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Abstract: In this study, a Finite Element model has been implemented based on numerical modelling simulations 

to predict the mechanical behaviour of a representative unit of the fuel cell stack. The GDL deformation has been 

modelled as a combination of elastic deformation and fibres slippage. Mechanical stresses distribution and 

deformation are presented concerning the previous model work l with nonlinear orthotropic behaviour of the GDL. 

The results also show that the state of the stresses in the membrane are highly heterogeneous and largely exceed 

its elastic limit. The results show that the influence of the temperature variation is not significant in generating 

stresses. However, the influence of the moisture variation is very significant in generating stresses. Therefore, the 

increase in relative humidity from 30% to 90° % at T=25°C causes an increase in the maximum Von Mises stress 

of 0.0836MPa.  
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Introduction  

  

A Proton Exchange Membrane Fuel Cell is a 

mechanically constrained stack composed of several 

heterogeneous elements 1. There are two causes of the 

membrane and GDL degradation: The presence of 

transition metals in the membrane catalyzes the 

conversion of H2O2 in radicals causing chemical 

degradation of the membrane. On the other hand, the 

risk of mechanical damage to the gas diffusion layers 

and the membrane is very is complicated, and it 

strongly relies on degradation, e. g: carbon corrosion 

and radical attack. The chemical properties of the 

GDL and membrane are sharply changed, which lead 

to eventual failure of their physical properties. Indeed, 

the variation of internal stresses and contact pressure 

between the assembly elements of a PEMFC fuel cell 

causes larges stains 2. This result is produced by the 

changes in its mechanical, electrochemical and 

thermal characteristics. Also, these changes affect the 

rate of mass transportation and heat transfer. This 

influence the performances and the lifetime of fuel 

cells 3-6.  

 Moreover, the inhomogeneous compression 

stresses of GDL create many opposing effects. An 

insufficient contact pressure may result in sealing 

problems, such as fuel leakage and high contact 

resistance 7, which cause not only performance losses 

but also lead to potentially dangerous situations 8. On 

the other hand, excessive contact pressures may 

squeeze the relative thin (GDL), leads to destroying 

their pore size and blocks the mass transportation 9. In 

this sense, TT ching and al. 10 presented a clamping 

method using finite element analysis (FEA), to 

generate a uniform distribution of the clamping 

pressure in a practical proton exchange membrane 

fuel cell (PEMFC).  

 Based on measurements and Monte Carlo 

simulation, L. Peng et al. 11 found that non-uniform 

contact pressure distribution between the bipolar plate 

(BP) and (GDL) could result from dimensional errors 

of metallic bipolar plate and GDL. Moreover, A. El 

Kharouf and R. Steinberger Wilckens 12 conducted a 

study using three samples sets of GDL were tested in 

situ under varied clamping pressure levels to 

demonstrate the change in the performances of MEAs 

with various types of GDLs, and relates the properties 

of the GDL to the behavior of the MEA under 

compression. Therefore, the development of diffusion 

media needs more attention before the widespread 

commercialization of PEM fuel cells 13. 

 On the other hand, as GDL intrusion in the 

channel is one of the consequences of the 

inhomogeneous contact pressure between GDL and 

bipolar plate. This phenomenon reduces the hydraulic 

diameter of the reactive gas channels, a direct 
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consequence of the GDL intrusion into the channel 

can be seen as an increase in the inlet gas pressure 

drop, making it more difficult to discharge liquid 

water out of the channel 14,15. Indeed, S. Haase and M. 

Rauber 16 proposed an excellent study to evaluate the 

effect of GDL intrusion on the pressure drop via ex-

situ determination of GDL intrusion using CFD 

simulation. Therefore, the inhomogeneous GDL 

intrusion, induced by cracked fibers that extend into 

the channel, dominates the flow at higher clamping 

pressures and leads to the exponential increase in 

pressure drop in the differential pressure method 17. 

Also, the effect of operating temperature and relative 

humidity on fuel cell performance is largely studded 
18-27. 

 Palo A. Garcia Salaberri and al. 28 proposed a 

finite element model which fully incorporates the 

nonlinear orthotropic characteristics of the GDL, 

thereby show that the linear isotropic models tend to 

overestimate the porosity and the partial intrusion of 

the GDL in the channel region. However, the model 

presented here assumes a constant hydration level of 

the membrane throughout the compression process; in 

real applications, this may not be necessarily true. 

Indeed, the mechanical characterization of the GDL 

exhibits significant differences between authors 29. 

Moreover slipping fibers during clamping phase are 

not adopted in the literature that may lead to incorrect 

predictions in terms of interfacial contact pressure 

distributions. 

 Understanding the fuel cell stack design on a 

large scale from a mechanical point of view 

contributes to predicting the degradation of the core 

of the cell, in particular, the membrane and GDL on 

one side, and the optimization of the stack design and 

dimensioning of the components on another side 30. 

We carried out a two-dimensional hydro-

thermomechanical approach using the finite element 

method, taking into account the nonlinear orthotropic 

behavior of the diffusion layer (GDL). The objective 

is to quantify and locate the stresses distribution as 

well as the estimation of the intrusion of the GDL into 

the gas channel caused by the transient operation of a 

fuel cell and contact pressure between GDL and 

bipolar plate. The effects of the temperature and 

relative humidity on the membrane and GDL 

performance are analyzed.  

 

Model description 
 

 The mechanical behavior of a whole PEMFC 

stack is assimilated to the one of its unit cells 31, where 

a fixed displacement condition was applied to the 

endplate (Figure. 2(a)). Figure.2(b) shows the size of 

the computational domain that is reduced to a typical 

unit cell of a PEMFC which is made of a membrane 

sandwiched between two electrodes gas diffusion 

layers’ assembly (GDE) 32. The proposed model is 

based on the FEM method for the plane stress 

mechanical structural module with thermal expansion 

using the commercial COMSOL Multiphysics 

software. Therefore, FEM simulations were 

conducted to predict the cell stress and deformation 

during variation of the membrane hydration level on 

one side, and during variation of the temperature from 

the ambient temperature. On the other side, the total 

thickness reduction of the GDL has been modeled as 

a combination of elastic deformation and slippage of 

carbon fibers 33. 

 

Figure 1. (a) Schematic representations of typical single cell and (b) Computational domain for FEM simulation 

 

Table 1. Geometric parameters for the Multiphysics  performances model. 

http://www.sciencedirect.com/science/article/pii/S0378775315009064?np=y&npKey=8350348b6053a74c0219ea8ed231723b05d17f1a25f7f3a1dcdbb0a00b006ac7
http://www.sciencedirect.com/science/article/pii/S0378775315009064?np=y&npKey=8350348b6053a74c0219ea8ed231723b05d17f1a25f7f3a1dcdbb0a00b006ac7
http://www.sciencedirect.com/science/article/pii/S0378775315009064?np=y&npKey=8350348b6053a74c0219ea8ed231723b05d17f1a25f7f3a1dcdbb0a00b006ac7
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Parameter Valour 

Membrane thickness 50 μm 

Electrode  thickness 10  μm 

GDL thickness 190 μm 

Land width 1mm 

 

Hygro-thermomechanical modelling of the 

membrane 

 

 The membrane used in the model is the Nafion 

per Fluorosulphonic acid of Dupont de Nemours 

N112. In the context of linear elasticity, we assume 

that the total deformation tensor is the sum of the 

contribution of mechanical and hygro-thermal 

deformations 32. 

M T RH

ij ij ij ij                      (1)                                            

The elastic displacement in an isotropic medium, 

according to Hooke’s law, is given as follows: 

   
1M

ij ij ij kk
E E

  
                                  (2)           

The thermal deformations depend on the coefficient 

of thermal expansion (α) of the membrane, are given 

according to the following expression 33: 

 

0( )δT

ij ijT T                                                   (3)                 

With               
1   

δ
0   

ij

si i j

si i j


 


                             (4)                                                  

δij, is the Kronecker symbol 

𝛼  : is the linear thermal expansion Coefficient (K-1), 

T0 : is taken as a reference temperature and T as the 

actual temperature, 

RH: is the relative humidity 

The hydrothermal strain is given by the 

following equation: 

 0

RH

ij ij C C                             (5)                  

Where ij : is the tensor swelling produced by the 

moisture absorption, for isotropic material: 

ij ij                                                                  (6)                 

C: represents the relative humidity and C0 is the 

reference value. 

 However, the calculation of the swelling strains is 

challenging to implement in FEM modeling since 

COMSOL Multiphysics, which is similar to most of 

the commercial software package, can only simulate 

the expansion caused by the temperature field change. 

Also, in the fuel cell stack, the influence of the 

temperature variation in GDL intrusion was found 

negligible according to the Multiphysics approach 6. 

In this sense, we propose to separate both thermal and 

swelling strains. Therefore, we consider the thermal 

coefficient expansion as a swelling expansion 

coefficient. Then, the change of membrane 

temperature is converted to the change of membrane 

moisture. 

 

Table 2. Membrane properties used in finite element analysis, Y. Tang.2006 12. 

 

Table 3. Young modulus of the Nafion membrane 112 according to the work of A. Kusoglu.2007 26. 

Young Modulus (MPa) Humidity relative 

(RH) 

Temperature 30% 90% 

T=25°C 197 121 

 

On the other hand, the PFSA membrane is an 

elastoplastic material that has yield criterion and 

hardening model settings. The yield criterion is 

interpreted as an equivalent stress σe. As a yield 

function, the Von Mises function was written as 

follows: 

       (7) 

σ1, σ2 et σ3, these are the main constraints 

        (8) 

A generalized planar constraint condition is imposed 

in our simulations: 

   0xz zx yz zy zz                        (9) 

 

Thermo-mechanical modelling of the gas 

diffusion layers (GDL) 

 

Thickness 

(m) 

Young modulus 

 (Mpa) 

α(1/k) (1/%) Density 

(Kg/m3) 

Poisson’s 

coefficient 

 

50e-6 

E (RH, T) 

Table.5 

 

121e-6 

 

2300 e-6 

 

2000 

 

0.25 
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 According to mechanical study 29, GDL was 

considered of linear orthotropic behavior. Unlike the 

isotropic case where Young's modulus, the shear 

modulus and the Poisson's coefficient are coupled, 

these parameters are independent in the orthotropic 

case and must be determined separately.  

However, due to its microstructure based on 

carbon fibers having orthotropic properties, the 

microstructure of the TGP-H-60 carbon paper is 

deformed nonlinearly as a function of the 

compression load. This nonlinear deformation is a 

complex combination of elastic deformations on one 

side and slipping fibers on the other side.  

 The relative elongation of the Toray-60 type carbon 

paper under the load was estimated according to the 

experimental study 33. 
 

     (10) 

P contact is the contact pressure between bipolar plate 

and GDL 
 

 The high porosity of the GDL (78%) makes it 

possible to neglect the constraints arising from the 

variation of the moisture tau. Therefore stress tensile 

is given as follow 19 : 
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          (11) 

 

Table 4. GDL-TORAY-60 properties used in finite element analysis for GDL-TORAY-60 

 

Hypothesis and boundary conditions 
 

 With the hypothesis of associating the 

thermophysical characteristics of the electrode with 

the GDL, viewed the small thickness of the electrode. 

Consequently, the thickness proposed in our 

modelling corresponds to a GDL Toray-60, associated 

with an electrode with a thickness of 10μm, which 

leads to a GDE assembly of 200μm. In this case, the 

contact between the different elements of the model is 

assumed with friction. The mechanical characteristics 

are those adopted by J. Kleemann 29 used for linear 

orthotropic behaviour of GDE. However, in the case 

of nonlinear orthotropic of GDL, 𝐸𝑦(𝜀𝑦) was 

determined based on the empirical correlation (9), as 

well an imposed displacement can be deduced. 

 

Table 5. Young modulus of the GDL (𝐸𝑦) as a function of contact pressure. 

Contact pressure(MPa) Imposed displacement 

(mm) 
𝑬𝒚(𝜺𝒚) 

(MPa) 

1 0.058 3.4 

3 0.086 6.96 

6 0.086 6.96 

10 0.089 22.27 

 

Symmetry boundary conditions for gas pressure 

are used at left, and right edges of de membrane (1bar) 

and pure Hydrogen is used as fuel In our simulations 

we take account the gas pressures on the channels:  

PAir = PH2 = 0.3bar. 

 

Results and discussion 

 

Effect of the contact pressure on GDL 

intrusion into the channel 

 Figure 2 shows the vertical displacement of the 

upper part of the GDL following an imposed 

displacement of 0.089 mm for case P=3MPa. It is 

observed that the intrusion of the GDL into the 

channel is approximately IGDL = 28μm at an operating 

temperature of T=25°C and RH = 30%, while the 

intrusion of the membrane is neglected as shown in 

Figure 3. Indeed, GDL is more deformed than the 

membrane due to the difference in Young's modulus 

(Ey (GDE) <Emembrane) due to the high membrane rigidity 

then that of the GDL. On the other hand, the intrusion 

of GDL into the channel was found to be about IGDL = 

10 μm due to an imposed displacement of 0.058 mm 

for a contact pressure of P = 1 MPa. This implies that 

a contact pressure difference of 2MPa causes an 

intrusion difference of the GDL in the channel of 

about 18μm. Therefore, minimizing the contact 

pressure reduces the intrusion of the GDL into the 

channel and thereafter keeps the hydraulic diameter of 

the channel constant. However, low contact pressure 

Thickness 

(m) 

Linear thermal expansion Coefficient 

(1/k) 

Poisson’s 

coefficient 

Density 

(Kg/m3) 

 

190e-6 

 

-0.8e-6 

 

0 

 

450 
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causes large Ohmic voltage drops, which leads to a 

decrease in the performance of the cell.  

 

Figure 2. Y-Displacement of the membrane at RH=30%, T=25°C in both of case: P=1MPa and P=3MPa 

  

GDL and membrane stresses distribution 

 In steady-state operation, the distribution of the 

stresses of Von Mises through the GDL and 

membrane was simulated for (RH = 30% and T = 

25°C) with the same contact pressure level (P = 3 

MPa) (Figure 3). We note that the distribution of the 

stresses is non-uniform. This can be interpreted in 

terms of the difference in Young's modulus of 

materials of the unit studied on one side, and because 

of the inhomogeneous distribution of the contact 

pressure at the Channel / GDE interfaces and the tooth 

of the plate/GDE on another side.  

 

 
Figure 3. Distribution of Von Mises stress in the typical unit of the PEMFC at RH = 30%, T=25°C  

(Clamping phase) 
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The maximum stress of van Misses is located in 

the GDL at the point of contact GDL/Channel/Bipolar 

plate. The maximum through-plane normal stress 

(σyy) in the membrane is always more important than 

that in the GDL and greatly exceed the elastic limit of 

the hydrated membrane 34 (Figure 4). The latter is 

negative along the surface of the membrane; this 

corresponds to the state of the compression, which 

will subsequently cause permanent deformations.

 

 
Figure 4. Profile of the normal trough-plane stress σyy (Pa) at RH = 30%, T=25°C (Clamping phase) 

 

Effect of variation of relative humidity 

 In this section, we investigate the influence of the 

state of hydration on membrane and GDL stress. It can 

be seen that an increase in the relative humidity from 

30% to 90% causes an increase in the maximum Von 

Mises stress of GDL from 3.75 to 3.95 (Figure 3 and 

Figure 5). However, in the membrane, the maximum 

stress is low and equal to 2.55 MPa (Figure 5). 

 
Figure 5. Distribution of Von Mises stress in the typical unit of the PEMFC at constant T=25°C 

 (Loading phase: RH= 90%) 
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It can be seen, from Figure 6 that the variation of 

gas RH from 30% to 90% produce stress 

approximately equal to 3.8 MPa in the membrane. 

Consequently, these critical stress, with alternating 

start-up and shutdown cycles, can lead to the 

mechanical cracking of GDL 35,34. 

 

 

Figure 6. Distribution of Von Misses stress in the membrane at constant T=25°C  

(Loading phase: RH from 30% to 90%) 

 

Effect of variation of temperature 

 Figure 7 allows us to simulate the intrusion of the 

GDL into the channel under the standard conditions 

of assembly of the cell stack (T = 85°C) with a contact 

pressure of P=3 MPa (clamping phase). The influence 

of the temperature variation is non-significant in 

generating stresses. Therefore, the increase in 

temperature from 25°C to 85°C% causes an increase 

in the maximum Von Mises stress of 0.0836MPa 

(Figure 7 and Figure 3). The same results are 

observed, from Figure 8, for the membrane stress. 

 
Figure 7. Distribution of Von Mises stress in the in the typical unit of the PEMFC  

(RH=30% and T= 85°C) 
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Figure 8. Distribution of Von Mises stress in the membrane at constant RH=30%  

 (Loading phase: T from 25°C to 85°C) 

 

Conclusion 

 

 In this study, we have analyzed the influence of 

the contact pressure and the hydrothermal operating 

conditions on the stress distribution and the 

deformations of a typical unit of a PEMFC. Indeed, 

the clamping force exerted on the terminal bipolar 

plates induces a significant contact pressure at the 

bipolar plate/GDL interface. This causes large 

deformations, and intense stresses in the gas diffusers 

(GDL) and the maximum stress of Von Mises was 

found at the intersection of the GDL/Bipolar 

plate/Flow channel. The analyze of the effect of 

relative humidity and operating temperature show that 

an increase in the relative humidity from 30% to 90% 

causes an increase in the maximum Von Mises stress 

of GD. Also, an increase in temperature from 25°C to 

85°C% causes an increase in the maximum Von Mises 

stress. 
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