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Abstract

Nowadays, with increasing energy requirements, the use of clean energy resources has become important. Fuel
cells are an important key for clean energy technology due to wide range of utilization areas such as automotive,
portable power applications, electricity generation, space, aviation and naval technologies. Additionally, they
have many significant properties such as not producing harmful gases, therefore they do not cause environ-
mental and chemical pollution. Besides, they have not any moving parts, also they do not produce noise. By
comparison to fossil fuel, fuel cells have high efficiency that reaches up to 60% in appropriate conditions. Proton
Exchange Membrane Fuel Cell (PEMFC) has many advantages than other fuel cell types due to simple structure,
higher efficiency and low operating temperature. PEMFC may consist of one or more stacks to generate more
electricity. End plate of PEMFC holds together all parts of it. Therefore, the material selection for end plate is
important to provide safe conditions. To use PEMFC safely, investigation of material fracture energy is required
to decide that the material is in safe conditions or not. There are three fracture energy modes which are mode I,
mode II and mode III. There are many methods to investigate failure of material at different modes. Unlike other
methods, Arcan specimen gives facility to evaluate of mode I, mode II and mixed modes. The main purpose of
this paper was to compare the results of fracture energy (stain energy release rate) of different materials for end

plates in fuel cells. Another goal was to select a suitable material was selected as PEMFC end plate.

Keywords: PEMFC, End plate, Fracture energy, Strain energy release rate.

1.INTRODUCTION

Fossil fuels are used for energy procurement widely, so en-
vironmental pollution rises due to harmful gases release.
The usage of clean energy sources has started to increase
in order to prevent environmental pollution. For this rea-
son, fuel cells have seen as a significant option among clean
energy sources with its positive sides. Besides, research and
development on fuel cells have become important issue.
There are advantages of fuel cell’s properties such as, being
environmentally and friendly, not producing harmful gases,
high efficiency, noiseless, no moving parts and therefore low
maintenance required. At First, fuel cells were used in space
and marine technology, usage of them has started to become
more widespread with the great advances in fuel cells [1, 2].

Fuel cells are devices that convert chemical energy to elec-
trical energy directly. They generally produce electricity and
water by the reaction of Hydrogen and Oxygen. As a result
of chemical reaction, they do not create harmful waste for
the environment. Only water and heat are produced after
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chemical reaction, it is the most important feature of fuel
cells in energy production [2-5].

Generally, fuel cells are classified as Alkaline Fuel Cell
(AFC), Direct Methanol Fuel Cell (DMFC), Proton Ex-
change Membrane Fuel Cell (PEMFC), Phosphoric Acid
Fuel Cell (PAFC), Molten Carbonate Fuel Cell (MCFC) and
Solid Oxide Fuel Cell (SOFC). Each of them has advantages
with their specific features according to usage areas. PEMFC
is used more widely today than other fuel cells. With its high
voltage, current and power density, low pressure operation,
corrosion-resistant electrolyte usage, tolerance to pressure
change, simple structure, low temperature operation, porta-
ble usage, it is more accurate choice than the other fuel cells
with its advantages [2, 6, 7].

Metal, non-metal and composite materials are used as ma-
terial of end plates in fuel cells. Composite materials are also
preferred in fuel cells due to their light weight, corrosion
resistance and high mechanical properties [8]. There are
studies with composite on bipolar flow plates and end plate
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plates. However, there are many studies on bipolar flow
plates, few studies on end plates [9-12].

Fracture energy is an important case to decide safe condi-
tions of material. When different loads are applied to spec-
imen, it is significant to determine what kind of breakage
may occur. There are three fracture modes which are mode
I (opening), mode II (sliding shear) and mode III (tearing)
[13]. These modes are evaluated by using methods for mode
I Double Cantilever Beam (DCB), for mode II End Notched
Flexure (ENF), for mode III Crack Rail Shear (CRS) and
Asymmetric Double Cantilever Beam (ADCB), Asymmet-
ric Tapered Double Cantilever Beam (ATDCB), Crack Lap
Shear (CLS) and Single Leg Bending (SLB) methods are used
to calculate fracture energy of material. To compute frac-
ture energy of mixed mode which is combining load form of
mode I and mode 1II, different methods are required. The use
of different test cases can lead to difficult test conditions and
results. To carry out mixed mode conditions to test materi-
al, Arcan specimen is efficient due to facility observation of
different mixed modes [14-16].

In this study, numerical analysis of fracture energy for differ-
ent materials was compared for selected end plate of PEM-
EC. Strain energy release rates were calculated numerically
by using Arcan specimen for mode I, mode II and mixed
modes. To decide appropriate material for PEMFC end
plate, the fracture energy results were compared for wide
range of material system.

2. DESCRIPTION OF SET-UP

Fuel cells are devices that convert chemical energy to elec-
trical energy directly. PEMFC is common type fuel cell and
it contains membrane, gas diffusion layer (GDL), catalyst
layer (CL), bipolar flow plate (BFP) or bipolar plate and end
plate. Membrane, GDL and CL are joined together to form a
membrane electrode assembly (MEA). Parts of PEMFC are
shown in Figure 1. A single fuel cell consists of a MEA and
two BFP producing about 1.2 V [17]. This assembly of cell
is called a fuel cell stacks. For more voltage, more cells are
stacked [18]. Stacks are clamped between two end plates to
hold them together [10, 19].
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Figure 1. Parts of PEMFC

In PEMFC fuel cells, an end plate is used to hold the stacks
together. Generally end plates have to be possessed of low
density, electrochemical stability, high mechanical strength
and stiffness and electrical insulation. So, metal, non-metals
and composites materials can be used as fuel cell end plate

[19-21]. End plate materials are used with different thickness
and design by changing their material properties. Yu et. al.
[10] determined size of composite plate as given in Figure 2.
Besides they set down thickness of composite material as 10
mm for stainless steel and 15 mm for composite material.
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Figure 2. Size of end plate

Fuel cell stacks are combined with end plates, so it has to
have high flexural stiffness to keep together all parts in ideal
conditions. If there is too much contact pressure, this condi-
tion can compress gas diffusion layer (GDL) and can change
GDL porosity. Besides, gas and water flow will not transfer
from PEMFC flow channels sufficiently. However, if there is
little contact pressure, this can cause high contact resistance
between back of GDL and bipolar flow plates (BFP) that can
reduce performance of fuel cell. Hence, PEMFC end plate
should high flexural stiffness. If it has low flexural stiffness, it
may yield a non-uniform contact pressure in the whole plate
as given in Figure 3 [10].
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Figure 3. Deflection of PEMFC End Plate [10]

Composite materials are combined with two or more com-
ponents therefore they may have different mechanical prop-
erties at each direction. When different loads are applied to
specimen by varying angles, it is important to determine
what kind of failure may occur. Also, fracture energy is im-
portant in order to decide safe conditions of material [13,
22].

3. THEORITICAL BACKGROUND

The fracture energy of material is investigated by using lin-
ear elastic fracture mechanics which is used to calculate the
strain energy release rate at the crack tip [23]. It is a useful
tool for composite material cracks when the specimen is
orthotropic material [15]. The Generalized Hooke’s law is
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given in the following equation [24, 25].

Ex Q11 Q12 413 A4 A5 Qe Oy

gy Q1 Qzp dp3z Q4 Q25 d2e Ty

€z — a3y dzz 0433 Azq d3s dze 0z (1)
Yyz Qg1 Q42 Q43 Qgq Q45 Age Tyz

Yxz Q51 Qsz dsz Q54 As;  dse Tz
Vxy As1 Qez dez des A5  Qee Txy

Expressions of letters are strain (g), normal stress (o), shear
stress (1), shearing strain (y) and constants (). Elastic con-

i

stants are given as the following relationships.

1 a 1 1
a,=— == Ay =—
11 22 33
Ex E,V Ez
1 1 1 v, Vi
a,, =— e = a,, =—— =q,, =——=——
44 55 66 12 21
G, G. G, . E
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A, =a, =——5 == Aoy = Aoy = — = ——
1 1 23 32
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Where E, E, E_are elastic modulus in direction of x, y, z.
G _,G_,G_ are shear modulus in each planeandu_,u ,u

xy xy yz xy X yz
are Poisson’s ratio.

In case of a thin plate, principal axes are in xy plane and
assuming conditions are given as:

o =71,_=17_=0 (3)

z vz xz

If the Eq. (3) assumptions are written in Eq. (1), then equa-
tion is turned into Eq. (4).

A
a, Ay G G || Oy

A

A, |=|dp Gy Gy || O,

Yy Qg Gy Ao )\ Ty (4)

Where 0, 0, T_ are plane stresses and €, €, y are plane
Ty xy X 7y Txy
strains.

The another assumptions are given in Eq. (5)

£.=7,.=7.=0 (5)
o - _(aISO-x +ayo, + a]3Txy) (6)
33

a, |=|b, by by || o, (7)

Where the terms of constants bij are defined in terms of the
following nonzero entries 4, of the compliance matrix:

_ a;34 53 (1; jzlr 2: 47 5’ 6) (8)

(3]

b.=a

i ij
— — — — ) — — )
Qg =y =y, =0 =0’ b =by; =0

2
b = Ay —ayy b= A1p853 — Q1305
(T ’ = ’
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The strain energy release rates are calculated by Eq. (10).
Where G, and G, are mode I and mode II strain energy re-
lease rates, E, and E, effective moduli, K, and K, are mode I
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and mode II stress intensity factors, respectively.

K’ K}
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! E[ " E[I (10)
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al \/{( Ay ] 2a,, +ag J
a 2a,
" " (for plane stress);
£ - 2 1
by,b,, [ bﬁ}+ 2b,, +by,
bll 2bll
V2 1
En="— (for plane strain) (11)
g [ b£]+2b12+b66
bll 2bll

4. FINITE ELEMENT MODELING OF MIXED MODE
FRACTURE

Finite element analysis was carried out by using J-integral
method for numerical calculation. Arcan specimen is ap-
plied constant 1000 N load by using Abaqus. Arcan Speci-
men modelling in Abaqus is shown in Figure 4. The model
was created using eight nodes and collapsed elements of the
model (CPESRH). The mesh was focused around the crack
tip, and linear elastic finite element analysis was performed
under the plane strain conditions.

Figure 4. Arcan Specimen modelling in Abaqus

Fracture behaviors of selected materails were investigated
numerically by using 2D arcan specimen under different lo-
ading conditions. The typical loading angles of mode I (0°),
mixed mode (45°) and mode II (90°) are shown in Figure 5.

Composite materials show distinct characteristics in each
direction, but metal and ceramic materials have the same
properties due to homogeneous sturucture. Therefore, all
materials have different properties so they give different sta-
rin energy release rate results under mode I, mode II and
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Figure 5. Arcan specimen under different loading angle, (a) mode | loading condition, (b) mixed mode loading condition and (c) mode Il loading
condition

Figure 6. Arcan specimen numerical deformation results, (a) mode | fracture result, (b) mixed mode fracture result and (c) mode Il fracture result

Table 1. Elastic property of materials under investigation.

Material E, E, E,
[GPa] [GPa] [GPa]

Steel [28] 207 207 207
Titanium [29] 110 110 110

Aluminum [28] 72 72 72
Boron-epoxy [29] 193.06 = 18.62 18.62
UD Gr-epoxy [29] 132.7 8.83 8.83
CP Gr-epoxy [29] 71.2 712 8.83
Kevlar-KM2 [35] 84 134 134
Glass-Polyester [27] | 47.92 13.94 13.94

CFRP [26) 138 10 10
Aluminum6061 [34] 68.9 68.9 68.9
AISiC [30] 150 150 150
T300 [31] 135 9.26 9.26

Ceramic [32] 96 96 96
GFRP [33] 3122 | 3162 | 2461

mixed loading conditions. Arcan Specimen numerical de-
formation results are given in Figure 6. It can be seen that
the material undergoes different deformation in each mode.

5. RESULTS AND DISCUSSION

In this study, the values of strain energy release rates for
mode I, mode II, and mixed mode were obtained by using
2D Arcan specimen model by changing loading angles.
Constant value of the load 1000 N is applied to different ma-
terials in order to compare the results and investigate the
loading angle variations of fracture energy parameters. The
end plate should be assembled with ideal clamping pressure.
That can be affected performance of PEMFC parts. Partic-
ularly, MEA performance depends on change of clamping
pressure. Therefore, PEMFC efficiency is affected from
changing the clamping pressure. The end plate provides de-

G, G, G, v, v, v,
[GPa] [GPa] [GPa]
79.6 79.6 79.6 0.30 0.30 0.30
42 42 42 0.31 0.31 0.31
27 27 27 033 033 033
5.52 5.52 7.76 0.21 0.21 0.2
4.76 4.76 3.40 0.36 0.36 0.30
4.76 4.0 4.0 0.04 0.32 0.32
244 244 0.54 | 0.0095  0.0095 | 0.24
5.21 5.21 209 0.27 0.27 033
6 6 3.7 0.27 0.27 0.45
259 259 259 0.33 0.33 0.33
57.7 57.7 57.7 0.3 0.3 0.3
6.15 6.15 3.07 0.32 0.32 0.51
37.2 37.2 37.2 0.29 0.29 0.29
9.05 9.25 9.31 0.22 0.30 0.24

sired working conditions so decision of convenient material
is significant. Besides, the end plate should have low density,
electrochemical stability, high rigidity, insulating property
and corrosion resistance [20, 21].

Generally metals, non-metals and composite materials can
be used as fuel cell end plate [19, 20]. In this study, steel,
titanium, aluminum, boron-epoxy, UD graphite-epoxy, CP
graphite-epoxy, kevlar-KM2, glass-polyester, CERP (Carbon
Fiber Reinforced Polymer), aluminum6061, AlSiC (Alumi-
num Silicon Carbide), T300 (T300/976 UD tape), ceramic
and GFRP (Glass Fiber Reinforced Polymer) are selected as
end plate of PEMFC material system. The elastic properties
of all materials used in numerical analysis are listed in the
Table 1 [26-35]. In this paper, strain eneregy release rate
of the 14 different materials were investigated by numeri-
cal analysis of Arcan specimen. Additionally, their fractu-
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re energy were obtained in order to make decision about
the most appropriate material as end plate. To obtain strain
energy release rates of materials, 1000 N load is applied at
pure mode I, mixed mode with 15° intervals and pure mode
IT conditions.

Values of mode I strain energy release rates versus loading
angle for various materials are shown in Table 2 and Figure
7. As it can be seen, for all materials used in this investiga-
tion the mode I fracture energy decreases as the mode II
loading contribution increases. The mode I fracture energy
has the maximum value for the Kevlar-KM2 and the mini-
mum value for the steel among the studied materials under
all loading angle conditions.
Table 2. Mode | fracture energy G, (J/m?) for various materials under
different loading angles.
Loading angle (Degrees)

Material
0° 15° 30° 45° 60° 75° | 90°
Kevlar-KM2 52892 | 493.31 | 396.58 264.27 | 132.13 3540 O
UD Graphite-epoxy | 227.02 | 211.80 | 170.28 | 113.57 | 56.76 | 1521 0
CFRP 179.47 | 167.50 # 134.66 89.76 @ 44.88 | 12.03 0
T300 176.70 | 164.86 | 132.52 ' 88.39 | 44.18 | 11.84 0
Glass-Polyester 174.75  163.08 | 131.09  87.39 @ 43.69 | 1170 O
Boron-epoxy 144.63 | 13497 | 10851 | 7235 | 36.18 | 970 0
GFRP 92.63 | 86.40 | 69.47 @ 4631 | 23.15 | 620 O
CP Graphite-epoxy | 8237 | 76.86 | 6179 | 41.19 | 20.59 | 551 | 0
Aluminum6061 35.77 | 3341 2686 | 1792 8.97 240 0
Aluminum 3427 | 3198 | 2572 1715 | 858 | 230 O
Ceramic 26.46 | 24.69 @ 19.85 | 13.25 6.63 178 1 0
Titanium 22.81 2128 | 1722 | 11.42 5.72 1.53 0
AISiC 16.88 | 1575 | 1267 | 845 423 113 | 0
Steel 1227 | 1145 9.21 6.15 3.08 0.82 0
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Figure 7. G, fracture energy versus loading angle graph.

Table 3 and Figure 8 show the mode II fracture energy of
the materials system under study. It reveals that the mode
IT fracture energy has its highest value at 90 degrees loading
angle and increases as the mode II loading contribution in-
creases for all investigated materials. For all materials under
study in this investigation, Glass-Polyester has the highest
G, fracture energy value; on the other hand the G, value of
steel has the lowest among the materials.
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Figure 8. G, fracture energy versus loading angle graph

Table 3. Mode Il fracture energy G, (J/m?) for various materials under
different loading angles.

Material Loading angle (Degrees)
0° 15° 30° 45° 60° 75° | 90°
Glass-Polyester 0 0.66 2.46 4.92 738 | 9.18 | 9.83
GFRP 0 0.63 2.34 4.68 7.02 8.72 |1 936
CP Graphite-epoxy = 0 0.57 2.12 4.25 6.37 793 | 852
Kevlar-KM2 0 0.48 1.83 3.66 5.50 6.84 | 7.34
UD Graphite-epoxy | 0 | 042 | 156 | 3.12 | 468 | 581 623
CFRP 0 0.37 1.38 2.77 4.15 515 | 553
T300 0 0.36 1.36 2.71 4.07 5.07 | 543
Boron-epoxy 0 0.32 1.18 2.37 3.56 442 | 473
Aluminum6061 0 0.25 0.93 1.85 2.77 3.45 | 370
Aluminum 0 0.24 0.89 1.78 2.66 331 | 355
Ceramic 0 0.19 0.70 1.40 2.09 260 | 279
Titanium 0 0.16 0.61 1.21 1.82 226 | 242
AISiC 0 0.12 0.46 0.92 137 171 | 1.83
Steel 0 0.14 0.34 0.68 1.02 127 | 1.36

The total strain energy release rates obtained by G,= G +G,,
in different loading angles are shown for the all materials
in Table 4 and Figure 9. Total strain energy release under
mixed-mode loading conditions changes with the loading
angle. In pure mode I loading angle, they have the highest G,
value for all materials. As loading angle increases towards
mode II conditions its value decreases. As compared for all
the materials, Kevlar-KM2 has the highest G, value in pure
mode [, pure mode II and all mixed mode conditions. On
the other hand, G, of steel has the lowest value among all
material in mode I, mode II and mixed mode loadings.

Table 5 summarizes the fracture energy values of the mode I
(G), the mode II (G,), the total (G,), the fracture toughness
(G,.), and the ratio (G,/G)) for all materials system under
investigation in this study. The fracture toughness values of
the materials are obtained from the literature. It can be seen
that values of G,and G, of kevlar-KM2 are higher among the
other materials. However, aluminum has the highest value
of G, among all the materials in the table. Furthermore, G,
of glass-polyester has the highest value among the materials.
Meanwhile, the fracture energy ratio (G,./G)) of steel is su-
preme among the selected metallic materials so it is the best
choice when other criteria like density are not
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Table 4. Total fracture energy G, (J/m?) for various materials under diffe-
rent loading angles.

Material Loading angle (Degrees)
0° 15° 30° 45° 60° 75° | 90°
Kevlar-KM2 52892 | 493.79 | 398.41 26793 | 137.63 4224 | 7.34
UD Graphite-epoxy | 227.02 | 21222 | 171.84 | 116.69 | 61.44  21.02  6.23

CFRP 179.47 | 167.87
T300 176.67 | 165.22

136.04 | 9253 | 49.03 17.18 | 5.53
133.88 | 91.10 | 4825 1691 | 5.43
17475 | 163.74 1 13355 | 9231 | 51.07  20.89 | 9.83
Boron-epoxy 144.63 | 13529 | 109.69 | 7472 | 39.74 1412 | 473
GFRP 92.63 | 87.03 7181 | 5099 | 30.17  14.92 | 9.36

CP Graphite-epoxy | 8237 | 77.43 | 6391 @ 4544 | 2697 | 13.44 | 8.52
Aluminumé6061 3579 | 3366 2779 | 1977 | 11.74 | 585 | 3.70

Glass-Polyester

Aluminum 3427 @ 3222 26.61 1893 | 1124 561 | 3.55
Ceramic 26.46 = 24.88 20.55 14.65 8.72 438 279
Titanium 22.81 21.44 17.83 12.63 7.54 379 | 242

AISiC 16.88 = 15.87 13.13 9.37 5.60 284 | 1.83
Steel 1227 | 1159 9.55 6.83 4.1 2.09 | 136
600 P Kevlar KM2
X UD Graphite
&  CFRP
500 D < T300
+  Glass Polyester
+  Boron Epoxy
& ¢ GFRP
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Figure 9. G, fracture energy versus loading angle graph.

Table 5. Strain energy release rates versus fracture toughness properties.

Material G G, G, G, G /G
Steel 12.27 1.36 13.63 9835 [39] | 801.55
Titanium 22.81 2.42 25.23 12180 [39] | 533.86
Aluminum 34.27 3.54 37.81 14391 [39] | 420.00
Aluminum6061 35.77 3.70 39.47 10877[34] | 304.08
AlSiC 16.88 1.83 18.71 480.54 [40] | 28.47

CP Graphite-epoxy 82.37 8.52 90.89 1500 [25] | 18.21
Kevlar-KM2 52892 7.34 536.26 | 8717.7[35] | 16.48
GFRP 92.63 9.36 101.99 1440 [33] 15.54
Ceramic 26.46 2.79 29.25 152 [41] 5.74

UD Graphite-epoxy | 227.02 6.23 233.25 800 [29] 3.52
Glass-Polyester 174.75 9.83 184.58 496 [42] 2.84
CFRP 179.47 5.53 185.00 436 [26] 2.43
Boron-epoxy 144.63 4.73 149.36 328 [43] 227
T300 176.70 5.43 182.13 165 [44] 0.93

considered. Additionally, other parameters like density of
material should be considered in order to consider for prop-
er material selection of end plate. Composite materials with
the advantage of strength and hardness along with lightness
have proven their use through many applications in various
fields. In this investigation, CP graphite-epoxy, kevlar-KM2
and GFRP with densities of 1.60 g/cc, 1.45 g/cc and 2.20 g/
cc, respectively [36-38], were found to ensure the maximum

value of G,./G, among studied composite materials. In this
study, a numerical attempt was made to explain some of the
important issues related to the fracture energy of the select-
ed material used in the end plates of the fuel cell. Due to the
importance of the issue, there is still significant activity in
this area. Therefore, some future research in this area may
be required to perform parallel design exercises using nu-
merical and experimental fracture approaches on common-
ly used materials as end plate material.

6. CONCLUSION

In this paper, PEMFC end plates materials and their strain
energy release rates were investigated by numerical analy-
sis of Arcan specimen under different loading conditions.
Firstly, stress intensity factors are obtained for each mate-
rial by finite element analyzing Arcan specimen using Ab-
aqus package program finite element and fracture energy of
materials in mode I, mode II and mixed mode conditions
were calculated. According to the results, for loading an-
gles close to mode I condition, mode I fracture was domi-
nant. For loading angles close to mode II condition, mode
II strain energy release rates became dominant. Besides, it
was concluded that the total strain energy release rate under
mixed mode loading conditions decreases with the increas-
ing loading angle. Among the studied metals, steel, titanium
and aluminum were found to have superior fracture energy
values. Various applications of composite materials in pri-
mary and secondary structures have made them as a suitable
alternative to metal materials. Composite materials with
strength and stiffness combined with lightness have prov-
en their application through many applications in various
fields. Due to their importance in engineering applications,
in this investigation, CP graphite-epoxy, kevlar-KM2 and
GFRP were confirmed to warrant the appropriate fracture
resistance among studied composite materials. Kevlar-KM2
has lower density and higher fracture toughness values than
CP graphite-epoxy and GERP. Therefore, kevlar-KM2 was
found as an appropriate composite material for PEMFC end
plate by considering fracture energy and density of the ma-
terial parameters.
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