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Abstract  

Perfluorosulfonic-acid (PFSA) membranes are still considered to be the benchmark material for 

proton-exchange-membrane fuel cells. Their performance is controlled by their transport properties 

and sorption behavior, which are strongly correlated through physiochemical interactions. 

Furthermore, mechanical properties and membrane stability, which are important for fuel-cell 

durability, are also governed by the nanomorphology and chemical interactions. Thus, when the 

membrane is in equilibrium, there exists a balance between the chemical and mechanical properties. 

Therefore, it is of great interest to understand how this balance is controlled by humidity, temperature, 

and other external loads. Specifically, it is needed to examine the impact of compression effects on 

membrane sorption and, hence, transport properties. This paper examines water uptake at both the 

nanoscale and macroscale showing that compression reduces the water content at both scales, but the 

effect requires higher pressures than those in typical fuel cells. 
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1. Introduction 

The ionomer membranes used in polymer-electrolyte-fuel-cell (PEFC) applications are 

always subjected to constraints to some extent due to the cell design and clamping loads to 

reduce contact resistances (Fig 1). Furthermore, swelling of the membranes due to water 



uptake results in compressive stresses during cell operation [1, 2]. However, the effect of the 

constraints and mechanical loads on the membrane's water uptake behavior is yet to be 

determined due to the difficulty of such a measurement. Moreover, the lack of the 

experimental data on the swelling behavior of constrained membranes is a major problem to 

the understanding of the membrane's response in an operating cell. In this work, we aim to 

investigate how the constraints on the membrane affect its water uptake behavior and other 

water-dependent transport properties such as conductivity. 

In a fuel cell, to which extent the membranes are constrained depends on a number of 

factors including, but not limited to, geometry of the cell (e.g. land/channel ratio), thickness 

and stiffness of the cell components (e.g. bipolar plates, GDL), loads arising during cell 

operation (swelling) and stack design (e.g. assembly loads due to the clamping of cells). Thus, 

stresses and pressures in the membrane is not uniform, they are rather dependent on location, 

time and cell component's material properties. So far, studies focused on the effect of 

compression on swelling-induced stresses in membranes [2-7], transport in GDL [8-10], and 

cell resistance and conductivity [11]. Moreover, a number of recent publications on the in-situ 

neutron imaging of water in fuel cells have provided evidence on the change in the water 

content of the membrane upon increasing the compression in the cell [12]. 

Even though a few studies investigating the constraints in fuel cells are available [1, 

13, 14], fuel-cell models generally assume that membranes are unconstrained. In fact, there 

has only been minimal research into swelling of constrained polymers in general with notable 

exceptions of gels and elastomers, for which Flory-Rehner theory [15, 16] is commonly 

employed to develop models [17-19]. However, it is debatable that these models, at least in 

their current form, are applicable to semi-crystalline perfluorinated membranes. Therefore, the 

water uptake of a compressed/constrained ionomers warrants further investigation, not only 

theoretically but also experimentally. Weber and Newman [1] studied the effect of constraints 



on the water-uptake behavior and conductivity of membranes by means of a macro-

homogenous membrane model. Kusoglu et al. [20] developed a mechanics-based model for 

the swelling pressure in ionomers by accounting for the swelling at microscales. In this work, 

we extend our previous work [1, 20] on the subject to investigate the equilibrium swelling of 

ionomer membranes under compression. In the following, first we will briefly explain the 

origins of constraints in fuel cells followed by the description of swelling equilibrium and the 

concept of swelling pressure. Then, we will present model predictions for the water content of 

compressed membranes along with experimental data. 

 

Figure 1.   Comparison of a constrained membrane vs. compressed membrane 

 

2. Theory 

2.1 Swelling Equilibrium in PFSA membranes 



Swelling process of the membrane can be described microscopically as the solvation of ionic 

groups by the external water in the humid air and then the formation of hydrophilic water-

filled domains at nanoscales. Initial water molecules ionize the SO3
- groups and remain bound 

to them. Additional water molecules are free to move through the ionomer, causing growth of 

the clusters and consequently the macroscopic swelling of the membrane. These water 

domains are separated from the hydrophobic polymer matrix resulting in a two-phase 

nanostructure [21-31]. As the water uptake increases, these water domains grow, and in some 

cases coalesce [25, 26, 28, 32-34], causing a continuous structural reorganization in the 

swollen polymer. However, growth of the water domains deforms the hydrophobic backbone 

surrounding these domains which drives the osmotic pressure to decrease and therefore limits 

the swelling [32, 34-39]. Consequently, swelling of a membrane at a given humidity and 

temperature is governed by the equilibrium of the chemical potentials, which can be written 

as: 

w w wlnp e RT a     , (1) 

w p wln ( )p
sRT a V p   

  

where w
e  and w

p  are the chemical potential gradient for the water external and internal to 

the membrane, respectively, wa  is the activity of the water (or relative humidity), and pa
 is 

the activity of water in the polymer, T is the absolute temperature, R is the universal gas 

constant,   is the osmotic pressure, and wV  is the molar volume of water ( wV =18 cm3/mol). 

In equilibrium swelling, the osmotic pressure must be equal to the swelling pressure, sp , 

applied by the polymer matrix to the water domains ( sp  ). The water activity within the 

membrane can be expressed using the Flory-Huggins theory for polymer solutions [15]: 
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where χ is Flory–Huggins interaction parameter, which characterizes the enthalpic 

interactions of mixing between the polymer and solvent, and is p  is the volume fraction of 

the polymer including the ionic groups and bound water, i.e. above  
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where 
B  is the bound water that is strongly attached to ionic groups [35, 40]. The molar 

volume of the dry polymer, p p/V EW 
, is related to the equivalent weight (EW) of the 

membrane and density, p . The interaction parameter could be determined empirically from 

the measured water uptake data for PFSA membranes [35, 41, 42]. As the interaction 

parameter, χ, for the solvent/polymer decreases, water uptake becomes more favorable and 

our investigations suggest that the following formula successfully reproduces the 

experimental data for PFSA membranes: 

1.5
p p( ) 1.9  

 (4) 

2.2 Swelling Pressure 

Swelling pressure can be interpreted as the pressure generated in the polymer matrix in 

response to growing water domains to balance the osmotic pressure. However, it is not easy to 

describe the swelling pressure due to the complex nature of swelling process in a polymer-

water structure that evolves at multiple length scales. One important description is the 

microscopic swelling, i.e., change in the distance between water domains, d-spacing, during 

water uptake (Fig. 1). The findings of SAXS experiments conducted at different humidities 



[22, 23, 25, 26, 28, 32-34, 43, 44] suggest that the plot of macroscopic swelling of the 

polymer sample vs. d-spacing is linear  

 1/3
p

dry dry
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d L

d L
   
 

      
  . (5) 

where   is the non-affine swelling ratio that characterizes the non-affine nature of the 

deformation at macro scales (sample length ~L) and smaller scales (domains spacing ~d). 

Interestingly, the slope was found to be 5 to 5.6, higher than unity [22, 23, 25, 28, 32, 33, 44]. 

This phenomenon could be attributed to the coalescence of the water domains and/or 

morphological transitions. Since the swelling pressure is related to the deformation of 

polymer matrix around the water domains, it is more appropriate to use the d-spacing to 

characterize swelling pressure. Assuming swelling is a quasi-static process, deformation of 

the polymer matrix could be modeled by using linear elastic springs connecting the 

hydrophilic domains throughout the polymer-water network [20]. The springs are assumed to 

have the temperature-dependent modulus of the polymer backbone pmE
 [20]. Thus, the 

pressure generated in the network is due to the radial strain in the deformed backbone during 

swelling: 
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       . (6) 

where r is the average radius of the hydrophilic water domains (Fig. 1) and n is the dimension 

of the morphology (e.g. n = 2 for a network comprised of cylindrical domains). Eq. (6) 

suggests that for a highly swollen membrane ( w 0.25), the swelling pressure is around 20-

25 MPa [20], which is higher than the cell assembly pressures (1-3 MPa), but within the same 

order of magnitude with the measured values [46-48]. Budinski and Cook [46] developed a 

compression apparatus to determine the pressure required to reduce the swollen thickness of a 



hydrated PFSA membrane back to its initial (dry) value. The PFSA sample was placed in a 

custom-made cylindrical metal fixture where the membrane is allowed to swell and 

equilibrate with the water at the bottom side. Then, by applying pressure to the swollen 

sample using a tight-fit piston and the change in the thickness of the membrane (de-swelling) 

was measured. Their data are shown in Fig. 22222 along with our model predictions based on 

the modified swelling pressure as discussed in the next section. As seen from the graph, 

pressure goes as high as 100 MPa at which up to 80% de-swelling occurs for an initially wet 

PFSA membrane. Thus, to understand the fundamentals of the effect of compression on 

swelling, membrane's response and its morphology must be investigated under higher 

pressures. 

 

2.3 Swelling of a Compressed Membrane 

Based on the notion that thermodynamic equilibrium is always maintained independent of the 

constraint on the membrane [1], swelling of a compressed membrane can be described by 

modifying the pressure term in the Eq. (1):  

,
w w p wln ( , )p p c

s eRT a V p p      
, (7) 

The new pressure term becomes a function of the original swelling pressure and the applied 

external pressure, ep . Here, we further assumed that water is incompressible. To further 

simplify the problem, let us focus on the hydrostatic compression. Also, we will assume the 

applied pressure is the same throughout the polymer-water network. Thus, we can directly 

add the applied pressure to the original swelling pressure expression (Eq. (6)): 

w w( , ) ( , )s eT p T p    . (8) 

Eqs. (7) and (8) solved to determine the water content of an initially hydrated membrane 

under hydrostatic pressure and the results are plotted in Fig. 2 222along with the measured 



values [46]. As expected, lambda decreases with increasing pressure and the relationship is 

highly nonlinear. Despite the simplicity of the model and limited experimental data, there is 

good agreement between the theory and experiments. 

 

Figure  2. Change  in  swelling  strain  as  a  function of  (swelling) pressure  at  room  temperature  as 

predicted  from our model  compared with  the experimental data  from  ref.  [46]. Predictions of a 

simplified macroscopic model (Eq. (9)) are also included for comparison. 

 

In order to better understand the swelling equilibrium, let's consider a simple 

macroscopic mechanical model to calculate the water loss under compression without using 

the chemical potentials and microscopic swelling. Assuming wet membrane undergoes 

hydrostatic pressure, eP , de-swelling due to a decrease in the volume (dV) is 

e b
dV

P K
V
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, (9) 



where Kb is the effective bulk modulus of the swollen-membrane, calculation of which can be 

found in [49] based on theory in ref. [50]. An interesting aspect of Eq. (9) is that since the 

bulk modulus of the water (2.2 GPa) is higher than that of a dry membrane (~ 1 GPa [49]), 

water domains act as filler and therefore increase the bulk modulus of the swollen membrane. 

It follows from the Fig. 2 that the macro-model underestimates the water loss (de-swelling) 

under external pressure. Thus it is important to implement the swelling-deformation at micro-

scales into thermodynamics equilibrium using. Once we obtain information on the effect of 

compression -in addition to humidity- on the domain spacing (e.g. ( )s ed f p ) we can easily 

modify the formulations to have more accurate representation of nano-structural changes 

during swelling; this is our on-going work.  



 

Figure 3 Water uptake of a compressed membrane determined from neutron imaging of a 

fuel cell setup compared with model predictions: (a) sorption isotherm and (b) normalized 

water content. 

 

3. Water content of a compressed membrane in a fuel cell setup  

The challenges associated with measuring the change in water content of a thin, soft polymer 

film under compression requires a testing system that is more sophisticated than the 



conventional methods (such as weight balance or vapor sorption apparatus). For this purpose, 

neutron imaging is a powerful method to visualize the water content of the membrane in an 

operating fuel cell (in-situ) [51-53]. The membrane's water content was found to be dependent 

on the level of compression in the fuel cell (e.g. clamping force, GDL type/thickness [12]). 

Researchers at Los Alamos National Laboratory determined the water content of a membrane 

for various compression pressures. A particular set of data is shown in Fig. 3. In order to 

explicitly see the compression effect, we normalize the water content of the compressed 

membrane (3 MPa), c , with that of an uncompressed membrane and plotted /c   as a 

function of humidity (Fig 3B). The model predictions agree well with the data suggesting a 

decrease in water content especially when the membrane is liquid-equilibrated and also that 

the modeling methodology is appropriate. At low humidities, however, the compression effect 

is negligible for the pressures investigated. 

 

4. Conclusion 

In this paper, we investigated the effect of compression on the water-uptake behavior of 

proton-exchange membranes.  The results suggest that constraining and/or compressing the 

membrane might reduce its average water content, especially at high humidities and in liquid 

water. Thus, the mechanical loads acting on the membrane and their effects on the 

membrane's performance water must be considered in fuel cell models. The experimental data 

were used to validate the theory in which deformation of the polymer matrix due to the 

growth of water domains and compression is implemented into the pressure term in 

thermodynamic equilibrium. Model predictions for the sorption isotherms and swelling strain 

as a function of external pressure are in good agreement with the measured data.  
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