International Journal of Electrical, Electronic and Communication Sciences
ISSN: 2517-9438
Vol:12, No:12, 2018

An Investigation of a Three-Dimensional Constitutive
Model of Gas Diffusion Layers in Polymer Electrolyte
Membrane Fuel Cells
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Abstract—This  research presents the three-dimensional
mechanical characteristics of a commercial gas diffusion layer by
experiment and simulation results. Although the mechanical
performance of gas diffusion layers has attracted much attention, its
reliability and accuracy are still a major challenge. With the help of
simulation analysis methods, it is beneficial to the gas diffusion layer’s
extensive commercial development and the overall stress analysis of
proton electrolyte membrane fuel cells during its pre-production
design period. Therefore, in this paper, a three-dimensional
constitutive model of a commercial gas diffusion layer, including its
material stiffness matrix parameters, is developed and coded, in the
user-defined material model of a commercial finite element method
software for simulation. Then, the model is validated by comparing
experimental results as well as simulation outcomes. As a result, both
the experimental data and simulation results show a good agreement
with each other, with high accuracy.

Keywords—Gas diffusion layer, proton electrolyte membrane fuel
cell, stiffness matrix, three-dimensional mechanical characteristics,
user-defined material model.

1. INTRODUCTION

OLYMER Electrolyte Membrane Fuel Cells (PEMFCs)
[1]-[3] are extensively and commercially applied in
transportation, aviation, residential power generation, and
portable devices, with some excellent benefits including low
emission, low weight, high current density, fast start-ups and
long stack life, etc. A PEMFC is mechanically sandwiched as a
stack with bipolar plates (BPPs) and a membrane electrode
assembly (MEA). The MEA is composed of a polymer
electrode membrane (PEM), two catalyst layers (CLs) and two
gas diffusion layers (GDLs) [4]. In a fuel cell unit, the GDL is
stacked, between BPPs with flow channels and catalyst layers,
under the clamping pressure of 0.5-2.5 MPa [5], [6]. The
clamping pressure could result in inhomogeneous stress
distributions in the GDL due to the ribbed structure of flow
channels on BPPs [7]. The mechanical properties of GDL, as a
core component of PEMFCs, have a great impact on the overall
performance of fuel cells.
Recently, the investigation of GDLs has sprung up and
especially focused on how its characteristics are influenced
during fabrication, operation, degradation, and assembly
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process [8]-[10]. Meanwhile, GDLs’ characterization
techniques, components, key properties (such as structure,
porosity, hydrophobicity, permeability, transport properties,
and surface morphology, etc.), microstructure modeling, and
durability, are widely investigated and reviewed [11]-[17].
Dhanushkodi et al. [18] reported that the physical and
mechanical properties of GDLs depend on the carbon-carbon
composite interaction and fabrication process. In addition to
these, they indicated that GDLs’ mechanical degradation
behavior relies on fiber length and load transfer directions.
Gigos et al. [19] presented the GDL’s experimental
investigation and developed its analytical model by considering
the periodical compression loads running during the PEMFC’s
operation. It was proved that there is a good agreement between
the experimental data and simulation results from the analytical
model. Most literature concentrated on the study of GDLs’
compression behavior [20]-[24]. Unfortunately, GDLs were
simply considered as isotropic materials [25]. However, GDLs
show obvious anisotropic properties due to the orientation of
carbon fibers in it [26]-[28]. Additionally, GDLs withstand
complicated and inhomogeneous clamping loads from all
directions in PEMFCs [29]. Thus, the 3D characterization
analysis of GDLs should be achieved, which can precisely
predict its deformation, improve the reliability of its
mechanical performance, and optimize the assembly pressure.

Convincing assessment and prediction of GDLs’ mechanical
performance should be done by combing experimental
characterization methods as well as model simulation analysis.
This research presented the 3D mechanical characterization of
a commercial GDL by experimental results and simulation
outcomes. Significantly, a comprehensive finite element
analysis model of the GDL was developed. Subsequently, the
model was implemented in the UMAT part of ABAQUS by
coding, for its mechanical characteristics simulation results.
Finally, the simulation results and experimental data were
compared for the model verification.

II. MODEL DESCRIPTIONS

Based on the GDL’s assembly configurations in a real fuel
cell stack, GDLs are subjected loads from all directions. Thus,
we defined the GDL’s dimensions as shown in Fig. 1. The
GDL’s compressive behavior in Z (thickness) direction, tensile
performance in X and Y directions (in-plane) and shear
characteristics in ZX and ZY planes were explored at room
condition, respectively. In this paper, a commercial GDL
(Type: INT 30-Al, from JNT Group company, in Hwasung-si,
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South Korea) was employed as specimens for all the tests.
Z (thickness direction)

X (longitudinal direction) 320420 pm

300 mm /

Fig. 1 Dimension definition of the commercial GDL paper sheet

A. Compression Numerical Model

Norouzifard and Bahrami [30] developed a compact
compressive analytical model of a GDL, including its structural
parameters, which is expressed by the following:

1057E, (d Y
o= ——— 7] & (1
16 I ),

where &, is the compression strain; E, is the carbon fibers
elastic modulus in the longitudinal direction ( E,= 230 GPa,
[31]); o, is the compression stress (MPa); | is the inter-fiber

length within one layer (m) and d is the uniformed carbon
fiber’s diameter (m) as shown in Fig. 2.

Based on Norouzifard’s model, Gigos et al. [19] made some
assumptions to simplify the GDL’s compressive analytical
model. Assumption 1 is explained in Fig. 2, it was observed that
the real GDL was composed of carbon fibers randomly
overlapped crossing. Obviously, within one layer, there were
many quadrilaterals that could be idealized as some squares by
carbon fiber decussations. Thus, the area of the small square or
pore A ., as shown in Fig. 2, can be calculated by (2).

pore >

A | -d)? 2

pore = (

Fig. 2 A microstructure image of a commercial GDL
Assumption (2) was related to the GDL’s porosity. The
initial porosity of the GDL p,, is generally defined as follows:

— Vvoid ~ APOTe ~ (I - d )2
Py ~ AT 3)
Vtotal A\otal

RN @

is the GDL’s void volume (m®); V,

otal

where Vg, is the GDL’s
total volume (m’); A, is the GDL’s total surface area (m’).
However, during the compression test, the real porosity of the
GDL decreases as the compressive load increases [32]. The real

porosity of the GDL p during compression can be explained

by follows:
1-p,
l—-g =—10
G ®)
_ po —&
p= FEP (6)

C

As a result, the simplified GDL’s compressive analytical
model can be expressed by (7).

¢ 16

o = 1057E, 1—
1 -¢,

Po — & ] g, (7)

However, if the above assumptions were elaborated, the
analytical compressive model could be improved with higher
accuracy. Based on these assumptions, this paper developed the
GDL’s compressive analytical model. In (3), the expression of
initial porosity of the GDL p, by fiber’s length | and diameter
d is so rough that a dimensionless calibration parameter A (A >
1) can be employed to calibrate, which is shown as follows:

L-a-Jp ®)

Hence, the GDL compressive analytical model can be
modified as follows:

5
{A— pO — & J g, (9)
1 —-¢,

where 4 is a dimensionless calibration parameter which stands

1
o= 05urkE,
16

the structural differences between a real GDL and its
compressive analytical model. Then, the GDL’s compression
modulus E can be calculated as:
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B. In-plane Tension Numerical Model

From the in-plane tension test results, it is proved that the
relationship between the GDL’s tension strain &; and stress

o is nearly linear and it can be typically described by:
o=k - & (11)

where k; is the in-plane tension modulus of the GDL (MPa).

C.Shear Numerical Model

According to our GDL’s shear experimental results, its shear
strain y and stress 7 can be expressed by:

= c )

I
tan y (12)
hear
where k. is the slope of GDL’s force and deformation curves in
shear tests (N/mm); A, is the cross section area (mm?); Al

is the jig gap (mm). Thus, the shear modulus of the GDL G is
calculated as:

_dr k -Al 1

C

7@ Khear (COS 7/)2

(13)

III. SIMULATION

A.GDL’s Stiffness Matrix Building

All the above models such as compression, tension, and
shear numerical models were employed to build the stiffness
matrix of the commercial GDL. Then, the stiffness matrix was
implemented into the user-defined material model (UMAT)
subroutine part of ABAQUS to do the simulation. In this
investigation, GDL’s material property parameters, in the
constitutive equations of the stiffness matrix, were Young’s
modulus (E,, E,. and E,), Poisson’s ratios (Vy,, V., , and

Vyy ), and shear modulus ( G,,, G, and G, ). Note that, for

orthotropic materials, there are no coupling effects between the
normal stresses (o,,, 0,,,and o,,) and the shear strains (&

X 2

yy 2 yz 2

&

X ?

and ¢, ). Thus, according to Hook’s law, the compliance

matrix of the orthotropic materials can be described as:
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In (14), the given coefficients such as Young’s modulus and
Poisson’s ratios have the relationships as:

= - P = 15
; ; £ (15)

After the inverse transformation of (14), the stiffness matrix
can be explained by follows:

[ 1- VyVay Vix FVaVye Vi FVixVay 0 0 0 ]
" E,E,A E/E,A E,E,A .
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1- ViyVyx =VyeVoy =VaxVxz = 21/xyvyz Vax
where A=

E(E,E,
In this paper, due to GDL’s porosity structures, its Poisson’s
ratios are zero [27], [33] (it means that

Vye =Vay Vix =V =Vxy =Vyx = 0 ) Thus, A= ExEyEz . Hence,
(16) can be simplified as follows:
(o] [E, 0 0 0 0 07[enl
oy 0 E, 0 0 0 0||e,
o 0 0 E 0 0 0 £
| = 0 0 0Z G, 0 0 i a7
Tyz yz 7yz
Tpy 0o 0 0 0 G, O Vo
Ty 0 0 0 0 0 Gyl
where, o, , oy Exs By & and &,, are the tension stress,

tension modulus and tension strain in X direction Y direction,
respectively; o,,, E,, and ¢, are the compression stress,
compression modulus and compression strain in Z direction;
G,, G Gys Vo Yo and 7,y are shear stress and shear
strain in YZ plane, ZX plane, and XY plane, respectively.

In the compression condition, according to (10), GDL’s
compression modulus can be calculated as:

z z

x

5
E - 1057uE, A Po =&z | _525muEye,
: 16 l-¢ 32

z
4

A_\/po_gzz \/ 1-¢, . po_]
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In the tension condition, it can be directly achieved that the
in-plane Young’s moduli of the GDL are expressed by:

(18)
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E, =k,
_ (19)
{Ey—ky

where k, and k| are the elastic modulus in X and Y directions

for tension test, respectively.
In the shear condition, it can be observed from the stiffness
matrix in (17) that

Ty = Gyz Yy
Ty = ze Vxz (20)
Ty = ny Txy

Based on the GDL’s shear numerical model, the shear
moduli are described in (13). For recognizing the shear
modulus easily, we defined:

c G- k. - Al
A%hear

where C_G is a constant. In this paper, what is noteworthy is

e2))

that we just conducted shear test in the YZ plane and the XZ
plane, without measuring the GDL’s shear modulus in the XY
plane. The value of the GDL’s shear modulus in the XY plane,
used for simulation, is in [34].

1
G,=C G,—— 22
Y: y (cosyyZ)Z ( )
1
G,=C_G,— 23)

— Xz (COS 7/)(2 )2

B. UMAT Coding

If we cannot find a suitable model in ABAQUS for materials’
simulation, the part of user subroutines which could provide
extremely powerful and flexible tools [35], [36] for
user-defined materials is our best selection. UMAT can define
the material constitutive model by describing its material
Jacobian matrix (or stiffness matrix), to expend the ABAQUS
functions. In general, UMAT can be almost used for the
mechanical behavior analysis of any materials. To ensure
UMAT implement successfully, it is typically written in
FORTRAN. Significantly, one or more user subroutines must
be included in one model through an ABAQUS execution
command line option.

Fig. 3 illustrates the flow chart of the GDL’s UMAT. There
is a key step for the GDL’s UMAT implementation, which is to
input the material parameters into the comprehensive 3D
constitutive model. These parameters of the GDL stand its
material mechanical characteristics.

Build compression, tension, and shear
numerical models respectively according
to the relatively experimental condition

I

Input the material parameters, including:
*Compression: E, ( py. . A and Ej.)
*Tension: E, andE,

*Shear: C_G,,. C_G,,, and G,,

Define the 3D constitutive material stiffness matrix
(DDSDDE) by FORTRAN code, then successfully
compile and import the code into ABAQUS

Call UMAT, start increment
step (DSTRESS, DSTRAN,
etc), and update DDSDDE

!

Calculate stress and
Von Mises stress

Caleulate the flow direction

Iteration of No
stress

Calculate equivalent plastic
ield | Strain increment and stress,
and update Jacobian matrix

No !
I Save the strain and stress in STATEV |

Quit UMAT

Fig. 3 The GDL’s UMAT implementation flow chart

If stress = Von
Mises stress ?

IV. RESULTS AND DISCUSSION

With the aim of validating the GDL’s comprehensive 3D
nonlinear constitutive model, its numerical models were coded
and implemented into the UMAT part of ABAQUS for
simulation. Then, the simulation results were used for being
compared with experimental data. The compression, in-plane
tension and shear mechanical characteristics of the commercial
GDL, included in experimental data and simulation results,
were described in Figs. 4-6, respectively.

In Fig. 4, it can be concluded that the GDL shows obviously
nonlinear compressive characteristics in its thickness direction
by experimental data as well as the simulation results.
Norouzifard [30] developed a novel analytical through-plane
model of a GDL, where the GDL’s microstructural
characteristics and mechanical properties are included in.
However, the model predicted that the GDL’s compression
behavior is linear within the compressive pressure larger than 1
MPa. Based on Norouzifard’s accomplishments, Gigos et al.
[19] made some assumptions to optimize and simplify the
GDL’s compressive analytical model that is used for the GDL’s
periodical compression analysis, and the theoretical stress
versus strain curves from the analytical model show a good
agreement with experimental data in cyclic loads processes.
Even though Norouzifard and Gigos developed the GDL’s
compressive analytical model, both of their models were not
implemented in any engineering software for simulation. This
study not only improves the compressive model but also
employs it into ABAQUS with the developed GDL’s
constitutive model for simulation, which could intuitively
observe the GDL’s deformation during simulation and
accurately predict the GDL’s mechanical behavior. And the
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GDL’s compressive model, as a subpart, could be also directly  applied in a whole fuel cell’s mechanical simulation.

54
Experimental data for compression
Simulation results for compression

(75
1

Stress (MPa)
(3]

0.0 0.1 0.2 0.3 0.4 0.5

Strain

Fig. 4 Experiment and simulation stress vs. strain curves of the GDL in compression test

= Experimental data for tension in X direction
Experimental data for tension in X direction_average

104— — = Simulation results for tension in X direction
Experimental data for tension in Y direction . -
. . L. L -
Experimental data for tension in Y direction_average =
8 Simulation results for tension in Y direction " .
£ 64
=
2
£ 4
73]
24
0-

0.000 0002 0004 0006 0008 0010 0012 0014

Strain

Fig. 5 Experiment and simulation stress vs. strain curves of the GDL in tension test

1.5

= Experimental data for shear @ ZX
Experimental data for shear @ ZX_average
— — - Simulation results for shear @ ZX
1.24 Experimental data for shear @ YZ
Experimental data for shear @ YZ_average
Simulation results for shear @ YZ

0.94

0.64

Stress (MPa)

0.3 -2t

0.0 wfes
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Strain

Fig. 6 Experiment and simulation stress vs. strain curves of the GDL in shear test

895



International Journal of Electrical, Electronic and Communication Sciences
ISSN: 2517-9438
Vol:12, No:12, 2018

Fig. 5 describes the in-plane tension mechanical
characteristics of the GDL by experiment and simulation
results. It is found that the GDL shows greatly anisotropic and
linear properties for its in-plane tension performance. Some
researchers studied GDLs’ in-plane mechanical characteristics
by experimental methods [27], [33] without any simulation
descriptions. This paper not only conducts the in-plane tension
test but also builds the numerical model to analyze its behavior.
Meanwhile, the simulation results from the numerical model
are compared with the experimental data. As a result, they are
in good accordance with each other.

Studies of GDL’s shear performance are quite few. Some

researchers predicted GDL’s shear behavior, roughly [33], [37].

However, they lack compelling experimental data to confirm
their accomplishments. This paper presents the shear
mechanical characteristics of the GDL by experimental data as
well as simulation results, as shown in Fig. 6. It is observed that
the GDL’s shear performance displays strongly nonlinear
characteristics and slightly anisotropy. In addition, the
simulation results from the shear numerical model are
consistent with the experimental data.

In conclusion, all simulation results from the comprehensive
3D constitutive model of the GDL fit the experimental data
quite well. Table 1 shows the related coefficients of
determination for the simulation and experimental data.

TABLEI
COEFFICIENTS OF DETERMINATION FOR DIFFERENT MECHANICAL TEST

Test Directions Coefficients of determination
Compression Thickness, or Z 0.9941
. X 0.9912

Tension
Y 0.9884
ZX plane 0.9893
Shear

ZY plane 0.9925

V.CONCLUSIONS

In this investigation, a comprehensive 3D nonlinear
constitutive model was developed to describe the GDL’s
mechanical behavior. In the comprehensive constitutive model,
the GDL’s microstructure characteristics and mechanical
property parameters, such as carbon fiber’s elastic modulus,
porosity, in-plane elastic moduli, shear moduli, and Poisson’s
ratio, were included in. Then, the comprehensive constitutive
model was coded and implemented in the UMAT of ABAQUS
to verify its reliability. Thus, compression strain-stress,
in-plane tensile strain-stress, and shear strain-stress curves of
the GDL were shown by experimental data and simulation
results, respectively. It is found that the experimental data, as
well as the simulation results show a good agreement with each
other, which indicates that the comprehensive 3D nonlinear
constitutive model is with high reliability.

Furthermore, the constitutive model could be used for the
GDL’s mechanical analysis to as well as being embedded into a
whole fuel cell model directly for simulation. With the help of
computer simulation method, the GDL’s mechanical
deformation can be intuitively observed and analyzed. This
research provides guidelines and views for the GDL’s

optimized manufacturing and application.
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