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ABSTRACT 

 

Three testing methods are proposed to characterize properties of fuel cell materials 

that affect the mechanical durability of proton exchange membranes (PEMs).  The first 

two methods involved measuring the in-plane biaxial strength of PEMs and the biaxial 

hygrothermal stresses that occur in PEMs during hygrothermal cycles.  The third method 

investigated the nonuniform thickness and compressibility of gas diffusion media which 

can lead to concentrated compressive stresses in the PEM in the through-plane direction.   

Fatigue and creep to leak tests using multi-cell pressure-loaded blister fixtures were 

conducted to obtain the lifetimes of PEMs before reaching a threshold value of gas 

leakage.  These tests are believed to be more relevant than quasi-static uniaxial tensile to 

rupture tests because of the introduction of biaxial cyclic and sustained loading and the 

use of gas leakage as the failure criterion.  They also have advantages over relative 

humidity cycling test because of the controllable mechanical loading.  Nafion
®
 NRE-211 

membrane was tested at three different temperatures and the time-temperature 

superposition principle was used to construct a stress-lifetime master curve.  Tested at 

90
o
C, extruded Ion Power

®
 N111-IP membrane was found to have longer lifetime than 

Gore
TM

-Select
®
 57 and Nafion

 
NRE-211 membranes under the same blister pressure 

profiles. 

Bimaterial specimens fabricated by bonding a piece of PEM to a substrate material 

were used to measure the hygral stresses, compressive and tensile, in the PEM during 
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relative humidity cycles.  The substrate material and its thickness were carefully chosen 

so that stresses in the PEM could be obtained directly from the curvature of the bimaterial 

specimen without knowing the constitutive properties of the PEM.  Three commercial 

PEMs were tested at 80
o
C by cycling the relative humidity between 90% and 0% and by 

drying the membrane to 0%RH after submersion in liquid water.  Stress histories for all 

three membranes show strong time-dependencies and Nafion® NRE-211 exhibited the 

largest tensile stress upon drying. 

Besides in-plane stresses, hard spots in gas diffusion media (GDM) can locally 

overcompress PEMs in the out-of-plane direction and cause electrical shorting.  In this 

study, GDM samples sealed with an impermeable Kapton® film on the surface were 

compressed with uniform air pressure and the nonuniform displacement field was 

measured with a three-dimensional digital image correlation technique.  Hard spots as a 

result of the nonuniform thickness and compressibility of the GDM were found and their 

severities as stress risers are evident.  Locally, a nominal platen compression (similar to 

bipolar plate land compression) of 0.68 MPa can lead to compressive stress as large as 

2.30 MPa in various hard spots that are in the order of 100s µm to 1 mm in size.    
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CHAPTER 1. INTRODUCTION 

 

The mechanical durability of proton exchange membranes (PEMs) is crucial to the 

widespread use of proton exchange fuel cell for automotive and other applications.  

Mechanical robustness of PEMs requires the ability to keep the reactant gas separated 

throughout the life of the fuel cell stack.  This resistance to gases crossover may degrade 

over time as cracks or pinholes form through the thickness of the membrane or as the 

membrane thins when locally overcompressed by the diffusion media or when the 

polymer network breaks down due to fluoride release.  Various in-situ (in-the-cell with or 

without electrochemical reactions) and ex-situ (in simulated fuel cell environment under 

simulated loadings) tests have been developed in recent years to characterize different 

aspects of the mechanical properties of PEMs, including the degradation of resistance to 

gas crossover due to cyclic relative humidity history and the constitutive properties 

obtained from quasi-static uniaxial tensile tests and dynamic mechanical tests.  This 

dissertation focuses on measuring the resistance to gas crossover of PEMs as functions of 

cyclic and sustained mechanical stresses and the hygral stresses in the membrane 

constrained in-plane during relative humidity changes.  A study of the compressive 

behavior of diffusion media was also carried out to examine local over compression that 

may be experienced by PEMs under stack compression.  The majority of the dissertation 
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consists of three manuscripts prepared for journal publication (chapters two through four) 

as a result of these efforts.   

For a PEM fuel cell to work efficiently, the catalyst coated PEM must maintain good 

contact with the diffusion media on both sides.  The stack pressure required to ensure 

adequate contact prevents the PEM from undergoing in-plane deformation.  Therefore, 

hygrothermal stresses in PEMs due to temperature and humidity changes in operating 

fuel cells are inherently biaxial.  Pressure-loaded circular blister specimens obtained by 

applying a lateral air pressure to a circumferentially clamped PEM can be used for biaxial 

testing.  In chapter two, cycle- and time-dependent resistances to gas crossover of three 

commercial membranes were measured using pressure-loaded circular blisters.  Because 

of the capability to elevate the testing temperature and to apply stresses that are larger 

than during relative humidity cycling tests, the fatigue and creep to leak blister tests can 

generate abundant results within shortened testing time.  Rankings of the lifetimes-to-leak 

of the three commercial membranes tested herein during fatigue and creep to leak blister 

tests are in good agreement with relative humidity cycling tests.   

The hygral stresses that can develop in constrained PEMs during relative humidity 

changes need to be measured so that together with the cycle- or time-dependent 

resistance to gas crossover obtained with blister tests, a framework of lifetime/durability 

can be established.  In the third chapter, a bimaterial curvature method is used to measure 

the hygral stresses in constrained PEMs.  The bimaterial specimen is fabricated by 

bonding a piece of PEM to a carefully selected substrate, which only allows negligible in-

plane straining in the PEM, while producing a detectable bending curvature when there 

are biaxial hygral stresses in the membrane.  Using a modified form of Stoney’s equation, 
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hygral stresses in the membrane can be calculated from the curvature of the bimaterial 

specimen without knowing the membrane modulus, which is time-, temperature- and 

humidity- dependent.  The bimaterial curvature method bypasses complications in the 

constitutive properties of PEMs and is capable of measuring both tensile and compressive 

stresses in PEMs.  The test results indicate a clear difference of hygral stresses in three 

commercial PEMs, with Nafion® NRE-211 having the largest hygral stresses.  The 

different hygral stresses in the three membranes, together with the time-dependent 

resistances to gas crossover obtained with blister fatigue and creep to leak tests, can 

explain the differences observed in the mechanical durabilities of the three membranes.  

With information obtained in the second and third chapters, mechanical durability of 

PEMs subjected to in-plane stresses may be determined, and is the topic of parallel 

studies being conducted by other researches in the group.  Beyond in-plane stresses, 

however, out-of-plane compressive stresses exerted by the diffusion media and bipolar 

plates can also have an impact on the durability of PEMs.  Because of the nonuniform 

distribution of fibers and graphitized binding resin, and therefore nonuniform 

compressibility in the diffusion media, the stack pressure is not evenly transferred onto 

the membrane under the land region of the flow field.  In extreme situations, concentrated 

compressive stresses may push the diffusion media through the membrane and lead to 

electrical shorting.  In the fourth chapter, the nonuniform compressibility of diffusion 

media carbon paper is measured by applying a uniform air pressure on an impermeable 

thin Kapton® film that is bonded onto the surface of the diffusion media, which is 

supported by a flat metal substrate.  The initial thickness and compressive deformation 

under uniform air pressure are measured with a 3-D digital image correlation technique.  
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The results from the air pressure compression test are used to simulate the response of the 

diffusion media under displacement-controlled flat platen compression, which better 

mimics the compression exerted by the land regions of the bipolar plate in a fuel cell.  

From the simulated response, it is found that diffusion media can cause concentrated 

compressive stresses in the membrane that are several times the nominal platen 

compressive stress.   

Three appendixes, which are collaborative work between the author and others, are 

provided with more background information.  Appendix 1 laid the ground for the blister 

fatigue and creep to leak work presented in Chapter 2 by investigating the versatility of 

pressure-loaded blisters.  The advantages of biaxially testing PEMs with circular 

pressure-loaded blisters are discussed in detail in Appendix 1.  Appendix 2 reflects our 

earlier efforts to characterize PEM from a fracture mechanics perspective.  Appendix 3 

provides an extensive literature review on the mechanical testing of diffusion media and 

explains the motivation behind why the full-field thickness and compressibility test was 

proposed, in other words why we believe the nonuniform thickness and compressibility 

of diffusion media is responsible for electrical shorting of PEMs .   
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CHAPTER 2. Fatigue and Creep to Leak Tests of Proton 

Exchange Membranes Using Pressure-Loaded 

Blister Tests 

 

Manuscript prepared for Materials Science and Engineering: A 

ABSTRACT In this study, three commercially available proton exchange membranes 

(PEMs) are biaxially loaded using pressure-loaded blisters to characterize their resistance 

to gas leakage under either static (creep) or cyclic fatigue loading.  The pressurizing 

medium, air, is directly used for leak detection.  These tests are believed to be more 

relevant than quasi-static uniaxial tensile to rupture tests because of the introduction of 

biaxial cyclic and sustained loading and the use of gas leakage as the failure criterion.  

They also have advantages over relative humidity cycling test, in which a bare PEM or 

catalyst coated membrane is clamped with gas diffusion media and flow field plates and 

subjected to cyclic changes in relative humidity, because of flexibilities allowing 

controlled mechanical loading and accelerated testing.  Nafion
®
 NRE-211 membranes are 

tested at three different temperatures and the time-temperature superposition principle is 

used to construct stress-lifetime master curve.  Tested at 90
o
C, extruded Ion Power

®
 

N111-IP membranes have a longer lifetime than Gore
TM

-Select
®
 57 and Nafion

 
NRE-211 

membranes when subjected to cyclic and sustained blister pressure loading. 
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Key Words: Proton exchange membranes, polymer electrolyte membrane, PEM, cyclic 

fatigue, static fatigue, creep loading, gas leakage, gas crossover, pressure-loaded blister, 

lifetime, durability, time temperature superposition, burst strength master curve 

 

NOMENCLATURE 

a - Radius 

Ta - Thermal shift factor 

Ha - Hygral shift factor 

B0 – Coefficient in Hencky’s series solution 

E - Relaxation modulus or Young’s Modulus 

iE - Coefficients in Prony series 

E - Equilibrium modulus in Prony series 

h – Membrane thickness 

i - Natural number 

λ – Number of water molecules per SO3
-1

 in proton exchange membranes 

n - Number of terms in Prony series 

  - Poisson’s ratio 

p - Pressure 

r - Radial coordinate  
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  -  Stress 

t - Time 

tf - Failure time 

T - Temperature 

i  - Relaxation time in Prony series 

  - Circumferential coordinate  

2.1 INTRODUCTION 

Among many obstacles that proton exchange membrane fuel cells face before more 

widespread usage in automotive applications is the need for improved and quantifiable 

durability of fuel cell stack components [1].  Mechanical durability issues of the proton 

exchange membrane or polymer electrolyte membrane (PEM) or membrane electrode 

assembly (MEA) as a whole include, but may not be limited to, pinholes through the 

membrane leading to reactant gas crossover and buckling of the membrane that causes 

delamination at the catalyst/membrane interface [2, 3].  A wide range of studies 

addressing mechanical issues of membranes have emerged in the last few years.  These 

studies mostly fall into three basic categories, 1) constitutive properties of free standing 

membranes [4-16], 2) numerical stress analysis of subgasket- or diffusion media- and 

bipolar plates-constrained membranes [11, 16-21], and 3) strength or endurance testing of 

free standing membranes using controlled loading frames [8-11, 22-25].   

This study focuses on characterizing the lifetime of PEMs under both cyclic and 

sustained mechanical loading.  Automotive fuel cell stacks can be subjected to frequent 

start-stop cycles and cycles due to variation in the power demand from the driver.  To 
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evaluate the mechanical durability of PEMs under cyclic or sustained mechanical stresses 

due to these operating requirements, the relative humidity (RH) cycling test has become a 

routine screening test  [2, 3, 9, 16, 21, 26], in which a bare PEM or catalyst coated 

membrane is clamped between gas diffusion media and flow field plates and subjected to 

cyclic changes in relative humidity in the flow field.  Differential air pressure is 

periodically applied to measure the leakage over the entire active area and the test is 

terminated when the leakage exceeds a certain threshold.  Practically limited by the 

diffusion kinetics of water in the membrane, each RH cycle between saturation (λ>14) 

and dry (λ<3) conditions often takes several minutes or longer.  Because stresses induced 

in the membrane solely by cycling the RH are often small, RH cycling tests can become 

very time-consuming and expensive as more and more durable membranes are 

developed.  It is difficult to quantify the hygral stress history in the membrane during RH 

cycling tests because both the hygral strains and the constitutive properties of the 

membrane are highly dependent on time, moisture content, and temperature.  A result of 

this is that the applied stresses in RH cycling tests cannot be easily controlled.  When 

devising ex-situ mechanical testing methods, it is desirable to conduct fatigue or creep to 

leak tests of PEMs at controlled and increased stress levels without altering the failure 

mode.  

Before focusing on a particular experimental technique, it is worthwhile to examine 

a few unique features of fatigue or creep to leak tests of PEMs.  Because of their 

viscoelastic nature, fatigue failure of polymers is often exacerbated by thermal softening 

and is highly dependent on the frequency of cycling [27].  Being extremely thin, PEMs 

may be studied more easily in that any heat generated during cycling may be easily 
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released into the environment.  Fatigue tests of structural materials can start with as-

received specimens to study the initiation of fatigue cracks and subsequent failure, or 

with specimens containing sharp precracks to study fatigue crack propagation under 

prescribed changes in a fracture parameter such as stress intensity factor or strain energy 

release rate.  For PEMs, crack propagation through the thickness is of primary interest 

from a gas crossover perspective.  In reality, sharp cracks may readily form at the 

catalyst-PEM interface, but in ex-situ fatigue test of PEMs, it is not easy to introduce a 

sharp precrack in the thickness direction because of the small thickness and the 

significant ductility of the membranes.  In fatigue failure of structural polymeric 

materials, crazes or micro fatigue cracks often precedes the formation of cracks of 

catastrophic size [27].  Therefore, the failure criterion for characterizing PEMs should not 

be complete rupture of the specimen, as is typically characterized in uniaxial tensile tests, 

since it is evident that crazes or cracks may be sufficient to allow gas leakage before 

developing into catastrophic ruptures. 

Following the above reasoning, pressure-loaded blister tests appear to be well suited 

for ex-situ fatigue or creep to leak (instead of complete rupture) tests of PEMs in that 

they enable easy control over cyclic or sustained loading and lend themselves to 

convenient detection of gas leakage.  In an earlier paper, we discussed the use of blister 

specimens to characterize the biaxial burst strength of PEMs and listed some advantages 

of blister specimens for testing PEMs [24].  Among them, a few relevant to fatigue and 

creep to leak tests are presented here, along with additional insights provided by the 

unique features of fatigue testing of PEMs conducted in the manner discussed above.  In 

the blister burst test [24], the equal biaxial stress state induced within the  central region 
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of the pressurized blister simulates the biaxial stress state within a PEM fuel cell, where 

the membrane is constrained from in-plane straining and the hygrothermal stresses of 

primary interest are inherently biaxial.  The fact that the stress components within the 

blisters achieve their maxima at the center of the blister and decrease toward the edge 

effectively reduces the chance of grip failures, which is frequently seen in uniaxial tests 

of straight-sided thin polymer membrane specimens.  At the same time, such stress 

distribution in the blister helps reduce the chance of failure related to defects introduced 

during the preparation of specimens, since in contrast to cutting a uniaxial tensile test 

specimen, the blister test specimens are cut well away from where failure will occur 

(details of sample preparation will be discussed in the next section).  Since our interest is 

in the membrane’s capability of containing gas, the pressure of the loading medium, air, 

can be directly used to detect leakage.  Once there is a connected pathway for air to leak 

across the membrane, should it be a crack or craze, a pressure drop will be observed.  The 

pressure-loaded blister configuration easily links cycle- and time-dependent testing to the 

failure criterion most relevant to fuel cell applications.   

2.2 EXPERIMENTAL TECHNIQUE  

In [24], using individual Swagelok
®

 (Swaglok Company, Solon, OH) tube fittings, 

the authors reported the use of pressure-loaded blisters for quasi-static biaxial strength 

test of PEMs.  In the present study, a multi-cell fixture was fabricated to clamp multiple 

specimens in a similar fashion for testing under fatigue and creep to leak loading 

conditions.   

The concept of loading a thin film specimen using a pressure-loaded blister is 

illustrated in Figure 2-1 (a), in which the specimen is clamped around the edge and 
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allowed to deflect into a blister (or bulge) through a circular opening of diameter 2a when 

loaded with air pressure, p, from one side.  Practically, the clamping method used in the 

present study is schematically shown in Figure 2-1 (b).  The radius at the bottom of the 

conical opening in the stainless steel (SS) top plate and that in the PTFE washer are both 

9.53mm.  Pressurized air can be fed from the hole in the bottom plate to pressurize the 

specimen.  The PTFE washer and the backing sheet on the bottom plate were used to 

enhance gripping as well as to facilitate removal of the failed membrane, which would 

otherwise stick to the SS plates after long periods of testing at elevated temperatures.  A 

fixture that includes eight individual cells is pictured in Figure 2-1 (c), in which opaque 

Gore
TM

 Select
®
-57 (Gore-57, W. L. Gore & Associates, Newark, DE) specimens were 

used for clarity.  Two such fixtures were enclosed side by side in a Cincinnati Sub-Zero 

(Cincinnati Sub-Zero Products, Inc. Cincinnati, OH) humidity chamber, allowing a total 

of sixteen specimens to be tested at once.   
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Figure 2-1 (a) the concept of a pressure-loaded blister; (b) a schematic of an individual cell of the 

fixture photographed in (c), which is a photo of a test in progress. 

 

A schematic diagram of the pressure control apparatus used to generate cyclic and 

sustained pressure histories is illustrated in Figure 2-2.  In the center of the diagram is the 

test fixture (shown in Figure 2-1 (c)) holding eight blisters.  The eight specimens were 

separated into two groups, each of which was fed with pressurized air from one of the 

two air reservoirs.  The air reservoirs were supplied with shop air and pressures in them 

were controlled using two Tescom
®

 (Tescom Corporation, Elk River, MN) current-to-

pressure controllers (model ER3000).  Individual solenoid valves were used to either 

connect each blister specimen to the associated reservoir for pressurization or to 

atmosphere for venting.  Needle valves (Swagelok
®
 SS-SS2-VH) with maximum flow 

coefficient of 0.004 installed between the solenoid valves and the blisters were used to 

limit the flow rate of air coming into each blister during normal operation.  The needle 

valve setting helped define a threshold leaking rate as the failure criterion based on the 

pressure drop in the blister when there was a leak.  In this study, a 15% drop of pressure 

measured by the pressure sensor next to the blister from the pressure level in the air 

reservoir was chosen as the failure criterion.  For example, assuming a test pressure of 30 

kPa, the flow coefficient of 0.004 and the pressure drop of 4.5 kPa across the needle 

valve means a threshold leaking rate of 380 sccm; if the test pressure is 10 kPa, the 

threshold leaking rate is 204 sccm.   

In a creep to leak test of a group of four blisters, the solenoid valves kept the blisters 

connected with one of the reservoirs.  In a fatigue test of a group of four blisters, the 

solenoid valves cyclically switched between the reservoir and the atmosphere.  When 

there was detectable leakage at any blister in the group, the corresponding valve switched 
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the leaking blister to the atmosphere so that testing of the rest of the group was not 

interrupted.  The control process was executed with a LabView
®

 (National Instruments, 

Inc. Austin, TX) VI, which also recorded the pressure in each blister every two seconds.  

As an example, the pressure history during the last ten cycles in the lifetime of a 

blister specimen is shown in Figure 2-3.  As can be seen in the figure, in each cycle, the 

blister was pressurized for ten seconds and then vented to atmosphere for four seconds.  

The ten-second hold gave reasonable time for the pressure in the blister to stabilize.  If 

the loading period had been adjusted to two seconds, a triangular waveform would have 

been generated rather than a near-square waveform.  In the last cycle, when the failure 

criterion of a 15% pressure drop from the pressure set point was met, the pressure supply 

was cut off and the preceding cycle was counted as the number of fatigue life cycles.  It 

can be seen that in this particular test the leakage developed rather suddenly and the 

blister completely ruptured as the leakage developed.  At lower pressure levels, the 

blisters often fail by gradual development of leakage and never completely rupture.  This 

number, multiplied by ten seconds, gives the net time under loading, which will be used 

as a metric of lifetime for fatigue failure.   



15 

 

 

(a) 

 

(b) 

Figure 2-2. (a) Schematic diagram of the multi-specimen test fixture and pressurization 

apparatus; (b) a picture showing two air reservoirs on the left, two groups of solenoid valves in 

the middle and eight pressure sensors on the right that monitor the pressure histories in the 

blisters.   
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Three commercially available PEMs were tested in this study, namely Nafion
®

 

NRE-211 (E. I. du Pont de Nemours and Company, Wilmington, DE), Gore
TM

 Select 

Series
®
-57 (Gore-57) and Ion Power N111-IP (Ion Power, Inc. New Castle, DE).  They 

are nominally 25  m, 18 m, and 25 m thick, respectively.  The NRE-211 membrane 

is a cast homogeneous perfluorosulfonic acid (PFSA) membrane [28].  The Gore-57 

membrane has three layers, including the central reinforcing layer consisting of a 

composite network of expanded polytetrafluoroethylene (e-PTFE) and PFSA fillers, and 

the outer PFSA layers [29].  The N111-IP membrane is an extruded version of NRE-211 

[30].  In wet (two minutes) to dry (two minutes) RH cycling tests (λ>14 to λ <3) at 80
o
C 

without electrochemical loading, NRE-211 had the shortest lifetime (~4000 cycles), 

followed by Gore-57 with some slight improvement (~6000 cycles), and N111-IP, which 

had a significantly longer RH cycling lifetime (>20000 cycles) [26].  

 

Figure 2-3  The pressure history during the last ten cycles in a typical fatigue test.   

For each set of testing, sixteen square pieces of PEM with an edge length of 25mm 

were cut with a razor blade in ambient laboratory conditions of 23
o
C and 30%RH.  

Because of the PEMs’ tendency to adhere to the PTFE gasket on the bottom plate, the 
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samples were able to be smoothly laid flat and clamped onto the fixtures in the 

environmental chamber which was then heated to the desired test temperature and RH 

level.  Small hygrothermal stresses may develop in the PEM because of this change of 

environment, but should relax to a negligible level after an hour of equilibration in the 

chamber (as will be explained in the analysis part based on the viscoelastic nature of the 

membranes).  However, the presence of this stress may be representative of actual stack 

conditions as fuel cells are typically assembled in room conditions.   

Creep to leak tests of all three membranes were conducted at 90
o
C and 2%RH.  

Fatigue to leak tests of NRE-211 membranes were conducted at three temperatures, 70
o
C, 

80
o
C and 90

o
C, all at 2%RH.  Fatigue to leak tests of N111-IP and Gore-57 were 

conducted at 90
o
C and 2%RH.  There were several reasons for choosing these test 

conditions.  The temperature range addressed is representative of the conditions seen in 

operating fuel cells.  The nearly dry humidity condition was acceptable as the time-

temperature-humidity superposition principle (TTHSP) is applicable to PEMs, and as a 

result, lifetime tests conducted under the above mentioned temperature and humidity 

conditions may be used to make predictions of the behaviors of PEMs under other 

conditions [32].  For completeness, tests under elevated RH conditions have been planned 

for future studies.  Finally, as mentioned in the previous paragraph, the samples were 

clamped at 23
o
C and 30%RH, drying the membrane to nearly a dry state at elevated 

temperatures helped keep the membrane taut before testing.  

2.3 ANALYSIS 

A key step in the analysis of the experimental results is converting the lateral 

pressure into the biaxial stress state at the center of the blister.  To this end, Hencky’s 
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solution for a circumferentially clamped elastic membrane subjected to lateral pressure 

[31] was employed, in conjunction with the quasi-elastic approximation for simple 

assessment of stresses in viscoelastic materials [33].  According to Hencky’s solution, the 

maximum radial and circumferential stress components in a pressure-loaded circular 

blister appear in the center of the blister and can be expressed as,  
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resulting in an equal biaxial stress state at the center of the blister.  It should be noted that 

the coefficient B0 is mildly dependent on the Poisson’s ratio, which is a not constant for a 

viscoelastic material.  However, within the possible range of the Possion’s ratio of PEMs, 

0.35~0.50, B0 only changes from 1.748 to 1.845 [24].  Based on a published Possion’s 

ratio of NRE-211 (0.4 [20]), B0 used in the following calculation is 1.777.   

According to the quasi-elastic approximation, which states that the solution for a 

linear viscoelastic boundary value problem for nearly constant stress (or strain) histories, 

the strain (or stress) can be calculated by simply replacing the elastic compliance (or 

modulus) with the creep compliance (or the stress relaxation modulus) in the linear 

elastic solution [33], the stress at the time of failure at the center of a blister loaded with 

constant pressure is expressed as
1
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 In the case of pressure-loaded blisters, neither the strain nor stress in the blister remains perfectly 

constant over time.  Another version of the equation is to use creep compliance 1/D(tf) in place of E(tf).  

The  
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The quasi-elastic approximation is usually good when the loading is a step function, 

which is the case for the constant pressure tests.  At this time, the quasi-elastic 

approximation was also used for calculating the stress at failure for the fatigue tests using 

the net time under pressure.  This approximation is crude, but is a first step before more 

sophisticated means such as finite element models that account for the large deformation 

occurring in the blister and more viscoelastic properties of the PEMs become available.  

Preliminary FEM analysis based on linear viscoelastic material properties indicate that 

substantial thinning in the membrane can occur and the true stress in the blister can be 

much larger than the quasi-elastic approximation, which essentially gives the engineering 

stress by assuming a constant membrane thickness.  The relaxation modulus master 

curves of the three membranes, shown in Figure 2-4 referenced at 70
o
C and 30%RH, can 

be expressed with a Prony series of the form [32],  

it
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Figure 2-4 The relaxation moduli of the three membranes as approximated with respective 

Prony series [12, 13].   

The E ’s, iE ’s, and i ’s for the three membranes are tabulated in Table 2-1-Table 2-3, 

all referenced at 70
o
C and 30%RH, obtained with stress relaxation tests as described in 

reference [12, 13].  It should be noted that the rubbery plateau modulus value of 3MPa 

for all three membranes were assumed values, based on the trends shown in the 

relaxation moduli curves and the understanding of typical amorphous polymers above 

their transition temperatures [32].  This assumption may not be true for the Gore-57 

membrane, which has a reinforcement layer in the center.  Given E(t) at 70
o
C and 

30%RH, in order to calculate stresses at a different pair of temperature and RH values, 

hygrothermal shift factors must be used following the time-temperature-moisture 

superposition principle to find the corresponding modulus [32], i.e. 
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The logarithmic shift factors,  Ta10log  and  Ha10log  used for the three membranes are 

tabulated in Table 2-4.  The vertical line in Figure 2-4 represents an equivalent time of 

one hour at 80
o
C, indicating that the residual tensile stress due to the environmental 

change from sample preparation (23
o
C, 30%RH) to testing (80

o
C, 2%RH) after the one 

hour equilibration process is negligible,  

MPa
MPaTE

2.0
4.01

)201.057000123.0(10

1
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Table 2-1 Prony series parameters of NRE-211 

 

 

Table 2-2 Prony series parameters of Gore-57 

 

 

Table 2-3 Prony series parameters of N111-IP 
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Table 2-4 Logarithmic shift factors obtained with uniaxial tensile stress relaxation test* 

 

*As no tests were done at 80
o
C for Gore-57 and N111-IP, no temperature shift factors 

were used (dashes in the table).   

 

When strength vs. lifetime curves are obtained at different conditions, the time-

temperature-humidity superposition principle can be used again to construct a master 

curve of strength at reference temperature and RH levels using the same shift factors.  

The same procedure has been successful in processing PEM blister burst results obtained 

at different temperatures [25] and PEM fracture energy results obtained at different 

temperatures and humidity levels [23].  To make a comparison between fatigue and creep 

to leak tests, the fatigue results were plotted against the time under pressure instead of the 

number of cycles.   
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2.4 RESULTS AND DISCUSSION 

The results from fatigue tests of NRE-211 at 70
o
C and 2%RH, 80

o
C and 2%RH, and 

90
o
C and 2%RH are shown together in Figure 2-5.  The 70

o
C and 90

o
C results were 

shifted to 80
o
C and 2%RH using the temperature factors (obtained with uniaxial tensile 

stress relaxation tests) shown in Table 2-4.  It is seen that the data from the two different 

conditions can be superimposed, or in other words, the acceleration of testing time by 

raising the temperature can be explained by the viscoelastic properties of the membranes.  

Of particular note is that the shift factors obtained from stress relaxation tests are 

appropriate for forming a fatigue life master curve for the Nafion
®
 NRE-211 membranes, 

evidence of the appropriateness of shift factors for predicting other material response 

[32]. 

The trend shown by the data follows typical fatigue lifetime curves.  The lifetime 

curves may be partitioned into a crack formation-dominated zone (high stress level) and a 

crack propagation-dominated zone (low stress level).  The fatigue strength decreases 

sharply at high stress levels and then more slowly as the applied stress level is decreased.  

The sharp decrease at high stress levels may be due to crazes or cracks formation within 

the first few cycles; at low stress levels the time required to initiate crazes or cracks in the 

membrane becomes highly sensitive on the stress applied [27].   
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Figure 2-5 The fatigue results of NRE-211 at three temperatures.  The 70
o
C and 90

o
C data were 

shifted to the reference temperature 80
o
C (using shift factors obtained from relaxation tests) 

according to the time-temperature superposition principle.  

The fatigue and creep to leak results of the three membranes at 90
o
C and 2%RH are 

shown in Figure 2-6 and Figure 2-7.  Clear differences among the three membranes are 

seen from these plots.  At high stress levels, NRE-211 is inferior to both Gore-57 and 

N111-IP; N111-IP has a longer lifetime than the other two over the entire stress range.  A 

separation is seen between the Gore-57 membrane and the NRE-211 membrane at high 

stress levels (larger than around 2.5 MPa), but not at low stress levels.  This may mean 

that the reinforcement layer restricted early craze or crack formation in the membrane, 

but is less effective in the crack propagation-dominated lower stress levels.  Plotted on 

the same scale, it seems that with the current fatigue cycling pattern (ten seconds with 

pressure and four seconds without pressure), the fatigue and creep to leak results are 

almost identical and no clear cyclic effect can be found.  In other words, the lifetime 
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under load appears to be predominantly determined by viscoelastic behavior of the 

membrane rather than cyclic loading, in that it is time at load rather than number of 

cycles that appears important.   

Several encouraging facts are seen from these results.  From the NRE-211 tests 

conducted at different temperatures the time-temperature superposition principle using 

shift factors obtained from relaxation tests seems to work well, so should be useful for 

accelerated testing.  The longest fatigue and creep to leak tests conducted at 90
o
C lasted 

around four days, except for a few creep to leak tests.  This method produces leak failures 

much quicker than RH cycling tests at 80
o
C (20,000 4-minute cycles are around 56 days).  

Considering the stresses present during RH cycling tests [35] in conjunction with these 

fatigue and creep to leak resistance results, the ranking of these three membranes in terms 

of RH cycling lifetime can be easily understood: NRE-211 faced the worst situation with 

the maximum hygral stress coupled with the lowest resistance to fatigue and creep 

damage; Gore
®
-57 and N111-IP experience similar amounts of hygral stress during RH 

cycling, but the inferior resistance to fatigue and creep loading shown by Gore-57 leads 

to its shorter lifetime  than N111-IP during RH cycling test.  These two observations (the 

accelerating and the ranking capabilities) plus the ease of quickly obtaining large 

quantities of useful lifetime data by testing multiple samples under controlled 

environmental conditions warrant wide use of the pressure-loaded blister fatigue and 

creep test method for screening PEMs for automotive application.   

The pressure-loaded blister test is not without shortcomings, however.  In these ex 

situ tests, only in-plane stresses are considered, whereas in fuel cell stacks, the 

compressive stress in the thickness direction of the PEM can also lead to creep 
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deformation that assists the onset of gas crossover.  Compressive stresses are included in 

in-situ RH cycling tests but are not included in either conventional uniaxial tensile tests 

or the biaxial blister test reported herein.   

In comparison to uniaxial tensile tests in which the (engineering) stress in the 

membrane is directly known, the stresses in the pressure-loaded blister tests must be 

calculated from the air pressure history, geometric parameters, and constitutive 

properties of the membranes.  Exact determination would require extensive knowledge 

in the constitutive properties of the membrane.  As the properties of the membrane 

continuously change because of its viscoelastic nature, even though the amplitude of the 

air pressure remains constant, the evolution of stresses in the membrane may be 

complicated.  To close this gap, studies are underway including experimental 

measurement of the deflection of the membrane during the test and finite element stress 

analysis.   

In this study and other ex-situ tests found in the literature, no electrochemical effect 

was introduced, while in reality electrochemical and mechanical effects can interact and 

accelerate each other.  Furthermore, electron microscope images may be used to 

investigate whether the failure mechanisms during the blister tests, the RH cycling tests 

and during the practical operation of a fuel cell are the same.  Recent studies [6, 13] have 

found some abnormal transitions at around 5%RH in the relaxation modulus of PEMs 

(the relaxation modulus of PEMs at 5%RH is larger than at 2%RH and beyond 5%RH, 

the effect of relative humidity on the viscoelastic response of PEMs is similar to that of 

temperature).  As all tests were conducted at 2%RH in this study, caution is advised for 
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usage of these results and more tests will be conducted at RH levels that are above the 

5%-RH transition point. 

 

Figure 2-6 The fatigue results of the three membranes at 90
o
C  
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Figure 2-7 The creep to leak results of the three membranes at 90
o
C.   

2.5 CONCLUSIONS 

The mechanical durability of proton exchange membranes is essential for building 

robust and long-lasting PEM fuel cells for automotive applications.  In this study, 

pressure-loaded blisters have been used to test PEMs in a manner that successfully 

overcomes several issues associated with quasi-static uniaxial tensile strength tests and 

RH cycling tests.  By controlling the air pressure, cyclic and sustained loading can be 

applied to the membrane and at cyclic frequencies considerably higher than allowed in 

RH cycling tests.  As a result of its circular geometry, equal biaxial stresses occur in the 

center of the blister and the stress components gradually decreases toward the edge of the 

blister, reducing the likelihood of edge or grip failure.  The air used to pressurize the 

membrane can be readily used for leak detection.  As higher stresses can be applied on 

the membrane during these tests than during RH cycling tests (due to the time required to 

achieve moisture equilibrium), the testing time can be significantly reduced, which can 

significantly reduce test time, especially as more durable membranes become available.   

For the materials tested herein, a similar ranking in lifetime were achieved with 

mechanical pressurization tests in less than 10% of the time required for RH cycling tests. 

Fatigue and creep to leak results obtained for NRE-211 at 70
o
C, 80

o
C and 90

o
C 

were used to form a lifetime master curve by shifting according to the time-temperature-

humidity superposition principle using shift factors obtained with uniaxial tensile 

relaxation tests.  This indicates that the development of gas crossover passages through 

the thickness of the membrane is controlled by the intrinsic viscoelastic processes in the 

membrane.  This observation is consistent with the fracture test reported in [23] and 
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ramp to burst test of pressure-loaded blisters reported in [25]. Comparison between the 

three commercial membranes shows the same ranking in terms of resistance to fatigue 

and creep loadings as that obtained with the RH cycling test:, that the extruded N111-IP 

is more durable than the cast NRE-211 and the reinforced Gore-57 lifetime is 

intermediate but closer to NRE-211 [26].  A closer examination at the lifetime data of 

N111-IP and Gore-57 seem to indicate that the reinforcement in Gore-57 was beneficial 

only at high stress levels.  No clear evidence of cyclic effect was found when comparing 

the fatigue and creep to leak results, suggesting that time at load is of prime importance. 

2.6 ACKNOWLEDGMENTS 

The authors would like to thank General Motors Corporation for supporting this 

research.   

2.7 REFERENCES 

1. U. S. Department of Engergy, Office of Basic Energy Sciences. (2004). “Basic 

Research Trends for the Hydrogen Economy.” US DOE, Washington, DC.  

2. Liu, W., Ruth, K., and Rusch, G. (2001). “Membrane durability in PEM fuel cells.” 

Journal of New Materials for Electrochemical Systems, 4, 227-231 

3. Lai, Y. –H. and Dillard, D. A. (2009). “Mechanical durability characterization and 

modeling of ionomeric membranes.” Handbook of Fuel Cells, Vol. 5, Edited by H. A. 

Gaistager. John Wiley and Sons 

4. Uan-Zo Li, J. T. (2001). “The effects of structure, humidity and aging on the 

mechanical properties of polymeric ionomers for fuel cell applications”, Master 

Thesis, Virginia Polytechnic Institute and State University, Blacksburg, VA.  

5. Curtin, D. E., Lousenberg, R. D., Henry, T. J., Tangeman, P. C., and Tisack, M. E. 



30 

 

(2004). “Advanced materials for improved PEMFC performance and life.” Journal of 

Power Sources, 131 (1-2), 41-48. 

6. Bauer, F., Denneler, S., and Willert-Porada, M. (2005).  “Influence of temperature 

and humidity on the mechanical properties of Nafion® 117 polymer electrolyte 

membrane.” Journal of Polymer Science: Part B: Polymer Physics, 43(7), 786-795. 

7. Kundu, S., Simon, L. C., Fowler, M., and Grot, S. (2005). “Mechanical properties of 

Nafion electrolyte membranes under hydrated conditions.” Polymer, 46(25), 11707-

11715. 

8. Liu, D., Kyriakides, S., Case, S. W., Lesko, J. J., Li, Y. X., and McGrath, J. E. 

(2006). “Tensile behavior of Nafion and Sulfonated Poly(arylene ether sulfone) 

copolymer membranes and its morphological correlations.” Journal of Polymer 

Science: Part B: Polymer Physics, 44(10), 453-1465. 

9. Huang, X. Y., Solasi, R., Zou, Y., Feshler, M., Reifsnider, K., Condit, D., Burlatsky, 

S., and Madden, T. (2006). “Mechanical endurance of polymer electrolyte membrane 

and PEM fuel cell durability.” Journal of Polymer Science: Part B: Polymer Physics, 

44 (16), 2346-2357.  

10. Tang, Y., Karlsson, A. M., Santare, M. H., Gilbert, M., Cleghorn, S., and Johnson, W. 

B. (2006). “An experimental investigation of humidity and temperature effects on the 

mechanical properties of perfluorosulfonic acid membrane.”  Materials Science and 

Engineering A, 425(1-2), 297-304. 

11. Tang, Y., Kusoglu, A., Karlsson, A. M., Santare, M. H., Cleghorn, S., and Johnson, 

W. B. (2008). “Mechanical properties of a reinforced composite polymer electrolyte 

membrane and its simulated performance in PEM fuel cells.” Journal of Power 



31 

 

Sources, 175(2), 817-825. 

12. Patankar, K. A, Dillard, D. A., Case, S. W., Ellis, M. W., Lai, Y. –H., Budinski, M. 

K., Gittleman, C. S. (2008). “Hygrothermal characterization of the viscoelastic 

properties of Gore-Select
®
 proton exchange membrane.” Mechanics of Time-

Dependent Materials,  (In press).  

13. Patankar, K. A, Dillard, D. A., Case, S. W., Ellis, M. W., Lai, Y. –H., Budinski, M. 

K., Gittleman, C. S. (2008).“Hygrothermal characterization of the viscoelastic 

properties of NRE-211 proton exchange membrane” Journal of Membrane Sciences 

(In preparation).  

14. Satterfield, M. B.  (2008). “Mechanical and water sorption properties of Nafion and 

composite Nafion/Titanium dioxide membranes for polymer electrolyte membrane 

fuel cells.” PhD dissertation, Princeton University, Princeton, NJ.  

15. Smith, W. G., Ellis, M. W., Scott, S. W., Dillard, D. A., and Lai, Y. (2008). 

“Simultaneous water uptake and strain measurements of PFSA membrane for Fuel 

Cells.”  Journal of Fuel Cell Science and Technology (accepted) 

16. Lai, Y., Gittleman, C. S., Mittelsteadt, C. K., and Dillard, D. A. (2005). “Viscoelastic 

stress model and mechanical characterization of perfluorosulfonic acid (PFSA) 

polymer electrolyte membranes.” Proceedings of the 3rd International Conference on 

Fuel Cell Science, Engineering and Technology, 161-167. 

17. Tang, Y., Santare, M. H., Karlsson, A. M., Cleghorn, S., Johnson, W. B., (2006). 

“Stresses in proton exchange membranes due to hygro-thermal loading”, Journal of 

Fuel Cell Science and Technology, 3, 119-124 

18. Al-Baghdadi, M. A. R. S., and Al-Janabi, H. A. K. S. (2007). “Influence of the design 



32 

 

parameters in a proton exchange membrane fuel cell on the mechanical behavior of 

the polymer membrane”, Energy and Fuels, 21(4), 2258-2267. 

19. A. Kusoglu, Karlsson, A. M., Santare, M. H., Cleghorn, S., and Johnson, W. B. 

(2007). “Mechanical behavior of fuel cell membranes under humidity cycles and 

effect of swelling anisotropy on the fatigue stresses.” Journal of Power Sources, 

170(2), 345-358. 

20. Solasi, R. Zou, Y., Huang, X., Reifsnider, K., and Condit, D. (2007). “On mechanical 

behavior and in-plane modeling of constrained PEM fuel cell membranes subjected to 

hydration and temperature cycles.” Journal of Power Sources, 167, 366-377 

21. Lai, Y., Mittelsteadt, C. K., Gittleman, C. S., and Dillard, D. A. (2008). “Viscoelastic 

stress analysis of constrained proton exchange membranes under humidity cycling.” 

Journal of Fuel Cell Science and Technology, (In press). 

22. Dillard, D. A., Budinski, M., Lai, Y., and Gittleman, C. (2005). “Tear resistance of 

proton exchange membrane.” Proceedings of the 3rd International Conference on 

Fuel Cell Science, Engineering and Technology, 153-159. 

23. Li, Y., Quincy, J. K., Case, S. W., Ellis, M. W., Dillard, D. A., Lai, Y., Budinski, M. 

K., and Gittleman, C. S. (2008). “Characterizing the fracture resistance of proton 

exchange membranes.” Journal of Power Sources, (In press). 

24. Dillard, D. A., Li, Y., Grohs, J. R., Case, S. W., Ellis, M. W., Lai, Y., Budinski, M. 

K., and Gittleman, C. S. (2008).  “On the use of pressure-loaded blister tests to 

characterize the strength and durability of proton exchange membranes.” Journal of 

Fuel cell Science and Technology (accepted).  

25. Grohs, J., Li, Y., Dillard, D. A., Case, S. W., Ellis, M. W., Lai, Y. H., Budinski, M. 



33 

 

K., and Gittleman, C. S. (2008) “Evaluating the time and temperature dependent 

biaxial strength of Gore-Select® series 57 proton exchange membrane using a 

pressure loaded blister test.” Journal of Fuel Cell Science and Technology, (in 

preparation). 

26. Gittleman, C. S., Lai, Y. H., and Miller, D. P. (2005) “Durability of perfluorosulfonic 

acid membranes for PEM fuel cells”, Extended Abstract, the AIChE 2005 Annual  

Meeting, Cincinnati, OH. 

27. Hertzberg, R. W., and Manson, J. A. (1980). “Fatigue of Engineering Plastics.” , 

Academic Press 

28. DuPont Fuel Cells, Dupont Nafion PFSA membranes: NRE-211 and NRE-212, 

available at : http://www.fuelcell.com/techsheets/Nafion%20NRE-211%20212.pdf 

29. Kolde, J. A., Bahar, B., Wilson, M. S., Zawodzinski, T. A., and Gottesfeld, S. (1995). 

“Advanced composite polymer electrolyte fuel cell membranes.” Proceedings of the 

1
st
 International Symposium on Proton Conducting Membrane Fuel Cells, 95 (23), 

193-201. 

30. Ion Power, Inc. Product information, available at: http://www.ion-

power.com/products.html#films. 

31. Hencky, H. (1915). "Uber den spannungszustand in kreisrunden platten mit 

verschwindender biegungssteiflgkeit." Zeitschrift fur Mathematik und Physik, 63, 

311-317. 

32. Ferry, J. D. (1980). “Viscoelastic Properties of Polymers.”, Wiley 

33. Murff, J. D., and Schapery, R. A. (1986). “Time dependence of axial pile response.” 

International Journal for Numerical and Analytical Methods in Geomechanics, 10(4), 

http://www.fuelcell.com/techsheets/Nafion%20NRE-211%20212.pdf
http://www.ion-power.com/products.html#films
http://www.ion-power.com/products.html#films


34 

 

449-458. 

34. Dowling, N. E. (1999) “Mechanical Behavior Of Materials: Engineering Methods For 

Deformation, Fracture, And Fatigue.”, Prentice-Hall, Inc.   

35. Li, Y., Dillard, D. A., Case, S. W., Ellis, M.W., Y. –H. Lai, Gittleman, C. S. 

“Measuring hygral stresses in constrained proton exchange membranes using a 

bimaterial curvature method.” International Journal of Solids and Structures. (In 

preparation).  

  



35 

 

CHAPTER 3. Measuring Hygrothermal Stresses in 

Constrained Proton Exchange Membranes 

Using a Bimaterial Curvature Method 

 

Manuscript prepared for the International Journal of Solids and Structures 

 

 

ABSTRACT  Constrained by the catalyst layers, gas diffusion layers and bipolar plates 

in a fuel cell stack, proton exchange membranes (PEM) are subjected to hygrothermal 

stresses when the operating conditions change.  These stresses are believed to lead to 

damage in the membranes and affect their mechanical durability.  Analyzing these 

stresses is difficult because both the constitutive properties of PEMs and the 

hygrothermal strains in PEMs are highly dependent on the hygrothermal history.  In this 

study, the in-plane hygral stresses in constrained PEMs during humidity cycles are 

directly measured with bimaterial specimens consisting of a PEM strip bonded to a 

poly(ether ether ketone) (PEEK) substrate.  Three commercial PEMs were tested at 80
o
C 

by cycling the relative humidity between 90% and 0% and by drying the membrane to 

0%RH after submersion in liquid water.  Stress histories for all three membranes show 

strong time-dependencies and, among the membranes studied, Nafion® NRE-211 

exhibited the largest tensile stress upon drying.   

Key Words: Proton exchange membrane fuel cells; mechanical durability; hygrothermal 

stress; bimaterial curvature; digital image correlation; Stoney’s equation 
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3.1 INTRODUCTION 

For perflourosulfonic acid (PFSA) proton exchange membranes (PEMs) to achieve 

sufficient proton conductivity for applications in fuel cells, they need to be in a highly 

hydrated state (O’Hayre, et al., 2006).  When fully humidified, PFSA PEMs can swell by 

as much as 10% to 15% in-plane (DuPont, 2008).  When the in-plane swelling during 

humidification or contraction during drying is constrained from in-plane dimensional 

change by compression between the catalyst layers, gas diffusion layers and bipolar 

plates in a conventional fuel cell stack, significant stresses can develop in PEMs, possibly 

inducing damage and affecting durability.  These stresses are believed to be responsible 

for the mechanical failure of PEMs but are difficult to analyze because both the 

constitutive properties of PEMs and the hygrothermal strains in PEMs are highly 

dependent on the hygrothermal history.  This challenging task has prompted numerous 

studies in recent years.  As will be briefly reviewed in the following section, these studies 

all rely on dimensional changes measured in free standing membranes as a result of 

variations in relative humidity (RH), constitutive properties measured in tensile tests over 

a range of RH levels, and analytical or numerical stress models covering a range of 

material complexities.   

The objective of this study was to evaluate the use of a bimaterial curvature method 

to directly measure the hygrothermal stresses in a constrained PEM.  By bonding a strip 

of PEM to a properly selected substrate, the PEM can be constrained from in-plane 

dimensional changes, therefore experiencing biaxial stresses similar to those induced in 

constrained membranes in an operating fuel cell.  When the PEM-substrate bimaterial 

structure is subjected to changes in RH and temperature, a linear relation (Stoney, 1909; 
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Hsueh and Lee, 2002) exists between the curvature of the structure and the hygrothermal 

stresses in the PEM.  The linear relation between stress and curvature is, under certain 

conditions, independent of the constitutive properties of the PEM, thus allowing for direct 

measurement of the stresses in the nearly constrained PEM without requiring detailed 

information about the time, temperature, and humidity-dependent constitutive properties 

of the PEMs.  From another perspective, this method can potentially serve to validate 

stress prediction models for PEM applications or even be developed into a residual stress 

sensor.   

In the introduction section of this paper, recent numerical simulations of the 

hygrothermal stresses in PEMs reported in the literature are briefly reviewed.  This is 

followed by a review of the bimaterial curvature method and various criteria of selecting 

the proper substrate and adhesive.  In the experiments and analysis section, the 

experimental procedure necessary for conducting stress measurements that are relevant to 

fuel cell applications is described.  Hygrothermal stresses measured with this method for 

three commercial PEMs are reported in the results and discussion section.   

3.1.1 Stress Analysis of Proton Exchange Membranes 

Relative humidity (RH) cycling tests of PEMs (with or without electrochemical load) 

have become routine for evaluating the mechanical durability of PEMs for automotive 

applications (Lai, et al., 2005).  However, the resulting stresses developing in PEMs 

during RH cycling tests are not well understood due to the complex hygrothermal- and 

time-dependent constitutive properties of PEMs and the difficulty of conducting in-situ 

measurements of stresses within a fuel cell.  One of the first endeavors investigating PEM 

stresses found in the literature is by Weber and Newman (2004), who used a linear elastic 

isotropic model to calculate the stress in PEMs subjected to various constraint conditions.  
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Since then, a variety of approaches have been used by different research groups to 

develop membrane stress models based on different stress-strain characterization 

techniques.  Tang et al. (2006A, 2006B) and Kusoglu et al. (2006, 2007) conducted 

quasi-static uniaxial tensile tests at different RH levels to obtain the RH-dependent linear 

elastic modulus, the yield strength, and plastic flow properties, and developed a series of 

finite element models using isotropic linear elastic, isotropic elastic-plastic, and 

anisotropic elastic-plastic material models.  Their models do not account for the 

significant time-dependence that PEMs exhibit at typical operating temperatures (60
o
C to 

80
o
C) and humidity levels (30% to 95%) in a fuel cell. Similar characterization and 

modeling were also conducted by Huang et al. (2006) and Solasi et al. (2007).  Lai et al 

(2005, 2008) developed a linear viscoelastic stress model using either creep compliance 

or relaxation modulus measured at different temperature and RH levels by applying the 

time-temperature-moisture superposition principle.  Their model accounts for the time-

dependence but may be limited to small strains because the creep and relaxation tests 

were conducted at relatively small deformation levels.  Solasi et al (2008) proposed a 

two-layer viscoplasticity model based on uniaxial tensile tests conducted at different 

temperature and RH levels, and under different strain rates.  Depending on the 

constitutive models each team used, markedly different conclusions about hygral stresses 

in PEMs during RH cycling tests have been drawn.   

It is desirable to develop an experimental method to directly measure the 

hygrothermal stresses in PEMs, for model-validation as well as fuel cell stack design and 

optimization purposes.  In this study, an ex-situ bimaterial curvature method was used to 

measure the hygrothermal stresses in PEM samples nearly constrained from in-plane 
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deformations.  The membrane was bonded to a relatively thick poly(ether ether ketone) 

(PEEK) substrate.  When subjected to a hygrothermal change, the membrane stress leads 

to a curvature in the substrate, which serves as a direct measure of the membrane stress.  

By careful selection of the substrate material and its thickness, as will be explained in the 

following section, this method circumvented the difficulties associated with the complex 

constitutive properties of PEMs and therefore can potentially be used to calibrate material 

models that are currently available or being developed.   

3.1.2 The Bimaterial Curvature Method 

The Stoney equation gives the stresses in the membrane (or coating) of a bimaterial 

specimen that is originally flat when there is no membrane stress present in terms of the 

substrate properties and the curvature (Figure 3-1),  
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 is the biaxial modulus of the substrate (in which sE  is 

the elastic modulus and s is the Poisson’s ratio), and sh  and mh  are the thicknesses of the 

substrate and the membrane, respectively (Stoney, 1909).  The negative sign is due to the 

definition of the sign of the curvature: the negative curvature illustrated in Figure 3-1 is 

caused by a tensile stress in the membrane.  The use of the biaxial modulus instead of 

simply the Young’s modulus of the substrate is required when the resulting stress state in 

the specimen is equal biaxial.  The average stress in the membrane m  is defined as,  
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Figure 3-1 A bimaterial specimen consisting of a thin and  compliant membrane and  a thick and  

stiff substrate and  the curvature resulting from a tensile stress induced  in the membrane.   

 

The Stoney equation implies that the average in-plane biaxial stress in the membrane 

is proportional to the curvature of the deformed bimaterial specimen.  Obviously, the 

thickness of the membrane is the only parameter required of the membrane and no 

constitutive properties are needed for calculating the stress in the membrane.  This is 

particularly important for our application because the properties of the hydrophilic 

viscoelastic membrane change substantially with time, temperature, and water content.  

However, to be accurate, Stoney’s equation requires that  
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When either of these assumptions is not reasonably satisfied, the following equation 

developed by Hsueh and Lee (2002) can be used, 
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To retain the simplicity of the Stoney equation (that no membrane property except its 

thickness is required for membrane stress calculation), the last correction term in the 

square brackets can be neglected without losing significant accuracy when the thickness 

and modulus of the substrate are moderately larger than those of the membrane.  The 

equation now becomes,  
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To distinguish among the three forms of stresses predicted by equations (1), (4) and 

(5), they are denoted as m
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  where the superscripts in the parentheses 

represents the order of accuracy in terms of 
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  and plotting them as nondimensional functions of 
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B
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ratios led to Figure 3-2.  Clearly, the Stoney equation is not suitable for calculating 

stresses in a bimaterial specimen that does not have an extremely small membrane to 

substrate thickness ratio, as the results in Figure 3-2 deviate substantially from unity.  The 

first order solution (equation (5)) is quite accurate except when the biaxial modulus of the 

membrane approaches that of the substrate.  Equation (5) therefore allows us to utilize a 

substrate that is only several times thicker than the membrane and whose modulus is not 

necessarily substantially larger than that of the membrane.  
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Figure 3-2 The Stoney’s equation and  the first order equations normalized  with the third  order 

equation plotted  as function of the membrane to substrate thickness and  biaxial modulus ratios.  

The solid  dot (0.1, 0.99996) ind icates where the substrate material selected  in this study stand s for 

measuring stresses in a 25 µm -thick PEM whose elastic mod ulus is approximately 120 MPa and  

Poisson’s ratio 0.4.   

 

The ease of using equations (1), (4), and (5) relating the spherical curvature of the 

bimaterial specimen and membrane stress may be lost when the deformation of the 

bimaterial specimen becomes nonlinear and bifurcates into two different curvatures 

(cylindrical or elliptical bending).  According to nonlinear bending analyses (Masters and 

Salamon, 1994; Yu et al., 2003), the onset of nonlinear bifurcation depends heavily on 

the in-plane dimensions of the bimaterial specimen: the larger the in-plane dimensions, 

the more likely nonlinear bifurcation will occur.  The onset of nonlinear bifurcation in a 

plate-like bimaterial specimen can be delayed to occur at higher membrane stresses by 

increasing the length to width ratio (Guyot et al., 2004; Zhang and Dunn, 2004; Mezin, 

0.98

1.00

1.02

1.04

1.06

1.08

1.10

1.12

1.14

1.16

1.18

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

sigma(0) sigma(1) (Bm/Bs=0.01) sigma(1) (Bm/Bs=0.1) sigma(1) (Bm/Bs=1)

s

m

h

h
  

mmm

)3()1()0(

/),( 



43 

 

2006).  After discovering the weak dependency of the onset of bifurcation on the elastic 

properties of the membrane and the substrate, and the length of the specimen, Mezin 

(2006) introduced the following geometrical term to evaluate the difference between 

membrane stress calculations based on linear (spherical) and nonlinear bending theories,  

2
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ms hh
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                                                  (6) 

where b is the width (i.e. the shorter edge length) of the bimaterial specimen.  In the 

results and discussion section, the specimen geometry and the range of curvatures 

observed in the present study are substituted into this equation to evaluate whether the 

specimens bend linearly or not.   

Application of equation (5) for experimentally measuring stresses in a piece of PEM 

as if it were fully constrained in-plane requires careful selection of the substrate material 

(specifically, its biaxial modulus) and the membrane to substrate thickness ratio.  On one 

hand, the substrate must be sufficiently stiff to constrain the membrane so that negligible 

hygrothermal strain is relieved when the bimaterial specimen bends, thereby closely 

mimicking the constraint condition in a fuel cell stack.  On the other hand the substrate 

must be sufficiently flexible so that the curvature change is detectable.  These two 

requirements seem contradictory at first, but can both be reasonably satisfied thanks to 

the geometry and the bending behavior of bimaterial specimens consisting of a thin and 

compliant membrane and a thick and stiff substrate.   

To examine the effectiveness of the constraint provided by the substrate, the average 

strain released in the membrane due to axial and bending deformation of the substrate is 

calculated as follows: 
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 mm zc ,                                                           (7) 

where c is the uniform component and zm is the distance from the mid-thickness plane of 

the membrane to the plane in the bimaterial specimen where the bending strain is zero.  

zm/r is treated as the average bending strain in the membrane.   

According to Hsueh and Lee (2002), at equilibrium,  
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Neglecting second and third order terms,  
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With equations (5), (7), (8) and (10), the strain in the membrane due to the deformation in 

the bimaterial specimen is  
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Neglecting higher order terms, 
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Because the goal of the present study is to measure the stress in the membrane as if the 

membrane were completely constrained from in-plane straining, the following correction 

needs to be made to equation (5),  
























s

m

s

m

m

s

m

s

mmmm
c

m
h

h

B

B

h

h

B

B
B 3

1

1
1                             (13) 

where c

m  is the equal biaxial stress in a membrane that is fully constrained in-plane.  

Notice that this equation requires knowledge of Bm, which we wish to avoid because of 

its complex time dependence.  For the worst case, assuming a Bs of 5GPa (based on 

typical elastic modulus of 3GPa and Poisson’s ratio of 0.4) for a (glassy) polymeric 

substrate, a Bm of 500MPa (typical for a PFSA membrane at room temperature), and 

hm/hs=0.1, the correction term in equation (12) is about 1.04.  At a test temperature of 

80
o
C, the typical operating temperature for PEM fuel cells, when the biaxial modulus of 

the membrane is around 100MPa, the correction term is negligible (at about 1.008).  The 

correction term in equation (12) is plotted as a function of hm/hs for various Bm/Bs values 

in Figure 3-3 (a), which indicates that the correction is negligible when the membrane to 

substrate modulus ratio is between 0.01 and 0.1 and when the membrane is thinner than 

1/10 of the substrate.   

To examine whether the bimaterial specimen is flexible enough to give detectable 

response, the curvature is normalized by multiplying the thickness of the membrane 

according to equation (5),  
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Assuming m  of 0.1MPa and Bm of 100MPa, the normalized curvature is plotted in 

Figure 3-3 (b).  It is clear that a thicker and stiffer substrate will produce less detectable 

response.  In the present study, the measurement system discussed in the following 

section can detect curvature as small as 1×10
-5

 mm
-1

.  Taking hm=0.025mm, a normalized 

curvature ( mh ) of 2.7×10
-7 

can be detected, which is smaller than the normalized 

curvature resulting from a Bm/Bs ratio of 0.01 and hm/hs ratio of 0.1.  The two plots in 

Figure 3-3 are useful for selecting the substrate for general applications of hygrothermal 

stress measurement using the bimaterial curvature method.   
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(b) 

Figure 3-3 The constraint and  responsiveness provided  by bimaterial specimens of d ifferent 

membrane to substrate thickness and  modulus ratios.  (a) factor required  to correct membrane 

stresses in the bimaterial specimens and  stresses in a membrane that is fully constrained  in -plane; 

(b) the normalized  curvature of the bimaterial curvature.  The solid  d ot ind icates the where the 

substrate material selected  in this study stands in these maps.   

 

In addition to the thickness and modulus requirements for being sufficiently stiff and 

yet responsive, the substrate material needs to be stable in the testing environment.  

Should the substrate properties respond to temperature or humidity changes applied 

during a test or exhibit time-dependency, the proportionality coefficient converting the 

bimaterial curvature into membrane stress is no longer a constant.  Metallic or ceramic 

substrates satisfy this requirement, but were found to be too stiff once the desired 

membrane to substrate thickness ratio was considered.  Since the temperature range of 
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interest is between 70
o
C and 90

o
C for many PEM fuel cell applications, only polymers 

that have glass transition temperatures well above 90
o
C may be considered.  Polyimides 

and pol(yether ether ketone) (PEEK) are both good candidates in this regard.  Further 

investigation of their affinities to water led us to use the semi-crystalline Aptive
®
 1000-

250 PEEK (1000 series, 0.25 mm nominal thickness, and Tg of 150
o
C) manufactured by 

Victrex, Inc (Lancashire, UK).  At 80
o
C, the elastic modulus was measured to be 3.016 

GPa and a reference Poisson’s ratio of 0.4 (Matweb, 2008) was used to obtain its biaxial 

modulus (5.027 GPa).  Solid circles are placed in Figure 3-2 and Figure 3-3, 

approximately representing how the PEEK substrate met the different criteria.   

Although Stoney’s equation is limited to bimaterial systems, extensions have been 

made to multi-layer systems, as required when an adhesive layer is required to fabricate 

the specimens, as was the case in this study.  The adhesive used to bond the PEM to the 

substrate should be carefully chosen as well.  The adhesive should show affinity to both 

the substrate material and PEM to create a robust bond, especially considering the 

moisture exposure for this work.  Similar to the requirements for the substrate material, 

the adhesive needs to be stable at the test temperature and humidity conditions.  It is 

desirable to have a stiffness that is negligible to that of the substrate and the PEM and a 

coefficient of hygral expansion negligible to that of the PEM.  Finally, a moderate curing 

time allows careful preparation of multiple samples at one time and the formation of very 

thin bond layers that minimize the influence of the adhesive layer.  The Bondit
TM

 B-

45TH epoxy resin adhesive manufactured by Reltek, LLC (Santa Rosa, CA) satisfied all 

these requirements.  The B-45TH adhesive fully cured at 80
o
C has a glass transition 

temperature (Tg) of around 50
o
C and a stable elastic modulus of 3MPa at 80

o
C. 
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3.1.3 Digital Image Correlation 

Several sensing methods, including resistance strain gage were considered for 

monitoring the bending of the bimaterial specimen.  It was found that the humidity and 

liquid water environment pose great challenges to these techniques.  It was also 

concluded that bonding a sensing unit to the specimen would make the specimen 

cumbersome and less sensitive for stress detection.  Therefore, a noncontacting computer 

vision technique, 3-D digital image correlation (DIC), was used to measure the bending 

deflection in the bimaterial specimens.  DIC was first used to investigate 2-D 

displacement and deformation by tracking features identified as different brightness 

values in digitized images of an object in the early 1980s (Peters and Ranson, 1982; 

Sutton, et al., 1983).  Using two charge-coupled device (CCD) cameras pointing at an 

object from different angles, 3-D DIC was developed a decade later (Luo et al., 1993, 

1994).  Before a 3-D DIC measurement can be made, the intrinsic parameters of the two 

cameras and their relative position (distance and relative orientation) must be calibrated 

using a standard calibration target.  After the calibration process, 3-D 

displacement/deformation history of a rigid or deformable body during a test can be 

recorded in a series of digital images.  At the beginning of a DIC analysis of these digital 

images, a pair of reference images, to which all displacement calculations are referenced, 

must be chosen.  To translate the images into quantitative displacement fields, an area of 

interest (AOI) is defined and a seed point is placed in one of the reference images, say 

from camera number one, and a square pixel box (subset) is assigned around the seed 

point.  Then the program searches in the image from camera number two taken at the 

same time for an area which matches the contrast profile of the subset box in the image 
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from camera number one.  After the match for the subset around the seed point is found, 

the program moves the seed point by a step size (often smaller than the edge length of the 

subset) and conducts the same searching process for the subset surrounding the new seed 

point.  This process is repeated until the entire AOI is correlated and the reference 3-D 

surface is constructed.  After all the images collected during the test are correlated to the 

reference images, the deformation history is determined.  DIC provides full field surface 

deformation information (for strains ranging from 0.1% to 500%) and is not limited by 

the physical size of the specimen as long as digital images can be recorded (Correlated 

Solutions, Inc. 2007).   

DIC has become an accepted strain measurement technique and applications have 

been seen in measuring shape and deformation of large panels (Helm, et al., 2003-A, B), 

large and heterogeneous deformation in polymeric foams (Wang and Cuitino, 2002; Jin, 

et al., 2007) and deformation and crack opening displacement in mixed mode fracture 

(Sutton, et al., 2007).  In this study, DIC overcame various difficulties associated with 

moisture and liquid water if conventional resistance strain gages had been used, and as a 

non-contact technique, did not affect bending of the bimaterial specimen.   

3.2 EXPERIMENTS AND ANALYSIS 

Three commercially available PEMs were evaluated in this study to compare the 

induced stresses of DuPont
TM

 Nafion
®

 NRE-211 (E. I. du Pont de Nemours and 

Company, Wilmington, DE), Gore
TM

 Select Series
®

-57 (W. L. Gore & Associates, 

Newark, DE), and Ion Power
TM

 N111-IP
®
 (Ion Power, Inc., New Castle, DE).  The 

membranes are nominally 0.025 mm, 0.018 mm and 0.025 mm thick, respectively.  The 

NRE-211 membrane is a cast homogeneous PFSA membrane.  The Gore-57 membrane 
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has three layers, including a central reinforcing layer consisting of a composite network 

of expanded polytetrafluoroethylene (e-PTFE) and PFSA fillers, and two PFSA surface 

layers.  The N111-IP
®
 is an extruded version of NRE-211.  In wet to dry RH cycling 

tests, in which a PEM is clamped in a fuel cell and wet and dry air flows are cyclically 

fed into the flow field until leakage across the PEM during periodic leaking tests exceeds 

a threshold value when failure is declared, NRE-211 had the shortest lifetime (~4000 

cycles), followed by Gore-57 with moderate improvement (~6000 cycles), and N111-IP 

(>20000 cycles) with the greatest life (Gittleman et al, 2005).  

The rest of this section begins with the fabrication of the bimaterial specimens and the 

experimental apparatus, followed by the testing procedure, with emphases on the 

preconditioning and hygral cycling conditions applied during the tests.  The data 

processing procedure is explained in the end of this section.  

3.2.1 Fabrication of Specimens 

Aptive
®
 1000 series PEEK of 0.250 mm thickness was used to fabricate substrates 

and Bondit
®
 B-45TH was used to bond the PFSA membranes to the substrate.  

Fabricating specimens involved cutting the PEEK substrate, bonding the PEM onto the 

PEEK substrate, curing the adhesive, and applying a random speckle pattern on the 

surface of the substrate.  Before cutting the substrate, a 110mm by 110mm square piece 

of PEM was cut and laid down on a flat porous metal plate, to which a small vacuum was 

applied, ensuring that the membrane remained flat during bonding.  As the substrate was 

being cut and the adhesive was being mixed and applied onto the substrate, the bare PEM 

had about 20 minutes to equilibrate with the ambient conditions (23
o
C, 10~20%RH).  For 

each kind of PEM, eight PEEK strips (6mm by 36mm) were cut along the transverse 

direction out of a bulk PEEK sheet using a paper cutter.  By aligning the longitudinal 
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direction of the strip with the transverse direction of the sheet, the strip had minimal 

initial curvature in its longitudinal direction.  After cleaning the strips with acetone, a thin 

line of thoroughly mixed Bondit B45-TH epoxy adhesive was applied as a small bead 

down the center of the strip with a small syringe.  The substrate was then laid down on 

the surface of the PEM and pressed lightly by hand to help spread the adhesive.  After all 

eight strips were cleaned, coated with adhesive, and placed on the surface of the PEM 

sheet, a 2.8MPa pressure (pressing force divided by the total area of substrates) was 

applied on top of the substrates with a hydraulic press at room conditions so that a thin, 

uniform bond line can be formed (the thickness of the adhesive layer was later measured 

to be 0.01mm).  After ten minutes of pressing, the specimens were moved into a gravity 

convection oven that was heated to 80
o
C and the specimens were cured overnight without 

clamping pressure.  After curing, samples showing bubbles or wrinkles were discarded.  

Excess PEM surrounding quality bonded areas was cut away, resulting in 6 mm by 36mm 

(chosen to ensure linear bending based on equation 6 and to be discussed in the Results 

and Discussion section) rectangular bimaterial samples.  To facilitate DIC measurement, 

the samples were misted lightly with flat white Krylon
®

 (Krylon Products Group, 

Cleveland, OH) spray paint on the exposed side of the substrate.  The white paint 

speckles and bare areas (the PEEK is tan) offered an appropriate contrast pattern to the 

CCD cameras.  Figure 3-4 shows a sample clamped with a custom-built stainless steel 

grip.  The surface of the grip was painted with a full coverage of white spray paint and 

then speckled with dark spray paint.  The painted surface allowed possible rigid body 

displacements to be removed and a coordinate system to be defined, as shown in the same 
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figure.  Details on this procedure will be discussed in the Data Reduction and Analysis 

section.   

 

Figure 3-4 A bimaterial specimen painted  with flat white spray paint , as seen through a d igital 

camera.  On the top end  is a custom -built mount that suspended  the specimen in the center of the 

test chamber.  The coord inate system is defined  in the end  of the Data Reduction and  Analysis 

section.   

3.2.2 Apparatus 

A custom built double-wall environmental chamber was used to heat the bimaterial 

specimen up to the test temperature and apply hygral cycles.  Two glass panes were built 

x 

y 



54 

 

in the front walls of the outer and inner chambers, through which the DIC cameras could 

image the specimen.  Two additional glass panes were built in the back walls of the outer 

and inner chambers for visual observation during a test.  The double-wall design allowed 

hot water to circulate within the gap between the walls, maintaining the temperature in 

the chamber to within 0.1
o
C of the desired testing temperature with a PolyStat

®
 (Cole-

Parmer Instruments, Chicago, IL) recirculating water bath.  The inner chamber enclosed a 

volume of around 1 liter, which can be either filled with liquid water or purged with dry 

or humidified N2 gas.  A Bronkhorst
®

 (Bronkhorst High-Tech B. V., Ruurlo, 

Netherlands) controlled evaporation mixer (CEM) humidified dry N2 gas to specified 

humidity levels at the testing temperature and was capable of creating 0%RH to 98%RH 

conditions within the inner chamber, as measured with a Vaisala
TM

 HUMICAP
®

 HMT-

338 (Vaisala Group, Helsinki, Finland )humidity sensor.  The mixer has a maximum dry 

gas flow rate of 5 standard liters per minute (SLPM), which nominally can refresh the 

environment in the inner chamber as quickly as every 11 seconds.  Limited by the rate the 

CEM evaporates water, the maximum flow rate of 98%RH-humidified N2 is 2 SLPM.  

The experimental setup is illustrated in Figure 3-5.  A LabVIEW
®

 VI (National 

Instruments, Inc., Austin, TX) was used to control the gas mixing and to record the 

temperature and humidity histories in the inner chamber.   

A commercial DIC package, including Vic-Snap
®
 2008 (connected to two Allied 

Vision Technologies (Newburyport, MA) Pike
®
 F-421B, 2048x2048 pixel

2
, 14-bit CCD 

cameras) and Vic-3D
®

 2007 by Correlated Solutions, Inc.(West Columbia, SC), was used 

to capture and analyze digital images of the specimens.  Since the cameras recorded 

images through the glass panes and liquid water, several steps were involved in the 
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calibration process.  Before filling the gap between the walls with water, the two rear 

glass panes were open and the bimaterial specimen was suspended in the center of the 

chamber.  The cameras were adjusted to a desirable angle and focused on the surface of 

the specimen.  The specimen was then removed and the standard calibration target was 

placed inside the inner chamber for calibration of the cameras across the two front glass 

panes.  As the calibration process required maneuvering the calibration target around the 

field of view, the rear glass panes had to remain open and no heating water was pumped 

into the gap between the walls.  After calibration, the baseline distance between the two 

cameras was found to be 132mm and the angle between their optical axes was 26
o
.  

According to engineers at Correlated Solutions, Inc. the out-of-plane displacement 

measurement resolution for the particular camera setup was below 0.5µm.  When the 

specimen was reinstalled in the inner chamber, the two rear glass panes could now be 

closed and hot water was pumped into the gap between the walls with the water bath.  

Because of the presence of water in front of the cameras, the focal distance was 

shortened.  Thus, the chamber was carefully moved toward the cameras until the surface 

of the specimen was in focus again.  The calibration and measurement stages are 

schematically shown in Figure 3-6.  



56 

 

 

Figure 3-5 The apparatus: a) chamber, insulated  with black foam, b) Bronkhorst
®
 controlled  

evaporation mixer, c) Cole-Parmer
®
 Polystat temperature controller, d ) AVT Pike

®
 cameras 
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(a)                                                                           (b) 

Figure 3-6  (a) The calibration stage: the back glass panes are open so that the calibration target 

can be maneuvered  around  the inner chamber; (b) The measurement stage: the back glass panes 

are closed  to hold  water in the gap between walls.  The chamber was moved  closer to the cameras 

to compensate the shortened  focal d istance.   

 

Because the DIC measurement is sensitive to changes in the refractive index along 

the optical paths, during a humidifying or drying cycle, the water bath had to be turned 

off so that water between the glass panes stopped flowing.  In tests where the water 

continued flowing, distorted areas were seen in the images from time to time.  With about 

4 liters of hot water enclosed between the gap and the thermal mass of the stainless steel 

chamber itself, plus insulating foam wrapped outside of the chamber, the temperature in 

the inner chamber dropped consistently from 80.5
o
C to 79.6

o
C during the ten-minute 

testing cycles with the water bath turned off.   
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3.2.3 Measurement Procedure 

The measurement procedure involved conditioning the bimaterial samples, recording 

the deflection history during four hygral cycles between 90%RH and dry, conditioning 

the sample in liquid water for two hours, and recording the deflection history during four 

drying processes from liquid water to 0%RH.   

Before being subjected to hygral cycles, the bimaterial specimens were 

preconditioned at 92.5
o
C and 0%RH for an hour.  This step permitted a benchmark 

curvature measurement of the substrate after probable residual stresses developed in the 

membrane and in the adhesive layer during the fabrication process were allowed to 

viscoelastically relax to a minimal level (notice that the adhesive has a Tg of about 50
o
C 

and the dry PFSA PEMs have an α-transition temperature around 100
o
C (Mauritz and 

Moore, 2004).  In the last ten minutes of the pre-conditioning step, the water flow was 

stopped and Vic-Snap
®
 was activated to capture images at 30s intervals.  The average of 

these measurements would serve as the reference state for calculating the stresses in the 

following hygral cycles (assuming that the measured curvature was solely due to the 

inherent curvature in the substrate and stresses in the PEM in the last ten minutes of this 

preconditioning step were at a negligible level).   

After one hour of preconditioning, the chamber was slowly cooled down and 

stabilized at 80.5
o
C and 0%RH for half an hour.  Before starting a hygral cycle, the water 

bath was turned off and the water contained in the gap between the walls was given 30 

seconds to stabilize.  Then, the cameras were activated in Vic-Snap
®
 at one frame per 

second (fps) for two minutes.  After five pairs of pictures were captured, the CEM was 

switched from 0%RH to 90%RH and humidified N2 was pumped into the inner chamber 

at the maximum flow rate of 2 SLPM.  As the diffusion of moisture into the membrane 
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and the stress relaxation in the membrane are both highly time dependent and the rates of 

both processes decay over time, the frame rate was adjusted to 0.5fps for the next two 

minutes and further reduced to 0.1fps for the following six minutes.  At the end of the 

ten-minute humidification process without heating the chamber, the temperature in the 

chamber had dropped by 0.9
o
C.  Before moving into the drying cycle, the water bath was 

turned on to allow the chamber temperature to recover to 80.5
o
C within ten minutes while 

the relative humidity was maintained at 90%RH.  These ten minutes of recorded 

humidifying process and ten minutes of temperature recovery constituted a 20 minute 

humidifying half-cycle.   

After the temperature recovered, the water flow was stopped again.  The drying 

process was very similar to the humidifying process, except that the gas humidifier was 

switched from 90% to 0% and dry N2 was pumped into the inner chamber at a maximum 

rate of 5 SLPM.  Both flow rates were able to humidify or dry the inner chamber in very 

short periods of time (refer to humidity histories shown in the results and discussion 

section).  The humidifying and drying processes added up to a 40-minute relative 

humidity full cycle.   

Four such relative humidity cycles were completed before preheated liquid water 

(80.0
o
C) was pumped into the chamber and the specimen was submerged for two hours 

(with the water bath connected to the chamber to maintain the temperature).  The N2 gas 

from the humidifier was turned off during these two hours.   

After the two-hour submersion, the water bath was turned off and the water in the gap 

between the walls was allowed to stabilize for about 30s.  The liquid water was drained 

and before the specimen was completely out of liquid water, N2 gas, humidified to 
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98%RH, was pumped into the chamber at 2 SLPM to maintain a humidified environment 

for the portion of membrane exposed as the water level dropped.  As soon as the water 

level dropped below the tip of the specimen, dry N2 gas was pumped into the chamber at 

5SLPM and the cameras were activated at 1fps for two minutes, 0.5fps for two minutes 

and 0.1fps for eight minutes.  This process led to a 12-minute drying cycle from liquid 

water to 0%RH.  For the following three cycles, the specimen was submerged under 

liquid water by refilling the chamber for ten minutes only.  Readers may be curious about 

the different time periods.  According to Patankar et al (2008), the two-hour submersion 

after the vapor phase testing was necessary as it was found that it takes a fairly long time 

for an as-received PEM (never sees liquid water before) to become fully hydrated.  After 

the two-hour treatment, the time is substantially decreased, allowing the 10-minute 

submersion thereafter.   

To summarize the experimental part, it is seen that significant efforts were taken at 

each experimental step for fabrication of quality specimens, accurate control of 

environmental histories, and acquisition of reliable data.  The double-wall chamber, a 

straight forward idea though limited details could be given in this writing, together with 

the CEM unit were able to maintain the testing condition and produce repeatable RH 

histories in the inner chamber.  These steps were taken because of the perceived 

importance of the residual stresses in some membrane failure processes and because of 

the need for accurate residual stress data to use in validating models that are being 

developed [Lai et al, 2005, 2008]. 

3.2.4 Data Reduction and Analysis 

Data analysis in Vic-3D
®
 translates digital images into full field displacement 

information.  Firstly, four AOIs were defined in the reference image, with the primary 
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AOI covering the surface of the bimaterial specimen and three small auxiliary AOIs 

located at three locations on the stainless steel grip.  A subset size of 55 by 55 pixels
2
 and 

a step size of 13 pixels were chosen in the primary area of interest (AOI) and a subset 

size of 37 by 37 pixels
2 

and step size of 7 pixels were chosen in the auxiliary AOIs.  The 

relatively larger step size for the primary AOI was chosen to speed up the analysis.  After 

analyzing the images and displacements obtained in a program-default coordinate system, 

the rigid body displacement in the specimen that can be derived based on the auxiliary 

AOIs was removed and a custom coordinate system in which the z axis is perpendicular 

to the mount surface and pointing from the PEM side to the exposed side of the substrate 

was defined (shown in Figure 3-4; parallel with that in Figure 3-1).  After transforming 

the results into the custom coordinate system, the deflection of the bimaterial specimen 

(the primary AOI) can be used for calculating the curvature of the bimaterial specimen 

and, using equation (5), the residual stresses in the PEM.   

A segmentation approach was taken to process images recorded during liquid water to 

0%RH drying processes.  At the beginning of a drying process, shortly after the liquid 

water in the inner chamber was drained, water droplets were visible on the surface of the 

speckle-painted substrate.  These droplets made it nearly impossible to obtain quality 

correlations between the early images and those captured a few minutes later.  To address 

this difficulty, images for each liquid water to 0%RH drying process was divided into 

three groups.  The first group included images that show abundant water droplet 

retention, the second group included images when water droplets were not as obvious, 

and the third group included images when the surface of the specimen was free of water 

droplets.  By doing so, the images within the groups could be easily analyzed and the 
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entire response histories during these liquid water to 0%RH drying processes were 

successfully calculated.   

The displacement results obtained in Vic-3D were processed with Tecplot
®
 360 

(Release 2008) to calculate the curvature changes during the experiment.  Across the 

width of the rectangular specimens, displacement data from five path lines in the 

longitudinal direction (illustrated in Figure 3-7) were separately fit with second order 

polynomial functions following a standard least squares algorithm and the curvature of 

the specimen was calculated as twice the arithmetic average of the five second-order 

coefficients.   

 

Figure 3-7  The five pathlines used  to extract deflection data for bimaterial curvature calculation.   

 

Recall that specimens were preconditioned at 92.5
o
C and 0%RH for an hour so that 

the inherent curvature in the substrate could be obtained by allowing any residual stress 

developed within the specimen to relax to a negligible level.  Therefore, the average 

curvature measured during the last 10 minutes of the pre-conditioning step was used as 

the reference curvature and subtracted from all curvatures measured thereafter for 

membrane stress calculation according to equation (5).   
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3.3 RESULTS AND DISCUSSION 

The membrane stress measurements during four consecutive hygral cycles between 

90%RH to 0%RH for the three membranes are shown in Figure 3-8 through Figure 3-10.  

For clarity, results from cycles two, three, and four were shifted to the right on the plots 

by 60, 120, and 180 seconds, respectively.  Recall that after ten minutes of image 

acquisition at the beginning of each humidifying or drying process, the chamber had to be 

reheated for ten minutes while the RH in the chamber was maintained constant.  

Therefore the actual interval between two successive cycles (head to head) was 2400 

seconds.  The square wave-like thick curve in Figure 3-8, referred to the axis on the right, 

is a typical RH history (due to 2 SLPM flow of humidified gas and 5 SLPM flow of dry 

gas) in the inner chamber, as measured with the Vaisala
TM

 humidity sensor during a 

90%RH to 0%RH cycle.  Three times standard deviation error bars in the stress 

measurement calculated based on the five curvatures obtained from the five lines 

illustrated in Figure 3-7 are plotted for the first cycle.   

The compressive stresses seen on the left of each figure are detectable with the 

bimaterial specimen, and are believed to be experimentally measured for the first time.  

Although not directly linked to crack or pinhole formation, the in-plane compressive 

stress can raise the maximum tensile stresses while the membrane dries and more 

importantly can be responsible for buckling of the PEM and cause delamination between 

the PEM and electrode or loss of contact between the electrode and the diffusion layer.  

Both situations are detrimental to the health of an operating fuel cell.  Among the three 

membranes, Gore-57 showed the smallest compressive stresses, most likely due to 

limited expansion as a result of the e-PTFE reinforcement layer.  It is not clear why there 
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were still noticeable tensile stresses present in NRE-211 after the preconditioning 

process.  Taking these initial tensile stresses in NRE-211 into account, NRE-211 and 

N111-IP experienced similar magnitudes of compressive stress when humidified to 

90%RH.   

Tensile stresses are thought to be responsible for cracking or pinhole formation in 

PEMs.  NRE-211 experienced the largest tensile stresses when dried from 90%RH to 

90%RH.  N111-IP and Gore-57 show similar amounts of tensile stresses when dried.  

Considering fatigue and creep to leak lifetimes of the three membranes (Li, et al. 2008), it 

is easy to comprehend why NRE-211 had the shortest lifetime among the three in RH 

cycling tests (Gittleman et al, 2005) given these differences in tensile hygral stresses.   

 

Figure 3-8  The RH history in the inner chamber measured  with the humid ity sensor and  the 

stress histories in NRE-211 when humid ified  from 0%RH to 90%RH and  then dried  to 0%RH.  

Error bars show +/ - three times the standard  deviation. 
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Figure 3-9  The stress histories in Gore-57 when humid ified  from 0%RH to 90%RH and  then 

dried  to 0%RH. 
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Figure 3-10  The stress histories in N111-IP when humid ified  from 0%RH to 90%RH and  then 

dried  to 0%RH again. 

 

Pronounced time-dependencies of the hygral stresses are seen for all three 

membranes.  The compressive stresses during humidifying processes seem to build up 

gradually and then relax slightly over time.  The drying processes seem to induce tensile 

stresses that reached peak values very quickly, almost in synch with the change of RH in 

the environmental chamber, followed by substantial stress relaxation.  This difference in 

the rate of stress build-up during humidifying and drying is consistent with the difference 

seen for PFSA PEMs in the rate of water adsorption and desorption (Satterfiled and 

Benzinger, 2008): slow absorption and quick desorption.  The quick relaxation of the 

tensile stresses may indicate nonlinear viscoelastic behavior when stress tends to 

accelerate the viscoelastic relaxation process, in a similar fashion to the time-temperature 

equivalency principle (Patankar et al 2008).  This is likely in that hygral strains in 

nonconstrained PFSA membranes between dry and humidified to 90%RH are often on 

the order of 0.1.   

The stress results during drying from liquid water to 0%RH are shown in Figure 3-11-

Figure 3-13.  The thick curve in Figure 3-11 is a typical RH history in the inner chamber 

during the drying process measured with the Vaisala
TM

 humidity sensor.  Circles were 

drawn to distinguish the different image correlation groups and good continuity was seen 

for most of the curves, suggesting success of the segmentation approach taken during the 

data analysis procedure.  Three times standard deviation error bars were also plotted for 

the first stress curve.   
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As expected, the maximum compressive stresses in the membranes immersed in 

liquid water were larger than when they were humidified to 90%RH.  Considering the 

difference in modulus between in liquid water and at 90%RH (Patankar et al. 2008), the 

differences in compressive stresses must be signified by substantially larger hygral 

expansion in liquid water than at 90%RH.  The difference was less obvious for Gore-57, 

which may indicate that beyond 90%RH, the reinforcement layer may be able to prevent 

the ionomer layers from further expanding.   

The rate of tensile stress build-up during drying from liquid water is slower than 

when dried from 90%RH.  This could be partly due to the fact that it took a longer time to 

completely dry the inner chamber after being flooded with liquid water.  Counter- 

intuitively, the maximum tensile stresses in all three membranes during drying from 

liquid water were smaller than when dried from 90%RH, although they seem to relax to 

similar levels after sufficient time.  The reason behind this reduced tensile stress has not 

been explored due to the lack of immersed constitutive properties (for numerical 

modeling) and the inability to capture the compressive stress during uniaxial shrink 

tension tests in which the stress in a strip of bare membrane clamped at a fixed gripper 

distance after being submerged to liquid water and then let dry is measured (for 

experimental validation).  A possible explanation is that the increased free volume in the 

immersed samples does not recover instantaneously with removal from water, permitting 

faster relaxation to occur (Patankar et al, 2008). 
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Figure 3-11  The RH history in the inner chamber measured  with the humid ity sensor and  the 

stress histories in NRE-211 when dried  to 0%RH after being submerged  in liquid  water.  Error 

bars shown for the first curve is +/ - three times the standard  deviation.   

 

Figure 3-12  The stress histories in Gore-57 when dried  to 0%RH after being submerged  in liquid  

water. 
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Figure 3-13  The stress histories in N111-IP when dried  to 0%RH after being submerged  in liquid  

water. 

 

Finally, to investigate whether bending of the bimaterial specimens used in the 

present study remain spherical, the geometrical quantity in equation (6), which evaluates 

the difference between stresses calculated based on linear and nonlinear stress-curvature 

relationships, can be examined.  Using the maximum possible curvature of 0.001 mm
-1

, 

the relative difference between stress predictions based on linear and nonlinear analyses 

is,  
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which implies that the linear relationship utilized to calculate the membrane stresses 

based on the curvature of the substrate gives sufficient accuracy, or in other words, the 

bending involved in all tests lies within the linear spherical range.   
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3.4 CONCLUSIONS 

The fact that the membranes’ constitutive properties are highly dependent on time, 

temperature, and water content makes stress analysis in constrained PEMs a challenging 

task.  Simple shrink tension tests can measure the tensile stress in a PEM when being 

dried.  But compressive stresses, which will occur in PEMs that are constrained by the 

diffusion media and the bipolar plates, cannot be measured with shrink tension tests (just 

as the name denotes) because of the tendency for buckling.  Considering the viscoelastic 

nature of PEMs, ignoring the compressive stresses during humidifying that precede the 

tensile stresses during drying is misleading if one’s goal is to understand hygrothermal 

stresses in PEMs installed in working fuel cell stacks.   

In this study, biaxial hygral stresses in constrained PEMs have been measured with a 

carefully chosen substrate and adhesive system.  The bimaterial curvature method avoids 

complications associated with the constitutive properties of PEMs and can measure 

compressive stresses as well as tensile stresses.  The 0.25 mm-thick substrate made of 

PEEK and the adhesive meet requirements and allowed the application of the linear 

relationship between the membrane stresses and the bimaterial curvature without 

requiring knowledge of the constitutive properties of the membrane.  The substrate also 

provided sufficient in-plane constraint to the membrane and at the same time produced 

detectable response at the testing condition: moderately elevated temperature and 

extended exposure to high humidity or liquid water.  The non-contacting DIC method 

was also key to the success of the present study, allowing hygral loading to be applied in 

the membrane without facing challenges if conventional resistance strain gages were 

otherwise used somehow.  However, significant work is required to implement the 
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bimaterial curvature method in an operating fuel cell, where the DIC method is not 

practical and some advanced strain sensing technology may be required.   

As a first investigation to directly measure both the compressive and tensile hygral 

stresses in PEMs, the study has confirmed several expectations about stresses in three 

different commercial membranes based on their RH cycling lifetimes.  Stress histories in 

the three PEMs showed strong time dependencies.  In NRE-211, peak tensile stresses as 

large as 6MPa developed during drying and were quickly relaxed to around 1MPa.  The 

differences in stresses between the three commercial membranes, in conjunction with 

biaxial strength testing results, can qualitatively explain their differing lifetimes reported 

during in-situ RH cycling tests. 

Stress histories measured with the reported technique can be utilized to study the 

buckling or cracking/damage accumulation issues in PEMs and help identify the best 

suitable PEMs from a mechanical durability perspective.  The testing method can also 

serve to validate stress models that have been and are being developed.  But a lot of 

details exhibited by these stress histories are yet understood from a material’s point of 

view, for example the reasons behind the different tensile stresses in NRE-211 and N111-

IP and the differences between drying from liquid water and from 90%RH.   
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CHAPTER 4. A Novel Full-Field Experimental Method to 

Characterize the Local Thickness and 

Compressibility of Gas Diffusion Media  

 

Part of a Manuscript Prepared for Submission to the Journal of Fuel Cell Science and 

Technology 

 

ABSTRACT Gas diffusion media (GDM) used in proton exchange membrane (PEM) 

fuel cells are produced by conventional paper manufacturing processes and possess 

highly inhomogeneous microstructures.  The nonuniform thickness and compressibility 

of the GDM due to such microstructures may cause localized overcompression of the 

PEM and lead to ohmic shorting of the cell if “hard spots” in the GDM puncture through 

one of the electrodes and the PEM and engage in direct contact with the other electrode.  

To measure the local thickness and compressibility of GDM, map the “hard spots” in the 

GDM, and evaluate their severities as stress risers, a novel full-field experimental method 

is proposed.  Using the 3-D digital image correlation technique, we have measured the 

local thickness of a model GDM material, Toray
TM

 TGP-H-060, under various levels of 

uniform air pressure in an area of 9.605 mm × 9.605 mm.  To apply the air pressure, a 

thin, gas-impermeable pressure sensitive adhesive-coated Kapton® film is bonded on top 

of the GDM, which is supported by a flat metal substrate.  Significantly nonuniform 

thickness and compressibility are found.  The air pressure and local thickness (or 

stress/strain) data are then used to simulate the overall and local response of the GDM 
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subjected to displacement-controlled flat platen compression similar to that experienced 

when compressed by the land of the bipolar plate and the MEA in a fuel cell.  Excellent 

agreement is achieved between the simulated overall response and an actual platen 

compression test, which gives us confidence in the full-field thickness measurement and 

the simulation method.  Locally, a nominal platen compression of 0.68 MPa can lead to a 

compressive stress as large as 2.30 MPa in various hard spots that are in the order of 100s 

µm to 1 mm in size.  This novel full-field measurement method can be a useful tool in 

developing improved microstructures of GDM to reduce the number and severity of hard 

spots and help reduce the probability of ohmic shorting in PEM fuel cells.  

Key Words: Proton exchange membrane fuel cell; diffusion media; digital image 

correlation; nonuniform microstructure; compression test, compressive stiffness, Ohmic 

shorting 

4.1 INTRODUCTION 

Gas diffusion medium (GDM) in a proton exchange membrane (PEM) fuel cell needs 

to simultaneously satisfy the requirements of transporting reactant gases, removing 

product water, conducting electrons and heat, and providing mechanical support to the 

membrane electrode assembly (MEA).  GDM is normally composed of porous non-

woven carbon fiber paper or carbon fiber cloth.  Ohmic shorting through the PEM is one 

of the major failure modes in PEM fuel cells.  Since the GDM is in direct contact with the 

MEA, it is believed [1] that the GDM is responsible for the shorting of the PEM because 

of the likelihood of carbon fibers puncturing through the membrane.   
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Until recently, relatively little attention has been paid to the characterization of the 

GDM’s mechanical behavior.  An extensive literature review on characterizing the 

macroscopic properties and their impact on fuel cell performance and durability can be 

found in Appendix III.  The focus of this study is on the nonuniform thickness and 

compressibility of the GDM on the local scale that can cause a nonuniform distribution of 

compressive stress in the GDM subjected to fuel cell stack compression.   

Although stack compression springs or other compliant mechanisms [2, 3] have been 

proposed as part of fuel cell structures to maintain  a consistent global load on the stack, 

maintaining uniform compression within the cell can be much more difficult considering 

the possibility of inconsistent thickness and compressibility across a sheet of GDM.  It 

has also been found at General Motors Fuel Cell Research Lab that the variation of 

thickness and compressibility within the same sheet of GDM can increase greatly as 

platens of smaller diameters (as small as 0.6 mm) are used.  In some locations, the 

compressibility is much lower than others, suggesting that some locations within the 

same cell may experience significant overcompression or undercompression even if 

caution is taken to maintain the nominally constant cell compression.  Examining SEM 

images (Figure 4-1), we do find evidence of significant heterogeneity in the GDM 

structure, involving voids of 100s μm in size and crisscrossing fibers with binders in 

between.  Since conglomerates of the former can form a soft spot within a GDM sheet 

and the latter, a hard spot, we expect the hard spots to carry a much higher compressive 

pressure and potentially form high stress concentration points that may lead to membrane 

ohmic shorting.   
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Figure 4-1. SEM of Toray
TM

 TGP-H-060 

It is thus of great interest to understand the heterogeneous nature of the GDM and to 

quantify the compressibility of those potentially damaging hard spots.  To achieve this 

goal, we have developed a novel full-field high resolution experimental technique to 

measure the thickness and compressibility distribution of GDM using a three-dimensional 

digital image correlation (3-D DIC) technique.  The concept is to apply uniform air 

pressure over one side of the GDM which is sealed with a thin, flexible, and gas 

impermeable plastic film while supporting the other side of the GDM with a flat metal 

substrate. Using a full-field shape and displacement measurement technique such as 3-D 

DIC, the initial local thickness and the compressive deformation in GDM subjected to a 

prescribed air pressure history can be measured.  From the air pressure and compressive 

deformation data, the local compressibility of the GDM can be determined.  Numerically 

converting the results from air pressure measurement to platen compression 

measurement, the local compressive stresses in the GDM when it is compressed with a 

100 microns

Toray 060 Untreated

100 microns

Toray 060 Untreated
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pair of rigid flat platens, similar to the land region of a bipolar plate and MEA in a fuel 

cell can be simulated.   

DIC was first used to investigate 2-D displacement and deformation by tracking 

features identified as different brightness values in digitized charge-coupled device 

(CCD) camera images of an object in early 1980s [4, 5].  Using two cameras pointing at 

an object from different angles, 3-D DIC was developed in the 1990’s [6, 7].  DIC 

provides full field surface deformation information (for in-plane strains ranging from 

0.1% to 500% and for out-of-plane displacement less than 1 µm) and is not limited by the 

physical size of the specimen as long as digital images can be recorded [8].  DIC has 

become an accepted strain measurement technique and applications have been seen in 

measuring shape and deformation of wide and thin center-notched aluminum large panels 

[9, 10], large and heterogeneous deformation in polymeric foams [11, 12] and 

deformation and crack opening displacement in mixed mode I/III fracture of aluminum 

[13].  In the area of PEM fuel cell technology, 2-D DIC was used to characterize the 

nonuniform deformation phenomenon of MEA from a wet/dry cycle [14].   

With two CCD cameras pointing at an object from different angles, 3D-DIC measures 

the shape of a surface by tracking features identified as different brightness values in 

digitized images of the surface.  Before testing a specimen, a random black and white 

speckle pattern is applied on a surface.  Three-dimensional deformation history before 

and during the test are then recorded by simultaneously acquiring digital images of the 

surface with the two cameras.  To translate the images into deformation history of the 

surface with a 3D-DIC program, an area of interest (AOI) is defined and a seed point is 
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placed within the AOI in the image taken by the first camera before the test and a square 

pixel box (subset) is assigned around the seed point.  Then the program searches in the 

image from the second camera taken at the same time for an area which matches the 

brightness profile of the subset box in the image from the first camera.  After the match 

for the subset around the seed point is found, the program moves the seed point by a step 

size (smaller than the edge length of the subset) and conduct the same searching process 

for the subset surrounding the moved seed point.  This process is repeated until the entire 

AOI is correlated and the reference 3-D surface is constructed through triangulation.  

After all images obtained during the test are correlated to the reference images, the 

deformation history of the surface is retrieved.  DIC provides full field deformation 

information (for strains ranging from 0.1% to 500%) and is not limited by the physical 

size of the specimen as long as digital images can be recorded [8].   

4.2 EXPERIMENT 

A Toray
®
 TGP-H-060 (Toray Industries, Inc., Tokyo, Japan) with 7%wt PTFE

2
 was 

used as a model GDM material for this study for test method development and validation 

purposes.  A commercial DIC package including Vic-Snap
®
 2008 (connected to two 

Allied Vision Technologies (Newburyport, MA) Pike
®
 F-421B, 2048 × 2048 pixel

2
, 14-

bit CCD cameras) and Vic-3D
®
 2007 by Correlated Solutions, Inc.(West Columbia, SC) 

was used to capture and analyze digital images of the specimens.  After calibration of the 

camera setup, the field of view was 34.5 ×34.5 mm
2
,
 
the baseline distance between the 

                                                 
2
 The Toray® TGP-H-060 specimen used in this study was PTFE-treated with a proprietary process, 

which we do not think would affect its mechanical response substantially.  Discussion on the difference 

observed between the as-received and treated specimens during standard platen compression test is made in 

the Results and Discussions section.   
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two cameras was found to be 107.2mm and the angle between their optical axes 20.2
o
.  

According to Correlated Solutions, Inc. [15] the resolution for out-of-plane displacement 

measurements for this particular camera setup was below 0.3 µm.   

The experimental fixture used in this study is schematically shown in Figure 4-2.  The 

airtight fixture consists of a thick optical glass on the top and an aluminum substrate in 

the bottom.  When a GDM specimen is laid on the substrate and clamped, an air pressure 

can be applied on the thin plastic film bonded on the top surface of the GDM and 

transferred onto the specimen.  Thanks to the porosity of the GDM specimen and the 

small venting port in the bottom plate, the air trapped under the thin
 
film (including that 

within the GDM) during the installation process can escape freely without building up a 

back pressure.  Under a small settling pressure (Figure 4-2 a), the thin film coated with 

pressure sensitive adhesive that is not supported by the GDM is pressed and firmly 

bonded onto the aluminum support.  The surface of the film bonded firmly on the 

aluminum support can then be used as the reference to measure the GDM thickness and 

remove the rigid body motion of the test fixture and specimen.  When the air pressure is 

increased, the sample surface deforms nonuniformly because of the variable 

compressibility across the sample (Figure 4-2 b).  The 3-D DIC system is used to capture 

digital images of the top surface of the deforming GDM through the glass.  The flow 

chart in Figure 4-3 details the procedure for sample preparation and testing process, 

which is discussed as follows.   
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(b) 

Figure 4-2. The working concept of measuring full-field  nonuniform compressibility of GDM 

using 3-D d igital image correlation.  Enclosed  in an airtight chamber and  sealed  with thin plastic 

film from the top, the GDM specimen can be compressed  with uniform air pressure: (a) when a 

small settling pressure is applied  at the beginning of the test; (b) under an elevated  pressure.   

GDM samples as shown in Figure 4-4 were cut to size with a press die cutter.  The 

four notches around the edge of the sample were used for alignment purpose.  A circular 

piece of thin Kapton
®

 film (71 mm in diameter and 8 µm thick, E. I. du Pont de Nemours, 

Wilmington, DE) coated with 25 µm thick pressure sensitive adhesive (3M
TM

 467MP-

200MP, St. Paul, MN) was bonded on the surface of the GDM.  It is believed that the 

adhesive-coated thin Kapton
®
 film has low enough bending stiffness to easily conform to 

the surface of the deforming GDM under the settling pressure and beyond.  Because of 

the low modulus and relative small thickness, the pressure sensitive adhesive is believed 

glass

DM

cameras
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not to change the mechanical response of the GDM.  The compressive stiffness of the 

Kapton film is substantially larger than that of the GDM, therefore the deflection at the 

surface of Kapton film is solely a result of the response of the underlying GDM sample.  

A plate on elastic foundation analysis can be used to evaluate the effect of the stiffness of 

the Kapton® film: should the film be too stiff to bend while bonded on the GDM sample, 

the response on the surface of the film would not be representative of that in the GDM.  

From the beam on elastic foundation theory, the characteristic length of the configuration 

is calculated as follows:  

4
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where k is the stiffness of the diffusion media serving as the elastic foundation, D is the 

bending stiffness of the Kapton
®
 film, E and ν is the elastic modulus and Poisson’s ratio 

respectively, and h represents thickness.  Assuming the elastic modulus of the GDM 

ranges from 5 MPa to 50 MPa and is 0.2 mm thick, substituting Kapton’s elastic modulus 

of 3 GPa and Poisson’s ratio of 0.34 into the above equation, the 0.008 mm Kapton film 

has a characteristic length between 14 mm
-1

 and 26 mm
-1

.  This means that because of the 

bending stiffness of the Kapton
®
 film, the response at a point on the top surface of the 

film is dependent on properties of the GDM and the Kapton
®
 film enclosed in a circular 

area with a radius between 0.04 mm to 0.07 mm [16].  Because of these factors, the 

nonuniform initial thickness and compressive deformation in the GDM can be fully 

characterized by tracking the surface of the Kapton
® 

film using the DIC cameras.  The 
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four holes arrayed near the center of the GDM specimen allowed sections of the Kapton
®

 

film to fall on and firmly bond to the aluminum base when compressed at the settling 

pressure (50 kPa).  Equivalent to the excess film around the GDM in Figure 4-2, the 

surface of the Kapton
®
 film in these holes were used as the reference plane, Z=0.  As the 

sections of the film above the holes were bonded to the testing fixture, displacements in 

these holes can also facilitate the removal of potential rigid body motion of the fixture 

during the test.  To create the speckle pattern for DIC measurement, the surface of the 

Kapton
®
 film was mist painted with fine particles of Krylon

®
 (Krylon Products Group, 

Cleveland, OH) flat white spray paint using an air brush, creating a contrast pattern with 

the translucent Kapton
®

 and the dark GDM surface in the background.  A black 

permanent marker was used to darken the opposite side of the Kapton
®

 film above the 

four holes arrayed near the center of the sample, where no dark GDM surface was 

present.   
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Figure 4-3. A flow chart of the sample preparation and  experimental procedures.   

(1) die cut GDM and Kapton® film

(2) bond the Kapton® film on the GDM

(3) paint and dye the Kapton® film

(4) clamp  and apply a 50-kPa 

settling pressure

(5) ramp to 3.03 MPa max air 

pressure

(6) unload to the settling pressure a
c
q
u
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e
 d

ig
it

a
l 
im

a
g
e
s



89 

 

 

Figure 4-4. The geometry of the GDM sample (Unit: mm).  The four notches around  the edge can 

be used  to align the sample with the fixture.  The four circular holes d rilled  around  the center of 

the specimen allow the suspended  film across them to adhere to the aluminum support once 

pressed , equivalent to the excessive film illustrated  in Figure 4-2.   

After the sample was installed in the test fixture, a settling air pressure of 50 kPa was 

applied to settle the sample on the aluminum substrate, establish a firm bond between the 

Kapton
®
 film and the GDM, and bond sections of the Kapton

®
 film over the four 

reference holes onto the aluminum base.  A few redundant pairs of images were captured 

with Vic-Snap
®
 2008 at this stage, one of which (pair #4 for this case) would serve as the 
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reference for subsequent deformation calculation.  While the air pressure was manually 

ramped from 50 kPa to a maximum pressure 3.03 MPa and then lowered back to 50 kPa, 

Vic-Snap
®

 2008 was used to automatically capture images and record the air pressure 

history every other second. 

4.3 Data Reduction and Analysis 

After the test, the data reduction (steps a to d) and analysis (steps I to V) procedure 

involved steps streamlined in Figure 4-5.  The data reduction process can be divided into 

two stages: digital image correlation of the images in Vic-3D® (steps a and b) and further 

reduction in Tecplot® 360 (steps c and d, Tecplot, Inc. Seattle, WA) [17].  The data 

analysis can also be separated into two parts: thickness and compressibility distribution 

analysis (I-III), which reveals the nonuniform characteristics of the GDM, and the 

simulation of platen compression test using local compressive properties obtained with 

the air pressure compression test (IV and V), which gives the local response of the GDM 

under platen compression and reveals “hard spots”, i.e. areas producing higher-than-

average compressive stresses.  
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Figure 4-5. A flow chart of the data reduction and  analysis procedures  

 

In Vic-3D
®
, a pair of reference images were chosen from the first few images 

captured under the settling pressure.  A primary area of interest (AOI) of 600 × 600 pixel
2
 

(in the present camera setup, 1 pixel equaled to 16 µm) was selected in the center of the 

field-of-view.  Three reference AOIs were selected from three of the four reference holes 

(see Figure 4-2).  Because some spots in the primary AOI could still retain large paint 

agglomerates, which could interfere with the overall image correlation process, they were 

digitally cut away in the DIC program.  In the primary AOI, the subset size was 33 pixels 

and the step size was 5 pixels; in the reference AOIs, the subset size was also 33 pixels 

and the step size was 1 pixel.  After correlation of all image pairs, displacements in the 

three reference AOIs within the reference holes were used to remove any rigid body 

motion of the fixture during the test.  The entire dataset was then transformed into a 

custom coordinate system in which the center points of the three reference AOIs all fell 

(a) calculate initial thickness and displacement with DIC

(b) remove rigid body motion of the fixture and transform 

results into the custom coordinate system

(c) define compressed thickness and strain

(I) full-field initial thickness at the settling pressure

(II) full-field strain at 1.4 MPa during loading and unloading

(III) full-field thickness and residual strain after unloaded

(d) simulate stress-strain behavior under platen compression

(IV) stress-strain curve of the entire sample

(V) stress distribution throughout the sample

(VI) stress-strain curves within smaller areas of interest
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in the Z=0 plane and the X axis was parallel to one of the edges of the primary AOI.  The 

AOIs and the contour plot of initial thickness measured at the settling pressure (50 kPa) 

are overlaid on reference image in Figure 4-6 (a).  To illustrate the custom coordinate 

system, the contour plots are also shown in the 3-D space in Figure 4-6 (b).   

(a) 
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(b) 

Figure 4-6. Thickness data in Vic-3D 2007 illustrating the initial thickness of TGP-H-060 under the 

settling pressure (50 kPa), (a) 2-D contour plot overlaid  on the d igital image. The four reference 

holes, all in the Z=0 plane, are visible around  the perimeter of the field  of view.  (b) The same 

data p lotted  in 3-D illustrating the custom coord inate system.   

 

After the correlation, the dataset including X, Y (in-plane coordinates), Z0 (initial 

thickness at 50 kPa), W (displacement in the through-thickness direction) and p (air 

pressure) were exported into Tecplot
® 

360 for further reduction and analysis as shown in 

steps (c) and (d) in Figure 4-5.  Two new variables, the deformed thickness Z' and the 

compressive strain ε in the thickness direction were defined based on the initial thickness 

and the displacement at every data point in the field by the following equations, 

),(),(),(' 0 YXWYXZYXZ 
                                             (1)

 

Z0 (mm)
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0

0'

Z

ZZ 
                                                             (2) 

All variables were measured or calculated locally and as pointed out earlier, the distance 

between neighboring data points (i.e. the step size used during the DIC analysis) was 5 

pixels (85 µm).   

In a fuel cell stack, it is crucial to minimize the bending of the bipolar plates so that 

consistent electrical contact resistance and flow distribution are maintained from cell to 

cell under the stack compression so that within the cell, the resulting cell compressive 

strain is uniform across the active area.  On the land-channel scale, where the GDM can 

no longer be regarded as a uniform piece, the compressive stiffness of the PEM and the 

bipolar plate, be it stainless steel, graphite or composite, is orders of magnitude larger 

than that of the GDM.  Consequently, the stack compression seen by the GDM on the 

land-channel scale can be approximated with that when the GDM is loaded with two flat 

rigid platens.  Because of the nonuniform compressibility of the GDM, compressive 

stresses in the GDM and, in turn, in the PEM will not be uniform, posing a risk of ohmic 

shorting of the PEM if local compression is excessively high.  To simulate the 

nonuniform stresses in the GDM under flat rigid platen loading based on the local 

nonuniform thickness and compressive properties obtained with the air pressure 

compression test, a conversion process explained as follows is employed.   

Given the initial thickness and compressive stress/strain relationship at every point in 

the GDM obtained from the air pressure compression test with DIC measurement, the 

local pressures required for all points in the specimen to reach a common compressed 
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thickness (or nominal thickness) in the air pressure compression test (as if they were 

pressed to the same thickness with a rigid platen) are accounted for to obtain the nominal 

compressive pressure throughout the GDM:  

A

AZp

Z

N

i

ii
 1

)'(

)'(                                                     (3) 

where p
i
 is the air pressure under which the i

th
 point in the GDM reached the nominal 

thickness Z’ during the air pressure compression test, Ai is the area represented by the i
th

 

point, N is the total number of data points that reached the specified compressed 

thickness value, and A is the total area of the AOI.  This simulation of platen compression 

loading using air pressure compression test results assumes that the response of a point in 

the GDM is independent of how the GDM is compressed, by air pressure or by a flat 

platen.  

Figure 4-7 schematically illustrates the pressure-compressed thickness p-Z' curves at 

three representative locations determined from the air pressure compression test with DIC 

measurement.  The initial thicknesses Z0 under the settling pressure and the compressed 

thicknesses under an air pressure at the three locations are different.  At a given nominal 

thickness Z’, one can determine the nominal stress across the entire sample based on the 

local pressure pi at each and every data point using equation (3).  It should be noted that 

the simulation is only valid for nominal thicknesses larger than Z’1 in the figure, which 

corresponds to the thickest point under the maximum air pressure during the test.  To the 

left of Z’1, one may still follow equation (3), but the calculated nominal stress would be 
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in increasing error because pressures at points represented by the dashed lines above the 

maximum pressure were not actually measured and cannot be accounted for.  

 

(a) 

Figure 4-7. The compressive testing of nonuniform GDM with air pressure (a) and  with a rigid  

flat p laten (b) and  the d ifferences in d ata acquisition.  The responses in three locations of d ifferent 

initial thicknesses and  compressibilities are assumed to be indep endent of the load ing condition.   

In addition to the simulated nominal stress under platen compression condition, a 

nominal strain can also be defined for each simulative nominal thickness.  Together, a 

simulated stress-strain curve for the entire specimen, or any smaller area of interest, for 

example a relatively hard region within the specimen, under platen compression 

condition can be obtained.  To calculate the strain for a simulative nominal thickness, a 

reference initial thickness is required.  As was mentioned in the introduction part, the 

p2
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platen compression test uses the thickness measured at 35-kPa platen compressive stress.  

Similarly, the strain at a simulative nominal thickness Z’ can be defined as,, 

kPa

kPa

Z

ZZ
e

35

35

'

'

'











.                                                       (4) 

where 
kPa

Z
35

'


 is the simulative thickness corresponding to 35-kPa average stress under 

simulative platen compression condition.  Although it may not be obvious how the Z’ at 

35 kPa simulated platen stress can be found for a settling pressure (the smallest 

pressure) of 50 kPa, upon close examination, one may find that Z’ that yields a 35 kPa 

nominal stress can indeed fall between the minimum and the maximum initial thickness 

measured at 50 kPa.  With some areas not accounted for during the stress conversion 

according to equation (3), 35 kPa was the resulting platen compressive stress.  This may 

lead to a reference thickness that is smaller than the actual one measured at the 

beginning of the platen compression test, but the difference should be small.  Since our 

focus is on the nonuniform distribution of stress in the GDM, this discrepancy can be 

neglected.  A detailed comparison between the air pressure compression and the platen 

compression tests are provided in the appendix.   

4.4 RESULTS AND DISCUSSIONS 

4.4.1 Thickness and Compressibility Distribution 

The 600×600 pixel
2
 AOI resulted in a data field with an edge length of 9.605 mm, 

seeded with 114 data points at 85-µm intervals in both in-plane directions.  As will be 

seen shortly, for the TGP-H-060 sample, the 85-µm interval between neighboring data 

points was sufficient to distinguish areas of different thicknesses and compressibilities in 
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the GDM.  Reducing the step size during the correlation process from 5 pixels to 1 pixel 

can enhance the sampling resolution to an interval of 17 µm, but requires significantly 

more computation time and resource.  However, if a GDM material ever requires a grid 

with as fine as 17 µm interval, the current camera and DIC program setup can still be 

used.   

The nonuniform thickness of the GDM at the beginning of the test under the 50-kPa 

settling pressure is shown in a contour plot and a histogram in Figure 4-8.  Significant 

nonuniformity in the initial thickness is found.  The thickness contour plot in Figure 4-8 

(a) reveals the spatial distribution of relatively thick and thin regions.  From this plot, it is 

clear that the 85 µm interval between neighboring data points was sufficient to 

differentiate characteristics in the GDM sample.  The size of the AOI chosen in this study 

was able to include various features possessed by the GDM sample: thinner regions on 

the left, near the center and on the right; and thicker regions near the bottom and the top.  

The average thickness under the settling pressure was 183 µm, ranging from 163 µm to 

208 µm with a standard deviation of 8 µm (see histogram in (b)).  In the following 

discussions of compressive strain, residual strain after the test and the stress distribution 

under simulative platen compression condition, these thin and thick regions will be 

compared and contrasted.   
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(a) 

Z0 (mm)
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(b) 

Figure 4-8. The thickness of the GDM at the beginning of the test measured  under the settling 

pressure of 50 kPa: (a) contour plot; (b) histogram  

To investigate the distribution of the compressibility of the sample, the strain in the 

sample under 1.39 MPa air pressure (near the typical pressure under the land of bipolar 

plates in a fuel cell stack) during pressure ramp up (loading) from 50kPa and during 

pressure ramp down (unloading) from the peak pressure of 3.03 MPa are shown in a 

group of plots in Figure 4-9.  From the contour plots, different compressive behaviors are 

seen in the thin areas on the left and on the right in the AOI.  The one on the right 

underwent relatively large compressive strain, suggesting a thin and soft region; while the 

other on the left suggests a thin but stiff region.  Average compressive strain is seen in the 

rest of the AOI where the GDM is relatively thick and stiff, except near the top and the 
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bottom, which are thick but soft.  Therefore, from the thickness perspective and the 

stiffness perspective, the GDM can be qualitatively divided into four categories: thin and 

soft, thin but stiff, thick but soft and thick and stiff.  The differences in thickness and 

stiffness from location to location are believed to reflect the underlying nonuniform 

microstructure of the GDM.  From the histogram plot of Figure 4-9 (c), wide ranges of 

compressive strain are seen in both cases.  During loading, the strain at 1.39 MPa had an 

average of -20.6%, ranging from -13% to -29% with a standard deviation of 3.1%.  

During unloading, the strain had an average of -29.1%, ranging from -18% to -40% with 

a standard deviation of 3.9%.   
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(a) 

 

(b) 



103 

 

 

(c) 

Figure 4-9. Through-thickness compressive strain in the GDM when air -pressurized : (a) contour 

plot of strain during load ing form the settling pressure (50KPa) to 1.39 MPa; (b) contour plot of 

strain during unload ing from the maximum pressure of 3.03 MPa to 1.39 MPa; (c) histograms of 

strains during load ing and  unload ing.  

 

In the thickness contour plot in Figure 4-10 (a), after the pressure was unloaded to 

50kPa from 3.03 MPa, a nonuniform permanent set is seen across the sample.  The thin 

but stiff region on the left recovered better than the one on the right, which is thin and 

soft.  The histogram plots of thickness before and after the test are shown in (b).  After 

unloading, a clear shift to the left (an overall permanent set) is seen and the distribution is 

much broader.  The average thickness after unloading was 152 µm, ranging from 128 µm 

to 196 µm with a standard deviation of 9 µm after the test.  The difference in terms of 

recoverability between the two thin regions is also evident in the residual strain contour 
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plot in (c).  The histogram of the residual strain at 50kPa after unloading shown in (e) 

also exhibits a wide distribution.  The residual strain after the test had an average of         

-16.9%, ranging from -25% to -7% with a standard deviation of 2.7%. 

 

(a) 
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(b) 
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(c) 
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(d) 

Figure 4-10. Thickness and  residual strain after unload ed  from the peak pressure of 3.03 MPa.  (a) 

thickness contour plot; (b) thickness histogram compared  with before the test; (c) residual strain 

contour plot; (d ) resid ual strain histogram.  

 

From the results presented above, significant nonuniform initial thickness and 

compressive properties are found within the GDM of a relatively small size of 9.605 mm 

by 9.605 mm.  The hard/soft spot distribution appears to be random.  These local features 

cannot be captured with conventional platen compression tests.  It is interesting to see the 

different stiffnesses and recoverabilities shown by areas that were initially thin or thick.   

4.4.2 Simulation and Validation of Platen Compression based on the DIC Results 

As explained earlier that the response of GDM under fuel cell stack compression can 

be better represented by the platen compression condition, in this section we will discuss 
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the simulation of platen loading for the entire sample and for smaller areas of interest 

using results from the air pressure compression test with DIC measurement.  

To examine the validity of the stress simulation process, the simulated stress-strain 

curve from the air pressure compression test is compared with real platen compression 

tests, shown in Figure 4-11.  The platen compression test results for as-received and 

treated TGP-H-060 are both shown in the figure.  Excellent agreement between the real 

platen compression test of the treated specimen and the simulation from air compression 

test results is achieved, which validates the conversion method and provides confidence 

in the air pressure compression test method with DIC measurement.  It is not clear why 

the treated GDM which contains only 7%wt PTFE appears softer than the as-received 

GDM.  During the treatment the as-received GDM was first dipped in 3%wt PTFE water 

solution with surfactant for 5 minutes and then sintered at 380
o
C in an oven for 30 

minutes.  But as the focus of this study is in the test method development and validation, 

this difference caused by the treatment is not further investigated.  The negative strains in 

the simulative stress-strain curve are because many thick regions were thicker than the 

initial thickness under the simulated platen compression of 35 kPa (see details in the 

Appendix).  As was discussed in the analysis section, more and more areas would require 

pressures larger than the peak pressure during the air pressure compression test, 3.03 

MPa to reach nominal thicknesses below 148 µm (i.e., nominal compressive strains larger 

than 0.21 mm/mm).  During the current conversion (equation (3)), we used the peak 

pressure, 3.03MPa for all data points beyond that limit, which explains the deviation of 

the simulative curve from the real test curve at high stress levels.   
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Figure 4-11. Stress strain curves obtained  with platen compression test and  simulated  based  on 

air pressure compression test results.   

Discussed next is the compressive stress distribution in the GDM under platen 

compression (or fuel cell stack compression) condition at two representative nominal 

stresses, 0.68 MPa (at nominal thickness of 160 µm) and 1.38 MPa (at nominal thickness 

of 144 µm).  The results are shown in a series of contour plots and histograms in Figure 

4-12.  At 0.68-MPa nominal stress, significant variations in the compressive stresses are 

seen in (a).  The thin regions generally led to lower compressive stress as found in the left 

and in the right.  The stress histogram at 0.68 MPa is shown (b).  At 0.68-MPa nominal 

stress, the range of the stress was from 0.2 MPa to 2.3 MPa with a standard deviation of 

0.35 MPa.  As was discussed in the analysis section (and illustrated in Figure 4-7), below 

a certain nominal thickness, the compressive behaviors of some stiffer areas could not be 

captured in the simulation process.  At 1.38-MPa nominal stress, the stress contour plot in 
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(c) shows white areas that require pressures larger than the peak pressure 3.03 MPa 

during the test to reach the nominal thickness of 144 µm.  In a real platen compression 

test, at the given nominal compressed thickness, stresses in these areas should be higher 

than in the rest of the specimen.  Only to account for these lost areas in the histogram, 

these holes in the contour map were patched with the stress values around their 

boundaries.  This patching process is not intended to provide an accurate representation 

of the stresses in the holes and was not used to generate the simulated stress-strain curve.  

The patched contour map is shown in (d) and the corresponding stress histogram is 

shown in (e).  From the patched histogram, the stress range was between 0.43 MPa and 

3.03 MPa with a standard deviation of 0.55 MPa.  From both contour maps ((a) and (d)), 

it is seen that the thin and soft area on the right and the thick but soft area near the top 

and the bottom all produced relatively small or average stresses.  The thin and stiff area 

did not bear a lot of stresses while the nominal stress was small (figure (a)), but when the 

nominal stress was further increased (figure (b)) many stress concentrations appeared.  

Concentrated stresses are seen in the thick and stiff areas for both stress levels.  The 

scattered stress concentration sites that produced higher-than-the-average stresses are the 

“hard spots”.  The hard spots are in the 100’s µm to 1 mm scale in size.  From this study, 

we found that stresses at “hard spots” can be at least three times of the nominal platen 

compressive stress.   
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(e) 

Figure 4-12. Simulated  compressive stress in the GDM: (a) and  (b), contour plot and  histogram of 

the stresses in the GDM when the nominal compressive stress was 0.68 MPa and  when the 

nominal thickness was 160 µm; (c), contour plot of stresses in the GDM when the average 

compressive stress was 1.38 MPa and  when the common compressed  thickness was 144 µm.  The 

holes in this contour plot is because those areas were not pressed  to 144 µm even under the 

maximum applied  air pressure, 3.03 MPa; (d ), contour plot (c) patched  by assuming the stresses 

in the holes are equal to those around  their bound aries; (e), histogram of stresses equivalent to 

the patched  contour p lot (d ).   

 

To understand the compressive behavior of the material on the land/channel scale, we 

selected four 1 mm × 1 mm squares marked in the stress contour plots for further 

investigation.  In terms of initial thicknesses and stiffnesses, square A represents thick but 

soft, square B represents thin and soft, square C represents thick and stiff, and square D 

represents thin but stiff.  Stress-strain curves for those four squares are simulated 

following equations (3) and (4) as was for the entire AOI.  The compressive behaviors of 

these four regions are compared with the overall response of the entire AOI in Figure 
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4-13.  Within these four squares, the nominal uncompressed thicknesses of the four 

squares at simulated 35 kPa platen pressure were 190 µm, 175 µm, 196 µm and 178 µm, 

respectively.  From the stress strain curves, the stiffnesses of the four small squares 

spread around that of the specimen as a whole.  These differences of thickness and 

compressibility among these squares, also considering that of the entire specimen of near 

100 mm
2
, can explain our observation in prior unpublished study that increasing scatter in 

measurements were found when smaller and smaller platens were used to test GDM 

specimens under compression.  More interestingly, the thin and stiff square and the thick 

and stiff square show very similar compressive behaviors, and so do the thin and soft and 

thick and soft areas.  This similarity may indicate that the stiff areas, regardless of 

thickness, may have similar compositions and micro-structures.  The same statement can 

be made for the soft areas.  These squares have made interesting targets for further 

investigation into the composition and micro-structure. Research on this topic is being 

actively pursued. It is believed that with further understanding of the composition and 

micro structure, it is possible to adjust the manufacturing process and reduce the number 

and severities of hard spots.   
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Figure 4-13. Simulated  stress strain curves of the four small 1 mm × 1 mm representing the thin 

and  stiff, thin and  soft, thick and  stiff and  thick and  soft regions.   

 

4.5 CONCLUSIONS 

As was reported in [1], the probability of electrical shorting of PEM increases with 

increasing stack compression.  It is thus believed that the stress concentrations caused by 

the nonuniform thickness and compressibility of GDM are responsible.  A novel full-field 

air pressure compression test is proposed to characterize the nonuniform thickness and 

compressibility of GDM.   

With the 3-D DIC full-field technique, sub-micrometer resolution in the thickness and 

out-of-plane displacement measurements and 85-micrometer in-plane resolution for a 

data field representing an area of about 90mm
2
 have been achieved.  Because of the 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

-0.1 0 0.1 0.2 0.3 0.4

S
tr

e
ss

 (
M

P
a
)

Strain (mm/mm)

Thin-Stiff

Thin-Soft

Thick-Soft

Thick-Stiff

Entire sample



118 

 

capability to obtain abundant local properties, the proposed air pressure compression test 

yields a lot of information, summarized as follows, that is potentially useful in making 

GDM with reduced numbers of hard spots of less severity.   

The initial thickness of the model GDM: TGP-H-060 varied between 163 µm to 208 

µm from point to point, a range that is 25% of the 183 µm nominal thickness.  In 

addition, the variation of thickness is coupled with differences of fiber network structure 

from place to place resulting in a complicated distribution of compressibility.  During the 

course of pressurizing the GDM from the 50-kPa settling pressure to the 3.03-MPa peak 

pressure during the test, the strain in the GDM under 1.39 MPa varied between -13% to -

29%.   

To understand the implications of the nonuniform thickness and compressibility on 

the resistance to electrical shorting of the membrane under stack compression, the local 

compressive stresses that can occur in the GDM under flat rigid platen compression have 

been simulated using the thickness and pressure information obtained with the proposed 

testing method.  Under a nominal platen compression of 0.68MPa, stresses at several hard 

spots within in the 90 mm
2 

area can be as large as 2.30 MPa.  These hard spots can 

potentially lead to localized thinning of the PEM and eventually cause electrical shorting.   

It is clearly desirable to reduce the number and severity of hard spots in GDM and it 

is hoped that findings in this study provide guidelines to GDM manufactures for 

producing GDMs that are less likely to cause ohmic shorting of PEMs.   
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4.8 APPENDIX 

The stress and strain simulations can be better understood by comparing and 

contrasting the two loading conditions: platen compression (or displacement-controlled 

testing) and air pressure compression (or pressure-controlled testing).  In Figure 4-14, the 

responses at three locations of different initial thicknesses and compressibilities in a 

GDM specimen during the two types of tests are illustrated.  Assuming that the 

compression behavior of an individual point in the GDM does not depend on how the 

entire piece is loaded, using air pressure or using a flat platen, the two plots are of the 

same scale and the shapes and positions of the curves are identical.   
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(b) 

Figure 4-14. The compressive testing of nonuniform GDM with air pressure (a) and  with a rigid  

flat p laten (b) and  the d ifferences in d ata acquisition.  The responses in three locations of d ifferent 

initial thicknesses and  compressibilities are assumed to be independent of the load ing condition.   

Fundamentally, the difference between the two types of tests is not in how the 

specimen responds but in how the response of the GDM specimen is recorded and 

quantified.  The difference in annotations in figures (a) and (b) is explained first.  p in 

plot (a) is the uniform air pressure and   in plot (b) is the platen compressive stress (the 

compressive force divided by the area of the specimen).  Measured with 3-D DIC under 

uniform pressure levels, Z’ in plot (a) is the local compressed thickness; z’ in plot (b) is 

the compressed thickness measured for the entire specimen with the platen and is a 

constant for the entire specimen at any given platen compression level.   
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The first difference is seen at the beginning of each type of test during the initial 

thickness measurement.  In the air pressure compression test (in a), the nonuniform initial 

thickness of the GDM under the settling pressure p0 can be measured with 3-D DIC (note 

the variable thicknesses encircled in the bubble); in the platen compression test (in b), the 

initial thickness of the specimen is measured under a certain platen compression, for 

example 35 kPa as was used in the test discussed in the introduction section.  The platen 

compression test therefore assumes a uniform initial thickness for the entire specimen, 

illustrated by the vertical dashed line, 
kPa

z
35

.   

As the pressure increases in both tests, another difference is found.  For the air 

pressure compression case in Figure 4-14 (a), at a uniform pressure level (p1), responses 

at all locations can be measured simultaneously with 3D-DIC (marked with the three 

diamonds).  For the platen compression case in Figure 4-14 (b), at a platen displacement 

level (when the compressed “uniform” thickness of the entire specimen is pressed to z1), 

different reactive stresses can occur at different locations (marked with the three 

triangles), but the load cell connected to the platen can only read the overall compressive 

force experienced by the entire sample.  Clearly much more information can be obtained 

with the air pressure compression test than with a platen compression test.  As a result, 

given the results obtained with the air pressure compression test, the response of the same 

specimen under platen compression condition may be simulated.  But the opposite is 

impossible since no local response can be extracted from a platen compression test.   

The last difference is seen at the time of peak loading in each test.  In the air 

compression test, the peak pressure (pmax) caused different deformation from place to 
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place in the specimen; in the platen compression test, the maximum displacement 

(corresponding to the minimum compressed thickness zmin) led to different reactive 

compressive stresses from place to place.  Parts of the curves beyond the peak pressure in 

the air pressure compression test are dashed because they cannot actually be measured in 

the test.   

Following the comparison, it is found that the simulation of platen compression 

loading based on air pressure compression test results is only meaningful in a limited 

range of compressed thickness.  Suppose a vertical line of a common compressed 

thickness is drawn between Z’1 and Z’2 in Figure 4-14 a, it would not intersect with all of 

the stress-thickness curves as the dashed curves require more pressure than the peak air 

pressure, pmax applied during the test.  The simulated platen compressive stress according 

to equation (3) for this compressed thickness would be smaller than the actual value in a 

platen compression test since the regions in the specimen that are not counted are indeed 

relatively harder and bear more pressure than average in a platen compression test.  A 

similar situation is faced in the small deformation end.  When a line is drawn between the 

minimum and maximum initial thickness measured under the settling pressure, it will not 

intersect with all of the stress-thickness curves either.  However, the error due to these 

missing curves (regions in the specimen) would be much smaller comparing to that in the 

large deformation end as these regions bear less pressure than average in a platen 

compression test.   
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CHAPTER 5. CONCLUSION 

 

 

Three experimental methods are proposed in this dissertation that can be used to 

investigate key factors that determine the mechanical durability of PEM in operating fuel 

cells.  The pressure-loaded blister tests subject PEMs to ex-situ cyclic and sustained 

biaxial stress and characterize their resistance to gas crossover during the test.  The 

bimaterial curvature method directly measures the biaxial hygral stresses that can occur 

in PEMs when the water content changes.  Results from these two are essential inputs to 

establish a durability framework of PEMs subjected to in-plane stresses.  In addition, the 

nonuniform thickness and compressibility of gas diffusion media which are responsible 

for creating concentrated through-thickness compressive stresses in PEMs are evaluated 

with the third method: uniform air compression test in conjunction with the 3-D digital 

image correlation technique.  Discoveries from these experimental studies and future 

work are discussed in the following sections.   

5.1 Fatigue and Creep to Leak Tests with Pressure-Loaded 

Blisters 

Pressure-loaded blisters have been used to test PEMs in a manner that successfully 

addresses some issues associated with quasi-static uniaxial tensile strength tests and RH 

cycling tests.  By controlling the air pressure, cyclic and sustained loading can be applied 
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to the membrane and at cyclic frequencies considerably higher than allowed in RH 

cycling tests.  As a result of its circular geometry, equal biaxial stresses occur in the 

center of the blister and the stress components gradually decrease toward the edge of the 

blister, reducing the likelihood of edge or grip failure.  The air used to pressurize the 

membrane can be readily used for leak detection.  As higher stresses can be applied on 

the membrane during these tests than during RH cycling tests, the testing time can be 

significantly reduced, which can save testing time as more durable membranes become 

available.   

Fatigue and creep to leak results obtained for NRE-211 at 70
o
C, 80

o
C and 90

o
C 

merged into a master curve after shifting according to the time-temperature-humidity 

superposition principle using shift factors obtained with uniaxial tensile relaxation tests, 

which indicates that the development of gas crossover passages across the thickness of 

the membrane is controlled by the intrinsic viscoelastic processes in the membrane.  

Comparison between the three commercial membranes shows the same ranking in terms 

of resistance to fatigue and creep loadings as that obtained with the RH cycling test, that 

is the extruded N111-IP is more durable than the cast NRE-211 and the reinforced Gore-

57 is in between, closer to NRE-211.  A closer look at the lifetime data of N111-IP and 

Gore-57 seem to indicate that the reinforcement in Gore-57 was beneficial only at high 

stress levels.  No clear evidence of cyclic effect was found when comparing the fatigue 

and creep to leak results. 

However, the pressure-loaded blister tests are not without shortcomings.  In these 

tests, only in-plane stresses are significant to cause leaking, while although to a less 

extent, the compressive stress in the thickness direction of the PEM can also lead to 
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creep deformation that assists the onset of gas crossover.  Compressive stresses are 

included in in-situ RH cycling tests but are not in either the conventional uniaxial tensile 

test or the biaxial blister test reported herein.   

In comparison to uniaxial tensile tests in which the stress in the membrane is 

directly known, the stresses in the pressure-loaded blister tests require a not-so-

straightforward conversion from the air pressure.  This conversion requires extensive 

knowledge in the constitutive properties of the membrane.  As the properties of the 

membrane continuously change because of its viscoelastic nature, even though the 

amplitude of the air pressure remains constant, the evolution of stresses in the membrane 

may be complicated.  To close this gap, studies are being carried out including 

experimental measurement of the deflection of the membrane during the test and finite 

element stress analysis.   

In this study and other ex-situ tests found in the literature, no electrochemical effect 

was introduced, while in reality electrochemical and mechanical effects can interact and 

accelerate each other.   

Furthermore, electron microscope images may be used to investigate whether the 

failure mechanisms during the blister tests, the RH cycling tests and during the practical 

operation of a fuel cell are the same.  Recent studies have found some abnormal 

transitions at around 5%RH in the relaxation modulus of PEMs (the relaxation modulus 

of PEMs at 5%RH is larger than at 2%RH and beyond 5%RH, the effect of relative 

humidity on the viscoelastic response of PEMs is similar to that of temperature).  As all 

tests were conducted at 2%RH in this study, caution is advised for usage of these results 

and more tests will be conducted at RH levels that are above the 5%-RH transition point.   
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5.2 Measuring Hygral Stresses Using the Bimaterial Curvature 

Method 

The fact that the membranes’ constitutive properties are highly dependent on time, 

temperature, and water content makes stress analysis in PEMs a challenging task.  Simple 

shrink tension tests can measure the tensile stress in a PEM when being dried.  But 

compressive stresses, which will occur in PEMs that are constrained both in-plane and 

through-thickness (limiting the chance of buckling) by the diffusion media and the 

bipolar plates, cannot be measured with shrink tension tests (just as the name denotes) 

because of the tendency toward buckling.  Considering the viscoelastic nature of PEMs, 

ignoring the compressive stresses during humidifying that precede the tensile stresses 

during drying is misleading if one’s goal is to understand hygrothermal stresses in PEMs 

installed in working fuel cell stacks.   

In this study, biaxial hygral stresses in constrained PEMs have been measured with 

the carefully chosen substrate and adhesive system.  The bimaterial curvature method 

bypasses complications in the constitutive properties of PEMs and can measure 

compressive stresses as well as tensile stresses.  The 0.25 mm-thick substrate made of 

PEEK and the adhesive meet various requirements and allow the application of the linear 

relationship between the membrane stresses and the bimaterial curvature without 

requiring knowledge of the constitutive properties of the membrane.  The substrate also 

provided sufficient in-plane constraint to the membrane and at the same time produced 

detectable response at the testing condition: moderately elevated temperature and 

extended exposure to high humidity or liquid water.  The noncontacting DIC method was 

also key to the success of the present study, allowing hygral loading to be applied in the 

membrane without facing challenges if conventional resistance strain gages were 
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otherwise used somehow.  However, significant work is required to implement the 

bimaterial curvature method in an operating fuel cell, where the DIC method may not be 

the path to follow and some advanced strain sensing technologies may still hold a chance.   

As a first investigation to directly measure both the compressive and tensile hygral 

stresses in PEMs, the study has confirmed several expectations about stresses in three 

different commercial membranes based on their RH cycling lifetimes.  Stress histories in 

the three PEMs showed strong time dependencies.  In NRE-211, peak tensile stresses as 

large as 6MPa were developed during drying and were quickly relaxed to around 1MPa.  

The differences in stresses between the three commercial membranes, in conjunction with 

biaxial strength testing results, can qualitatively explain their differing lifetimes during 

in-situ RH cycling tests. 

These stress histories can be utilized to study the buckling or cracking/damage 

accumulation issues in PEMs and help identify the best suitable PEMs from a mechanical 

durability perspective.  The testing method can also serve to validate stress models that 

have been and are being developed.  But a lot of details exhibited by these stress histories 

are yet to be understood from a material’s point of view, for example the reasons behind 

the different tensile stresses in NRE-211 and N111-IP and the differences between drying 

from liquid water and from 90%RH.   

5.3 Measuring the Local Thickness and Compressibility of GDM 

As the probability of electrical shorting of PEM increases with increasing stack 

compression, it is believed that the stress concentrations caused by the nonuniform 

thickness and compressibility of GDM are responsible.  With the 3-D DIC full-field 

technique, sub-micrometer resolution in the thickness and out-of-plane displacement 
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measurements and 85-micrometer in-plane resolution for a data field representing an area 

of about 90mm
2
 have been achieved.  Because of the capability to obtain abundant local 

properties, the proposed air pressure compression test yields a lot of information, 

summarized as follows, that is potentially useful in making GDM with reduced numbers 

of hard spots of less severity.   

The initial thickness of the model GDM: TGP-H-060 varied between 163 µm to 208 

µm from point to point, a range that is 25% of the 183 µm nominal thickness.  In 

addition, the variation of thickness is coupled with differences of fiber network structure 

from place to place resulting in a complicated distribution of compressibility.  During the 

course of pressurizing the GDM from the 50-kPa settling pressure to the 3.03-MPa peak 

pressure during the test, the strain in the GDM under 1.39 MPa varied between -13% to -

29%.   

To understand the implications of the nonuniform thickness and compressibility on 

the resistance to electrical shorting of the membrane under stack compression, the local 

compressive stresses that can occur in the GDM under flat rigid platen compression have 

been simulated using the thickness and pressure information obtained with the proposed 

testing method.  Under a nominal platen compression of 0.68MPa, stresses at several hard 

spots within in the 90 mm
2 

area can be as large as 2.30 MPa.  These hard spots can 

potentially lead to localized thinning of the PEM and eventually cause electrical shorting.   

It is clearly desirable to reduce the number and severity of hard spots in GDM and it 

is hoped that findings in this study provide guidelines to GDM manufactures for 

producing GDMs that are less likely to cause ohmic shorting of PEMs.    
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ABSTRACT The use of pressurized blister specimens to characterize the biaxial strength 

and durability of proton exchange membranes (PEM) is proposed, simulating the biaxial 

stress states that are induced within constrained membranes of operating PEM fuel cells.  

PEM fuel cell stacks consist of layered structures containing the catalyzed PEMs that are 

surrounded by gas diffusion media and clamped between bipolar plates.  The surfaces of 

the bipolar plates are typically grooved with flow channels to facilitate distribution of the 

reactant gases and water byproduct.  The channels are often on the order of a few 

millimeters across, leaving the sandwiched layers tightly constrained by the remaining 

lands of the bipolar plates, preventing in-plane strains.  The hydrophilic PEMs expand 

and contract significantly as the internal humidity, and to a lesser extent, temperature 

vary during fuel cell operation.  These dimensional changes induce a significant biaxial 

stress state within the confined membranes that are believed to contribute to pinhole 
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formation and membrane failure.  Pressurized blister tests offer a number of advantages 

for evaluating the biaxial strength to bursting or to detectable leaking.  Results are 

presented for samples of three commercial membranes that were tested at 80oC and 

subjected to a pressure that was ramped to burst.  The bursting pressures exhibit 

significant time dependence that is consistent with failure of viscoelastic materials.  

Rupture stresses, estimated with the classic Hencky solution for pressurized membranes 

in conjunction with a quasi-elastic estimation, are shown to be quite consistent for a 

range of blister diameters tested.  The technique shows considerable promise not only for 

measuring biaxial burst strength, but also for measuring constitutive properties, creep to 

rupture, and cyclic fatigue damage.  Because the tests are easily amenable to leak 

detection, pressurized blister tests offer the potential for characterizing localized damage 

events that would not be detectable in more commonly used uniaxial strength tests.  As 

such, this specimen configuration is expected to become a useful tool in characterizing 

mechanical integrity of proton exchange membranes. 

 

Key Words: Proton exchange membrane, biaxial testing, biaxial strength, 

pressurized blister test, ramp to burst, time dependence, viscoelastic behavior, DuPont 

Nafion
®
 NRE211, Gore-Select

®
 series 57, Ion Power N111-IP.   

 

A1.1. INTRODUCTION 

The long-term durability of proton exchange membrane (PEM) fuel cells depends on 

a number of factors including the retention of catalyst activity, gas diffusion media 

structure, and membrane integrity.  Considering the dual function of the membranes, their 
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thickness is a compromise: sufficiently thin to readily permit ion transport and yet thick 

enough to minimize gas crossover, both of which can significantly affect operational 

efficiency.  Practical fuel cell constructions at present often utilize PEMs that are on the 

order of 25 microns or less in thickness.  A number of types of polymers are 

commercially available now, but sulfonated perfluorinated polymers, such as DuPont’s 

Nafion, remain popular.  With hydrogen and oxygen permeabilities on the order of 10
-

12
cm

3
(STP)cm/(cm

2
 s Pa) (wet) to 10

-15
cm

3
(STP)cm/(cm

2
 s Pa) (dry)[1], these 

membranes are quite resistant to gas crossover.  Over their service life, however, they can 

degrade through several mechanisms, reducing their resistance to reactant gas 

permeation.  Fluoride release associated with the molecular breakdown of the ionomeric 

membranes results in membrane thinning[1].  Chemical and mechanical stresses can 

further degrade the material, resulting in flaws that are generically referred to as 

“pinholes”[2].  Changing mechanical stresses are induced as a membrane, which is 

constrained in a typical fuel cell by the bipolar plates and the diffusion media, is 

subjected to varying temperature and humidity, the latter of which causes significant 

dimensional changes in unconstrained membranes.  Local stress risers may exist within 

the membrane at the tips of the ubiquitous flaws present in the more brittle catalyst layers 

and at the termination of catalyst layers, subgaskets, or other layers[3, 4], further 

enhancing the likelihood for damage.  Over time, contributing factors such as these can 

lead to pinhole formation that allows crossover of the reactant gases, reducing overall 

operating efficiency, and possibly triggering further damage as these gases react in the 

presence of the catalyst.  Mechanical integrity of the membranes is thus seen as an 

essential feature for the long term operation of PEM fuel cells. 



134 

 

Although basic mechanical properties of proton exchange membranes have been obtained 

on free standing membranes[5-7], durability studies have generally focused on 

performance retention in operating fuel cells under accelerated conditions [2] and ex situ 

changes in conductivity, gas permeability, strength, and toughness under simulated 

environmental cycles[8].  As various forms of mitigation agents for chemical degradation 

are designed into membranes, interest has increased in quantifying the strength and 

durability of membranes exposed to hygrothermo-mechanical stresses.  Strength, damage, 

and durability properties have long been necessary inputs for durability models to predict 

strength retention, life, and reliability for other engineering materials[9].  This paper 

proposes a simple blister test configuration for characterizing biaxial mechanical 

properties of membranes over a range of loading profiles and environmental conditions.   

In considering appropriate test specimens and damage detection techniques for 

characterizing fuel cell membranes, several key features of membranes in operating fuel 

cells are apparent and are likely to be relevant in selecting appropriate test methods.  

First, the stress state within a membrane of an operating fuel cell is primarily induced by 

the expansion and contraction of the membrane resulting from temperature and humidity 

fluctuations.  Sandwiched between the diffusion media layers that are compressed by the 

lands of the bipolar plates, the membranes are nominally constrained in a nearly constant 

in-plane strain state.  Second, the induced mechanical strains and stresses within the 

membrane are nominally biaxial because of the planar constraint.  Third, although in-

plane compression of the membrane may occur and even lead to localized buckling in 

some situations [10], the stress state of primary concern is the biaxial tensile stress state, 

under which flaws could grow.  Fourth, the membrane stresses result not from direct 
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mechanical loading but from hygrothermally driven deformations within the constrained 

membrane.  Because of the temperature and moisture content dependence of the 

viscoelastic behavior of the membranes, the stresses and environment are inherently 

coupled; mechanical loading alone might not adequately simulate the actual membrane 

behavior.  Fifth, membrane failure consists not in global mechanical separation of the 

membrane but by the development of small leaks across the membrane.  Damage and 

failure detection should be tied to changes in permeability rather than the large-scale 

deformation and tearing that occur in standard tensile specimens, for example, which are 

often used to characterize membrane properties. 

In consideration of these observations, this paper proposes the use of a pressure-loaded 

blister specimen in which a proton exchange membrane is mounted on a circular aperture 

and pressurized with air or other media of interest.  This configuration is believed to have 

a number of attributes that make it particularly appropriate for studying the mechanical 

integrity of PEMs.  Before elaborating on these, however, a brief overview of the 

pressurized blister test is provided.    

Pressurized membrane configurations have been extensively studied over the years, 

both for characterizing the adhesion of membranes to substrates to which they are 

attached [11] and for studying properties of the membranes themselves.  For the latter, 

blister or bulge tests have been used to measure mechanical properties of membranes [2, 

12, 13], as well as residual stresses [14-16] and burst strength [16].  In the center of a 

circular pressure-loaded blister, the radial and circumferential stresses are equal.  As one 

moves away from the center, stresses in both directions decrease gradually at somewhat 

different rates.  An exact (large deflection) solution for the stresses within a pressurized 
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circular blister has been given in terms of a power series solution by Hencky[17].  The 

resulting expressions for the radial, r , and tangential,  , stresses are given by:[17, 18] 
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where E  is the Young’s modulus of the membrane, p is the applied pressure, a is the 

radius of the blister, t is the thickness of the membrane, and 2kB are coefficients that can 

be determined through recursion relationships once the initial 0B coefficient is known, 

using:  
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The first few series coefficients are: 
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0B is determined by enforcing the boundary condition that the membrane’s 

circumferential strain at the outer edge, )(a , must remain equal to the initial (assumed 

to be equi-biaxial) residual mechanical strain, 0 .  For an elastic material, this boundary 

condition becomes:  

  (3)     0

1
( ) ( )ra a a

E
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where  is the Poisson’s ratio for the membrane.   By inserting (1) and rearranging: 

  
2 3
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Substituting terms into this expression, one obtains: 
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showing that 0B will be a function of 

2 3
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.  The residual mechanical strain will 

vary with temperature and humidity levels, and can be positive or effectively negative 

(although not physically realizable because buckling of the membrane would likely 

occur).  As such, 0B can vary as p varies in a test unless 0 is zero, in which case 0B is a 

constant.  Equation (5) can be solved for 0B , and for the case where there is no residual 

mechanical strain, 0 0  ,  0B  is only a slowly varying function of  , taking on values of 

1.72433, 1.77683, and 1.84526, respectively for values of Poisson’s ratio of 0.3, 0.4, and 

0.5, which cover the range of interest for most polymeric materials.  0B can be accurately 

approximated by: 

 2 3

0B 1.6198+0.27864 +0.063018 +0.55783    (6) 

over the full range of positive values of Poisson’s ratio. 

 Figure A 1-1 shows a plot of the radial and tangential stress factors as a function of 

radial position for a circular blister, illustrating that radial stresses are relatively constant 

across the entire membrane but that the tangential stresses decrease substantially as one 
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approaches the constrained edge of the specimen, where the tangential strains must be 

zero (for 0 0  ) and plane strain conditions prevail.  The stress factors, when multiplied 

by
3

1

2

22

4

1









t

aEp
, will provide the actual values of stresses, as given in Equation (1).  

Results are shown for the three specific values of Poisson’s ratio cited above; as the 

membrane goes from the glassy state  0.3  to the rubbery state  0.5  .  A 

common problem in testing many specimen configurations to failure is the possibility of 

grip failures.  Although the nonuniformity shown in Figure A 1-1 may be undesirable for 

inducing an ideal uniform stress state, the reduction in stresses near the edges can be 

advantageous in minimizing the likelihood of grip failures.  Figure A 1-2 illustrates the 

relative uniformity of the stress state, providing a ratio of the tangential to radial stresses 

as a function of radial position, along with a ratio of the radial stress to maximum radial 

stress as a function of radial position.   

 

Figure A 1-1.  Plot of radial and tangential stress factors as a function of radial position for a 

pressurized circular blister. 
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Figure A 1-2.  Plot of the stress state uniformity within a pressurized circular blister, showing 

ratio of tangential to radial stresses and ratio of radial stress to the maximum central stress.  

A1.2. APPROACH 

Much of the prior testing of fuel cell membranes has focused on measurements of 

viscoelastic properties using small strain loading conditions[6, 7], on nonlinear or 

viscoplastic constitutive properties measured with uniaxial tensile specimens, and on 

stresses and strains at break in uniaxial tensile tests[5].  While all of these properties can 

be important in understanding membrane behavior, questions arise as to how these 

properties can be incorporated into models for predicting long term membrane integrity 

in operating fuel cells.  Durability predictions may require some type of failure data, yet 

the large strains and significant plastic deformation encountered in breaking uniaxial 

tensile specimens may have little relevance to the much more localized damage that 

results in pinhole formation in operating fuel cells.  Mechanical separation, even of 

environmentally exposed test specimens, bears little resemblance to anticipated fuel cell 

failure mechanisms and modes, suggesting the need for alternate test techniques that are 

capable of measuring the development of pinholes that can lead to gas cross-over.  Since 

the failure mode of interest is leakage, the detection of leaking is believed to be a more 

relevant failure event for characterizing fuel cell membranes.   
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In this study we explore the feasibility of using pressure-loaded blisters to evaluate the 

mechanical properties and integrity of commercial PEMs.  Although the emphasis of this 

paper is on conducting pressurization tests to burst, subsequent work will report other 

loading modes for this test configuration, suggesting its versatility.  This test geometry is 

believed to offer a number of advantages for evaluating the properties of proton exchange 

membranes and membrane electrode assemblies.  These include: 

1. The simple configuration allows for easy specimen preparation.  Suspended 

membranes can be clamped in place with O-rings or other seals, or can be bonded 

to substrates.  In this paper, we used slightly modified Swagelok®3 tube fittings 

to clamp the membrane for pressurization.   

2. The specimen lends itself to miniaturization.  This makes it easy to gang multiple 

specimens on a block that is compact in size so that a great amount of durability 

data can be obtained simultaneously.  In turn, the block can readily fit in an 

environmental chamber.   

3. Pressurized membranes are well suited for detecting gas leakage, through 

measurements of pressure loss.  To avoid stretching of the membrane during a 

leaking test, a porous solid can be placed on the side of the membrane that is 

exposed to the atmosphere.  This porous solid serves as a support that prevents the 

membrane from deflecting and stretching while still allows leaked gas to escape.  

Although not employed for this bursting study, this could prove useful in 

durability tests. 

                                                 
3
 Swagelok 

®
 is a registered trademark of Swagelok Company 
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4. Pressure-loaded blisters are readily suitable for bubble tests or other methods to 

monitor the initiation of pinholes.  During a bubble test, the pressure-loaded 

blister is submerged in water and the sites where air bubbles come out are 

believed to have developed pinholes.   

5. Once a piece of PEM is held onto a front ferrule, it is constrained biaxially.  If 

such a specimen is preconditioned with cycled humidity, the damage induced in 

the PEM due to the biaxial hygral stresses is similar to that in a fuel cell.  Residual 

strength of the preconditioned PEM can be obtained by a subsequent burst test.   

6. Since air is the medium used for loading, the pressure loaded blister configuration 

is a very flexible “loading frame”.  With the help of digitally controlled valves, 

stresses can be imposed as any desired function of time, including ramp to failure, 

static fatigue (creep under sustained pressure), and cyclic fatigue.  Thus it 

provides a platform on which extensive tests can be performed, including tests of 

membranes removed from operating fuel cells. 

7. Circular specimens result in relatively uniform and equal biaxial stresses across 

the central portion of the specimen, mimicking the equal biaxial stresses expected 

in constrained membranes in fuel cells.  Other shapes are possible, including long 

rectangular blisters that result in plane strain conditions throughout most of the 

specimen. 

8. The stresses decrease toward the edge where the PEM is mechanically gripped.  

This ideally could eliminate grip failure normally seen in constant width uniaxial 

tensile tests.   
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9. With the failure occurring at the center of the blister, the failure is not affected by 

artifacts related to sample preparation as can be the case with defects introduced 

during cutting a uniaxial tensile test specimen, for example.   

10. Constitutive properties may be measured through measurements of deflection as a 

function of pressure and time.  For circular specimens, the biaxial modulus, 

 1

E


, and for long rectangular specimens, the plane strain modulus, 

 21

E


, 

can be obtained from pressure and maximum deflection data, where E is Young’s 

modulus and   is Poisson’s ratio. 

11. The specimen can be examined using digital image correlation techniques to 

accurately capture deflected shapes and other details for characterizing 

constitutive properties and probing inelastic behavior. 

12. The residual stress within the membrane can also be measured by examining the 

pressure-deflection behavior. 

13. Along with these promising attributes come several concerns with using 

pressurized blister specimens for characterizing proton exchange membrane 

strength and durability.  Initial problems involved issues related to leakage around 

the edges and obtaining sufficiently accurate means to measure deflections that 

are required to obtain constitutive properties.  Significant progress has been made 

in addressing each of these issues, and results are very encouraging at this point. 

A1.3. EXPERIMENTAL IMPLEMENTATION 

Three commercially available PEMs were tested, namely DuPont
TM

 Nafion
®
 NRE-211, 

Gore-Select
®

 series 57 and Ion Power
®

 N111-IP.  They are 25  m, 18 m and 25 m 
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thick, respectively.  The Nafion® NRE-211 is homogeneous perfluorosulfonic acid 

(PFSA) membrane.  The Gore-Select
®

 series 57 membrane has three layers, including the 

central reinforcing layer that is a composite network of expanded polytetrafluoroethylene 

(e-PTFE) with PFSA fillers, and the outer PFSA layers.  The Ion Power® N111-IP is an 

extruded version of the Nafion® NRE-211.   

Subsequent work will report clamping membranes over multi-cell blocks, but in the 

initial validation studies reported herein, single pressure-loaded blisters were made by 

mounting bonded membrane samples in slightly modified Swagelok
®

 tube fittings.  

These proved to be convenient for securing and pressurizing membrane samples over a 

range of diameters (10mm to 29mm) corresponding with commercially available 

Swagelok
®
 reducing unions (tube fittings used to connect tubes of different diameters).  

In a standard Swagelok tube fitting, there are two ferrules, the front and back ferrules.  

When a tube is inserted and the clamping ferrule nut tightened, permanent deformations 

in the ferrules as well as in the tube lead to an effective mechanical grip and pressure-

tight seal.  Figure A 1-3a shows the components of a Swagelok tube fitting.  In adapting 

these fittings to facilitate pressure-loaded blister tests, the back ferrule was not used and 

the head of the ferrule nut was machined to approximately 1mm thick, just to give 

sufficient clamping without hindering the PEM from forming a blister.  The machining is 

crucial when testing tough membranes which strain substantially and form highly 

stretched blisters larger than a hemisphere.   

To bond PEMs onto a front ferrule, a piece of packaged PEM, which allows eight to ten 

samples to be made, was cut from a batch on a cutting mat and laid flat on the mat.  Since 

Nafion
®

 and Gore-Select
®
 series 57 membranes are sandwiched between two backings, 
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one backing must be removed (this step was skipped for Ion Power N111-IP membranes 

which only have one backing), leaving the PEM on top of the remaining backing.  

Retaining the second backing is beneficial in preventing the PEM from wrinkling during 

bonding.  Then, a small amount of thoroughly mixed Devcon
®4

 two-part five-minute 

epoxy adhesive was applied onto the flat face of a front ferrule with a pushpin.  Caution 

must be taken not to apply more than enough to form a thin layer of adhesive.  Each 

ferrule was then inverted and gently dropped vertically onto the PEM from about 1mm 

above.  The fast curing epoxy adhesive has a pot life of several minutes, allowing one to 

make four or five samples at a time.  Repeating these steps with another batch of 

adhesive, eight to ten samples can be fabricated from a piece of PEM within fifteen 

minutes.  A small weight was placed on top of each ferrule for two hours while the 

adhesive cured.  Finally, individual blister test specimens were completed by cutting 

around the perimeter of each ferrule and removing the second backing layer.  Figure A 

1-3b schematically illustrates the preparation of a sample (not to scale).   

In preparing to conduct a pressurized blister test, a sample is clamped within the tube 

fitting.  A thin PTFE washer (1mm thick) was placed in front of the specimen to enhance 

sealing as well as reduce friction that could shear or wrinkle the membrane.  Figure A 

1-3c schematically illustrates the clamping and pressurizing of a specimen.   

                                                 
4
 Devcon 

®
 is a registered trademark of ITW Devcon 



145 

 

 

a) 

 

b) 

 

c) 
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d) 

Figure A 1-3.  Illustrations of a) a standard Swagelok tube fitting (adapted from animations 

available at http://www.swagelok.com); b) a cross-sectional diagram describing the sample 

preparation process (not to scale); c) the clamping and pressurizing of a sample with the 

modified fitting (not to scale), and notice the machined ferrule nut; d) the connections 

involved in a blister test; after the specimen was clamped onto the tube fitting, it was inserted 

into the oven from the top.   

Figure A 1-3d illustrates the set up the authors have used to conduct the blister test results 

reported herein.  Pressurized air was supplied to the fitting by a KDScientific® 230 series 

syringe pump, whose displacement rate could be varied.  Two 60ml Becton Dickinson® 

plastic syringes were connected in parallel (to increase the flow rate) and driven by the 

pump.  The pistons of the syringes were initially withdrawn to 60ml and the volume of 

infusion (which determines the maximum achievable pressure) and the rate of infusion 

(which determines the time it takes to burst the sample) were set up with the touch pad.  

After clamping PEM-ferrule in place and setting up the syringe pump, the other end of 

the reducing union was connected to the syringes on the syringe pump with a 6.3mm OD 

Nylon tube. A Sensotec pressure sensor was connected in line to monitor the pressure.  

The analog signal from the pressure sensor was conditioned, and recorded with a 
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LabVIEW
5
  VI at 5Hz.  The specimen assembly was inserted through the access hole on 

the top of a Fisher Scientific convection oven, which was equilibrated at 80
o
C.  After 

soaking the specimen for ten minutes, the data collection VI was started and the syringe 

pump began to pressurize the blister till an audible pop was heard from the oven, which 

indicated bursting of the blister.  The ten-minute soaking was arbitrarily chosen but could 

be crucial, since the change of environment from ambient to elevated temperature and 

reduced relative humidity will lead to residual stresses in the membrane, which are time-

dependent.  This has not been rigorously studied, but all results reported herein represent 

a consistent 10-minute thermal soak.  After bursting, the reducing union was taken out of 

the oven to visually check whether the rupture of the blister initiated from the center of 

the blister.  Blisters that ruptured from the center give meaningful data, while those 

ruptured due to failure of bonding or shearing during clamping are discarded as one 

would do with a grip failure during a uniaxial tensile test.   

Figure A 1-4 shows frames taken with a high speed camera as a pressurized membrane 

bursts at room temperature, confirming that failures appear to initiate within the more 

highly stressed central region of the blister specimens.  Although high speed photography 

could not be performed on specimens tested at elevated temperatures, observations 

suggested that these failures also initiated in the central region of the blister specimens. 

 

 

                                                 
5
 LabVIEW is a registered trademark of National Instruments, Inc. 
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Figure A 1-4.  High speed photographs of a Gore-Select
®
 series 57 membrane rupturing at room 

temperature measured at 5500 fps. 

A1.4. ANALYSIS 

The raw burst pressures can be obtained for blister specimens of a given diameter, but to 

be useful for comparison with blister specimens of other diameters or, more importantly, 

to use this information to gain knowledge in membrane strength, the rupture pressures 

must be converted to stresses.  Hencky’s solution outlined earlier is limited to linear 

elastic materials, yet time dependence and inelastic behavior were observed in the 

membranes pressurized to bursting.  Nonetheless, a finite element analysis has provided 

insights into more complex behavior and confirmed the relative accuracy of Hencky’s 

solution for our purposes[19]. 

Assuming that the initial residual mechanical strain is zero, Equation (1) becomes: 

1
2 2 3

0

24
r

B Ep a

h
 

 
   

 
                                                 (7) 

at the center of the blister where exists the maximum principal stresses.  This relationship 

will be used to estimate the biaxial stress state within the central portion of the blister, 

where membrane bursting is believed to initiate.  For the purposes of this paper, 

Poisson’s ratio was assumed to be 0.4    for all membranes tested, resulting in a value 

of 0 1.777B   , which was used throughout the subsequent analyses.  Poisson’s ratio 

would be expected to increase slowly with time for these viscoelastic materials, but the 

modulus changes with time are expected to be much more significant.   

Because of the viscoelastic nature of the membrane, no single modulus is appropriate for 

the stress calculation, but the quasi-elastic estimation method [20] was employed for 

simplicity.  For a linear viscoelastic polymer that exhibits slow creep or relaxation 
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behavior in the sense that the maximum slope of its log-log relaxation modulus is less 

than about 0.25, the quasi-elastic estimation method can be used by starting with the 

elastic analogue problem and simply replacing the elastic material constants with their 

viscoelastic counterparts as functions of time.  In this spirit,  
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h

atptEB bb

b                                                 (8) 

where tb  is the time at burst.  For this study, the viscoelastic relaxation moduli of the 

membranes were obtained from reference [21], in which master curves were produced 

from  uniaxial tensile relaxation tests  were performed using a TA Instruments  Q800 

dynamic mechanical analyzer (DMA).   

A1.5. RESULTS AND DISCUSSION 

Specimens were pressurized at selected rates determined by the speed of the syringe 

pump, the number and diameter of the syringes that were manifolded together, and the 

volume of the air column.  Pressure was recorded at a rate of 5Hz resulting in typical 

pressure traces, as illustrated in Figure A 1-5a.  For most specimens, bursting was clearly 

evidenced by the rupture sound and by a catastrophic loss in pressure.  In other cases, 

however, leakage from around the perimeter prevented the pressure from reaching 

sufficient levels to burst the specimen; the resulting pressure traces exhibited a plateau 

and such specimens were not included in the results.  Figure A 1-5b shows results for a 

specimen exhibiting a plateau compared to a typical test result, both conducted under 

similar conditions. 
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a) 

 

b) 

Figure A 1-5. Illustrations of a) a typical pressure trace of Gore-Select
®
 series 57 tested at 80° C 

at an infusion rate of 14 mL/min and b) a typical pressure traces valid and invalid test results 

for specimens tested at 80° C with an infusion rate of 14 mL/min.  

The raw pressure at burst data exhibits significant time dependence, as might be expected 

for a viscoelastic membrane tested near its glass transition temperature.  Because of this 

systematic variation, results presented herein will be shown as functions of the time to 

rupture.  During a burst test, the syringe pump provides a constant infusion rate but the 

air is compressed as the specimen in loaded, resulting in a stiffening trend.  Converting 

pressures to stresses using Hencky’s analysis and quasi-elastic estimation, however, 

results in relatively linear stress traces, as shown in Figure A 1-6.  Thus the resulting 

loading will be referred to as ramp to rupture. 
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Figure A 1-6. Illustration of typical pressure trace converted to stress history using Hencky’s 

solution (Gore-Select
®
 series 57 at 80° C with infusion rate of 14 mL/min). 

To determine the robustness of the experimental technique and analysis method, blister 

specimens made of Gore-Select
® 

series 57 membranes of various diameters were tested 

with the same procedure.  Suspended blister diameters included 9.8mm, 15.96mm, 

22.42mm and 28.68mm representing standard ferrule sizes in reducing unions of 0.375, 

0.5, 0.75, and 1 inch OD to 0.25 inch OD.  Figure A 1-7a presents a summary of the burst 

pressures obtained for all of the specimens tested at 80
o
C.  To make a meaningful 

comparison, peak biaxial stresses were calculated as described before and all of the 

results are presented in Figure A 1-7b which indicates the time-dependency of the biaxial 

strength of Gore-Select
®
 series 57 membrane.  The consistency of the burst strength 

results obtained with blisters of different sizes is very good, especially considering the 

limitations inherent in Hencky’s solution.  Specifically, membrane yielding is known to 

occur at the pressures required to rupture the membranes.  Because Hencky’s solution is 

based on the assumption that the membrane is linear elastic, the stress estimates should 

be viewed as approximations.  Numerical studies have been conducted to evaluate the 

effect of nonlinear behavior, however, and are not significantly different than the 

Hencky’s solution due to yielding of the membrane[19]. 
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Finally, the burst strengths of the three membranes are plotted in Figure A 1-8.  

Consistent behavior within the NRE-211 and N111-IP materials is seen as well, and the 

decreasing trend of the maximum stress vs time to rupture results is reminiscent of 

delayed failure data obtained by creep rupture tests of viscoelastic materials.  The results 

for the three membranes are quite comparable, although the Ion Power® N111-IP and the 

Gore-Select® series 57 appear to stand out.  However, the Nafion® NRE-211 appears to 

have a slight strength advantage at slower pressurization rates.  

 

a) 

0 

20 

40 

60 

80 

100 

10 100 1000P
re

s
s
u
re

 a
t 
B

u
rs

t 
(k

P
a
)

Time (Second)

a=14.34mm



153 

 

 

b) 

Figure A 1-7. a) Burst pressures of blisters tested at different rates and with different sizes of 

ferrules; b) time-dependent burst strength of Gore-Select
®
  series 57 at 80

o
C calculated from 

peak pressure shown in a).   

 

Figure A 1-8. Burst strengths of Nafion® NRE-211, Gore-Select® series 57 and Ion Power® 

N111-IP.   

The consistent results from these ramp to rupture tests of pressure loaded blister 

specimens along with the advantageous attributes discussed in a previous section have led 

us to utilize this specimen configuration for a range of other test situations.  Subsequent 

papers will report additional results and accomplishments with this test method.  
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Specifically, ramp to rupture tests conducted over a range of temperatures provide results 

that can be shifted to form strength master curves that are useful for predicting creep to 

rupture behavior[22].  A digital image correlation technique is used to characterize the 

out of plane deformations and in plane strains within pressurized blister specimens to 

obtain constitutive properties and determine the effects of inelastic behavior[23].  In 

addition, special fixtures have been constructed to permit cyclic pressurization of blister 

specimens to obtain fatigue behavior [24] of proton exchange membranes tested as 

pressurized blisters.  Results obtained from these tests are being used to develop a model 

for predicting PEM durability and reliability in fuel cell applications[25]. 

A1.6. SUMMARY AND CONCLUSIONS 

The use of pressure-loaded blister specimens is proposed for characterizing the strength 

properties of proton exchange membranes (PEM) for assessing their durability in fuel cell 

and other applications.  The equal biaxial stress state induced within the central region of 

the blister is believed to be representative of the hygrothermal stress state induced within 

a constrained PEM.  The lower circumferential stresses that occur near the edge of the 

blister are believed to reduce the likelihood of failures near the gripped circumference.  In 

addition to measuring biaxial burst strength, characterization of leakage, of particular 

relevance to fuel cell and desalination membranes, can easily be measured with such 

specimens, suggesting an important extension beyond the results reported herein. 

This paper reports the use of this specimen for measuring the burst strength of Nafion
®

 

NRE-211, Gore-Select
®
 series 57 and Ion Power® N111-IP

 
when the applied pressure is 

ramped over time.  Specimens were fabricated in a very simple fashion by bonding 

Swagelok ferrules onto membranes supported by a backing layer to provide just taut 
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membranes and prevent wrinkling.  These supported membranes were mounted in 

reducing unions and inserted into a test oven set at 80C, because of the interest in 

performance at elevated temperatures.  Specimens were pressurized with a syringe pump 

until rupture occurred, accompanied by an audible pop and catastrophic loss of pressure.  

By using the classic Hencky solution for linear elastic membranes in conjunction with the 

quasi-static estimation for viscoelastic materials, stresses within the membranes could be 

estimated.  This allowed comparison of results obtained with several different blister 

diameters.  The size-independency gives confidence in the approach and provides 

flexibility in exploring further applications.  Results for all membrane materials showed 

similar behavior, resulting in linear plots of burst strength versus time to burst.  Such 

behavior is similar to creep rupture results that have been widely used to study delayed 

failures of polymers and polymer matrix composites. 

In addition to ramp to rupture tests, other loading scenarios, including creep to leakage or 

rupture and cyclic mechanical fatigue are also possible.  Multiple blisters can be easily 

fabricated to permit simultaneous testing of numerous specimens under controlled 

environmental conditions.  Other desirable features include the compact size and ability 

to readily detect damage states (such as leakage) that are not readily measured for 

uniaxial tensile specimens. The specimen is believed to offer considerable potential for 

characterizing constitutive properties, bursting behavior, and leakage phenomena in 

membranes of interest to the fuel cell industry.   
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ABSTRACT  Pinhole defects that form in proton exchange membranes (PEM) due to the 

cyclic hygrothermal stresses induced during the operation of a fuel cell and cause gas 

crossover may be interpreted as a result of crack formation and propagation.  The goal of 

this study was to employ a fracture test to approach the intrinsic fracture energy of a 

perflourosulfonic acid proton exchange membrane.  The intrinsic fracture energy has 

been used to  characterize the fracture resistance of polymeric materials with minimal 

plastic dissipation and the absence of viscous dissipation, and has been associated with 

the long term durability of polymeric materials where subcritical crack growth occurs 

under slow time-dependent or cyclic loading conditions.  Insights into this limiting value 

of fracture resistance may offer insights into the durability of PEMs, including the 

formation of pinhole defects.  In order to achieve this goal, a knife slit test which 

significantly reduces the plastic deformation during the test by limiting the plastic zone 

size with a sharp blade was conducted. Additionally, double edge notched tension tests 
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and trouser tear tests were also conducted to obtain the essential work of fracture and tear 

energy, respectively.  It was found that although the fracture energy obtained with the 

knife slit test was still several times larger than the intrinsic fracture energy of regular 

polymer materials, it is several orders of magnitude lower than those obtained with the 

other two methods, where process-dependent viscous and plastic dissipation dominated 

over the intrinsic material property.  

 

Key Words: proton exchange membrane durability, essential work of fracture, trouser tear test, knife 

slit test, intrinsic fracture energy, pinhole formation 

A2.1. INTRODUCTION 

Long term reliability of proton exchange membrane (PEM) fuel cells depends 

on the long-term electrochemical and mechanical integrity of the PEMs.  Over a range of 

test conditions, small tensile coupons of these membranes often demonstrate considerable 

ductility, dissipating large amounts of energy and straining to several times their original 

length [1, 2].  Examination of pinhole defects in membranes removed from failed fuel 

cells often show considerable thinning, presumably resulting from plastic flow of 

material due to concentrated stresses.  In the mean time, these same micrographs reveal 

cracks that appear to result from relatively brittle crack propagation.  Due to the brittle 

nature of catalyst layers, mud cracks of different depths are typically present in the 

electrodes.  When these cracks reach the electrode-PEM interface, they can cause 

delamination and/or cracking of the PEM.  When the surface cracks in the PEM initiated 

this way propagate through the thickness, reactant gases can crossover and reduce the 

efficiency and eventually halt the operation of the fuel cell [3-5].   
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Concepts of fracture mechanics may be employed to study the formation of mud 

cracks in membrane electrode assemblies (MEA) during manufacturing, storage and 

handling, cracking behavior at the electrode and PEM interface, crack propagation within 

a PEM, and interactions of cracks propagating from both sides of a PEM.  However, 

direct application of fracture mechanics is not without challenges.  The uniaxial stress-

strain response of a PEM shows substantial plastic deformation exhibiting over 100% 

strain at break [1, 2] and common fracture mechanics tests give measured fracture 

energies on the order of 20kJ m
-2

 or more [6].  Both properties indicate that a typical 

PEM is highly ductile and the plastic zone ahead of a crack tip is many times larger than 

the thickness of the membrane.  Nevertheless, cracks have been found to propagate into 

the PEM and cause significant amounts of gas crossover during RH cycling tests with 

little evidence of macroscopic plastic deformation seen in post-mortem examination.  

This led us to consider the effect of sustained loading and cyclic fatigue.  Ref. [7] and [8] 

represent finite element analyses of fatigue stresses in PEMs during RH cycling.  Fatigue 

fracture requires substantially less energy than quasi-static fracture, which involves 

extensive viscous dissipation and plastic deformation.  When cracks in the materials 

propagate at an extremely low rate such that viscous dissipation disappears, the energy 

cost during the process is called the intrinsic or threshold fracture energy.  The existence 

of the intrinsic fracture energy provides a threshold that governs the fracture of a material 

under extended static (creep) and/or cyclic fatigue loading.  At such energy level, plastic 

yielding of the material also disappears [9].  To experimentally obtain the intrinsic 

fracture energy, plastic deformation ahead of the crack tip during a fracture test needs to 

be minimized.  However, reducing plastic deformation is not easy to accomplish during 
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fracture tests of PEMs that are 0.025mm or thinner, as large scale yielding is often 

incurred during fracture toughness tests in a plane stress situation [10].   

In this study, we evaluated three different testing methods to investigate the 

fracture response of PEMs: the double edge notched tension (DENT) test for obtaining 

the essential work of (plane stress) fracture (EWF), the trouser tear test, and a modified 

knife slit test.  Following the experimental details, fracture resistance results obtained 

from these tests are compared and the advantages of the modified knife slit test over 

others are discussed.  The effect of the cutting angle was studied with the modified knife 

slit test and a desirable cutting angle associated with minimal frictional effects and plastic 

dissipation was found.   

A2.2. EXPERIMENTAL DETAILS 

A2.2.1. Materials 

For all experiments, DuPont’s Nafion
®
 NRE-211 membrane was tested as a 

representative PFSA (perflourosulfonic acid) PEM.  NRE-211 is a non-reinforced, 

dispersion-cast Nafion film with a nominal thickness of 0.025mm.  Using a dynamic 

mechanical analyzer (DMA) [11], the  -transition temperature of dry Nafion
®
 was found 

to be around 103
o
C, which is slightly higher than the typical operating temperature of 

PEM fuel cell stacks.  In addition, from dry to the fully hydrated state, NRE-211 shows 

around 60% isotropic hygral expansion in volume and significant stress can develop 

during RH cycling tests [7, 8].  As a result, NRE-211 exhibits relatively poor 

performance during relative humidity cycling tests [4, 5].  This can be interpreted in that 

NRE-211 is prone to crack formation and propagation during such tests.   
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A2.2.2. Double Edge Notched Tension Test (DENT) 

The essential work of fracture (EWF) has been widely used as a measure of the 

fracture resistance of polymeric films [12,13], due to the inability to conduct plane strain 

fracture tests on thin membranes, as normally preferred for fracture characterization.  The 

concept assumes that the total fracture energy during the fracture of a precracked 

specimen can be separated into geometry-independent (essential) work and geometry-

dependent (non-essential) work,  

PEF WWW                                                          (1) 

where WF is the total work of fracture, WE is the essential work that is expended to yield 

and tear the film within the inner fracture process zone, and WP is the non-essential work 

to yield the outer plastic zone.  In a DENT test, the size of the outer plastic zone is 

proportional to the uncut ligament length, thus the above equation can be rewritten as  

lwwwtlwltwltw PEFPEF   2
                               (2) 

where wE and wP are specific works corresponding to the terms in Equation (1), l is the 

length of the uncut ligament length, t is the thickness of the specimen, and   is the shape 

factor of the outer plastic zone.  Following equation (2), wE can be obtained by 

conducting DENT tests with specimens of different uncut ligament lengths and 

extrapolating the wF vs. l line to zero l.  The concept of EWF and the fracturing of a 

DENT specimen made of a reinforced PFSA membrane (to aid visibility) as an example 

are illustrated in Figure A 2-1[5, 6].  The DENT specimens used in the present study had 

a gage length of 70mm and were 35mm wide.  The length of the uncut ligament ranged 

from 5mm to 30mm.  The precracks were cut to length with a microtome blade.  The 
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specimen was loaded on an MTS universal testing machine to complete rupture at a 

crosshead rate of 0.08mm s
-1

 while recording force and displacement.  
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(a) 

 

(b) 

 

(c) 

Figure A 2-1 Essential work of fracture and DENT test images: (a) schematic illustration of the inner 

fracture process zone and the outer plastic zone in the cracking of an in-plane precracked specimen; 
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(b) the linear relationship between the total specific fracture energy wF and the uncut ligament length 

l11; (c) the cracking of a DENT sample of a reinforced membrane (for ease of photographing).  

A2.2.3. Trouser Tear Test 

The trouser tear test (ASTM D 1938 (2002)) [14], schematically shown in 

Figure A 2-2 is a simple technique that has been widely used to characterize the fracture 

energy of ductile plastic and metallic films (up to 0.25mm thick) and sheets (up to 1mm 

thick).  This test is easy to conduct and is relatively insensitive to errors in alignment.  A 

strip of membrane is precracked and the two legs are pulled in opposite directions to 

nominally fracture the uncut ligament with globally mode III loading.  Because many 

materials tested with this method are soft and ductile, the fracture plane rotates and it is 

no longer perpendicular to the plane of the uncut sheet, resulting in mixed mode loading.  

But regardless of the mode of fracture, as long as the samples crack in a self-similar way, 

the total energy expended during a trouser tear test is typically reported as: 

2 P

t
tearG                                                            (3) 

where <P> is the average force and t is the thickness of the membrane.  The factor of 

two is due to the fact that when the crosshead moves over a unit distance, the crack 

extends only half this distance (assuming that the strain in the legs, in the order of 0.001 

considering a tearing energy of 10kJ m
-2

 and an elastic modulus of 250MPa for the PEM, 

is negligible).  There are, however, doubts regarding the correct thickness (or crack area) 

to use, in that cracks may form at an angle to the normal, representing a wider crack area 

than the thickness of the membrane.  At this time, we have not obtained quantitative 
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measurements of the actual fracture surfaces, and as a result, the fracture energies 

reported herein should be the upper limit energy.   

 

Figure A 2-2 An illustrative figure of the trouser tear test and the geometry of the trouser tear 

specimen (Unit: mm)  

 

The geometry of the trouser tear specimen is also shown in Figure A 2-2.  After 

creating the pre-crack with a microtome blade, the legs were separated and clamped in 
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the MTS testing machine.  The trouser tear tests were conducted at different tearing rates 

at ambient conditions.  

A2.2.4. Knife Slit Test 

By limiting the plastic dissipation during tearing with the presence of a sharp 

blade tip, Lake and Yeoh [15] and Gent et al [16, 17] utilized a knife slit test to obtain the 

tearing fracture energy (T) and cutting fracture energy (C) of rubber and plastic sheets.  

To reduce frictional effect, Lake and Yeoh [15] separated the cracked ligaments apart so 

that they were not in contact with the faces of the blade, and Gent et al rotated the knife 

45
o
 to further minimize the contact area near the crack tip.  Interested readers may refer 

to references [15-17] for details about their test fixtures.   

Gent and coworkers found that the effective crack tip diameter inferred from the 

measured fracture energy for silicone rubber was on the order of the blade radius, and for 

thermoplastics such as high density polyethylene, the diameter was on the order of one to 

three times the size of the spherulite structure, which was significantly larger than the 

blade radius [16].  As the C to T ratio can be adjusted by separating the legs at different 

angles or applying different tearing forces, Gent and coworkers were able to examine the 

effectiveness of their method by plotting the cutting energy against the tearing energy for 

various materials [16, 17].  At a given cutting rate and temperature, the total fracture 

energy (C+T) should remain constant if the test had completely eliminated friction and 

plastic dissipation during tearing.  They found that for silicone elastomers, the C-T results 

almost followed the C+T=constant line at high cutting energy and low tearing energy; as 

the fracture inclined toward more tearing mode, the total fracture energy increased.  They 

explained that when T is too large, tearing took place somewhat ahead of the blade tip 
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and the roughness of the fracturing surface is no longer controlled by the blade tip, which 

undermines the effectiveness of the blade [17].  Therefore, for a particular material, an 

optimal slitting configuration that leads to the smallest total fracture energy (thus closest 

to the intrinsic fracture energy of the material) may be found by splitting the total fracture 

energy into the correct cutting and tearing components, i. e. reducing the frictional effect 

by increasing the cutting angle without causing uncontrolled plastic tearing.   

The knife slit test conducted in the present study is schematically shown in 

Figure A 2-3 and a photograph of part of the fixture is shown in Figure A 2-4.  There are 

mainly two reasons for the modifications made to the aforementioned configurations to 

better serve the study of PEMs.  Firstly, commercial PEMs are very thin and the forces 

required for cutting and tearing are very small, which can be easily exceeded by frictional 

forces at the pulleys used in prior configurations.  In the modified configuration, the 

cutting and tearing forces are not affected by friction and can be obtained with an 

equilibrium analysis.  Secondly, we found that the modified configuration can be readily 

miniaturized and lends itself to easy enclosure in an environment chamber.   

Following equations given by Lake and Yeoh [15], C, T and G (total fracture 

energy) for the present testing configuration are 

TCG

t

WP

t

L
T

t

P
C

















cos

)cos1)(()cos1(2

                                   (4) 

where   is the average extension ratio in the membrane, L is the pulling force in each 

leg, P is the cutting force, W is the tearing weight hanging under the uncut ligament,   is 

the cutting angle and t is the thickness of the membrane (shown in Figure A 2-3).   
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Figure A 2-3 Schematic illustration and equilibrium diagram of the knife -slit test used in this 

study.  The blade and the two guiding dowels remain stationary relative to one another (all 

moving at the same velocity) such that during the cutting process, the cutting angle   is 

constant.  
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Figure A 2-4  The test fixture used in this study.  By placing the guiding dowels in different 

holes, tests of different cutting angles can be conducted.  A dumm y paper sample was loaded 

in place of a transparent PEM sample for ease of photographing.  No weight was hung at the 

bottom of the sample in this illustrative picture. 

 

The geometry of the sample is similar to that used in the trouser tear tests 

(shown in Figure A 2-2), except that the total length was 305mm and the precrack length 

was 216mm.  Test samples were mounted in the fixture, as illustrated in Figure A 2-4.  

The two legs were separated, passed around the guiding dowels, and connected to the 
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stationary beam on top of a screw-driven Instron machine (where the two small binder 

clips in Figure A 2-4 are mounted).  The knife (Leica #818 microtome blade) was 

connected to a 0.5N Interface Forces ULC load cell, which was mounted on the 

aluminum frame.  To avoid direct contact with the frame, which would be warm in an 

elevated-temperature test, the load cell was fixed on top of a composite mounting block 

(dark block in the center of the picture).  The aluminum frame sat on the moving 

crosshead of the screw-driven Instron testing machine, so when it traversed downward, 

the knife cut through the uncut ligament, which was supported from the top crosshead of 

the machine.  

A chamber, built of polystyrene foam, sat on a scissor jack so that it can be 

raised to achieve an effective seal with the beam of the frame.  Heating pads inside the 

chamber were used to control the temperature, and saturated salt solutions listed in Table 

5-1 were used to generate different humidity levels in the chamber.  Moving the 

crosshead at different speeds enabled us to collect rate-dependent cutting and tearing 

energies.   

Table 5-1 Saturated salt solutions used to control the humidity in the chamber 

(ASTM E 104-02 [14]) 

Salt RH 

Lithium Chloride (LiCl) 11% 

Magnesium Chloride (MgCl2) 35% 

Magnesium Nitrate (Mg(NO3)2) 55% 

Sodium Chloride (NaCl) 75% 

Potassium Chloride (KCl) 85% 

None (Pure Water) 100% 
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A2.3. RESULTS AND DISCUSSION 

A2.3.1. DENT and Trouser Tear Tests 

Figure A 2-5 shows the results from DENT tests [5] and Figure A 2-6 shows the 

results from trouser tear tests [6], both conducted at ambient conditions.  Because no 

attempt was made to determine the crack propagation rates during the DENT tests, a 

horizontal line is drawn to indicate how the EWF value compares to the fracture energies 

obtained with the trouser tear tests.  It is clear that the trouser tear test effectively reduced 

the apparent fracture energy by nearly one order of magnitude in comparison to the 

DENT test for NRE-211.  The decreasing trend of the trouser tear test results as cracking 

rate increased is somewhat abnormal.  A possible reason, stick-slip was seen during tests 

at higher rates and the load repeatedly dropped to zero.  However, being several kJ m
-2

, 

the trouser tear fracture energy is probably one hundred times larger than the intrinsic 

fracture energy of the membrane [9].   



174 

 

 

Figure A 2-5 Total work of fracture of NRE-211 at room temperature obtained with DENT. The 

specific EWF at of 0.025mm thick NRE-211 was found to be 20.5kJ m-2.  
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Figure A 2-6 Fracture energies measured with DENT and trouser tear tests at ambient 

conditions.   

A2.3.2. Knife Slit Test 

The results for the knife slit tests will be presented in two parts.  The first part 

discusses the basic findings of the cutting and tearing energies of NRE-211 at room 

temperature and 40
o
C, and several RH levels with a cutting angle of 30

o
.  The second part 

discusses the interaction between cutting and tearing modes based on tests performed 

with different cutting angles and tearing weights.   

Each data point in Figure A 2-7 (a) and (b) represents the average of two or 

three tests conducted at a particular temperature, humidity, and cutting rate.  With just a 

few exceptions at higher rates, the energies measured with knife slit tests are in the order 

of 0.15~0.6kJ m
-2

.  These values are much lower than those obtained with the DENT and 

trouser tear methods, which means much less viscous and plastic dissipations were 

involved in the knife slit test, significantly closing the gap between the measured fracture 

energy and the anticipated intrinsic fracture energy of NRE-211.  Using a plane stress 

approximation, the plastic zone associated with the smallest measured total fracture 

energy ahead of the crack tip is [10],  
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which is almost equal to the thickness of the NRE-211 membrane.   
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 (c) 

Figure A 2-7 (a) Experimental results obtained at 25oC; (b) at 40oC; (c) Doubly shifted 

hygrothermal master curve of fracture energy referenced at 25oC and 85%RH.  The inset shows 

the hygral shift factors at the two temperatures.  To merge the data points, the temperature 

shift from 40oC to 25oC was one half logarithm decades.   

 

After we conducted the tests at several temperatures, humidities, and fracture 

rates, the time-temperature-moisture superposition principle (TTMSP) was utilized to 

characterize the viscous dissipation.  The data collected for different humidities at each 

temperature were first shifted horizontally toward 85%RH to form a hygral master curve.  

Then the hygral master curve at 40
o
C was shifted one half logarithmic decade to merge 

with the curve at 25
o
C, forming a doubly-shifted hygrothermal master curve, shown in 

Figure A 2-7 (c).  The inset shows the hygral shift factors used at the two temperatures to 
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form the individual hygral master curves.  The humidity dependence at 25
o
C is more 

substantial than at 40
o
C.  The nonzero slope of the master curve suggests that viscoelastic 

dissipation was still present during the tests at these two temperatures, even at the slowest 

rate.  We are in the process of improving the environmental controlling to conduct tests at 

higher temperatures which will allow us to effectively cut the PEM at much lower rate in 

the time-temperature superposition sense, and in turn approach the membrane’s intrinsic 

fracture energy.   

Further studies were devoted to the interaction between C and T in the knife slit 

test.  If the blade was ideally effective in eliminating viscous dissipation and plastic 

yielding ahead of the crack tip, and there was no frictional force between the knife and 

the ligaments of the specimen, then no matter how we change the cutting configuration, 

the total fracture energy should remain the same for a particular temperature and 

humidity condition.  The angle dependence of the total fracture energy (in Figure A 2-8 

(a)) when there was no weight attached to the uncut ligament may be explained by 

reductions in frictional forces.  In this sense, the bigger the cutting angle, the better is the 

configuration.  At the same time, a bigger cutting angle means more tearing and 

uncontrolled plastic tearing may occur.  As was discussed above, a configuration that 

minimizes both the frictional effects and plastic tearing is what should be sought.  To 

investigate the plastic deformation caused by tearing (we assume the plastic zone size 

caused by cutting to be equal to the tip of the blade and thus negligible), three different 

weights were suspended under the uncut ligament to introduce varied amounts of tearing.  

Even the heaviest weight of 92mN did not introduce noticeable straining of the 

membrane (less than 0.001, assuming an elastic modulus of 250MPa for the PEM and at 
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a 50
o
 cutting angle) at the tested condition (25

o
C, ambient RH), therefore the approximate 

equations based on negligible straining for calculating fracture energies were employed 

for all the tests.   

In Figure A 2-8 (b), with a suspended weight of 4.9mN, the fracture energy first 

decreased with increasing cutting angle in a fashion, similar to when no tearing weight 

was applied, and then increased.  However, it is interesting to note that the 4.9mN tearing 

weight caused slight increases in the tearing energy but a noticeable decrease in the 

cutting energy, combining to decrease the total fracture energy.  It is not completely clear 

how a little bit more tearing ahead of the crack tip made the membrane much easier to 

cut.  It could be due to a decrease in the frictional force between the knife and the 

separated legs if these legs near the cutting point underwent a plate-bending to 

membrane-stretching transition because of the small load.  Without the load, as the legs 

behave more like plates, the two legs are indeed parallel to each other near the blade tip; 

when the small load is applied and the legs behave more like membranes, the two legs are 

separated further near the blade tip leaving smaller contact areas.  With 29mN and 92mN 

weights (in Figure A 2-8 (c) and (d)), significant increases in tearing energy caused the 

total fracture energy to increase by nearly an order of magnitude.  These increases 

suggest that too much tearing was introduced ahead of the crack tip for the sharp blade to 

effectively control the fracture process.  All these observations are in agreement with 

what Gent and coworkers found [16, 17].  Among the investigated combinations, the 

smallest total fracture energy of 157J m
-2

 was obtained when the cutting angle was 40
o
 

and the tearing weight was 4.9mN.  It should be noted that such interaction between 

cutting and tearing energy is governed by factors including the yielding strength and 
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energy to break of the membrane [17].  As we advance to tests at the typical operating 

fuel cell temperature of 80
o
C and elevated humidity, the cutting configuration that leads 

to the least total fracture energy could be different than the current one.  A cohesive zone 

finite element fracture analysis of the interaction between cutting, tearing, and frictional 

effect could provide guidance in the search of better configurations that minimize both 

frictional effect and plastic deformation under different conditions.   

 

Figure A 2-8 The fracture energy varied as the cutting angle changed.  When a weight was 

hung under the uncut ligament to introduce more tearing, the total fracture energy first 

dropped and then increased due to increased plastic deformation during tearing.   
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Regardless of these complicated interactions between C and T, total fracture 

energies obtained with the knife slit tests at all the cutting configurations were orders of 

magnitude closer to the intrinsic fracture energy of the NRE-211 membrane by limiting 

the plastic deformation during the test.  In this sense, the knife slit test resulted in more 

meaningful fracture resistance information of the membrane that governs its long term 

mechanical durability under sustained and/or cyclic loading, which can be caused by the 

hygrothermal changes between the assembly condition and the operational condition (a 

sustained load) and during operation at varied power levels (a cyclic load) [4, 7, 8].   

A2.4. CONCLUDING REMARKS 

 Fracture tests of PEM were conducted to investigate the intrinsic fracture 

energy of Nafion NRE-211.  Knowledge of this intrinsic fracture energy can help us 

understand the durability of PEM and MEA when subjected to creep and/or cyclic 

loading conditions where they may undergo slow cracking.  Because the presence of a 

sharp blade reduced the plastic and viscous dissipation near the crack tip in a knife slit 

test, the absolute values of fracture energy obtained are two orders of magnitude lower 

than those obtained with other common membrane fracture tests, and are just a few times 

the typical intrinsic fracture energy of polymers, which is on the order of 50J m-2 [9].  

The fact that the fracture energy still shows a rate-dependence suggests that viscous and 

plastic dissipation still played roles during the fracture process.  Increasing the test 

temperature and lowering the cutting rate could further reduce viscous dissipation, better 

approximating the intrinsic fracture energy of the PEM, as could further studies of the 

interaction between cutting and tearing energies.  Nonetheless, the use of the knife slit 
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test offers considerable promise for characterizing subcritical crack growth in PEMs and 

MEAs, offering a new tool for investigating their durability in fuel cell environments. 
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A proton exchange membrane (PEM) fuel cell stack is comprised of a series 

arrangement of repeating cell units, each of which consists of a membrane-electrode 

assembly (MEA) where the electrochemical reaction takes place; two layers of gas 

diffusion media (GDM) for the distribution of fuel and oxidant gases over the catalytic 

surfaces; and a bipolar plate which directs fuel and oxidant gases from the inlet manifolds 

through a network of flow channels.  During the fuel cell stack assembly process, these 

repeating cells are stacked together with intermediate seal gaskets and then compressed to 

provide adequate gas sealing, as well as to reduce contact resistances at the material 

interfaces.  The GDM plays an important role in PEM fuel cells by (1) acting as a 

mechanical buffer layer between the membrane electrode assembly and bipolar plates; (2) 

acting as diffuser for reactant gases traveling to electrodes; (3) transporting product water 

to the gas flow channels; (4) conducting electrons; and (5) transferring heat generated at 

MEA to the coolant within the bipolar plates.  GDM is normally composed of porous 

non-woven carbon fiber paper or carbon fiber cloth that often utilizes the traditional 

paper manufacturing process [1].  The effect of GDM compression on the fuel cell 

performance has been investigated by many researchers on electrical, thermal, and mass 
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transport resistances within the bulk material and across the contact interfaces [1-9].  To 

minimize contact resistance, high contact pressure between the lands of reactant gas flow 

field and gas diffusion media is usually desired.  However, these studies generally found 

that optimal compression pressure would need to be determined by balancing its 

conflicting effect on GDM’s porosity, diffusivity, permeability, electrical conductivity, 

and thermal conductivity.   

Compared to the body of knowledge of GDM’s role on the fuel cell performance, its 

impact on the fuel cell durability is still poorly understood and a dearth of literature on 

this subject can be found.  Ohmic shorting through PEM is one of the major failure 

modes in the PEM fuel cells [10, 11].  Ohmic shorting not only can degrade the 

performance of the fuel cell, but can also lead to pinhole formation.  In extreme cases, 

membrane ohmic shorting could result in severe overheating and damage to the bipolar 

plates.  Because of the serious consequence of membrane ohmic shorting, there are great 

needs to fundamentally understand its causes, develop tests to evaluate the material sets, 

and develop mitigation methods.  Since GDM is in direct contact with MEA and is 

electronically conductive, it is generally believed that GDM plays an important role in the 

membrane ohmic shorting, possibly through the intrusion of the carbon fibers into the 

membrane.  Recently, Mittelsteadt and Liu [12] have reported an experimental study on 

membrane Ohmic shorting using non-operating single small-scale (50cm
2
 active area) 

fuel cell fixtures to measure the cell ohmic resistance under both compression-ramp mode 

at constant environmental condition and humidity cycling mode at constant compression.  

They found strong correlation of decreasing fuel cell ohmic resistance with increasing 

compression pressure.  They also found that membrane ohmic shorting can be mitigated 



186 

 

with the use of mechanically buffering layers such as micro porous layers (MPL) and 

catalyst layers.  Relatively high standard deviation in their data was also reported, 

suggesting strong statistical nature of the membrane shorting by carbon fiber paper.  

These results showed strong mechanical contribution by GDM to the membrane ohmic 

shorting problems.   

Until recently, relatively little attention has been paid to the characterization of 

GDM’s mechanical behavior and its effect on fuel cell performance and durability.  

Mathias et al. [1] reported the study of compressive behavior of GDM through the 

measurement of GDM compressive deflection as a function of compressive force by 

repeatedly ramping up and down the compressive force of a GDM placed between two 

flat plates.  It was found that after the first loading, the GDM exhibited different 

unloading and reloading curves from the first loading curve, suggesting weakening of the 

material from the first loading.  To characterize the bending behavior of GDM, Mathias 

et al. also proposed the use of flexural tests such as ASTM D790 to determine flexural 

modulus and flexural strength.  Lai et al. [13] investigated the compression pressure 

between GDM and MEA over the lands and channels using the finite element method.  

They found that fuel cells could lose significant compression pressure due to the 

hysteresis in GDM’s compressive behavior.  Because of the relatively low ratio between 

the channel width and the GDM thickness, which typically ranges from about 2 to 10, the 

shear behavior of GDM can also affect the compression pressure distribution.  From the 

finite element modeling and experiment using PressureX
TM

 (Sensor Product Inc.) film, 

they suggested that a higher transverse shear modulus in the GDM is preferred to achieve 

higher contact pressure over the channels and the reduction of MEA buckling.  Recently, 
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Lai et al. [14] has reported a punch-and-die test to measure the transverse shear modulus.  

Using the compressive stress/strain data, flexure modulus, and transverse shear modulus, 

they determined the intrusion of GDM into the channel in a single land/channel geometry 

using the finite element method.  Excellent agreement in intrusion was found between the 

model prediction and experimental measurement, suggesting the usefulness of test 

methods and material properties determined from these tests.  Their study further showed 

that intrusion variation from GDM mechanical properties and thickness variations can 

have a significant impact on the fuel cell performance.   

Before embarking on the discussion of the technique to measure the local 

compressive behavior of GDM, it is instructive to examine the macroscopic compressive 

behavior of GDM.  Following the test method first proposed by Mathias et al. [1], a piece 

of 25.4 mm-diameter GDM was die-cut and placed between two cylindrical steel block 

also 25.4mm in diameter (Figure A 3-1).  Compression was then ramped up using an 

MTS
®
 load frame at a ramp rate of 58 kPa s

-1
.  Because of the relatively high compliance 

of GDM at a low pressure, we found it necessary to measure the initial GDM thickness 

with a consistent and quantifiable pressure.  In our macroscopic compression test, we 

applied a 35 kPa pressure for initial thickness measurement.  Compressive strain was 

determined by the ratio of compressive deflection measured by two extensometers 

attached on the cylindrical block near the GDM specimen to this initial thickness.  Since 

fuel cell membrane can experience significant swelling cycling from the water uptake and 

release during the fuel cell operation, causing the GDM and therefore the fuel cells to 

experience compressive loading and unloading [14], it is necessary to capture this 

loading/unloading behavior in the GDM compressibility test.  Thus, our compression test 
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was conducted with multiple cycles of loading and unloading with increasing peak 

pressure for each consecutive loading cycle.   

 

 

Figure A 3-1. Platen compression test of a 50.4mm -diameter GDM with a MTS universal testing 

machine.   

 

Figure A 3-2 illustrates a typical compressive stress-strain curve of a non-woven carbon 

fiber based GDM, Toray
TM

 TGP-H-060.  At a low compressive pressure, the GDM 

exhibits a relatively high compliance - an important feature for the GDM to act as a 
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cushioning layer to absorb the thickness variation of fuel cell components during the fuel 

cell assembly.  As the compressive pressure is increased, its stiffness (defined as force 

change per deflection change) also increases.  During unloading and reloading, the GDM 

compression takes up paths below the first, or virgin, loading curve, suggesting that the 

material has experienced damages during the initial loading.  The damages are believed 

to be from the rupture of carbon fibers and/or break-up of binders between the fibers.  As 

reloading continues to surpass the previous high, the reloading curve exhibits a slight 

kink which then takes it onto the path of a virgin loading curve which can be connected 

by segments of reloading curve beyond the previous highs.  As the compressive pressure 

is further applied along the virgin loading curve, additional damage can be created and 

the subsequent unloading will be on a different path.   

The complete stress-strain relationship in Figure A 3-2 reveals the nonlinear elastic-

damage behavior in GDM, which can have serious consequences on the compression of a 

fuel cell stack.  Because the fuel cell stack is constructed with cells stacked up in series, 

the component with the least stiffness can dominate the compression of the fuel cell.  

Within each repeating unit of a fuel cell stack, the compressive stiffnesses of the bipolar 

plates (more than 2000 MPa mm
-1

 per unit active area - typically made of graphite, glassy 

polymer filled with conductive particles, or metals, all with a Young's modulus exceeding 

at least several GPa and a thickness in the range of 1-5 mm) and MEA (more than 2000 

MPa mm
-1

 per unit active area - with a modulus in the range of 100-300 MPa and a 

thickness in the range of 20-50 μm) are estimated to be orders of magnitude higher than 

that of GDM (less than 250 MPa mm
-1

 per unit active area) which has a modulus less 

than 50 MPa and a thickness in the range of 100-300 μm.  A direct consequence of 
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GDM’s nonlinear elastic-damage compressive behavior to an operating fuel cell with the 

associated membrane expansion/contracting cycles is the significant fluctuation of cell 

compression, which can be demonstrated in the example discussed below. 

Herein we consider a fuel cell made of two layers of 180-μm thick Toray
TM

 TGP-H-

060, a 50-μm thick Nafion
®
 N112, two 10-μm thick catalyst layers, and two graphite flow 

field plates that are held stationary upon an initial compression strain of 20% at assembly.  

From Ref. [12], the weight uptake and volumetric swelling of Nafion N112 from dry to 

100%RH at 80°C are about 20% and 40%, respectively.  Since the membrane is generally 

well constrained in the in-plane directions by the stiffer electrode layers, the GDM, and 

the flow field plates, it is reasonable that almost all volumetric swelling is in the thickness 

direction, resulting in 20 μm of membrane thickness increase as the fuel cell is hydrated 

from dry to 100% RH at 80°C.  Since all other fuel cell components have compressive a 

stiffness orders of magnitude higher than that of the GDM, the 20 μm membrane 

thickness change between dry and 100% RH will be mostly absorbed by the GDM, 

resulting in about 5.6% strain change in each layer of the GDM.  Therefore from Figure 

A 3-2, one can see that starting from an initial cell compression of 20% strain and 2 MPa 

at dry condition, the cell compression would increase to 25.5% strain and 3 MPa when 

each layer of the GDM absorbs 10 μm of membrane swelling as RH is increased to 

100%.  Upon complete dry-out of the membrane, GDM layers restore its initial 

compressive strain of 20%.  However, the cell compression would follow the GDM’s 

unloading path in stress-strain relationship, reaching a cell compression of about 0.75 

MPa.  This practical example has demonstrated that, from dry to wet and back to dry 
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condition, the cell compression can fluctuate between 150% and 37.5% of its initial value 

of 2 MPa. 

 

 

Figure A 3-2. The stress strain curve of Toray
TM

 TGP-H-060 under incremental platen 

compression load ing  
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