1 " 1 " 1 " 1

77 L 1 " 1 " 1

300000 450000 600000 750000 900000 1050000 1200000
Number of nodes

Fig. 4 — Grid independence examination.
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(a) Example of unstructured grid

(b) Local enlarged picture

Fig. 5 — Example of the unstructured grid system.

Table 4 — Parameters of different cases.

Carbon Case Porosity Fiber Thickness/pum
paper number diameter/pm
type
TGP-H-090 Case 1 78% 9.75 282.75
TGP-H-060 Case 2 58% 9.75 195

Case 3 68% 9.75 195

Case 4 73% 9.75 195

Case 5 78% 9.75 195

Case 6 78% 8 192
TGP-H-120 Case 7 78% 9.75 370.5

Nonlinearity analysis

Nonlinear deformation
The nonlinear deformation of carbon paper is fundamentally
caused by its microstructure. Shown in Figs. 7(a)—(e) are the

3.0

Stress/MPa

—a— Simulation-Only Bond contact
—e— Simulation-Bond and CAC contact

Experiment data

1 n 1 n 1 n 1 n

0.0 = S

1 n 1 n 1

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Strain

Fig. 6 — Model validation.

deformed carbon paper microstructure of Case 1 under the
pressure of 0.5 MPa, 1 MPa, 1.5 MPa, 2 MPa, and 2.5 MPa
respectively. In order to better observe the changes of the in-
ternal microstructure, the section view of the middle section
in the x direction is given in addition to the isometric and side
views (shown the side by a thick arrow in an isometric figure).
The location of the section can be found in the isometric
picture under each pressure.

From Figs. 7(a)—(e), it can be observed that, with the in-
crease of applied pressure, the degree of extrusion deforma-
tion of carbon paper increases gradually. After the carbon
paper is compressed, the structure becomes closer, which is
consistent with the phenomenon observed in the experiment
[6]. From the side view and section view, the bending defor-
mation of carbon fiber can be observed. The original pore
space will be occupied by the bent carbon fiber. And the
originally separated carbon fibers may contact after being
compressed [17]. The contact process of the carbon fibers in
the red frame in the figure is a typical example. The two fibers
in the red frame initially are separated, and when the pressure
reaches 1.5 MPa, one of them is bent more appreciably, and
they come into contact.

By observing the position of the stressed plate after each
increment of compression force, it can be found that with the
increase of pressure, the compression of carbon paper be-
comes more and more difficult, which is consistent with the
compressive curve in Fig. 6. When the stress of carbon paper is
small, the deformation extent is small. There exist more pores
and fewer contact pairs between fibers. For particular carbon
fiber, it is more prone to deform when it encounters pores
than when it encounters another carbon fiber, which can
hinder its bending. Therefore, the resistance of carbon fiber
against bending is small when the stress of carbon paper is
small. With the increase of stress, more pores in carbon paper
have been occupied by the bent carbon fiber because of the
increasing deformation extent of carbon paper. At the same
time, there are more carbon fiber contact points in the inner
part of carbon paper, which can transfer the force to each
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(e) 2.5MPa

Fig. 7 — Compressed carbon paper of Case 1 under the different pressure in isometric view (left), side view, and section view

(right).

other, increasing the resistance of compression and making
carbon fiber difficult to deform. This is the reason why carbon
paper presents nonlinear character of deformation, or why
the equivalent Young’s modulus of carbon paper increases
with the increase of stress.

Fig. 8 shows the compressed carbon paper of different
cases (Cases 2 to 7) under the pressure of 2.5 MPa. Similar
compression processes from 0.5 MPa to 2.5 MPa for Cases 2 to 7
have been simulated, and they will not be repeated here for
simplicity.
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(f) Case 7 TGP-H-120

Fig. 8 — Compressed carbon paper of Cases 2 to 7 under 2.5 MPa stress in isometric view, side view and section view.
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Solution procedure reflecting nonlinearity
In this section, the nonlinearity caused by the CAC contact is
discussed from the FEM solution process. Itis well-known that
the change in contact state will lead to an abrupt change in the
global stiffness matrix. For the convenience of convergence, a
load step is better to be divided into several sub-steps, and
within a sub-step solution, an iterative procedure (equilibrium
iterations) is carried out to satisfy the specified convergence
criterion. In the present static structure analysis, we choose
force convergence as the convergence criterion. The force
criterion value is equal to the product of absolute force value
and relative tolerance value. The absolute force value is the
square root of the sum of the squares (SRSS) of the applied
loads, and the tolerance value is set to a constant 0.5%. As the
number of iterations increases, the applied load of each sub-
step increases, which causes an increase in the absolute
value of the force convergence criterion. Take the first sub-
step calculation of 0.125 MPa load step, for example, the
convergence criteria in this sub-step is about 0.17 uN, and this
sub-step converges after the completion of the third iteration.
As shown in Fig. 9, the distance between two adjacent
dash-dotted lines is proportional to the number of iterations
required to achieve the corresponding sub-step convergence.
And more iterations reflect the increase of nonlinearity
caused by the change of contact state in the current sub-step,
from which we can further understand the nonlinear char-
acteristics in the solution process.

Effect of three parameters on the stress-strain relation

Porosity

In order to study the effect of porosity on the stress-strain law
of carbon paper, the compression processes for four porosities
of 58%, 68%, 73%, and 78% were studied with other parameters
such as fiber diameter and thickness being the same. Cases 2,
3, 4 and 5 in Table 4 represent the four situations. The pre-
dicted results in terms of stress vs. strain curves are presented
in Fig. 10(a).

From Fig. 10(a), we can see that when the porosity of carbon
paper is low, such as ¢ = 58% (Case 2) and ¢ = 68% (Case 3), the
stress-strain curve of carbon paper is almost linear and shows
a strong compression resistance. Compared with Case 2, the

porosity of Case 3 is increased by ten points of percentage, its
slope of the curve does not decrease too much, or Young’s
modulus does not decrease too much. Obviously, carbon
paper of low porosity has less internal pores and a more
compact structure, as shown in Figs. 8(a) and (b). In such
cases, the compression mostly depends on the intrinsic elastic
deformation of carbon fiber, and the effect of the pore in
carbon paper is small. In addition, Young’s modulus (hence
the equivalent Young’s modulus) of carbon fiber is as high as
3 GPa. These are the reasons why low porosity cases present a
linear variation of stress vs. strain with a high slope.

When the porosity increases from 68% to 78% (Case 5) at
the interval of 5%, the curve slopes of Case 4 and Case 5 are
significantly reduced. For every 5% increase in porosity, the
strain value increases by about 0.08 at 2.5 MPa. Increasing pore
influence can explain this. In the carbon paper of larger
porosity, the number of contacting pairs of fiber decreases, as
shown in Figs. 8(c) and (d). Larger porosity and fewer contact
pairs make deformation easier.

Fiber diameter

The carbon fiber diameter in GDL may vary from 6 to 10 um
[21,59—61]. In order to study the influence of fiber diameter on
the stress-strain law of carbon paper, two fiber diameters are
studied, 8 ym in Case 6 and 9.75 um for all other cases, as shown
in Table 4. The deformed carbon paper model of Case 5 and Case
6 are shown in Figs. 8(d) and (e), respectively. Under the same
pressure, the more compact microstructure could be observed in
Case 6 from the side and section view. The stress-strain curves of
the two cases in Fig. 10(b) show that the carbon paper made of
thinner carbon fiber is hard to deform. With the same porosity
and carbon paper thickness, in the thinner fiber GDL, there are
more layers of carbon fiber, and the number of carbon fibers in
each layer also increases. As a result, the contacting fibers in-
creases, and the deformation resistance increases. Therefore,
the equivalent Young’s modulus of carbon paper with smaller
fiber diameter is larger than that of the bigger one.

Thickness

The Toray series carbon paper commonly used as GDL in
PEMFC includes TGP-H-060, TGP-H-090, and TGP-H-120, with a
nominal thickness of 190 pm, 280 um, and 370 um, respectively
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Fig. 10 — Compressive curves of different cases.

[62]. Here, the effect of thickness on the stress-strain law is
conducted for the three thickness values, and Cases 1, 5, 7 in
Table 4 are the corresponding carbon paper, respectively. The
stress-strain curves of the three cases are shown in Fig. 10(c).
It can be found that the three curves are quite close to each
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Fig. 11 — Porosity change with the pressure of Case 6.

other, which means the effect of thickness is relatively small
compared with fiber diameter and porosity. Similarly, we
focus on the pore space and contact pairs inside the carbon
paper to explain this phenomenon. Under the same porosity,
there is no difference in pore space percentage in the 3 cases,
as shown in the isometric view in Figs. 7 and 8 (d) and (f).
However, the absolute value of pore volume will increase,
considering the increased total volume, and it causes a
decrease of the deform resistance. On the other hand, with
more layers, the number of contact pairs will increase
(assuming that the contact pairs between each layer are
approximately equal). Under these two opposite effects, the
balanced results show that the influence of thickness is rela-
tively small for the three cases studied.

Effects of compression on porosity

Porosity is a critical parameter that influences the performance
of PEMFC. To study the porosity change under different pres-
sure conditions, here we take Case 6, for example. The evolu-
tion of the integral porosity of the whole domain with pressure
is shown in Fig. 11, where the ordinate takes the ratio of the
porosity under pressure over its initial value. It can be seen that
with the increase of pressure, the porosity of GDL decreases
correspondingly, which is unfavorable for mass transfer. Like
the stress-strain curve, it also shows a nonlinear change rela-
tionship. When the stress increases, the deformation is diffi-
cult, and the rate of porosity reduction slows down.

Figs. 12(a)—(f) show the local porosity distribution along the
thickness direction at initial and the pressure of 0.5 MPa,
1 MPa, 1.5 MPa, 2 MPa, and 2.5 MPa respectively. In the figure,
the dimensionless z-coordinate is normalized by the total
thickness value. The total thickness of carbon paper is divided
into 20 sections, and the local porosity of each section is
calculated. The red dash line in each figure represents the
integral porosity value under different pressure. From Figs.
12(a)—(f), we can find that the local porosity variation curve
fluctuates up and down the average value line, and exhibits a
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Fig. 12 — Local porosity distribution at initial and different pressure.

trend of downward movement or porosity decreasing with the
increase in applied pressure. To quantitatively evaluate the
fluctuation of the local porosity distribution curve, the stan-
dard deviation s is calculated and marked in the figure. With
the increase of pressure, the standard deviation becomes
larger, which represents an porosity
nonuniformity.

From the porosity distribution characteristics obtained
above, we can infer that the PEMFC stack performance will be
affected under the assembly pressure, which will be discussed
in subsection Effects of compression on cell performance.
Besides, the whole GDL region under high pressure cannot be

increase in

characterized as a uniform porosity value, and more accurate
porosity input is needed in the macro CFD model.

Effects of compression on cell performance

The GDL’s compression under assembly pressure not only
has an influence on its porosity but also affects its
permeability, effective diffusivity, thermal conductivity,
conductivity, and even liquid water transport. All these
factors may directly affect transport phenomena in
PEMFC. Therefore, further work will be required to inves-
tigate the effect of them on cell performance in detail.
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However, based on the microstructure findings in the
present study, here, a qualitative analysis of the effect of
compression on ohmic loss and concentration loss of
PEMFC is presented.

It is evident that there exists a suitable range of clamping
pressure, which can balance mass transport and electric
resistance in the GDL zone and achieve maximum stack
power output [2,38]. These two aspects are related to the
concentration loss and ohmic loss of cell performance. From
the microscopic view, the deterioration of mass transfer in
GDL under assembly pressure can be explained by the
decrease of pores, as described in subsection Nonlinear
deformation. According to the widely used effective gas
diffusivity correlation Eq. (8) [24,30—35]:

Djeff — D)_(pl.S (8)

the effective diffusivity decreases, or in other words, gas
diffusion in GDL weakened a lot. This means that the GDL’s
compression leads to a decrease of concentration to CL. In
addition, the decrease of pore space slows down the
discharge rate of liquid water, and may lead to higher
flooding levels [28]. About the reduction of electrical resis-
tance under assembly pressure, it can be explained by the
increase of contact points, as also described in subsection
Nonlinear deformation. During the compression process,
the originally separated fibers come into contact, resulting in
an additional contact area and lower resistance. And also,
this is true for the fibers close to the endplate. The more
contact points between fibers and endplate mean the lower
contact resistance between BPP and GDL in practical. Both
the electrical resistance of GDL itself and the electrical con-
tact resistance between BPP and GDL decrease, which means
the reduction of ohmic loss.

Conclusions

In the present study, the mechanical behavior of carbon paper
used as GDL has been studied from a microscopic view.
Through the FEM analysis based on the microstructure of
carbon paper, the essential feature of carbon paper deforma-
tion has been revealed. The main findings of this study are as
follows.

(1) For the simulation of the compression process of carbon
paper, contact settings are important for both initial
contacts (called Bond in this paper) and for the subse-
quent contact of carbon fiber pairs (called CAC) after
deformation.

(2) The compressive curve of carbon paper shows
nonlinear character, which is determined by its fibrous
layered structure. Contact pairs and pore space of
microstructure are two key factors determining the
compressibility. More contact pairs and less pore space
increase the difficulty to deform, leading to nonlinearity
in the stress-strain relationship.

(3) Different porosity, fiber diameter, and thickness lead to
different microstructure, and they all affect the carbon
paper’s deformation. The equivalent Young’s modulus

increases with the decrease of porosity and carbon fiber
diameter, but it is not very sensitive to the carbon paper
thickness.

(4) With the increase in acting pressure, the local porosity
variation curve exhibits a trend of downward move-
ment or porosity decreasing. Moreover, the degree of
nonuniform distribution of porosity along through-
plane direction increases.
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