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Abstract

:

The frame of a membrane electrode assembly (MEA) has an important impact on durability and reliability of a proton exchange membrane fuel cell (PEMFC). In this study, the finite element analysis method has been used to build a two-dimensional model that can quickly screen and compare different frame structures and improve the design. Simulation results show that the membrane in the gap between the frame and the active area will generate a large amount of stress, close to the yield strength of the membrane under this condition, after application of the pressure difference. Further, an appropriate frame structure can improve the structural consistency between the frame and the area with moving materials, reduce membrane stress and improve reliability. The problem of stress concentration on the membrane at the joint area is solved by introducing a double-layer frame structure to limit membrane deformation. Hence, this can effectively alleviate the impact of the gap at the joint area and improve the durability of MEA.
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1. Introduction


In recent years, various energy and environmental problems have gradually emerged from the exploitation of fossil fuels. Promoting the use of renewable energy sources, such as solar, wind and hydrogen, has become a consensus among countries around the world [1,2,3]. Most renewable energy sources are intermittent, leaving spatial and temporal gaps between the availability of the energy and its consumption by end users. To address these issues, it is necessary to develop suitable energy storage and generating systems for the power grid [4]. It is worth noting that the proton exchange membrane fuel cell (PEMFC), as a new type of power device, has the advantages of high thermal efficiency, large working current, short cold start time, and zero emission as well as having simple structure and movable parts [5,6]. However, the cost and durability of stacks and the infrastructure construction of hydrogen refueling stations limit the promotion of fuel cell vehicles [7]. The goal of the U.S. Department of Energy (DOE) on durability of fuel cell systems for transportation is 5000 h, which is a difficult target to achieve globally [8]. To improve the durability, researchers have conducted many innovative studies on materials, components and systems [9]. Generally speaking, previous research studies have mainly focused on membrane electrode components, such as gas diffusion layer (GDL), proton exchange membrane (PEM) and catalytic layer (CL) [10,11], and not enough attention has been paid to the frame sealing structure on the edge of the MEA [12]. Early fuel cell failure tends to occur near the frame seal in preference to component damage. Therefore, a reasonable frame structure design is very important to improve durability [13].



Indeed, the PEM in the working environment is susceptible to chemical and mechanical influences, such as dry/wet cycling, localized hot spots, catalyst stripping and dissolution [14,15]. Hydrogen peroxide free radicals will attack the membrane, causing it to become thinner and cracked [16]. Mechanical degradation at the frame is considered to be the main cause of early fuel cell failure [17]. At present, although additional frame structures are used to protect the PEM and prevent premature failure, the current frame structure still exhibits some problems [18]. Qiu et al. [19] pointed out that the joint area of the frame and the active area exposed to the working environment is a weak place for mechanical degradation. Moreover, the clamping force during stack clamping, the gas pressure impact during work and the gas pressure difference between the anode and cathode as well as the damp heat stress caused by the temperature/humidity changes in the stack may cause cracks and pinholes in the membrane [20,21].



Bates et al. [22] conducted a three-dimensional simulation analysis of the stack and found that the clamping force is mainly borne by the seal. The pressure in the active area of the MEA was also found to be lower than that at the frame. Further, an improper clamping force may cause leakage and rupture of brittle internal parts. Elsewhere, Alizadeh et al. [23] reached a similar conclusion through simulation and experiment. The contact pressure under the sealing ring increases sharply and the harder the seal, the more the stress concentration occurs at the frame. The heat and humidity cycles induce hygro-thermal stress, during which the stress in the membrane may reach the yield limit. Many researchers use a two-dimensional single-channel simulation model to study the influence of heat and humidity cycles on the membrane [20,24,25]. The results of various studies show that the in-plane stress is the largest stress component during the loading process, and it controls the yield behavior. The finite element simulation study indicated that the pressure difference may be the main reason for early failure of the MEA frame. The pressure difference between the anode and cathode after the reactant gas is introduced into the fuel cell leads to a rapid increase in the in-plane of the membrane. Assembly error of the bipolar plate may lead to a larger stress distribution on the membrane. The material and size of the frame and gasket as well as the material and design of the bipolar plate have an important influence on the reliability of the sealing structure [26].



Several studies have reported that factors such as clamping force and gas pressure difference cause stress concentration at the frame of the MEA, which may cause mechanical damage [27]. However, relevant research is still lacking on how to improve the frame structure design. In this study, the finite element analysis method is used to analyze the stress response of the frame on the PEM under the pressure of the clamping and pressure difference. The influence rules are obtained by changing the frame structure, materials and other factors, to guide the MEA frame design. Introducing a double-layer frame structure, by changing the structural design to limit deformation of the membrane, can effectively alleviate the impact of the gap at the joint area.




2. Finite Element Simulations


2.1. Model and Assumption


This study mainly evaluated the influence of frame material, size and other factors on membrane stress. A typical cross-section of the fuel cell was selected using the two-dimensional model shown in Figure 1. The model includes cathode and anode bipolar plates (BPP), gasket, frame, PEM and GDL. A two-dimensional model was used for simulation considering that the size of the single cell module in the thickest direction is much smaller than in other directions. Furthermore, the stress concentration caused by clamping is mainly in the direction perpendicular to the plane [28]. The model not only focuses on the key areas of research, but also can save computing resources and reduce model complexity.



To simplify the complexity of the model without affecting the accuracy of the finite element simulation results of the area of interest, the following assumptions were proposed: (1) The influence of the electrochemical reaction of the fuel cell is not considered in the model. The main concern is the mechanical stress response between the components at the MEA frame, regardless of the heat and moisture generated by the electrochemical reaction and the influence of the uneven distribution. (2) The creep effect and time-related properties of the material are not considered. Previous studies have shown that fuel cell components such as PEM, gaskets and other materials have a certain degree of creep, and the material properties are time-dependent. This study was a steady-state study. Except for gaskets, the materials in the model were assumed to be linear elastic and isotropic and the gasket adopts a hyper-elastic model. (3) The influence of the thickness and mechanical properties of the CL are ignored. The thickness of the CL is much thinner than other components and its mechanical properties have little influence in this study. Therefore, the influence of the CL is ignored, and it is integrated into the GDL to form a gas diffusion electrode (GDE). (4) The model considers the effect on the proton exchange membrane of the clamping force and withstanding pressure differences at an ambient temperature of 25 °C and 30% humidity. The effect of increasing temperature and humidity in the working environment is not introduced. Furthermore, COMSOL Multiphysics® finite element simulation software was used for modeling and solving [29].



To calculate the stress and deformation state of the components in the finite element model, two-dimensional plane strain was used. Considering the large difference in the structural size of the components in the model, to strike a balance between the calculation accuracy and the complexity, a fine element was meshed for PEM, frame, GDE and seal, as well as in the possible stress concentration area. The complete mesh of the model contains 27,147 domain elements and 6052 boundary elements. Two contact behaviors were defined in the model. The contact pair between the frame and PEM, GDL and PEM adopts the adhesion characteristics to simulate hot pressing and adhesion in the actual production process of MEA. The remaining contact pairs add frictional contact between the two surfaces. The contact pressure calculation determines the method of the penalty function. The penalty function method does not increase the degree of freedom of the problem, the coefficient matrix remains positive, definite and easy to solve, which is widely used in contact analysis [30].




2.2. Material Properties


In the model, the size parameters of BPPs and gaskets were measured from physical objects. Considering that the modulus of elasticity of BPP materials, whether metal or graphite, is higher than that of other MEA components, the mechanical properties of BPP have less influence on the stress state of the PEM [31]. In this study, the thickness of the anode and cathode bipolar plates was the same (2 mm). To simplify the model, water channel on the BPPs was ignored. The frame material adopted the commonly used polyethylene naphthalate (PEN) plastic. The material properties of the graphite bipolar plate and frame used the material properties of commercial graphite and PEN plastic.



The gas diffusion layer is usually carbon paper or carbon cloth. The PEM is Nafion®112 membrane (298.15 K, 30% RH) produced by DuPont, with a thickness of 0.05 mm. Table 1 lists the size parameters of each component in the model. In the manufacture of MEAs, the frame is usually attached to the surface of the membrane by means of hot pressing or glue bonding. Due to design tolerances and manufacturing errors, the frame cannot be completely aligned with the GDL, and gaps exist as shown in Figure 1. It is assumed that the gap between the frame and the GDE is 0.1 mm. The BPP, GDE, frame and PEM are assumed to be linear elastic materials. The material parameters of GDL and PEM come from the literature [32]. Table 2 shows the material parameters of the above-mentioned components.



The constitutive law between stress and strain is given by Hooke’s law.


    σ   i j   =   E   ( 1 + v ) ( 1 − 2 v )     v   ε   V   e l   + ( 1 − 2 v )   ε   i j   e l      



(1)




where     σ   i j     is the stress tensor,   E   represents the elastic modulus of the material and   v   is Poisson’s ratio.     ε   i j   e l     represents the strain tensor in the elastic phase   i , j = x , y   and     ε   V   e l   =   ε   x x   +   ε   y y   +   ε   z z    .



The gasket material was silicone rubber because rubber materials deform greatly after compression and their stress and deformation behaviors are highly nonlinear. The constitutive relationship is usually described as the strain energy function described in polynomial form [33,34] and the stress tensor is not uniquely determined by deformation [35].



This study adopted the Mooney–Rivlin model based on the polynomial model of the strain energy function, assuming that the rubber material is isotropic and incompressible. The first-order two-parameter Mooney–Rivlin model can be expressed as:


    σ   i j   =   ∂ W   ∂   ε   i j      



(2)






  W =   C   10         I  ¯    1   − 3   +   C   01   (     I  ¯    2   − 3 )  



(3)







In Equation (3), W is the strain energy function,       I  ¯    1     and       I  ¯    2      are the first and second invariants of deviatoric strain,     C   10      and     C   01     are material constants, listed in Table 3 which is obtained by regression fitting of experimental data.





3. Finite Element Analyses Results


3.1. Stress–Strain Response on Membrane


The cathode and anode reactant gases fill into the fuel cell through the intake manifold when the fuel cell is in operation. A pressure difference of tens of kilopascals between the anode and cathode occurs. The pressure difference may be even greater during the start–stop phase. Therefore, the gas pressure difference will have a greater impact on the membrane along the gap of the frame. To study the influence of the gas pressure on the membrane, a pressure boundary load of 20 kPa was applied to the anode side in the model, as shown in Figure 2.



The simulation results showed that under the action of the pressure difference, the frame bends and deforms toward the cathode side close to the cathode bipolar plate. On one side of the active area, the flow channel ridges compressed the MEA to limit further deformation of the frame and membrane. It should be noted that the frame was generally deformed. However, the place closest to the cathode bipolar plate (where the deformation is greatest) is not the end of the active area of the frame, but the middle position between the seal and the end of the active area. This is closer to the active area. The membrane drags the end of the frame to limit its further downward movement and is torn, which increases stress on the membrane. The model von Mises stress cloud diagram under the combined action of clamping force and pressure difference is shown in Figure 2. The stress on the side of the frame close to the active area increases under the action of the pressure difference. Stress on the membrane at the gap between the frame and active area increases significantly and concentrates at the end of the frame. More precisely, as shown in Figure 3 (the gap is between 8.9 and 9 mm), stress concentration appears on the membrane under the frame after the reactant gas is filled to produce a pressure difference and the local stress increases to 4.20 MPa (close to the yield stress of 6.75 MPa under this condition).



After the pressure was applied, the tension and compression state of the frame and the surface of the membrane in the active area changed. As shown in Figure 4, taking the anode side of the membrane as an example, the membrane at the joint of the frame and active area is in a compressed state after the clamping force is applied and the in-plane stress (stress tensor sl11, along the x direction) has a negative value. This is due to the extrusion deformation of the gasket and where the flow channel lands when the MEA is clamped. After the gas pressure difference was applied, the internal stress increased significantly. The membrane stress at the end of the frame reached −5.44 MPa. At a certain position of gap, the internal stress on the membrane becomes positive, changing from the compressed state to the tensile state. The pressure difference offsets the compression deformation of the membrane during the clamping process and the stress changes alternately. The membrane through-plane stress (stress tensor sl22, along the y direction) also increased at the end of the frame and GDL. In general, the frame deformed after the gas pressure difference was applied to the membrane in the joint area. As a result, the stress on the membrane in the joint area increased significantly and stress concentration occurred at the ends of the frames. Both the in-plane stress and the through-plane stress increased to varying degrees and the in-plane stress played a leading role. The tension and compression state of the membrane changed after gas filling and the alternating stress significantly reduced the fatigue life of the membrane.




3.2. Analysis of Influencing Factors


3.2.1. Frame Material


The stress concentration occurred on the membrane at the gap of the frame and active area during assembly and operation of the fuel cell. The deflection of the frame after gas filling is the main reason for the large stress on the membrane. Therefore, selecting a suitable frame material may be a very important factor in improving the stress state of the membrane along the frame when the fuel cell is working. To study the influence of frame material on the stress response of the membrane, different materials were assigned to the frame without changing the geometric model and the setting of the boundary conditions. In this analysis, six materials with different properties were used in two material types: composite material and macromolecular material. The material properties were obtained from the literature [14] and the specific material properties were as shown in Table 4.



Taking the anode side as an example, the membrane stress distribution after gas filling was as shown in Figure 5. There was a big difference in the stress distribution on the membrane under the gaskets. It was found that the higher the elastic modulus, the smaller the stress on the membrane. Taking the elastic modulus as the material number, the stress on the membrane corresponding to the center of the gasket was 200 (1.53 MPa), 550 (1.12 MPa), 600 (1.04 MPa), 3600 (0.79 MPa), 24,500 (0.73 MPa) and 60,000 (0.72 MPa). Near the end of the frame and GDL, points with greater stress appeared on the membrane.



The stress at the end of the GDL was negatively related to the elastic modulus of the material. This is because the smaller the elastic modulus of the frame, the greater the degree of deflection under the action of the gas pressure. The stress at the end of the frame was 3600, 550, 600, 24,500, 60,000 and 200, in descending order. This may be because the larger the elastic modulus of the frame, the smaller the deflection of the frame. On the other hand, the rigidity of the frame was prone to stress concentration. Membrane stresses in the connection area are the combined result of bending deformation due to gas pressure and localized stress concentrations of the frame. When the elastic modulus of the frame is large, the degree of deflection is small and less likely to pull on the membrane. When the modulus of elasticity is greater, the effect of stress concentrations may begin to be felt.




3.2.2. Gas Pressure and Gap Width


In order to study the influence of the gas pressure difference and the gap between the frame and active area, the gap width between the end of the frame and the end of the GDL was set to 0.01, 0.05, 0.1 and 0.15 mm. The gap between the frame and MEA cannot be eliminated during the production of the single-layer frame MEA. Further, gaps may appear around the periphery of the entire MEA active area. When the pressure difference loaded in the model was changed, the maximum pressure difference was 30 kPa and this value is possible in fuel cell operation. Take 41 at the end of the anode frame of the membrane as the observation point of stress (shown in Figure 1).



As shown in Figure 6, the absolute value of the von Mises stress and the in-plane stress at point 41 increased with the increase of the cathode and anode gas pressure difference. The gap width also increased from 0.01 to 0.1 with the gas pressure difference. The in-plane stress at point 41 increased rapidly when the gap width increased from 0.1 to 0.15 but the growth rate slowed down. This may be because the gap width reached a certain level and the deformation of the membrane at the gap became smooth.



The maximum in-plane stress (anode side) of the handover area was used as an evaluation index to compare the influence of the gap width and the air pressure difference. The change of the in-plane stress with the gap width when the air pressure difference was 30 kPa is shown in Figure 7. When the gap width and the air pressure difference changed, the internal stress on the membrane also changed greatly. In comparison, it was found that the in-plane stress is more sensitive to the change of the pressure difference. Therefore, the large pressure fluctuations and the pressure difference between the anode and the cathode should be avoided when the fuel cell is working. In addition, the membrane at the joint was exposed to the hot and humid environment when the fuel cell was working. The expansion of the membrane thus caused more serious stress concentration. Therefore, measures should be taken to protect the membrane at the gap or the frame design should be changed to avoid gaps.





3.3. Double-Layer Frame Structure


Having gaps at the joint of the frame and active area is a problem of a single-layer frame structure. The proton exchange membrane exposed to the gap under the action of the pressure difference generated during the operation of the fuel cell undergoes stress concentration and this may cause early damage. When temperature and humidity change, the membrane at the joint will repeatedly expand and contract to produce fatigue stress. These shortcomings of the single-layer frame are overcome with the double-layer frame structure shown in Figure 8a, which is also beneficial to improve the reliability of the fuel cell.



Double-layer frame means that there are two layers of frame on the anode (cathode) side. One layer of sub-frame (substrate frame) is glued to the membrane, whereas the other layer is attached to the sub-frame (Figure 8a). The double-layer frame has the following advantages as compared with the single-layer frame: (1) It eliminates the gap between the frame and active area. The double-layer frame can use a thinner sub-frame liner under the gas diffusion layer to eliminate the gap and limit the expansion and deformation of the membrane. (2) The end of the GDL covers the sub-frame instead of directly contacting the proton exchange membrane. To shorten the frame length from the seal to the GDL without restriction of expansion and contraction, the GDL extends to the seal side. The single-layer frame structure may cause the problem of stray fibers piercing the proton exchange membrane after the GDL is installed and compressed. (3) The sub-frame, as a protective layer, can bear the pressing force and reduce the effect of the force transmitted to the membrane.



To verify the above analysis, the installation force and air pressure difference were applied to the single-layer and double-layer frame structures and the response of the membrane along the frames was compared. The two structural frames use the same material as listed in Table 2. The thicknesses of the two layers of the double-layer frame are 0.06 mm and 0.04 mm, respectively.



Addition of a sub-frame can effectively reduce the negative impact caused by the air pressure difference (Figure 8b). After the air pressure difference is applied, the stress on the membrane increased slightly compared to when only the installation force is applied and the frame between the seal and the GDL is deformed by the air pressure difference. There is a slight stress concentration on the membrane at the end of the sub-frame because the overall compression deformation caused by the bipolar plate pressing the gas diffusion layer and the sub-frame. The simulation using a rectangle to represent the geometric shape of the frame may also cause stress concentration. The stress level on the double-layer frame proton exchange membrane is smaller as compared with the single-layer frame structure with gaps. Further, elimination of the gap on the double-layer frame proton exchange membrane significantly reduces the force effect caused by the pressure difference. The stress change on the membrane at the frame is more gradual, the maximum stress is about a fourth of the single-layer frame structure, and there is no significant stress rise at the gap of the single-layer frame. The stress distribution at the frame of the double-layer structure is basically at the same level as the active area. Figure 8c shows the comparison of the stress distribution on the anode side membrane of the two structures. The double-layer frame structure uses a larger GDL coverage length and the end position of the GDL is closer to the origin of the x coordinate.



In conclusion, the influence of these factors on the stress and deformation of the membrane at the frame was analyzed by changing the geometric model of the finite element analysis, frame material, gap width, and the applied pressure difference.



	
Frequent gas pressure changes and large gas pressure differences between the anode and cathode may have caused early damage to the membrane at the gap.



	
The higher the modulus of elasticity, the stronger the ability to bear the installation clamping force, the smaller the stress of the membrane under the seal and the smaller the degree of deflection of the frame caused by the air pressure difference. The greater the rigidity of frame material, the more likely it is to cause stress concentration at the end of the frame.



	
As the air pressure difference increased, the length of the gap at the joint also increased and the stress on the membrane will increase accordingly. The stress on the membrane at the joint is more sensitive to the air pressure difference. By changing the frame material, reducing the length of the transfer area can reduce the impact of the pressure difference to a certain extent. However, this does not fundamentally solve the problem. Therefore, appropriate control strategies should be adopted to avoid frequent changes in air pressure and large air pressure difference between anode and cathode during fuel cell operation. Measures should be taken to eliminate the gaps in the joint area to avoid direct exposure of the membrane to the harsh environment of fuel cell operation.



	
The double-layer frame is a better structure compared to the single-layer frame. Modifying the frame based on existing processing technology is a structure that can achieve better performance. The double-layer frame eliminates the gap at the joint and can effectively reduce the impact of pressure difference. The stress level on the membrane at the frame is smaller than the active area and the distribution is more even.








4. Conclusions


In this paper, the finite element analysis method is used to comprehensively analyze the influence of frame material, size and structure on the stress of proton exchange membrane. When the fuel cell is working, as the internal temperature, humidity and air pressure change, the components at the frame deform unevenly and asynchronously. The membrane in the boundary area becomes the “compromise point” of deformation between the frame and active area, which is prone to damage. Considering the effect of clamping force and gas pressure difference, the load-bearing part of the frame should be larger than the membrane in terms of modulus of elasticity. The simulation results show that the composite membrane has better stress performance and less tearing of the membrane. And the elastic modulus of the frame part, which is the connection active zone, should be close to the membrane material, which can ensure good stress consistency of the membrane. This article points out that changing the frame structure and improving the continuity of the structure and materials between the frame and active area is the key to improving durability. Introducing a double-layer frame structure can effectively mitigate the effect of the gap at the joint area, resulting in a more even distribution of membrane stress. The finite element analysis reveals the stress and deformation of the components at the frame, which helps to analyze the fatigue life of the frame seal structure with complex interaction relationships. With this method, different frame structures can be quickly compared, and a suitable frame structure can be screened.
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Figure 1. Schematic diagram of PEMFC and the finite element simulation model. The red line represents that a pressure boundary load of 20 kPa was applied to the anode side in the model. Take 41 (yellow dot) at the end of the anode frame of the membrane as the observation point of stress. 
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Figure 2. The stress and strain distribution of the components in the model under clamping force and gas pressure. 
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Figure 3. Stress distribution on the anode side of the membrane. 
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Figure 4. Stress tensors on the membrane at the joint area between the frame and MEA active area: (a) in-plane stress, (b) through-plane stress. 
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Figure 5. Stress response on the membrane when using different material frames under the conditions of clamping force and gas pressure. 
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Figure 6. Relationship between the von Mises stress (a) and the in-plane stress (b) at point 41 of different gap widths with the gas pressure. 
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Figure 7. Influence of gas pressure and gap width on the stress concentration of the membrane. (a) Change the gap width under the condition of 30 kPa gas pressure. (b) Change the gas pressure at 0.1 mm gap width. 
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Figure 8. (a) Schematic diagram of double-layer frame structure. (b) Stress distribution on the membrane of the double-layer frame structure. (c) Comparison of the stress distribution on the membrane of the two frame structures under the conditions of clamping force and gas pressure. 
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Table 1. Main size parameters of the finite element simulation model.
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Parameters

	
Value/(mm)






	
BPP

	
Thickness

	
2




	
Flow channel/ridge width

	
1




	
Flow channel/ridge height

	
1




	
Sealing channel width

	
4




	
Gasket

	
Width

	
2.2




	
Height

	
0.4




	
GDL thickness

	
0.25




	
Frame thickness

	
0.1




	
Membrane thickness

	
0.05











 





Table 2. Material parameters of finite element simulation model.
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	Component
	Young’s Modulus/(MPa)
	Poisson’s Ratio
	Density/(kg/m3)





	BPP
	10,000
	0.3
	1800



	Frame [29]
	600
	0.3
	900



	GDL [28]
	9
	0.09
	400



	Membrane [19]
	197
	0.25
	2000










 





Table 3. Mooney–Rivlin model coefficients of gasket.
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	Parameter
	      C   10      
	      C   01      





	Value/(MPa)
	0.59949
	0.26034










 





Table 4. Different frame materials used in the simulation [14].
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	Material Types
	Young’s Modulus/(MPa)
	Poisson’s

Ratio
	Density/(kg/m3)





	Composite material
	60,000
	0.3
	2540



	Composite material
	24,500
	0.3
	2000



	Macromolecular material
	3600
	0.38
	1200



	Macromolecular material
	600
	0.3
	900



	Macromolecular material
	550
	0.46
	930



	Macromolecular material
	200
	0.25
	1900
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