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Fuel cells have become an attractive choice because they do not cause environmental and noise 

pollution. Additionally, they do not contain any moving parts and have higher efficiency than 

fossil fuels. Therefore, improving the capability of fuel cells helps to provide clean energy. 

Among fuel cells, the proton exchange membrane fuel cell (PEMFC) includes five main parts 

that are end plate, membrane, gas diffusion layer (GDL), catalyst layer (CL), bipolar flow plate 

(BFP). End plates hold PEMFC parts together securely. They should have high mechanical 

strength and low density properties. Therefore, the choice of materials for the PEMFC endplate 

is important. The calculated values of fracture energy show quantitatively how much energy 

must be placed in the sample to create the fracture surface. In this study, a finite element study 

was performed to understand the fracture behavior of cracks in the selected materials under 

different loading angles. The results revealed that the total fracture energy of aluminum was 

higher than boron-aluminum 50 and boron-aluminum 65 composites. 
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1. Introduction 

Nowadays, the increasing need for energy has led people to 

research and develop clean energy. Fuel cells are seen as an 

important option among clean energy sources with their 

positive aspects. They have advantages over batteries such 

as; clean, quiet and efficient operation; ability of continuous 

electricity generation without recharging. Fuel cells are 

electrochemical devices that operate with the principle of 

reversing water electrolysis to generate electricity by 

chemical processes. There are many types of fuel cells but 

Proton Exchange Membrane Fuel Cell (PEMFC) due to its 

high efficiency and simple structure, is more environmentally 

friendly.With the advancement of technology, the use of fuel 

cells is expanding in more areas [1-3]. Fuel cells also have a 

wide range of areas of use including transportation, power 

generation, space, marine and aviation [4-6]. 

Fuel cells are composed of different components. The main 

parts of fuel cells are catalyst layer (CL), gas diffusion layer 

(GDL), membrane, bipolar flow plate (BFP) and end plate. 

The detailed parts of the PEMFC are shown in Fig. 1. 
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Fig. 1. PEMFC parts 
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The chemical reactions which are necessary to produce 

electricity occur within the membrane electrode assembly 

(MEA), which includes the membrane, the catalyst layers, 

and gas diffusion layers. Metal, non-metal and composite 

materials are used as the proposed materials in fuel cells. 

Composite materials are also preferred due to their lightness, 

corrosion resistance and high mechanical properties in fuel 

cells [7]. Although there are studies with composite bipolar 

flow plates, there are few studies on end plates in this field 

[8-14]. End plates of PEMFC hold stacks together and ensure 

safe and ideal working conditions. Additionally, it provides 

a compressive force that is named the clamping pressure. If 

the applied pressure is insufficient, there may be fuel leakage, 

poor electrical conductivity and reduced efficiency. If it is 

excessive, there may be a decrease in transfer mass, an 

increase in flooding in GDL, and a decrease in efficiency. In 

addition, the end plates must have low density, sufficient 

mechanical strength, resistance to chemical corrosion and 

electrical insulation. Therefore, the choice of materials is a 

key issue to ensure ideal working conditions. Generally, non-

metals, metals and composite materials are used as end plate. 

Aluminum has a low density and high strength. The lower the 

density and the higher the strength-to-weight ratio of this 

material is ideal for PEMFC end plates. Composite materials 

also have high stiffness, strength and lightness, these 

properties have made them suitable for use in various fields. 

In this article, in order to select the suitable material for end 

plate; aluminum and boron composites have been 

investigated in terms of their fracture energies [15-20, 21].  

The calculated G values of fracture energy indicate 

durability, indicating quantitatively how much energy must 

be placed in the sample to create fracture levels. When 

different loads are applied to the specimen, it is significant to 

determine what kind of failure may occur. There are three 

fracture modes which are mode I (opening), mode II (sliding 

shear) and mode III (tearing) [20]. The fracture modes are 

shown in Fig. 2. There are many methods in order to 

determine the fracture energy, but the arcan specimen 

provides estimation of mode I, mode II and mixed mode 

fracture conditions [12, 13, 21]. 

a b c

 
Fig. 2. Fracture modes, (a) mode I, (b) mode II, (c) mode III 

Generally, composites and metals can be used as an end plate 

material. A finite element study was performed to understand 

the fracture behavior of cracks in the PEMFC end plate 

selected materials. Numerical analysis of modified Arcan 

specimen was studied for aluminium and its composite with 

boron material based on volume fraction of 50 and 65% as 

the PEMFC end plate material. GI, GII and GT were obtained 

by using numerical data for different materials under various 

loading conditions and the results were compared. 

2. Material and Methods 

In PEMFC fuel cells, an end plate is used to hold the stacks 

together. Metal, non-metal or composite materials can be 

used for the end plates [15]. In this study, aluminum and two 

different aluminum boron composite materials are 

investigated as the PEMFC fuel cells end plate material [22, 

23]. Elastic parameters of the materials used in this analysis 

are listed in Table 1. In the first step, stress intensity factors 

were obtained numerically using Abaqus commercial 

software for different angles under mode I, mode II and 

mixed mode by using the applied load of 1000 N. Then the 

fracture energies of different materials were calculated under 

mixed loading conditions. Arcan specimen modelling is 

shown in Fig. 3. The small part of arcan specimen was 

considered to evaluate fracture energy of different materials. 
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Fig. 3. Arcan specimen modelling in Abaqus 

The fracture energy for isotropic material can be obtained 

from the following equations [8]. 

𝐺𝐼 = 𝐾𝐼
2/𝐸̅     (1) 

𝐺𝐼𝐼 = 𝐾𝐼𝐼
2/𝐸̅     (1) 

Where E is the modulus of elasticity,  is the Poisson's ratio 

and KI and KII are the state I and state II stress intensity 

factors for plane strain conditions, respectively [8]. 

𝐸̅ = 𝐸/(1 − 𝑣2)    (2) 

Fracture energy for orthotropic composite materials can be 

calculated from the following equations [11]. 

𝐺𝐼 = 𝐾𝐼
2/𝐸𝐼      (1) 

𝐺𝐼𝐼 = 𝐾𝐼𝐼
2/𝐸𝐼𝐼    (3) 
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where KI and KII are mode-I and mode-II stress intensity 

factors, respectively. The specimens are assumed to be 

orthotropic linear elastic materials and the effective modulus 

of EI and EII are given below [11]. 

𝐸𝐼 = √
2

𝑏11𝑏22

1

√√
𝑏22
𝑏11

+
2𝑏12+𝑏66

2𝑏11

   (4) 

𝐸𝐼𝐼 =
√2

𝑏11

1

√√
𝑏22
𝑏11

+
2𝑏12+𝑏66
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   (4) 

Table 1. Elastic properties of metal and composite materials 

Material Aluminum 
Boron-

Aluminum65 

Boron-

Aluminum50 

E1[GPa] 72 297 244 

E2[GPa] 72 211 168 

E3[GPa] 72 211 168 

G12[GPa] 27 82 64 

G13[GPa] 27 82 64 

G23[GPa] 27 317 253 

12 0.33 0.24 0.26 

13 0.33 0.24 0.26 

23 0.33 0.33 0.33 

2D numerical analyzes were performed using ABAQUS 

finite element software for different materials under mixed 

mode loading conditions. Since the mesh pattern of the whole 

arcan specimen model is shown in Fig. 3, the whole fixture 

was meshed using eight nodes of the four collapsed elements 

of the model (CPE8RH). The mesh was refined around the 

crack tip as shown in Fig. 4, and linear elastic finite element 

analysis was performed under the plane strain conditions 

using the singularity of the stress field. Then the values of 

stress intensity coefficients and corresponding fracture 

energies were calculated. 

 
Fig. 4. Refined mesh pattern of arcan specimen 

3. Results and Discussion 

The relationship between the mode I (GI), mode II (GII), total 

GT = GI+GII and the ratio of fracture energy (GII/GI) of 

materials are given in Figs. 5-8, respectively. The effect of 

fuel cell end plate materials on fracture behavior were 

investigated by using arcan specimen under different loading 

angles. The problem was solved by considering materials 

with different properties. The results are shown in Figs. 5-7 

where GI, GII and GT are shown versus loading angles for 

different materials. Materials with different properties 

showed significant effects on fracture energy at the crack tip. 

The difference between the fracture energy of the opening 

mode decreases but the difference between the fracture 

energy of the shear mode increases with increasing loading 

application angle. The total fracture energy for the loading 

angle close to the tensile load state increases rapidly as the 

stiffness of the material decreases, and the difference 

decreases as the load-sharing ratio of shear mode increases. 

Therefore, as the materials become stiffer, the arcan sample 

is more resistant to failure (by lowering the total fracture 

energy). The relationship between the mixed mode ratio of 

fracture energy and the loading angle is shown in Fig. 8. For 

loading angles close to the tensile load state, very small ratios 

from mode II to mode I are dominant. The ratio of fracture 

energy close to the shear load of mode II shows the opposite 

trend. 

 

Fig. 5. GI versus loading angle graph 

 

Fig. 6. GII versus loading angle graph 
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Fig. 7. GT versus loading angle graph 

 

Fig. 8. GII/GI (logaritmic) versus loading angle graph 

In Table 2, it can be seen that by decreasing the effective 

modulus of elasticity, the shear, the opening, and total 

fracture energy increases. The total fracture energy of 

aluminum is higher than of Boron-Aluminium50 and Boron-

Aluminium65 composites, which reduces the fracture 

resistance of these material. The use of composite materials 

in engineering applications is expanding due to performance 

improvements that can be achieved with weight loss. 

Table 2 Fracture energy of Aluminum and composite materials 

Material 
Boron-

Aluminum65 

Boron-

Aluminum50 
Aluminum 

GI[J/m2] 11.97 14.93 34.27 

GII[J/m2] 1.17 1.41 3.55 

GT[J/m2] 13.14 16.34 37.82 

In this study, a numerical attempt has been made to explain 

some of the important issues related to the fracture energy in 

the mixed mode state of the fuel cell end plates, and due to 

the importance of the problem, significant work is still 

needed in this field. In order to expand the understanding of 

fracture behavior and to determine more precisely the 

criterion of failure of the fuel cell end plates, other numerical 

and experimental work should be done. 

4. Conclusion 

In this paper, the strain energy release rates of aluminum and 

aluminum boron composites were investigated by numerical 

analysis of arcan specimen. Then fracture energy was 

obtained for the materials under investigation. When 

examining aluminum, it has the highest values of GI, GII and 

GT = GI + GII compared to other materials selected for this 

study. For loading angle close to mode I condition, values of 

mode I fracture is dominant. In addition, the total fracture 

energy is reduced under mixed loading conditions as the 

loading angle increases. In loading angles close to mode II 

condition, the shear mode is dominant. The relationship 

between the mixed-mode ratios of fracture energies and the 

loading angles was also presented. The total fracture energy 

for the Boron-Aluminium65 composite was less than that of 

Aluminum and Boron-Aluminum50 composite, which 

increases the fracture resistance of these materials. 
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