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INVESTIGATION OF SHORTING BY PENETRATION IN PEM 

FUEL CELL MEMBRANES 

 

Christopher James Fox 

 

ABSTRACT 

Electrical shorting through the proton exchange membrane (PEM) is a form of early 

failure commonly found in PEM fuel cells.  In order to improve the durability and thus the 

commercial potential for PEM fuel cells, this form of failure must be understood and mitigated.  

This research investigates whether complete penetration is the most likely cause of shorting and 

establishes general parameters (force, contact pressure, temperature, and time) that lead to 

shorting in a typical PEM material, Nafion
®

 NRE211.   Data was obtained from a novel 

indentation apparatus that was coupled with an electrical circuit to assess the force and depth of 

penetration at which shorting occurs in a PEM at temperatures ranging from 70°C to 100°C.  The 

results show that shorting occurs when full penetration is reached, based on both displacement at 

shorting, and resistance of the electrical circuit at shorting.  In addition, a finite element model 

was created in a commercial finite element tool (Abaqus) in an attempt to predict time to 

penetration under loads and geometric configurations typically found in PEM fuel cells.  The 

finite element model was investigated for use with standard Abaqus material modules (e.g. two-

layer viscoplastic and hyperelastic-viscoelastic) describing Nafion
®

 behavior.  The results 

suggest that the standard material models do not sufficiently describe Nafion
®

 behavior in this 

particular application and suggest the need for alternative material models that capture both the 

viscous and plastic nature of Nafion
®

. 
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1 Literature Review 

As the global economy continues to grow, our need for alternative energy and clean 

power sources is quickly becoming the defining problem of our time.  Of the many possible 

solutions on the horizon, fuel cells are one of the most promising due to their use of hydrogen as 

a fuel and the fact that they have zero on-site emissions.  Fuel cells come in many different 

varieties including phosphoric acid fuel cells, alkaline fuel cells, molten carbonate fuel cells and 

solid-oxide fuel cells [1].  The type of fuel cell that is currently commanding the most attention, 

however, is the proton exchange membrane fuel cell (PEMFC).  This is primarily due to the 

ability of the PEMFC to yield high power density at low operating temperatures.  In addition, a 

PEMFC is lightweight, compact and relatively inexpensive to manufacture, with the cost 

constantly decreasing as researchers find new ways to cut costs without sacrificing performance.  

These attributes make PEMFCs ideal for powering portable devices such as cell phones, laptops 

and GPS devices.  However, the PEMFC is receiving the most interest in automotive 

applications. 

With the price of oil reaching new heights every day, PEMFCs have become one of the 

top candidates for replacing the conventional internal combustion engine in automobiles.  

PEMFCs have already been incorporated in many concept cars, and have recently even started to 

make it into demonstration programs in select cities where hydrogen refueling stations are 

available.  Unfortunately, however, the lifetime of a PEMFC is still considerably shorter than 

internal combustion engines and the associated costs are higher.  Although there are still 

improvements to be made in the performance of a PEMFC, lifetime and cost are currently the 

main obstacles (other than fuel availability) in the acceptance of fuel cell cars into the market. 

While lifetime prediction and improvement is imperative for the automotive industry, 

determining the lifetime of a fuel cell is important for all commercial applications.  Users need to 

have a general idea of how long a fuel cell will last, and if possible, what component to replace 

before the fuel cell fails [2].  Due to the complexity of a fuel cell as well as the sensitivity of the 

chemical reactions taking place, the lifetime of a fuel cell is limited by a wide array of different 

factors.  These include but are not limited to catalytic activity, water management, introduction 

of impurities into the MEA, and degradation of the proton exchange membrane. 
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1.1 Degradation Mechanisms of a Proton Exchange Membrane Fuel Cell 

Catalytic activity in the catalyst layer between the electrode and membrane is very 

important because it encourages the electrochemical reaction, which is the mechanism by which 

the fuel cell converts chemical energy to electrical energy.  The catalyst used in fuel cells is 

platinum.  To improve activity while reducing the amount of platinum used (thereby keeping 

cost low), very small platinum particles are deposited onto carbon particles which are 

subsequently distributed in a Nafion
®

 substrate.  In this way, the surface of the platinum is 

utilized to the fullest degree.  However, Wilson et al. [3] and Xie et al. [4] observed that the 

platinum surface area decreases over time as a result of coalescing platinum particles.  Contrary 

to expectations, however, the cell performance remained unaffected.  Wilson et al. attributed this 

to either a higher specific activity per unit surface area of the platinum, or the fact that not all of 

the platinum was active in its original state.  Loss of catalytic activity is still a problem in the 

lifetime of a fuel cell however, as degradation of Nafion
®

 in contact with active sites can render 

those sites inactive.  Additionally, contaminants (e.g. carbon monoxide) can bind themselves to 

the platinum, negating the catalytic effect of the platinum [2].   

In addition to ensuring the catalyst layer maintains a sufficient degree of reactivity, the 

lifetime of a fuel cell is also affected by its water management.  Water management is directly 

related to mass transport within a fuel cell in two very important but contradictory ways.  First, 

water must be supplied to the fuel cell in order to keep the membrane hydrated, thereby 

maintaining its ionic conductivity (i.e. the passage of the hydrogen protons through the 

membrane).   On the other hand, water that is formed at the cathode must be removed, or else 

flooding will occur that inhibits the supply of oxygen to the cathode.  This event is called oxygen 

starvation [1].  While water management can be controlled by the fuel cell operator to some 

degree, the design of the gas diffusion layer (GDL) of a fuel cell also plays a very important role 

in the diffusion transport of water toward the anode and away from the cathode.  However, 

compaction of the GDL over time due to mechanical stresses, as well as surface chemistry 

changes can hinder this diffusion, causing mass transport losses in the fuel cell to increase as the 

cell ages. 

While flooding of a fuel cell can cause oxygen starvation, excess water, through its 

interactions with fuel cell system materials, can also cause major problems by introducing 

impurities in the cell which are then deposited on the MEA [5].  Impurities such as iron (Fe
+3

), 
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and alkali metals (Li
+
, Na

+
, and K

+
) bond to the sulfonate sites (Figure 1-1) in the membrane, 

displacing H
+
 ions.  As a result, electrostatic cross-linking or formation of sulfonate salts can 

occur, which causes the membrane to retract and squeeze out water.  This leads to membrane 

dehydration, especially near the anode side, which means a decrease in ionic conductivity 

through the PEM and therefore a loss of cell voltage. 

Loss of ionic conductivity due to membrane dehydration can also be caused by high 

operating temperatures if the fuel cell is not hydrated properly, as demonstrated by [6].  Other 

contributions to conductivity loss include delaminating of the catalyst to the membrane, 

corrosion of the plates leading to increased contact resistance, carbon corrosion of the catalyst 

support or electrode which increases electrical resistance, and membrane polymer degradation 

[2]. 

Because the functionality of a PEMFC depends heavily on the ability of the PEM to 

maintain its integrity under normal operating conditions, it is not surprising that the PEM is 

currently the component that limits the lifetime of PEMFCs.  The target operating lifetime for 

stationary applications is over 40,000 hours.  Currently, PEMs have not been able to meet this 

target.  Automotive applications demand less, typically around 5,000 to 7,000 hours, however 

this target has also not been met in part because automotive applications demand slightly higher 

temperatures which yield faster degradation rates [7], but mainly because of variable operating 

conditions in the form of RH cycling and temperature cycling associated with start/stop and 

varying power demands [8].  Due to the importance of the PEM and its current inability to meet 

lifetime requirements, much effort has been put into understanding how a PEM works, the 

morphology of the polymers used, and what causes the degradation observed under operating 

conditions. 

1.2 Degradation Mechanisms of a Proton Exchange Membrane 

At the most fundamental level, a PEM is characterized by its unique ability to conduct 

protons through its polymer structure, while acting as a barrier to electrons and reactant gases.  It 

must be able to withstand the harsh environment on the cathode and anode sides by maintaining 

chemical stability against hydrolysis, oxidation, and reduction.  Although current PEMs stand up 

well to these conditions, degradation still occurs.  The current understanding of degradation in 

PEMs places degradation into three main categories: chemical, thermal and mechanical [9]. 
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To understand the chemical degradation of membranes, one must be familiar with their 

molecular structure.  Most PEMFCs today use perfluorinated sulfonic acid containing ionomers 

(PFSAs) such as DuPont’s Nafion
®

, Asahi Glass’s Flemion
®

, and Asahi Kasei’s Aciplex
®

 [7].  

Most PFSAs incorporate a backbone of tetrafluorethylene (better known as Teflon
®

) with a side 

chain of perfluorovinyl ether ending in sulfonate cation exchange sites [7] [9].   Figure 1-1 shows 

the chemical structure of Nafion
®

. 

 

 

Figure 1-1.  Structure of Nafion
®
 available from Dupont [7] 

 

Chemical degradation of Nafion
®

 and other PFSAs is thought to proceed via the reaction 

of hydroxyl (*OH) or peroxyl (*OOH) radical species [9], [4], [7] and [10].   These species, 

along with hydrogen peroxide, form at the cathode side of the membrane as a result of 

incomplete reduction [11].  While incomplete reduction reactions are inevitable to some degree, 

trace metals can increase the extent to which they take place by binding themselves to the 

platinum, thereby negating the effect that the platinum has of inducing the electrochemical 

reaction [11].  This facilitates the formation of radicals and hydrogen peroxide by incomplete 

reduction.  In addition, trace metals also catalyze the reaction which breaks hydrogen peroxide 

down into more hydroxyl or peroxyl radicals, as seen in the well-known Fenton reaction [12]: 

 

H2O2 + Fe
2+

 � *OH + Fe
3+

 + OH
-
 

 

Once introduced into the PEM, these radicals attack any terminal bonds of the membrane 

containing hydrogen (typically introduced during manufacture), thereby degrading the membrane 
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by chain cleavage [9], [10].  Cathode outlet water has been observed to contain fluoride and 

sulfate ions, confirming degradation [4]. 

Thermal degradation is another major contributor to membrane degradation.  

Determining the optimum operating temperature for a fuel cell requires balancing the benefits 

and costs of operation at a particular temperature.  Low temperatures yield lower material 

degradation rates; however, there is a decrease in performance due to increased kinetic, ohmic 

and mass transport losses [13].  High temperatures decrease the size of cooling equipment (e.g. 

smaller radiators for cars), improve the utility of exhaust heat in cogeneration applications, and 

limit the damage done to catalysts by fuel and air stream contaminants.  However, higher 

temperatures lead to increased chemical degradation of membranes and increased formation of 

holes or thin spots [13].  For perfluorocarbon ionomer membranes (such as Nafion
®

), the 

temperature must reach 150°C before the chemical structure is noticeably affected.  Above 

200°C, the loss of sulfonate groups begins to occur [9] [14]. 

Whereas chemical and thermal degradation often occur over a long period of time, 

mechanical degradation is often the cause of early life failures [9].  Mechanical degradation 

occurs in many forms including cracks, tears, punctures or pinhole blisters.  Also, foreign 

particles can cause perforations that act as stress concentration points.  The membrane 

environment is important to degradation, as inadequate water content can make the membrane 

brittle and fragile [15].  Therefore, low humidification conditions can result in a higher 

probability of the formation of cracks, tears or punctures [13] [16]. 

Mechanical defects can be caused in several different ways.  For example, fibers in the 

GDL can penetrate the membrane causing a hole or stress concentration point.  Also, cell 

reversal (where O2 forms at the anode side by electrolysis of water) due to fuel starvation causes 

localized heating, resulting in holes, perforations or stress points in the membrane.  When this 

happens, reactant gasses crossover and react on the catalyst surface.  More heat is generated from 

this reaction which in turn causes more holes and perforations, and a destructive cycle occurs 

ending in a catastrophic failure of the fuel cell [17] [18]. 

1.3 Shorting in a Proton Exchange Membrane 

Like mechanical defects, shorting can be a cause of catastrophic failure in PEM fuel cells.  

Shorting occurs when electrons travel directly from the anode to the cathode instead of through 

the device being powered.  When this happens, the cell voltage suffers, lowering the 
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performance of the cell.  In addition, heat can be generated in the vicinity of the short, causing 

damage in the membrane in the form of pinholes.  This leads to gas crossover which as stated 

above results in catastrophic failure of the fuel cell.   

 The exact cause of shorting through the membrane is unknown.  Currently, no literature 

exists that directly deals with shorting in PEMs beyond simply acknowledging it as a kind of 

failure mechanism.  However, conjectures have been made as to the cause of shorting.  These 

can be summarized into three categories: dielectric failure of mechanically intact membrane, 

thinning due to chemical and mechanical effect, and penetration by objects external to the 

membrane. 

1.3.1 Dielectric Failure 

 The first proposed method of shorting, dielectric failure, is often accompanied by 

electrical treeing.  Electrical treeing is a phenomenon that happens as a result of electrical 

breakdown.  It is a physical breaking of bonds that occur on the microscopic level, but its long 

term effects are visible to the naked eye.  It has been termed “treeing” because the pathways 

formed by the mechanism resemble the branches of a tree.  The current understanding of 

dielectric breakdown involves an initiation micromechanism called thermally activated bond-

breakdown (TABB).  TABB, as it is described by [19], states that the breakdown process in 

polymers is initiated by formation of dilaton or phonon quasi-particles.  “A dilaton is a short-

lived micro-fluctuation of length equal to the phonon mean free path.  Dilatons produce 

disruption by producing strong local electric field enhancement, during which polymer bonds are 

disrupted.  The formation of dilatons by thermal fluctuations produces breakdown of a large 

number of polymer bonds in a given region.”  In other words, bonds are broken by a thermal 

mechanism in which dilatons are created by thermal fluctuations.  The defects that result from 

these broken bonds coalesce to form the beginning of a branch-like pathway. 

Leading each branch is an area called the damage process zone (DPZ).  The DPZ is a 

zone where electromechanical, thermal and chemical effects take place, moving electrons and 

ions irreversibly, thereby transforming the polymer from some initial morphology to a damaged 

morphology.  This damage manifests itself as micro-defects in the form of voids, cracks, or other 

features.  The voids are formed by the breakage of chemical chains.  At these breakage sites, 

charge accumulates which causes further breakage of local bonds, in accordance to the TABB 

mechanism.   Eventually, the voids coalesce into macroscopic tree branches [20]. 
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It is important to note that the process of breakdown does not lead to an appreciable 

increase in current flow through the material.  Rather, it precludes a final catastrophic failure in 

the insulation properties of the material.  Also, because the coalescing of defects relies on the 

formation of several defects within close range of one another, the certainty of time to 

breakdown of a material under any given condition cannot be guaranteed, and is therefore an 

inherently statistical phenomenon [21]. 

In addition, dielectric breakdown is sensitive to electrode geometry, voltage, frequency, 

temperature, etc. [21].  However, mechanical stresses and the physical and mechanical properties 

of the material have a pronounced effect on the initiation and propagation of electrical tree 

structures, more so than electronic or thermal mechanisms.  This is in contrast to past papers that 

cite electronic and thermal mechanisms as the main cause of electrical treeing.  Ding and Varlow 

[20] use an energy balance to model tree growth and propagation, based on the propagation of a 

mechanical crack in brittle solids, otherwise known as the Griffith theory [22].   Through this 

theory, they are able to define a parameter (gt
c
) that specifies whether or not electrical tree 

growth is energetically possible. 

From here, the authors derive an equation for time to breakdown in polymers, based on 

temperature, electrical field, micro-void size, dielectric permittivity of the material, effective 

potential well, the activation area of a material in the direction of the electric field, the number of 

growing micro-voids necessary to allow a branch of a certain length to form, and Boltzmann and 

Planck constants.  Finally, the model of the tree propagation life is modified to incorporate the 

effect of mechanical stress on the tree growth kinetics.  The model predicts that compressive 

mechanical stress will decrease the tree growth rate, while tensile mechanical stress will increase 

tree growth rate.   

While treeing is an important effect in electrically insulating polymers, it requires 

relatively high field strengths (~1 kV/µm) to initiate damage.  Field strengths of this magnitude 

are not likely to occur in PEMFCs (where applied voltage is on the order of volts and membrane 

thickness is typically 25 µm) unless the membrane is effectively penetrated.  However, other 

mechanisms of dielectric failure in Nafion
®

 are certainly conceivable.  Nafion
®

 as used in 

PEMFCs is an acidic, water-filled, ion conducting polymer and the possibility of some 

mechanism of electrical conduction, particularly in very thin films, must be considered.  
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Unfortunately, no literature addressing dielectric failure in similar materials and applications was 

identified. 

1.3.2 Membrane Thinning 

 Thinning of the membrane due to chemical or mechanical effects are also possible causes 

of shorting.  This theory assumes that once the membrane has reached a threshold thickness, 

shorting occurs in the form of arcing from one electrode to the other.  As previously stated, 

chemical thinning is thought to be a result of polymer degradation (evidenced by loss of fluoride 

and sulfate ions) as the membrane is attacked by impurities.  Mechanical thinning, however, is 

mostly a result of creep.  Creep is a phenomenon exhibited in viscoelastic materials such as 

PFSAs, and is the gradual displacement of a material over time when subjected to a constant 

load.  Since fuel cells depend on good contact of the electrodes to maintain performance, a 

considerable amount of pressure is exerted on the fuel cell, on the order of 1 MPa [23]. 

While it is unclear whether thinning is the only precursor to shorting, evidence has shown 

that it does play a role.  Stucki et al. [24] directly link shorting to membrane thinning by the 

examination of electrolysers after several thousand hours of use.  They found that many of the 

cells within the electrolysers were rendered ineffective due to shorting through the membrane, 

and that these shorts were contained in regions where thinning of the membrane was present.  

This thinning was thought to be due to effective material loss by a cathodic process resulting 

from uneven mechanical pressures.  Healy et al. [10] show evidence of membrane thinning in a 

fuel cell after 1000 hours of run time.  Yu et al. [25] show membrane thinning near the hydrogen 

inlet for fuel cells made with Nafion
®

 112 run under low humidification at about 2500 hours of 

operation. 

While the results from these post-mortem inspections strongly point to thinning as the 

cause of shorting, they don’t sufficiently differentiate whether the thinning is due to chemical or 

mechanical degradation.  However, work done by Lai [26] has been able to replicate shorting in 

the absence of such processes.  As a result, while chemical degradation may aggravate shorting 

due to thinning, it is most likely not the sole cause.  Rather, Lai suggests that thinning due to 

mechanical mechanisms plays a primary role. 
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1.3.3 Shorting due to Penetration 

 The third possible cause of shorting is membrane penetration by a conductive object (e.g. 

a GDL fiber or fiber bundle).  Penetration is thought to occur due to stray GDL fibers that are 

positioned normal to the plane of the membrane.  Like thinning due to mechanical effects, 

penetration may also be attributable to creep.  However, a GDL fiber causes damage on a much 

more local scale.  Therefore, the pressure exerted is much greater and the fiber is more easily 

able to penetrate the membrane.  However, as described in the literature, shorting occurs 

primarily in areas of membrane thinning.  This means that in order for GDL fibers or other 

foreign objects to fully penetrate the membrane and cause shorting, some thinning of the 

membrane may be necessary. 

 Li [23] suggests that hard spots in the GDL rather than individual fibers may be 

responsible for shorting.  Hard spots are formed in the GDL due to the nonuniform thickness and 

compressibility of the microstructure, and can be anywhere from 100 µm to 1 mm in size.  These 

hard spots are subject to much higher stresses than the nominal stress applied over the surface of 

the GDL.  For example, at a nominal stress of 0.68 MPa applied to the GDL surface, PEM 

compressive stresses as high as 2.3 MPa were recorded.  With compressive stresses more than 

triple the nominal applied stress, it is conceivable that a hard spot could lead to premature 

penetration of the membrane. 

As suggested by Li, thinning and penetration may both play a very important role in 

shorting.  However, it is still unknown which mechanism is the ultimate cause of failure.  To 

address this issue, this research pursues the assumption that penetration is the primary and direct 

cause.  The mechanisms that cause penetration are proposed to be high local loads and reduced 

modulus at extended times.  The reduced modulus is a direct result of the viscoelastic nature of 

PFSAs.   Since this viscoelastic nature is hypothesized to play a key role in penetration shorting, 

it is discussed in more detail in the following section. 

1.4 Viscoelasticity in PEM Materials 

The viscoelastic nature of PFSAs plays an important role in shorting.  Because they are 

viscoelastic, they tend to creep or flow under loads that are applied for an extended period of 

time.  The implication of this is that when a fuel cell stack is compressed, the membrane does not 

immediately deform to its final shape.  Rather, over time the membrane material creeps and 

material flows away from areas of high stress, resulting in areas of local thinning, which are then 
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susceptible to penetration.  The concept of creep is one of the main attributes of a viscoelastic 

material. 

 Creep is the gradual displacement of a material over time when subjected to a constant 

load.  Creep is relatively easy to measure in the in-plane direction of a thin film, and can be 

accomplished using a dynamic mechanical analyzer (DMA).  In a DMA, a constant load is 

applied lengthwise to the sample, and the resulting strain is measured.  The equation for creep 

compliance, ����, is simply 

 ���� = ������  (1-1) 

 

where �� is the constant load and ���� is the measured strain [27]. 

While creep is a more intuitive way of approaching the viscoelastic behavior observed 

during penetration, another equally effective means of quantifying the viscoelastic nature of a 

material is stress relaxation.  Stress relaxation is measured by applying a constant strain to a 

material sample and measuring the resulting time-dependent stress.  It is calculated by the 

following equation 

 	��� = �����̂  (1-2) 

 

where �̂ is the constant strain and ���� is the measured stress. 

Another important concept when dealing with viscoelastic material is time-temperature 

superposition.  While Equation 1-2 asserts that stress relaxation is a function of time, for most 

polymers stress relaxation is also a function of temperature.  This leads to some interesting 

parallels between stress relaxation measured at constant temperatures and different times, and 

stress relaxation measured at constant times and different temperatures.  When measuring stress 

relaxation, tests generally only span about four decades of time.  Longer tests become extremely 

time consuming and therefore impractical.  However, tests can be run at different temperatures 

for the same period of time.  Upon plotting the results of an array of tests at different 

temperatures, an interesting trend appears that suggests a relationship between the time and 

temperature dependence of the material characteristics.  This results in a shifting procedure that 

constructs a master curve – a complete modulus-time behavior at a constant temperature, as seen 

in Figure 1-2 [27].  The amount by which a curve is shifted is recorded as a “shift factor”.  In the 



 

case of Nafion
®

 and other PFSAs, the 

a similar master curve can be constructed.  Patankar et

relaxation master curve for Nafion

temperature and relative humidity shift factors.

Figure 1-2. Construction of a master curve using tensile stress relaxation dat

temperatures.  Source: W. J. MacKnight, M.T.S.,  “Introduction to Polymer Viscoelasticity.” 2005, 

John Wiley & Sons Inc.  Reprinted with permission of John Wiley & Sons, Inc.

1.5 Summary 

The focus of this research

Specifically, we examine shorting due to membrane penetration over time scales typically 

observed in PEMFCs during which viscoelastic effects are likely to be important.  

penetration as the mechanism to explore is motivated by two observations

unlike traditional insulators, PEM fuel cell membranes exhibit shorting at relatively low voltage, 

suggesting dielectric failure is most likely not the cause of failure.  

chemical degradation has been demonstrated, the work by 

the absence of chemical degradation.  These observations 

may arise from a combination of 

penetration of the membrane by a conductive feature from the GDL

To determine whether shorting by penetration is a likely failure mode

novel indentation apparatus to assess the 

as the effect of voltage difference, 

addition, a finite element model of membrane penetration 

conjunction with standard Abaqus® material modules in an attempt to pred

characteristics based on material property measurements
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and other PFSAs, the stress relaxation is also a function of relative humidity, and 

a similar master curve can be constructed.  Patankar et al. [28] have successfully created a 

Nafion
®

 NRE211 based on in-plane DMA testing, along with 

temperature and relative humidity shift factors. 

 

. Construction of a master curve using tensile stress relaxation data gathered at five 

W. J. MacKnight, M.T.S.,  “Introduction to Polymer Viscoelasticity.” 2005, 

John Wiley & Sons Inc.  Reprinted with permission of John Wiley & Sons, Inc.

research is to explore one possible mechanism for shorting in PEMFCs.  

Specifically, we examine shorting due to membrane penetration over time scales typically 

observed in PEMFCs during which viscoelastic effects are likely to be important.  

n as the mechanism to explore is motivated by two observations.  The first is that, 

unlike traditional insulators, PEM fuel cell membranes exhibit shorting at relatively low voltage, 

is most likely not the cause of failure.  Second, while thinning due to 

chemical degradation has been demonstrated, the work by Lai et al. [26] has shown shorting in 

the absence of chemical degradation.  These observations support the hypothesis that

a combination of mechanical thinning and local damage that lead

penetration of the membrane by a conductive feature from the GDL. 

To determine whether shorting by penetration is a likely failure mode, we

to assess the load required to penetrate membrane materials as well 

ffect of voltage difference, penetration depth, and temperature on shorting behavior.

finite element model of membrane penetration is constructed and applied in 

conjunction with standard Abaqus® material modules in an attempt to predict penetration 

characteristics based on material property measurements.  

is also a function of relative humidity, and 

have successfully created a stress 

plane DMA testing, along with 

a gathered at five 

W. J. MacKnight, M.T.S.,  “Introduction to Polymer Viscoelasticity.” 2005, 

John Wiley & Sons Inc.  Reprinted with permission of John Wiley & Sons, Inc. [27] 

to explore one possible mechanism for shorting in PEMFCs.  

Specifically, we examine shorting due to membrane penetration over time scales typically 

observed in PEMFCs during which viscoelastic effects are likely to be important.  The choice of 

.  The first is that, 

unlike traditional insulators, PEM fuel cell membranes exhibit shorting at relatively low voltage, 

, while thinning due to 

has shown shorting in 

support the hypothesis that shorting 

and local damage that leads to the 

, we develop a 

required to penetrate membrane materials as well 

on shorting behavior.  In 

is constructed and applied in 

ict penetration 
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2 Experimental Description and Procedure 

As previously discussed, the primary question when discussing shorting in fuel cells is 

whether it is caused by complete penetration or some other mechanism that leads to dielectric 

failure.  While it has been proven that shorting occurs around thin spots of the membrane, it is 

not known whether shorting results from some unknown mechanism which is aggravated by 

thinning, or whether those thin spots are simply more susceptible to total penetration by, for 

example, a GDL fiber lying perpendicular to the plane of the membrane.  The goal of the 

experimental work was to test whether shorting requires full penetration or if it happens by 

partial penetration in conjunction with some other mechanism. 

The test fixture employs a hemispherical probe to penetrate a PEM where temperature 

and force are controlled and the electrical conductance is monitored.  The membrane sample was 

placed on a metallic plate connected to an electrical circuit.  Voltage was applied across the 

membrane, and the electrical current flow was monitored.  A load was applied to the probe, and 

the displacement was measured as the probe penetrated the membrane.  Once shorting occurred, 

the depth of the probe was recorded.  Shorting was defined as any observed current exceeding 

the base noise level of the instrument.  This noise level was approximately 0.1 mA.  The results 

from this experiment where expected to yield insight as to whether or not full penetration is 

necessary to yield a short and to identify the force required to produce a short.  A detailed 

description of the experimental apparatus used to accomplish this, as well as the procedure used, 

is presented in the following sections. 

In a separate experiment, uniaxial tests were conducted to calculate the parameters used for 

construction of a finite element model of the penetration problem.  Tests were run at different 

strain rates and temperature to capture the time-dependent behavior of the material, as well as the 

hyperelastic behavior.  In addition, the forces explored by the experimental work provide 

validation data in support of the modeling work.  A detailed description of the instrument and 

procedure used to collect this data is also found in the following sections. 

2.1 Experimental Apparatus 

The instruments used for the shorting test fixture included a Keithley 2400 SourceMeter 

and a Dynamic Mechanical Analyzer (Q800) made by TA Instruments.  A DMA was chosen 



13 

 

because it has a resolution of less than one micron and is able to apply forces on the order of 

millinewtons.  In addition, temperature control is available with this instrument.  A source meter 

was used to apply voltage and measure current simultaneously.  Figure 2-1 shows a diagram of 

the configuration.  A photograph of the experimental apparatus can be seen in Figure 2-2. 

 

Figure 2-1. Diagram of experimental setup 

 

 

Figure 2-2. The shorting test setup with the DMA and source meter 

 

The probe tip chosen for this test is manufactured by the Micromanipulator Company, 

Inc.  It is made of tungsten and has a tip radius of 50 microns.  This dimension was chosen based 

on the dimension of damaged sections of membrane, as seen in cross-sectional SEM images.  

These damaged sections were thought to be the result of gas diffusion layer features protruding 
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normal to the plane of GDL, which penetrated the membrane-electrode assembly under load.  

The dimension of the probe was chosen to mimic this damage mechanism. 

To mount the probe to the DMA, a penetration clamp was used (Figure 2-3).  The 

penetration clamp is comprised of a U-shaped bar with a horizontal cross-bar on top.  The DMA 

controls the clamp by displacing the cross-bar downward toward a fixed brass platform.  In order 

to mount the probe onto the penetration clamp, the probe was imbedded uniaxially into a 

stainless steel screw and welded into place (Figure 2-4).  The screw was then mounted into a 

tapped hole located in the center of the clamp’s cross-bar. 

 

 

Figure 2-3. DMA penetration clamp used for the shorting test fixture 

 

 

Figure 2-4. Probe assembly used in the shorting tests 
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As the scale of this experiment is on the order of microns, it was important that the 

substrate upon which the membrane lay be very smooth.  Also, due to the high local stresses 

involved in the experiment, it was necessary that the substrate be resistant to penetration.  

Therefore, a mirror-finish 316 stainless steel plate with a roughness of ± 5 µm was selected.  The 

plate was placed on top of the brass platform. 

Very thin 36 AWG wire, capable of withstanding temperatures up to 200°C, was chosen 

to apply the voltage and measure the current.  A thin wire was necessary for two reasons.  First, 

when the DMA furnace closes, it forms a weak seal around the perimeter of the instrument stage.  

A thicker wire would be pinched under such a constraint, but the 36 AWG wire was able to pass 

through the seal without damage.   

The second reason for using a thin wire was its attachment to the penetration clamp.  Part 

of the instrument calibration involves calibrating the mass of the clamp.  This is done so that the 

DMA can apply an equal and opposite force to the clamp, essentially allowing the clamp to float 

in place while the instrument is not in use.  The stiffness associated with a heavy wire would 

disturb the calibration process, making it unable to calibrate properly.  However, the 36 AWG 

wire was flexible enough that its effect on calibration was small. 

To connect the wire to the probe, ring tongue terminals were threaded onto the screw as 

seen in Figure 2-5, which resulted in a solid electrical connection.  Determining the best 

electrical connection to the stainless steel substrate, however, required some iteration.  Initially, 

adhesive copper tape was used to attach the two wires to the plate (Figure 2-5, left).  

Unfortunately, the resulting connection provided a poor electrical connection, especially at high 

temperatures.  Therefore, a new approach was taken where a metal washer and screw were used 

to clamp the wires (Figure 2-5, right).  This new arrangement resulted in a much more robust 

electrical connection.   

It was also necessary to electrically isolate both the clamp and the stainless steel substrate 

from the rest of the machine.  For the substrate, a quartz disc was placed between the stainless 

steel plate and the brass anvil to achieve isolation.  The clamp, however, required a much more 

complex means of isolation.  This was because any compliance introduced by the electrical 

insulation would increase the measured displacement of the clamp, thus giving a false 

measurement of the penetration depth of the probe.  It was therefore necessary to make the 
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insulation as rigid as possible.  Initially, thin Kapton film was used to electrically isolate the top 

bar of the penetration clamp from the bottom bar, as seen in Figure 2-5 (left), and Teflon screws 

were used to fasten the two bars together.  However, compliance introduced to the fixture by the 

Kapton film and Teflon screws made this a poor configuration.  Ceramic screws were also used, 

but they proved to be too fragile. 

 

 

Figure 2-5. The specialized DMA clamp used in the shorting tests.  On the left is the old clamp 

which employed non-conductive screws and Teflon film as electrical insulators.  On the right is the 

new clamp which employs ceramic washers and a custom top bar to achieve isolation. 

 

To avoid these shortcomings, two alterations were made.  First, the thin film Kapton was 

replaced by ceramic washers.  Second, a new top bar was machined that included larger holes for 

the fastening screws, so that an insulating sleeve of Teflon could be press fit within.  The inner 

diameter of the Teflon sleeve is the same diameter as the holes in the original cross-bar.  This 

allows metal fastener screws to be used, thus making the clamp more robust.  The final clamp 

fixture can be seen in Figure 2-5 (right). 

The Keithley 2400 SourceMeter was connected to a computer via a USB cable and 

controlled by a LabVIEW program.  The LabVIEW program written for the shorting test was 

capable of ramping the voltage up and down at a specified rate and for a specified number of 

times.  To prevent excessive current, a current limit of 1 A was set for the source meter.  An 

event cable from TA Instruments and a USB data acquisition device from National Instruments 

created a communication line between the computer and the DMA.  By turning on an “event” in 

the DMA test method, a signal would trigger the LabVIEW program, and therefore the source 
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meter, to initiate the programmed test sequence.  This allowed for a test sequence, programmed 

in the DMA, to switch the source meter on and off multiple times. 

2.2 Compliance Testing 

Although the adopted electrical insulation configuration minimized compliance of the 

clamp, some compliance remained.  As a result, it was necessary to measure this compliance so 

that it could be subtracted from the measured displacement during a shorting test.  In evaluating 

the compliance, it is assumed that probe tip blunting and indentation of the stainless steel 

substrate are negligible when the probe is penetrating the polymer sample.  Therefore, the 

desired compliance is for the entire fixture except the tip/substrate interface.  To eliminate the 

tip/substrate interface, compliance was measured with a blunted tip and a tungsten carbide 

substrate in place of the stainless steel substrate.  Tungsten carbide was used because its hardness 

prevented any indentation by the tip.  The assumption that tip blunting and substrate indentation 

are negligible in the compliance test was confirmed by microscopy and profilometer studies of 

the tip and substrate after the tests were conducted. 

With the tip/substrate interface effects minimized using the blunt tip on tungsten carbide, 

the clamp compliance could be measured.  A test method was created for the DMA that applied a 

step load to a probe of 1, 2, 4, 8 and 10 N.  Four tests were run at temperatures of 70, 80, 90 and 

100°C to check for repeatability and for the effect of temperature on compliance.  The results are 

presented in Figure 2-6.  Upon inspection of the curves, it is apparent that temperature has very 

little effect on the compliance of the clamp, and confidence can be found in the small degree of 

variance between tests.  From these results, an average compliance curve was constructed and a 

curve fit performed to obtain an equation for compliance as a function of force (Figure 2-7).  The 

clamp compliance equation is 

 

 � = −0.0462�� + 2.6093� + 0.2526 (2-1) 

   

where δ is displacement in microns and P is load in Newtons.  An uncertainty of ±0.5 microns 

was calculated based on the variance of curves in relation to one another.  In all subsequent 

shorting tests, Equation 2-1 was used to adjust for error introduced to the displacement by clamp 

compliance. 



 

 

Figure 2-6. Clamp compliance tests at four

Figure 2-7. Clamp compliance 
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. Clamp compliance tests at four different temperatures.

lamp compliance equation with uncertainty for 70°C < T < 100°C

 

different temperatures. 

 

equation with uncertainty for 70°C < T < 100°C 
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2.3 Test Procedure 

The membrane used in the experiments was Nafion
®

 NRE211 (supplied by DuPont).  The 

thickness of the Nafion
®

 NRE211 membrane was measured at fifteen locations on the surface 

using a Mitutoyo thin film measuring instrument, which has a resolution of one tenth of a 

micron.  The mean thickness was 25.1 µm with a standard deviation of 0.25 µm.   

Each sample was prepared by cutting a 1 cm x 1 cm square from a stock sheet of 

Nafion
®

.  The protective backing on each side of the membrane was carefully removed.  The 

sample was then placed onto the stainless steel substrate used in the experiments.  Due to the 

slightly adhesive nature of the membrane, no glue or epoxy was required to attach it to the 

substrate.  Air bubbles were removed by pressing a rubber pencil eraser down on the sample, 

effectively pushing any air bubbles out from underneath the sample.  The samples were not 

pretreated, and were kept at the environmental conditions in the room prior to the experiment.  

Before a series of tests was started, the probe tip was visually inspected with a microscope to 

check for damage, and the relative humidity recorded.  Throughout testing, relative humidity 

remained fairly constant. 

Once the membranes were attached to the substrate and the probe tip checked for 

damage, the substrate was placed in the DMA clamp fixture.  The furnace was then lowered and 

the thickness of the sample measured, using the DMA.  Because of the thickness variation in the 

steel surface, the exact thickness of the sample could not be accurately measured to within an 

acceptable degree of confidence.  This does not affect the results, however, because the primary 

variable of interest was the relative displacement of the probe into the membrane.  After the 

thickness of the membrane was measured, the DMA test sequencec was started. 

Each test began with a 2 ½ hour stabilization period.  The stabilization period involved 

holding the sample isothermally at the test temperature.  During this period thermal drift in the 

electrical components was allowed to settle, and the components of the fixture were allowed to 

expand.  During the stabilization period, the force applied to the probe was 1 mN to ensure that it 

did not begin to float above the sample surface.  At the end of the stabilization period, the 

displacement of the probe was rezeroed to compensate for expansion or drift experienced by any 

component of the clamp or DMA. 

After the displacement was rezeroed, a load was applied to the probe in a stepwise 

manner.  At each load, the displacement was allowed to settle for 20 minutes, after which an 
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electrical voltage was applied while the current was simultaneously measured.  The voltage was 

ramped from 0 to 5 volts then back to 0 ten times, at a rate of 0.1 V/s.  Tests were performed for 

four different temperatures: 70, 80, 90 and 100°C.  Initially, it was necessary to guess the range 

of force sufficient to create shorting.  Then, based on the results from the first test, subsequent 

tests were run with a more narrow force range to determine the exact force that yielded shorting. 

2.4 Other Considerations 

Although care was taken to minimize the error of the shorting fixture and test procedures, 

there were nevertheless sources of error inherent in the fixture that could not be overcome.  

These sources of error were indentation of the steel substrate and pre-indentation of the 

membrane during the stabilization period. 

 When 316 stainless steel was chosen as the substrate for the shorting fixture, it was hoped 

that it would be hard enough to resist indentation by the probe.  Unfortunately, upon completion 

of some tests, observations indicated that indentation was occurring.  Additional materials were 

considered, but no harder substance was readily available with the necessary specifications of 

dimension and smoothness.  Thus, 316 stainless steel was used and the depth of the indent was 

determined using an SEM.  The results were corrected accordingly (see description in Results). 

 In addition to indentation of the steel, there was also some pre-indentation of the 

membrane during the stabilization period.  This was caused by the 1 mN force applied to the 

probe in order to keep it from floating above the surface.  Ideally this force would simply be 

decreased to avoid the problem, however 1 mN is the smallest force the DMA can apply.  It was 

not possible to apply a 0 N load to the probe due to the slight downward force that was exerted 

on the clamp by the wires.  To overcome this problem SEM images were taken of the 

membranes after being subject to the stabilization period only.  The results from these images are 

also found in the Results section. 

While the errors introduced by pre-indentation of the substrate and sample were 

quantifiable, it was not possible to prevent these problems while conducting the shorting tests.  

However, these errors were avoidable conducting the tests that were to be compared to the finite 

element simulations.  The substrate indentation problem was circumvented by ensuring that a 

force was never applied to the sample that would yield indentation into the steel.  Also, because 

these tests did not involve an electrical circuit, the wires were removed.  This allowed the DMA 

to apply a 0 N load (essentially “floating” above the sample) during the stabilization period.  
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Only for 10 minutes did the DMA apply a 1 mN load to the sample before beginning the actual 

test.  This was to ensure good contact with the surface of the sample. 

2.5 Uniaxial Tension Tests 

A finite element model was created to simulate the shorting tests conducted on Nafion
®

.  In 

order to correctly model the membrane material, uniaxial test were required to obtain material 

parameters.  To do this, the DMA was outfitted with a tension clamp as seen in Figure 2-8.  The 

samples were prepared by cutting a section of Nafion
®

 1 mm wide and 15 mm long.  The 

protective layers were removed from either side of the Nafion
®

, and the Nafion
®

 secured in the 

clamp.  To prevent slipping, sandpaper was fit within the clamping mechanisms to increase the 

friction holding the Nafion
®

 in place.  Mounted in the clamp, the length of the test specimen was 

5 mm. 

 

Figure 2-8. Tension clamp used to conduct uniaxial tension tests 

 

The test method programmed in the DMA software included a thermal equilibration 

period where the sample was heated to 80°C, followed by a 20 minute isothermal period to allow 

the system to stabilize, while being held at a pre-strain of 0.1%.  Once stabilized, each specimen 

was extended to the specified engineering strain.  In some tests, once the desired strain was 

reached, the displacement was held constant to observe relaxation.  A more specific description 

of the individual tests conducted can be found in the Analytical section.  
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3 Finite Element Analysis 

While the main focus of this work was to experimentally determine whether penetration 

is the likely cause of shorting and to establish the conditions (e.g. load, time, temperature) under 

which penetration can be expected to occur, finite element analysis was also employed to help 

understand the penetration process.  A successful finite element model could be used to conduct 

parametric studies of the indentation process to assess the importance of material properties, 

operating conditions, and geometry on the penetration process.  In this preliminary modeling 

effort, the emphasis was on the development of a geometric model of the indentation process and 

the coupling of this model with standard material descriptions (e.g. two-layer viscoplastic and 

hyperelastic-viscoelastic) models that are available within the Abaqus software.  The goal was to 

determine whether these material descriptions were sufficient to characterize PEM materials 

such as Nafion
®

 during the indentation process or whether more sophisticated material 

descriptions are required. 

3.1 Geometric Model 

As illustrated in Figure 3-1, the indentation configuration described by the geometric 

model consists of a thin film penetrated by a hemispherical indenter with a radius that is of the 

same order of magnitude as the film thickness.  The left illustration shows a cross-section view 

of the probe and membrane, while the right illustration shows an overhead view.  Due to the 

symmetry of the model, cylindrical coordinates were used. 

 

Figure 3-1. Geometric diagram of physical situation being modeled 
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An axisymmetric modeling space was used to simplify the geometry required to 

accurately represent the experiment.  This allows the user to draw only half of the cross-section 

seen in Figure 3-1.  Although the object is seen in 2D space, axisymmetric modeling allows 

Abaqus to treat the model as 3D by sweeping the profile around 360°.  Figure 3-2 shows the 

diagram as it is drawn in Abaqus. 

 

 

Figure 3-2. 2D probe and membrane profile used in modeling the penetration problem 

 

The type of structure chosen for the membrane was deformable, while the probe was 

modeled as analytically rigid due to the fact that its modulus is much greater than that of the 

membrane.  Using the drawing program in Abaqus, a probe was drawn with the same dimensions 

as the probe being used in the actual experiments.  The membrane was simply drawn as a 

rectangle with a height of 25 microns – the nominal thickness of Nafion
®

 NRE211.  The width of 

the rectangle was chosen to be large enough such that the outside boundary conditions did not 

influence the results.   

The membrane was meshed using a three node linear axisymmetric triangle element (i.e. 

Abaqus element CAX3).  Because the penetration only occurs at one location on the membrane, 

a biased meshing technique was used that blends a very fine mesh in the region of penetration 

with a very course mesh at the opposite end of the membrane.  By employing this technique, the 

model can run more efficiently due to fewer nodal calculations in areas of little interest.  On the 

top and bottom surfaces of the membrane, 150 seeds (future nodes) were created with a bias ratio 

of 100.  This means that the distance between seeds is 100 times greater on one side of the model 

compared the other.  On the left-hand side of the membrane, 100 seeds were created with a bias 

ratio of 1 (i.e. not biased), and on the right-hand side, 6 seeds were created with a bias ratio of 1.  
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A total of 7877 elements were used in the model.  Figure 3-3 and Figure 3-4 show the mesh 

created by the procedure described above. 

 

Figure 3-3. Membrane mesh - left 

 

Figure 3-4. Membrane mesh - right 

 

Three boundary conditions were defined.  The first was an encastre boundary condition at 

the bottom surface of the membrane which fixed all degrees of freedom.  The last two were x-

axisymmetric restrictions on the reference point of the probe as well as the centerline of the 

membrane.   

As this was a contact problem, it was also necessary to define the contact between the 

probe and membrane.  For this, the probe was chosen as the master surface, whereas the top of 

the membrane was chosen as the slave surface.  The sliding formulation was selected as finite 

sliding (meaning that surfaces in contact are allowed to slide in relation to each other) and the 

discretization method used was node-to-surface (meaning that the slave surface was 

approximated as nodes connected by straight lines, and the master surface was regarded as a 

continuous smooth surface).  This contact discretization method was chosen over surface-to-

surface (where both surfaces are regarded as continuous) because it requires much less 

computation effort while having little to no effect on the accuracy of the results (dependent upon 

the degree of mesh refinement).   

In modeling the contact between the two surfaces, a coefficient of friction of 0.5 was 

arbitrarily chosen.  A sensitivity study was conducted to determine the effect of the coefficient of 

friction on penetration depth.  The study involved running a simulation with a coefficient of 

friction of 0.05 and 0.95 to get an idea of the expected extremes.  The results are found in Table 

3-1.  They show a variation of only 0.32 µm, which is only 1.3% of the thickness of the entire 
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membrane.  Because the effect of the friction coefficient was minimal, the ultimate choice of the 

friction coefficient was determined to be inconsequential, and was therefore held at 0.5. 

 

Table 3-1. The results of the sensitivity study condcuted to determine the effects of the friction 

coefficient on penetration depth 

Friction Coefficient Depth of penetration (µm) 

0.05 23.2875 

0.50 22.9727 

0.95 22.9718 

3.2 Material Modeling 

The most difficult part of modeling this problem was defining the properties for the 

membrane material.  The PFSAs generally chosen for fuel cell membranes are very complex 

materials, exhibiting viscoelastic and plastic behavior, as evident in the shorting experiments 

already conducted.  This particular problem also involves very high strains at deep penetration 

depths, which adds to the challenge of accurately modeling the material.  In addition, the 

membrane properties vary significantly due to changes in temperature.   Properties also depend 

on relative humidity, although the effect is not as pronounced as it is with temperature.  The 

initial focus of this model was the description of penetration behavior at constant temperature 

and humidity.  Thus, material properties are at most a function of time and strain and are 

specified for the temperature and relative humidity of interest. 

3.2.1 Elastic 

Because of the complexities associated with modeling a viscoplastic material, the first 

material model created was a simple elastic material model.  This was done to verify that the 

finite element model was working satisfactorily, since penetration by a spherical indenter into an 

elastic material is well documented with equations that reliably predict penetration depth.  The 

Herztian contact equation is an analytical model that predicts the depth of penetration into a 

semiinfinite material for a given load.  Because the Herztian model assumes a semiinfinite 

material base, the Abaqus model was slightly modified by increasing the thickness of the 

membrane to the point where the fixed boundary conditions on the bottom membrane did not 

influence the results.  The Herztian contact equation used is [29]: 

 



26 

 

 � = � 9��16� � 	1 − �����
�  !

 (3-1) 

 

where R is the radius of the spherical indenter, P is the load applied to the indenter, E is the 

elastic modulus, ν is Poisson’s Ratio, and δ is the depth of penetration.  Here, E was assumed to 

be 300 MPa and ν was 0.4, based on the instantaneous data for Nafion
®

 NRE211 found in 

Patankar et al [28].  Using a load of 1 N, the Abaqus model yielded a penetration depth of 54.86 

µm, where as the Herztian contact equation predicted a penetration depth of 56.79 µm.  This 

resulted in an error of 3.4%, which was considered acceptable for this case.  The implication of 

this agreement is that the finite element model appropriately models the case of shallow 

penetration into an elastic material.  This suggests that the geometry and general approach to 

modeling are implemented correctly and helps to support the results obtained for more complex 

materials. 

3.2.2 Two-layer Viscoplasticity 

In an initial attempt to represent the membrane material, a viscoelastic material model 

was used.  However, this did not account for the plastic nature of the material, as seen in stress 

strain curves obtained for Nafion
®

 NRE111 [30], [31], [32], [33].  While other literature tried to 

incorporate the observed plastic behavior in their material model, the models fell short of the 

degree of detail required for the present work.  Bograchev et al. [32] implemented a material 

model for an MEA with Nafion
®

 that included only an elastic-plastic model, while ignoring 

viscous effects.  Kusoglu et al. [33] also implemented an elastic-plastic model for only Nafion
®

, 

but included temperature and humidity effects.  However, viscous effects were still ignored.  

Beyond their neglecting of viscous effects, both models also did not occur at the small scale (10
-6

 

m) and high strains (> 400%) that are present in the current work. 

To create a model that better captures the real behavior of the membrane material, both 

viscoelastic and plastic effects must be included.  Unfortunately, viscoelastic and plastic models 

cannot be combined in Abaqus.  Instead a two-layer viscoplastic model developed by Abaqus 

and used by Solasi et al. [30] was employed. 



 

 The two-layer viscoplastic model was chosen because it was found to represent fuel cell 

membrane material very well [30]

Abaqus User Manual [34].  The model

elastic-viscous network.  Figure 3

model.  The elastoplastic network can predict the bilinear nature of the stress strain curves 

observed for Nafion
®

, while the elastic

stress-strain behavior of the material

while the dashpot represents the viscous behavior of the material.  These two networks and their 

corresponding behaviors are combined

Figure 3-5. One-dimensional rheologi

 

For the elastoplastic mechanism with linear kinematic hardening we can write

 �" =
�" = #"$

 

where #" is the long term modulus, 

parameter. 
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layer viscoplastic model was chosen because it was found to represent fuel cell 

[30], incorporates plastic behavior, and is well documented in the 

.  The model consists of an elastoplastic network in parallel with an 

3-5 shows a one-dimensional rheological representation of the 

twork can predict the bilinear nature of the stress strain curves 

, while the elastic-viscous network predicts the effect of strain rate on the 

strain behavior of the material.  The movement of the slide represents plastic deform

while the dashpot represents the viscous behavior of the material.  These two networks and their 

combined by placing them in parallel. 

dimensional rheological representation of the two-layer viscoplasticity model 

For the elastoplastic mechanism with linear kinematic hardening we can write

= #"$    if �" % �&    [elastic] 

  

$ − #"$�&#"$ + '(    if �" ) �&    [elastic-plastic]

is the long term modulus, �& is the initial yield stress and '′ is the hardening 

layer viscoplastic model was chosen because it was found to represent fuel cell 

and is well documented in the 

consists of an elastoplastic network in parallel with an 

dimensional rheological representation of the 

twork can predict the bilinear nature of the stress strain curves 

effect of strain rate on the 

.  The movement of the slide represents plastic deformation, 

while the dashpot represents the viscous behavior of the material.  These two networks and their 

 

layer viscoplasticity model [34] 

For the elastoplastic mechanism with linear kinematic hardening we can write [34]: 

(3-2) 

 

plastic] (3-3) 

he hardening 
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 The viscous behavior of the material is assumed to be governed by the Norton-Hoff rate 

law.  This form of the rate law may be implemented by choosing a time-hardening power law for 

the viscous behavior and setting m = 0. 

 

 $* = +�,-�. (3-4) 

   

 �, = +/�- $*�- (3-5) 

 

where �, is the viscous stress in the viscoelastic network and + and 0 are Norton-Hoff constants.  

Assuming that the mechanisms are independent we can write 

 

 � = �" + �, (3-6) 

 

From these equations there are six parameters that need to be evaluated.  These include 

the elastic properties of the two networks Kp and Kv, the initial yield stress σy, the hardening 

parameter H’, and the variables A and n from the Norton-Hoff equation. In addition, the elastic 

material mode in Abaqus requires the instantaneous modulus, E, and Poisson’s ratio, ν.  The 

process to obtain these parameters is described in the following paragraphs. 

Because Nafion
®

 is a time dependent material, there is no simple way to determine its 

plastic properties.  Normally, a uniaxial test would be conducted that would yield its elastic-

plastic (i.e. bilinear) nature.  From the plot of stress vs. strain, we would extract the initial elastic 

modulus Kp, the hardening parameter (i.e. plastic modulus) H’, and the yield strength σy.  

However, because the chosen strain rate has a pronounced effect on the outcome of the results, 

the process becomes slightly more complex, requiring a theoretical static curve that represents 

the behavior of the material under an effective strain rate of zero. 

To obtain the static curve, uniaxial tests were run at strain rates of 10, 5, 1, 0.2 and 0.1 

percent per minute (Figure 3-6).  These tests also captured the strain-rate dependent response of 

Nafion
®

 [30].  Since the penetration tests were conducted at elevated temperatures, these uniaxial 

tests were conducted at 70°C and 80°C.  The relative humidity was measured in the room prior 

to each experiment and found to remain relatively constant.  Each specimen was extended to the 

engineering strain of 50%, and then the displacement was held for two hours to observe 
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relaxation.  Since Abaqus uses true strain and true stress in evaluating its material models, the 

equations 

 

 $1234 = ln71 + $4892: (3-7) 

 

 �1234 = �4892;�< =87�>?@ABC: (3-8) 

 

were used to convert engineering strain and stress to true strain and stress [35].  Because strain-

rate-varying uniaxial results eventually relax to a value on the theoretical static curve, the static 

curve can be approximated by observing the long-term equilibrium stress for different strain rate 

experiments. In other words, for a sample of Nafion
®

 being pulled uniaxially at any given strain 

rate, if the displacement were stopped and held constant while the sample was allowed to relax, 

the ultimate equilibrium state to which it relaxed would lie on the static stress-strain curve.  As 

Figure 3-6 shows, this process was conducted once for each uniaxial test.  Based on the initial 

response of the curves, a yield point and initial (elastic) modulus of the theoretical static curve 

were graphically approximated [30].  The constant slope of the theoretical static curve was then 

graphically approximated by connecting the yield point to the average of the equilibrium data 

points from each curve.  As previously stated, Kp, H’ and σy can now be approximated using the 

static curve. 

 



 

Figure 3-6. True stress vs. true strain curve for Nafion

(At this point in time, it should be not

not humidity controlled, the relative humidity

humidity of approximately 4% was obtained by applying basic psychr

known ambient conditions.  Throughout testing, these conditions were 22 

humidity of 60 ± 5%.) 

The instantaneous modulus, 

experiment with the fastest strain

can then be determined by taking the instantaneous modulus and subtracting from it the long

term modulus, Kp, based on their relationship

 

 

 

Abaqus uses both #" and #, in the form a ratio, 

parameters.  This ratio is 

 

RH ≈ 4% 

30 

. True stress vs. true strain curve for Nafion
®
 NRE211 at 80°C

 

At this point in time, it should be noted that since the DMA used in the experiments was 

the relative humidity reported in Figure 3-6 is an estimate

humidity of approximately 4% was obtained by applying basic psychrometric principles to the 

known ambient conditions.  Throughout testing, these conditions were 22 ± 2°C with a relative 

The instantaneous modulus, E, can be approximated as the elastic modulus of the 

with the fastest strain rate.  The elastic modulus of the elastic-viscous network

be determined by taking the instantaneous modulus and subtracting from it the long

, based on their relationship [34] 

	 = #" + #, . 
in the form a ratio, f, which is part of the viscous material model 

 

 

at 80°C 

ed that since the DMA used in the experiments was 

an estimate.  A relative 

ometric principles to the 

2°C with a relative 

, can be approximated as the elastic modulus of the 

viscous network, Kv, 

be determined by taking the instantaneous modulus and subtracting from it the long-

(3-9) 

, which is part of the viscous material model 
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 E = #,
#" + #, . (3-10) 

 

Determining variables A and n from the Norton-Hoff equation also requires the data from 

Figure 3-6.  The long-term (steady-state) behavior of the elastic-viscous network under a 

constant applied strain rate, $*F, is a constant stress of magnitude �, = +GH
I $*F

H
I.  If we assume that 

the hardening modulus is negligible compared to the elastic modulus (#" ≫ '′), the steady-state 

response of the overall material is given by 

 

 � = +/�- $*F
�
- + �& + '′$ (3-11) 

 

where � is the total stress for a given total strain $.  By plotting the quantity �K = � − �& − '′$ 

as a function of $, we can determine whether steady state has been reached by noting when �K 

becomes a constant.  The constant value of �K is equal to +GH
I $*F

H
I.  By performing several tests at 

different values of the constant applied strain rate $*F, it is possible to solve for the constants A 

and n [34]. 

 While this material model works well for small strains, unfortunately it proved an 

inadequate model for the high strains present in the current work.  As previously stated, the 

uniaxial test data was taken from an engineering strain of 0 to 50%.  Beyond a 50% strain, 

Abaqus assumes that the material continues to behave as it was observed to behave at low 

strains.  However, this proved to be a poor assumption, as initial studies conducted using the 

two-layer viscoplasticity model showed that the strains were much greater than an engineering 

strain of 50%.  Thus, a new set of uniaxial tests were conducted that achieved strains of up to 

450% for a range of strain rates from 1% per minute to 500% per minute.  The results, seen in 

Figure 3-7, are presented as true stress vs. true strain.  As these tests confirm, Nafion
®

 continues 

to stiffen at high strains rather than holding a constant slope as assumed in the Abaqus two-layer 

viscoplasticity model.  The implication of this is that the Abaqus model predicts that the indenter 

will penetrate the membrane much sooner and under much less load than experimental tests 

show.  As a result of this limitation, the two-layer viscoplasticity model had to be abandoned for 

one that could better represent the material behavior at high strain.   



 

 

 

Figure 3-7. True stress vs. true strain curve for Nafion

 

3.2.3 Hyperelastic Viscoelastic

The second material model used was a combination of the viscoelastic and hyperelastic 

material models.  Since it does not reflect

membrane indentation images, the hyperelastic

an empirical rather than physics-

plastic behavior is not reflected in the model, it can only describe the insertion 

indentation problem and cannot describe the permanent deflection of the membrane after 

withdrawal of the indenter.  However, the hyperelastic

advantage of allowing stress-strain relationships that go to very high strains while capturing the 

time-dependence associated with viscoelastic behavior.

The hyperelastic-viscoelastic

behavior to modify the hyperelastic material response
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. True stress vs. true strain curve for Nafion
®
 NRE211 at 80°C for up to 450% 

engineering strain 

Hyperelastic Viscoelastic 

The second material model used was a combination of the viscoelastic and hyperelastic 

ince it does not reflect plastic behavior which is clearly evident in the 

membrane indentation images, the hyperelastic-visocelastic material model must be considered 

-based treatment of the membrane behavior.  Moreover, since 

ot reflected in the model, it can only describe the insertion phase

indentation problem and cannot describe the permanent deflection of the membrane after 

However, the hyperelastic-viscoelastic material model has the 

strain relationships that go to very high strains while capturing the 

dependence associated with viscoelastic behavior. 

viscoelastic material uses a Prony series description of viscoelastic 

the hyperelastic material response.  The Prony series for Nafion

RH ≈ 4% 

 

for up to 450% 

The second material model used was a combination of the viscoelastic and hyperelastic 

plastic behavior which is clearly evident in the 

material model must be considered 

behavior.  Moreover, since 

phase of the 

indentation problem and cannot describe the permanent deflection of the membrane after 

viscoelastic material model has the 

strain relationships that go to very high strains while capturing the 

uses a Prony series description of viscoelastic 

for Nafion
®

 NRE211 
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was taken from previous work by Patankar et al. [28].  Equation 3-12 shows the stress relaxation 

Prony series as it is implemented in Abaqus 

 

 

	��� = 	F +L	M;/N OP⁄
R

MS�
 (3-12) 

 

The parameters from Patankar et al. [28] are seen in Table 3-2, and represent the stress relaxation 

master curve for NRE211 at 70°C.  However, as the Abaqus results were to be compared to tests 

run at both 70°C and 80°C, the curve was shifted to 80°C.  The shift factor, as calculated by 

Patankar et al. [28], is approximately -1 on a log scale, meaning the data must to be shifted by 

one order of magnitude.  Shifting of the data was carried out in the method as described in the 

Literature Review section.  The resulting Prony series curve at 80°C, and the original at 70°C, 

are presented in Figure 3-8.  In addition to shifting the curves for the 80°C case, Abaqus also 

requires the moduli of the Prony series to be scaled by their sum.  Table 3-3 shows the shifted 

time constants used for the 80°C simulations, as well as the scaled moduli used for both the 70 

and 80°C simulations. 

 

Table 3-2. Stress relaxation Prony series parameters for Nafion
®
 NRE211 at 70°C as provided by 

Patankar et al. [28] 

i Ei (MPa) τi (s) 

1 87.08 0.01 

2 39.88 0.1 

3 64.73 1 

4 44.80 10 

5 32.38 100 

6 44.75 1000 

7 31.07 10000 

8 10.89 100000 

9 2.44 1000000 

 

Table 3-3. Stress relaxation Prony series parameters for Nafion
®
 NRE211 used in Abaqus, with 

time constants shifted to the appropriate temperature and moduli scaled by their original sum. 

I TUV* (MPa) τi (s) for 70°C τi (s) for 80°C 

1 0.2432 0.01 0.001 

2 0.1114 0.1 0.01 



 

3 

4 

5 

6 

7 

8 

9 

 * 	WM = 	M ∑RMS
Y

Figure 3-8. The Prony series curves 

 

The hyperelastic portion of the material model uses 

the material.  This method defines the strain energy stored in a unit of volume of the material as a 

function of strain at that point in the material. 

tests, Abaqus can automatically create a response curve using a selected strain energy potential 

model.  Abaqus has numerous forms of strain energy potentials to choose from, including 

Mooney-Rilvin, Ogden, Van Der Waals, Marlow, and Reduced Polynomial.  The uniaxial test 

data collected for Nafion
®

 at high strain are presented in

was taken at a strain rate of 500% per minute at temperatures of 70°C and 80°C.  The strain rate 

34 

0.1808 1 0.1 

0.1251 10 1 

0.0904 100 10 

0.1250 1000 100 

0.0868 10000 1000 

0.0304 100000 10000 

0.0068 1000000 100000 

	MRS�
 

curves for Nafion
®
 NRE211 used in the Abaqus finite 

The hyperelastic portion of the material model uses a strain energy potential to describe 

the material.  This method defines the strain energy stored in a unit of volume of the material as a 

function of strain at that point in the material.  Given nominal strain data collected from uniaxial 

tests, Abaqus can automatically create a response curve using a selected strain energy potential 

model.  Abaqus has numerous forms of strain energy potentials to choose from, including 

, Van Der Waals, Marlow, and Reduced Polynomial.  The uniaxial test 

at high strain are presented in Figure 3-9 and Figure 3

en at a strain rate of 500% per minute at temperatures of 70°C and 80°C.  The strain rate 

 

used in the Abaqus finite element model 

strain energy potential to describe 

the material.  This method defines the strain energy stored in a unit of volume of the material as a 

Given nominal strain data collected from uniaxial 

tests, Abaqus can automatically create a response curve using a selected strain energy potential 

model.  Abaqus has numerous forms of strain energy potentials to choose from, including 

, Van Der Waals, Marlow, and Reduced Polynomial.  The uniaxial test 

3-10.  The data 

en at a strain rate of 500% per minute at temperatures of 70°C and 80°C.  The strain rate 
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was chosen because the Prony series requires an instantaneous modulus, and 500% per minute 

was the fastest strain rate the DMA could apply.  

Using the “Evaluate” feature in Abaqus, each strain energy potential was used to generate 

a response curve based on the collected data.  While some were better than others, Mooney-

Rivlin was shown to yield the best match to experimental data.  Figure 3-9 and Figure 3-10 show 

the response curves generated using the Mooney-Rivlin strain energy potential for the 70°C and 

80°C test data respectively, both taken at a strain rate of 500% per minute. The equation for 

Mooney-Rivlin is 

 

 Z = [�F�\ ]� − 3� + [F��\ ]� − 3� (3-13) 

 

where U is the strain energy potential, C10 and C01 are material parameters calculated by Abaqus 

which characterize the deviatoric deformation of the material, and I1 and I2 are the first and 

second deviatoric strain invariants defined as 

 

 \ ]� = ]̂�� + ]̂�� + ]̂ � (3-14) 

 

 \ ]� = ]̂��/�� + ]̂��/�� + ]̂ �/�� (3-15) 

   

The deviatoric stretches, ]̂M, are defined as 

 

 ]̂M = �/�  ⁄ ^M (3-16) 

   

where J is the total volume ratio and ^M are the principle stretches [34].  The temperature 

dependence of the Mooney-Rivlin parameters was accounted for by collecting data at the desired 

temperature that the Abaqus simulation was meant to represent.  The material parameters 

calculated by Abaqus are seen in Table 3-4. 
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Figure 3-9.  Mooney-Rivlin curve generated by Abaqus to fit the data for Nafion
®
 NRE211 at 70°C 

 

Figure 3-10. Mooney-Rivlin curve generated by Abaqus to data for Nafion
®
 NRE211 at 80°C 

 

Table 3-4. Material parameters used by Abaqus for the hyperelastic model of Nafion
®
 NRE211 

 70°C 80°C 

C10 1.7678 0.9864 

C01 1.7038 2.9256 

 

In combining the viscoelastic and hyperelastic material models described above, Abaqus 

creates a Prony series with a strain-dependent instantaneous modulus, determined by the 

Strain rate = 500% / min 

RHref = 30% 

Strain rate = 500% / min 

RHref = 30% 
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Mooney-Rivlin strain energy potential.  In this way, the material exhibits both hyperelastic and 

viscoelastic characteristics. 

To test the accuracy of this hyperelastic-viscoelastic material model, a simple model was 

created in Abaqus to replicate the uniaxial strain rate tests conducted using the DMA.  To 

represent the sample in the DMA uniaxial tests, a 2D 5mm x 1mm rectangle was drawn.  A 

boundary condition was created for the top surface, which constrained its movement in all 

directions.  The bottom corners were fixed only in the x-direction.  The part was meshed, as seen 

in Figure 3-11, and the simulation was run with the 70°C and 80°C material model.  The results 

from these tests are seen in Figure 3-12.  From these curves, it is apparent that the material 

models being used do not entirely capture the behavior of the Nafion
®

, particularly the initial 

response. 

 

 

Figure 3-11. Abaqus model created to replicate DMA uniaxial tests 

 



 

Figure 3-12. Abaqus uniaxial models at 70°C and 80°C compared to DMA uniaxial models at the 

 

 In an effort to improve the results, one more avenue was attempted.  As previously stated, 

the modulus calculated by the hyperelastic material model acts as the instantaneous modulus for 

the Prony series.  The hyperelastic material model

simply because it was the fastest strain rate that the DMA was capable of applying to the sample.  

This rate, in comparison to the early relaxations in the Prony series is not fast enough.

accuracy of the model could be improved if 

strain rate or if an instantaneous curve could be predicted (just as a static curve was predicted in 

the viscoplastic material model). 

rate, the Mooney-Rivlin material parameters 

rates achievable by the DMA.  Figure 

uniaxial tests conducted using the DMA at strain rates of 1, 10, 100 and 500 %

calculated by Abaqus.  Also shown 
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. Abaqus uniaxial models at 70°C and 80°C compared to DMA uniaxial models at the 

same temperatures 

ort to improve the results, one more avenue was attempted.  As previously stated, 

hyperelastic material model acts as the instantaneous modulus for 

hyperelastic material model was based on a strain rate of 500%

because it was the fastest strain rate that the DMA was capable of applying to the sample.  

This rate, in comparison to the early relaxations in the Prony series is not fast enough.

could be improved if stress-strain behavior could be obtained at a higher 

instantaneous curve could be predicted (just as a static curve was predicted in 

.  As a first attempt to estimate the behavior at a higher strain 

Rivlin material parameters C10 and C01 were extrapolated based on

Figure 3-13 shows the Mooney-Rivlin material parameters 

the DMA at strain rates of 1, 10, 100 and 500 % per minute

calculated by Abaqus.  Also shown in Figure 3-13 is a trend line fit to each parameter set, along 

Strain rate = 500% / min 

RH ≈ 4% 

RHref = 30% 

 

. Abaqus uniaxial models at 70°C and 80°C compared to DMA uniaxial models at the 

ort to improve the results, one more avenue was attempted.  As previously stated, 

hyperelastic material model acts as the instantaneous modulus for 

500% per minute 

because it was the fastest strain rate that the DMA was capable of applying to the sample.  

This rate, in comparison to the early relaxations in the Prony series is not fast enough.  The 

strain behavior could be obtained at a higher 

instantaneous curve could be predicted (just as a static curve was predicted in 

As a first attempt to estimate the behavior at a higher strain 

based on lower strain 

Rivlin material parameters from 

per minute, as 

is a trend line fit to each parameter set, along 



 

with its corresponding equation.  Based

minute were estimated, as seen in 

 

Figure 3-13. Mooney-Rivlin parameters 

based on DMA uniaxial tests at 1, 10, 100 and 500 %

Table 3-5. Mooney-Rivlin parameters 

min were extrapolated using known value

e (%/min)
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with its corresponding equation.  Based on these equations, material parameters at 1000% 

in Table 3-5. 

Rivlin parameters for Nafion
®
 NRE211 at 80°C calculated fr

DMA uniaxial tests at 1, 10, 100 and 500 % per min. 

 

Rivlin parameters for Nafion
®
 NRE211 at 80°C and a strain rate of 

min were extrapolated using known values at lower strain rates 

 

 

e (%/min) C10 C01

1 0.1159668 0.4720478

10 0.2478349 1.0134985

100 0.8001484 1.9144184

500 0.9863984 2.9256139

1000 1.4682451 3.6964489

tions, material parameters at 1000% per 

 

calculated from Abaqus and 

C and a strain rate of 1000% per 

 



 

Figure 3-14. Mooney-Rivlin curve fits for uniaxial test data at 

per min, and extrapolated Mooney

 

Figure 3-14 shows the Mooney

test data at strain rates of 1, 10, 100 and 500

Rivlin material parameters at a strain rate of 1000

the convergence of an instantaneous curve, 

nevertheless allows for a more accurate represent

for the viscoelastic Prony series.  

for the hyperelastic model on the depth of penetration of the membrane.
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Rivlin curve fits for uniaxial test data at strain rates of 1, 10, 100 and 500%

, and extrapolated Mooney-Rivlin material parameters at a strain rate of 

all for Nafion
®
 NRE211 at 80°C 

ws the Mooney-Rivlin curve fits calculated by Abaqus for the uniaxial 

test data at strain rates of 1, 10, 100 and 500% per minute, as well as the extrapolated Mooney

Rivlin material parameters at a strain rate of 1000% per minute.  While the curves do not 

the convergence of an instantaneous curve, the use of the faster strain rate of 1000%

nevertheless allows for a more accurate representation of a hyperelastic instantaneous modulus 

.  The Results section shows the effect of using a faster strain rate 

for the hyperelastic model on the depth of penetration of the membrane. 

RHref = 30% 

 

1, 10, 100 and 500% 

f 1000% per min 

Rivlin curve fits calculated by Abaqus for the uniaxial 

polated Mooney-

the curves do not suggest 

1000% per min 

ation of a hyperelastic instantaneous modulus 

The Results section shows the effect of using a faster strain rate 
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4 Results and Discussion 

As noted in the introduction, membrane shorting in fuel cells is a very important failure 

mechanism for which the exact cause is unknown.  The purpose of this work was to determine 

whether penetration by a neighboring object is a plausible mechanism and if so, to establish 

values for the key parameters that lead to shorting (force, time, and temperature) and to begin the 

development of a model that incorporates the essential parameters.  In the experimental section, 

an apparatus was described, the purpose of which was to simulate shorting by penetration.  The 

apparatus involved a DMA outfitted with a small hemispherical probe of 50 µm radius, 

connected to a source meter that both supplies a voltage and measures any resulting current.  The 

Analysis section described a finite element model that simulates the penetration problem and 

related penetration to measureable material parameters.  This section presents the results of both 

the experimental and analytical work. 

4.1 Shorting Test 

The procedure used to test for shorting was a step load test which determined the force 

and subsequent displacement at which shorting occurred.  If shorting requires full penetration of 

the membrane, then we would expect to see a displacement of 25 µm (the thickness of the 

Nafion
®

) whenever shorting occurs.  A displacement of less than 25 µm would indicate that 

shorting is caused be a mechanism other than penetration (e.g. degradation of dielectric 

properties under load). 

When viewing the results, it is important to understand the sign conventions on 

displacement and force.  Displacement is considered negative in the negative y-direction, 

whereas force is considered positive in the negative y-direction.  This is the sign convention used 

in the DMA programming, and one that makes the most intuitive sense.  See Figure 4-1 for 

further clarification. 

Although it would logically follow, based on the objective of this paper, to control the 

displacement of the probe through the membrane, the DMA used for this work is unfortunately a 

force controlled instrument.  The specific model of DMA being used – the DMA Q800 – does 

offer displacement control mode.  In this mode, the displacement is controlled via a closed 

feedback loop, wherein the force is adjusted to produce the desired displacement based on the 
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stiffness of the material which is determined by applying a very small force and measuring the 

displacement.  Unfortunately, the DMA was unable to calculate the stiffness of the Nafion
®

 due 

to the thinness of the membrane.  Despite this, the DMA’s programming would increase the 

applied 

force in a futile attempt to calculate the stiffness.  The result was an ever more damaging impact 

to the probe tip as it was forced into the Nafion
®

 and substrate by the clamp.  Consequently, the 

displacement control mode of the DMA was not used.  The following results, therefore, were 

obtained using the force control mode of the DMA. 

 

 

Figure 4-1. Sign conventions for shorting tests 

 

Tests were conducted at 70, 80, 90 and 100°C.  These temperatures were chosen based on 

the operating temperature of a PEM fuel cell.  The results can be seen in Figure 4-2
1
.  The graph 

in the top left of Figure 4-2 shows the results from the 70°C test.  Here, an initial force of 2.0 N 

was applied to the sample.  This force was applied for 30 minutes to allow the displacement to 

settle at approximately 27 µm.  As the thickness of the membrane was only 25 µm, this number 

suggests that indentation of the steel plate is occurring.  This issue is addressed shortly.  Once the 

displacement is settled, a voltage was applied in the manner described in the test procedure.  In 

                                                           
1
 The results shown here are a culmination of a series of tests that were used to quantify the force required 

for full penetration at each temperature.  Initially, much higher forces were used – up to 10 N – as the 

force required for penetration was previously unknown. 



 

this case, shorting did not occur, and the current remained at 0 A

voltage, the voltage was removed and the force increased to 2.3 N.  After another 20 minute 

settle period, the voltage was again applied.  This time, the applied voltage resul

seen in the graph.  Here, the current quickly ramped to 1.0 A, which was the upper current limit 

at which the source meter was set.  

the LabVIEW test sequence, each time result

 

Figure 4-2. Results from shorting tests at temperatures of 70, 80, 90 and 100°C

experiments, a hemispherical tip of radius 50 

of 25 µm, and the ambient relative humidity was measured to be approximately 65%.

 

At 70°C, the membrane was the hardest (least deformable), which meant that a higher load 

was required to yield full penetration of the material 

extreme, the membrane was very soft at 100°C, so very little force was required to yield full 

penetration – approximately 0.03 N.

70°C 

90°C 

RH 

RH ≈ 
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, and the current remained at 0 A.  After 10 minutes of applied 

voltage, the voltage was removed and the force increased to 2.3 N.  After another 20 minute 

settle period, the voltage was again applied.  This time, the applied voltage resulted in a short, as 

Here, the current quickly ramped to 1.0 A, which was the upper current limit 

at which the source meter was set.  This procedure was repeated four times, as was instructed in 

, each time resulting in a short. 

. Results from shorting tests at temperatures of 70, 80, 90 and 100°C

experiments, a hemispherical tip of radius 50 µm was used.  The Nafion
®
 had a nominal 

, and the ambient relative humidity was measured to be approximately 65%.

At 70°C, the membrane was the hardest (least deformable), which meant that a higher load 

was required to yield full penetration of the material – approximately 2.3 N.  At the other 

, the membrane was very soft at 100°C, so very little force was required to yield full 

approximately 0.03 N. 

80°C 

100°C 

RH ≈ 4% RH 

≈ 3% RH 

.  After 10 minutes of applied 

voltage, the voltage was removed and the force increased to 2.3 N.  After another 20 minute 

ted in a short, as 

Here, the current quickly ramped to 1.0 A, which was the upper current limit 

This procedure was repeated four times, as was instructed in 

 

 

. Results from shorting tests at temperatures of 70, 80, 90 and 100°C.  In these 

had a nominal thickness 

, and the ambient relative humidity was measured to be approximately 65%. 

At 70°C, the membrane was the hardest (least deformable), which meant that a higher load 

At the other 

, the membrane was very soft at 100°C, so very little force was required to yield full 

RH ≈ 4% 

RH ≈ 3% 



 

Figure 4-2 also shows the repeated loading and unloading, via ramp

from 0 to 5 V.  The purpose of this exercise was to see if the me

between subsequent shorts.  However, as these results show,

does not exhibit any kind of recovery upon removal 

The results shown in Figure 

subtracting the displacement at each data point calculated by E

feature that is apparent in all of the plots is the increase in displacement once shorting occurs.  

Initially it was thought that this might be evidence of membrane swelling due to heating caused 

by current flow.  To test for this, another test was run that was identical to the

Figure 4-2, with the exception that no sample is present.  The result, seen in 

that this increase in displacement occurs when no sample

concluded that the cause is not swelling of the membrane, but rather stems from the 

a component of the fixture, most likely due to Ohmic heating.  

displacement does not affect the desi

 

Figure 4-3. Test run without sample to check for membrane swelling due to Ohmic heating
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the repeated loading and unloading, via ramping, of the voltage 

from 0 to 5 V.  The purpose of this exercise was to see if the membrane exhibited healing

between subsequent shorts.  However, as these results show, shorting happens very abruptly and 

does not exhibit any kind of recovery upon removal of voltage. 

Figure 4-2 have been corrected for the compliance of the clamp by 

each data point calculated by Equation 2-1.  One interesting 

nt in all of the plots is the increase in displacement once shorting occurs.  

Initially it was thought that this might be evidence of membrane swelling due to heating caused 

by current flow.  To test for this, another test was run that was identical to the 70°C test seen in 

, with the exception that no sample is present.  The result, seen in Figure 

that this increase in displacement occurs when no sample is present.  Therefore, it can be 

concluded that the cause is not swelling of the membrane, but rather stems from the 

a component of the fixture, most likely due to Ohmic heating.  While interesting, this

displacement does not affect the desired result of the test – the displacement at shorting

. Test run without sample to check for membrane swelling due to Ohmic heating

ing, of the voltage 

mbrane exhibited healing 

shorting happens very abruptly and 

have been corrected for the compliance of the clamp by 

.  One interesting 

nt in all of the plots is the increase in displacement once shorting occurs.  

Initially it was thought that this might be evidence of membrane swelling due to heating caused 

70°C test seen in 

Figure 4-3, shows 

is present.  Therefore, it can be 

concluded that the cause is not swelling of the membrane, but rather stems from the expansion of 

While interesting, this 

shorting. 

 

. Test run without sample to check for membrane swelling due to Ohmic heating 



 

Table 4-1 shows the force that

displacement.  Table 4-1 also shows the contact pressure that the probe is exerting on the sample 

at the time of shorting.  This pressure is 

 

 

 

where PC is the contact pressure, 

point where the tip comes in contact with the surface, as seen in 

 

Figure 4-4. Surface area definition of contact pressure

 

As expected, the force and contact pressure required for shorting decrease as temperature 

increases.  This is due to the increase in chain mobility as temperat

main characteristics of a viscoelastic material.  The displacement, however, does not show the 

expected results.  That is, if shorting was a result of penetration, then the expected results would 

show a depth at shorting of 25 µm regardless of the 

 

Table 4-1. Results of shorting tests at various temperatures

Temperature (°C) Force (N)

70 2.3 

80 1.0 

90 0.3 

100 0.03 

 

The explanation for this was introduced in the Experimental Description and Procedure 

section.  Namely, the results in Table 

indentation or indentation of the stainless steel 
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force that yielded shorting for each test, as well as the 

also shows the contact pressure that the probe is exerting on the sample 

at the time of shorting.  This pressure is calculated by  

�_ = �/+′ 

is the contact pressure, P is the load, and A’ the cross-sectional area of the probe at the 

point where the tip comes in contact with the surface, as seen in Figure 4-4. 

 

. Surface area definition of contact pressure 

As expected, the force and contact pressure required for shorting decrease as temperature 

increases.  This is due to the increase in chain mobility as temperature rises, which is one of the 

main characteristics of a viscoelastic material.  The displacement, however, does not show the 

expected results.  That is, if shorting was a result of penetration, then the expected results would 

m regardless of the temperature.   

. Results of shorting tests at various temperatures 

Force (N) Contact Pressure (MPa) Displacement at short (µm)

460 27

220 22

83 18

7.8 19

The explanation for this was introduced in the Experimental Description and Procedure 

Table 4-1 do not include displacement of the probe due to pre

dentation or indentation of the stainless steel substrate.  To determine the magnitude of these 

yielded shorting for each test, as well as the corresponding 

also shows the contact pressure that the probe is exerting on the sample 

(4-1) 

sectional area of the probe at the 

As expected, the force and contact pressure required for shorting decrease as temperature 

ure rises, which is one of the 

main characteristics of a viscoelastic material.  The displacement, however, does not show the 

expected results.  That is, if shorting was a result of penetration, then the expected results would 

Displacement at short (µm) 

27 

22 

18 

19 

The explanation for this was introduced in the Experimental Description and Procedure 

do not include displacement of the probe due to pre-

.  To determine the magnitude of these 



 

discrepancies, a scanning electron microscope was used to image the membranes after the 

stabilization period as well as the steel 

SEM image of an indent in the steel substrate

indent is residual Nafion
®

 from the test.  

equation  

 

 

where d is depth, r is radius, and 

Figure 4-6, the depth was determin

indentation predicted by Equation 

any elastic deformation was recovered upon removal of the load.  

image of an indent caused by a force of 1.2 N.  Again, the material in the indent is residual 

Nafion
®

 from the test.  In this case, however, because the 

focused ion beam was used to cut through 

upon the results, the depth of the indent was approximately

additional 0.5 µm of elastic indentation 

yield a negligible indentation.  The

 

 

 

where d is depth and P is load, was assumed to

force based upon the two sets of 

account for this additional displa

the depth as a function of load was subtracted from the displacement at any given time. 

Figure 4-5. The depth of the indent was determine
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discrepancies, a scanning electron microscope was used to image the membranes after the 

stabilization period as well as the steel substrate after a test was completed.  Figure 

in the steel substrate caused by a force of 3.2 N.  The material in the 

from the test.  The depth of the indent was determined using th

a = b/ tan/� e 

is radius, and θ is the known angle of view as seen in Figure 4

was determined to be 5.6 µm with an additional 1.3 µm of elastic 

quation 3-1.  This elastic indentation was important to account for, as 

any elastic deformation was recovered upon removal of the load.  Figure 4-7 shows 

an indent caused by a force of 1.2 N.  Again, the material in the indent is residual 

from the test.  In this case, however, because the Nafion
®

 filled the entire indent, a 

focused ion beam was used to cut through the layers to determine the depth of the indent.  Based 

of the indent was approximately 1 µm.  Using Equation 

elastic indentation was estimated.  Any load lower than 1 N was assumed to 

.  The linear relationship,  

a = 2.7� − 1.74 

was assumed to exist between depth of indentation and applied 

sets of data points obtained from Figure 4-6 and Figure 

account for this additional displacement in the test results due to the indentation of the substrate

the depth as a function of load was subtracted from the displacement at any given time. 

 

. The depth of the indent was determined using basic geometry

discrepancies, a scanning electron microscope was used to image the membranes after the 

Figure 4-6 shows an 

caused by a force of 3.2 N.  The material in the 

The depth of the indent was determined using the 

(4-2) 

4-5.  Thus, in 

m of elastic 

This elastic indentation was important to account for, as 

shows an SEM 

an indent caused by a force of 1.2 N.  Again, the material in the indent is residual 

filled the entire indent, a 

the layers to determine the depth of the indent.  Based 

Equation 3-1, an 

.  Any load lower than 1 N was assumed to 

(4-3) 

exist between depth of indentation and applied 

Figure 4-7.  To 

in the test results due to the indentation of the substrate, 

the depth as a function of load was subtracted from the displacement at any given time.  

d using basic geometry 
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Figure 4-6. Indent in the stainless steel substrate caused by 3.2 N load applied to the probe.  The 

material inside of the crater is residual Nafion
®
 left over from the shorting test. 

 

 

Figure 4-7. Indent in stainless steel caused by a 1.2 N load applied to the probe, filled by residual 

Nafion
®
.  A focused ion beam was used to cut through the layer of Nafion

®
 to determine the depth 

of the approximate indent. 

The depths of the pre-indentations were determined by imaging the membranes after the 

stabilization period was completed.  Two images were taken – one from a test at 70°C, and one 

at 100°C – to bracket the range of depths we would expect to see in our tests.  From these images 

(shown in Figure 4-8), we calculate the depth of indentation to be approximately 2 µm for the 

70°C case, and 7 µm for the 100°C case.  Based on these results, the following linear relationship 

was assumed to exist between depth of pre-indentation and temperature:   

 

 a =  0.17g −  9.67 (4-4) 
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Where d is depth and T is temperature.  To account for the pre-indentation in the test results, the 

depth as a function of temperature was added to the displacement at any given time. 

 

  

Figure 4-8. Left: SEM image of a pre-indent caused by a 1 mN load after 2.5 hours at 100°C.  

Right: SEM image of a pre-indent caused by a 1 mN load after 2.5 hours at 70°C. 

 

 

Table 4-2 shows the results of the shorting tests along with the estimated additional 

displacement due to pre-indentation and indentation into the steel substrate.  Once these 

corrections are included the measured displacement, the results show that shorting does indeed 

occur at approximately 25 µm.   

Table 4-2 also shows the corrected contact pressures based on the estimated cross-

sectional area in contact with the surface of the membrane at the time of short.   

Unfortunately, the error associated with this procedure is difficult to evaluate.  Because the 

calculations of depth for the steel indentation and pre-indentation were both based on visual 

observation and simple geometry, the error associated with each process is approximately ±1 

µm.  In addition to that error is the error associated with the DMA itself.  In total, it is felt that an 

error of ±2 µm for the results seen in  

Table 4-2 is a conservative estimate of the error associated with overall method of determining 

penetration depth. 
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Table 4-2. Results of shorting tests including additional displacement of probe due to pre-

indentation and indentation into stainless steel substrate 

Temp-

erature 

(°C) 

Force 

(N) 

Displacement 

at short (µm) 

Indentation 

in Steel (µm) 

Pre-indent 

(µm) 

Actual 

displacement at 

short (µm) 

Contact 

Pressure 

(MPa) 

70 2.3 27 5 2 24 480 

80 1.0 22 1 4 25 210 

90 0.3 18 0 6 24 63 

100 0.03 19 0 7 26 6.3 

 

4.2 Resistance Measurements 

Because of the error inherent in the shorting test, it is not possible to know based on these 

tests alone whether shorting is caused by complete penetration, or if it is simply a result of near-

penetration – the actual short being a result of some unknown mechanism.  Therefore, the 

resistance of the shorted interface was examined to verify whether or not shorting is a result of 

full penetration.  In this approach two shorting tests are compared, one with a sample in place 

and another without.  If the resistance of the shorted interface is the same with a sample (after 

shorting) as without a sample, it would imply that the probe is making direct contact with the 

stainless steel substrate in both cases.  If that were the case, it would support the assertion that 

shorting occurs as a result of full penetration. 

Figure 4-9 shows a voltage vs. current plot of a shorting test run at 70°C with a sample in 

place.  The resistance is the slope of the curve.  The sample initially shorts at 2.3 N, and the 

average resistance is 1.48 Ω.  The force was then increased to 3.2 N, where the resistance was 

1.44 Ω. 

Figure 4-10 shows a voltage vs. current plot of a shorting test run at 70°C without a 

sample in place.  At 2.3 N, the plot results show a resistance of 1.43 Ω, a 3.4% decrease from the 

test with a sample.  When the force was increased to 3.2 N, the resistance decreased to 1.40 Ω, a 

2.8% decrease from the test with a sample. 

The results indicate that there is a very slight increase in resistance when a sample is in 

place.  However, that increase is most likely due to a very small layer of residual Nafion
®

 pinned 

between the probe and the substrate that is unable to flow free of the contact area.  The SEM 

image shown in Figure 4-7 shows this layer as being anywhere from 0.5 – 4 µm in thickness.  



 

However, the image does not capture the dimensions of this layer as it was under load, and as 

such the dimensions seen in Figure 

load. 

From these observations, we conclude that shorting in the test apparatus occurs due to 

virtually complete penetration of the membrane with less than 4 

remaining at the time of shorting.

 

Figure 4-9. Voltage vs. Current plot of shorting test at 

 

T = 70°C

RH 

50 

However, the image does not capture the dimensions of this layer as it was under load, and as 

Figure 4-7 most likely overestimate the actual dimensions under 

From these observations, we conclude that shorting in the test apparatus occurs due to 

virtually complete penetration of the membrane with less than 4 µm discontinuous membrane 

ing at the time of shorting. 

. Voltage vs. Current plot of shorting test at 2.3 N and 70°C with a sample

T = 70°C 

RH ≈ 4% 

However, the image does not capture the dimensions of this layer as it was under load, and as 

ost likely overestimate the actual dimensions under 

From these observations, we conclude that shorting in the test apparatus occurs due to 

m discontinuous membrane 

 

70°C with a sample 



 

Figure 4-10. Voltage vs. Current plot 

 

4.3 Additional Findings from

While determining the effect of pre

conclusions from the test data, it also helped shed light onto the local be

NRE211 under extremely small loads.  In the above cases, the radius of the probe was 50 

where a 1 mN load at 70°C applied for 2.5 hours yielded a 2 

thickness of the membrane.  But what if we decrease 

magnitude?  Figure 4-11 shows a pre

period at 1 mN and 70°C.  The depth of this pre

approximately 17 µm, or 68% of the thickness of the membrane.  This is a 60% increase from the 

50 µm probe tip.  The implication of this is that very little load is necessary to cause penetrate of 

a Nafion
®

 NRE211 membrane if the dimensions of the protruding object is small

comparison, the radius of a typical GDL fiber is on the order of 5 

thinning, this means that membranes are very vulnerable to GDL fibers protruding 

plane of the GDL.  Penetration (and therefore shorti
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. Voltage vs. Current plot of shorting test at 2.3 N and 70°C without sample

from Penetration Testing 

While determining the effect of pre-indentation was necessary to draw any meaningful 

conclusions from the test data, it also helped shed light onto the local behavior of 

NRE211 under extremely small loads.  In the above cases, the radius of the probe was 50 

where a 1 mN load at 70°C applied for 2.5 hours yielded a 2 µm indent – 8% of the entire 

thickness of the membrane.  But what if we decrease the probe diameter by one order of 

shows a pre-indent caused by a tip with radius 5 µm after a 2.5 hour 

period at 1 mN and 70°C.  The depth of this pre-indent, more accurately called a hole, is 

m, or 68% of the thickness of the membrane.  This is a 60% increase from the 

m probe tip.  The implication of this is that very little load is necessary to cause penetrate of 

if the dimensions of the protruding object is small

comparison, the radius of a typical GDL fiber is on the order of 5 µm.  Especially in areas of 

thinning, this means that membranes are very vulnerable to GDL fibers protruding 

enetration (and therefore shorting based on the results of this paper) 

 

70°C without sample 

indentation was necessary to draw any meaningful 

havior of Nafion
®

 

NRE211 under extremely small loads.  In the above cases, the radius of the probe was 50 µm, 

8% of the entire 

one order of 

m after a 2.5 hour 

indent, more accurately called a hole, is 

m, or 68% of the thickness of the membrane.  This is a 60% increase from the 

m probe tip.  The implication of this is that very little load is necessary to cause penetrate of 

if the dimensions of the protruding object is small enough.  For 

m.  Especially in areas of 

thinning, this means that membranes are very vulnerable to GDL fibers protruding normal to the 

ng based on the results of this paper) would 
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depend on the thickness of the membrane at that particular spot and how far the GDL fiber 

protrudes from the plane. 

 

 

Figure 4-11. SEM image of a pre-indent caused by a 1 mN load applied to a 5 µm probe tip after 2.5 

hours at 70°C 

 

4.4 Finite Element Model 

The purpose of the finite element model was to evaluate the ability to simulate the 

penetration of a foreign object into a fuel cell membrane using the standard material models 

available in Abaqus.  The most promising standard material model was a hyperelastic-

viscoelastic model, where the instantaneous modulus of the viscoelastic Prony series is 

determined from the Mooney-Rivlin description of uniaxial test data.  While the Analysis 

sections showed that the hyperelastic-viscoelastic model is limited in its ability to characterize 

short-term response, the model does have the advantage of allowing for the description of the 

material response at very high strains.  Thus, simulations using this model were conducted to 

determine if the penetration model is capable of producing results, and whether those results 

follow expected trends.   

Two sets of simulations were run.  The first compared the material models at 70°C and 

80°C, both using Mooney-Rivlin parameters based on the uniaxial test data taken at the 

respective temperature and at a strain rate of 500% per minute, to determine the effect of 



 

temperature on the model.  The second set of simulations compared material models using 

different Mooney-Rivlin parameters, one based 

500% per minute and the other based 

a strain rate of 1000% per minute

 In order to set a baseline upon which the Abaqus results could be compared

penetration tests were conducted using

constant load of 0.1, 0.2 and 0.3 N was applied, as well a

0.4 and 0.6 N.  As explained in the Experimental Procedure section, the results of these tests did 

not include any appreciable effect due to penetration of the steel or pre

membrane.  Therefore, the test results 

 The results from the first set of simulations 

depth of penetration after 120 minutes of co

test since experiment and model must converge to full penetration at higher loads.  For the 80

case, at a 0.1 N load the model predicts a penetration of 23

of 19 µm; while at a 0.2 N load, the model predicts a penetration of 24

actual value of 21 µm.  In all cases, the model overestimates the penetration depth.  Moreover, 

the model does not properly capture the transient behavior of the material.

 

Figure 4-12. FEM results for the penetration model as compared to physical data taken from the 

53 

temperature on the model.  The second set of simulations compared material models using 

Rivlin parameters, one based on uniaxial test data taken at a strain rate of 

other based on extrapolated Mooney-Rivlin parameters 

per minute.  Both of these simulations were run for a case at 80°C.

In order to set a baseline upon which the Abaqus results could be compared

tests were conducted using the DMA.  These included three tests at 80°C, in which a 

.1, 0.2 and 0.3 N was applied, as well as three tests at 70°C, with forces of 0.2, 

0.4 and 0.6 N.  As explained in the Experimental Procedure section, the results of these tests did 

not include any appreciable effect due to penetration of the steel or pre-indentation of the 

the test results only had to be corrected for the compliance of the clamp

from the first set of simulations are seen in Figure 4-12.  This graph shows the 

20 minutes of constant load.  The lighter loads are a more rigorous 

test since experiment and model must converge to full penetration at higher loads.  For the 80

case, at a 0.1 N load the model predicts a penetration of 23 µm as compared to the actual value 

hile at a 0.2 N load, the model predicts a penetration of 24 µm as compared to the 

m.  In all cases, the model overestimates the penetration depth.  Moreover, 

the model does not properly capture the transient behavior of the material. 

. FEM results for the penetration model as compared to physical data taken from the 

DMA 

temperature on the model.  The second set of simulations compared material models using 

uniaxial test data taken at a strain rate of 

Rivlin parameters approximating 

a case at 80°C. 

In order to set a baseline upon which the Abaqus results could be compared, a set of 

the DMA.  These included three tests at 80°C, in which a 

70°C, with forces of 0.2, 

0.4 and 0.6 N.  As explained in the Experimental Procedure section, the results of these tests did 

indentation of the 

compliance of the clamp. 

This graph shows the 

The lighter loads are a more rigorous 

test since experiment and model must converge to full penetration at higher loads.  For the 80°C 

m as compared to the actual value 

m as compared to the 

m.  In all cases, the model overestimates the penetration depth.  Moreover, 

 

. FEM results for the penetration model as compared to physical data taken from the 



 

  

The results from the second set of simulations 

approximate a response evaluated at a higher strain rate (i.e. 1000% per minute) 

Figure 4-13.  In this case, the use of the predicted higher strain rate data as a better 

approximation to the instantaneous response yields

penetration results.  This trend suggests that a

penetration could be achieved if 

approximates the desired instantaneous stress

gathered using the available instrumentation.

 

Figure 4-13. FEM results for the penetration models comparing Mooney

on uniaxial test data taken at 500%
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The results from the second set of simulations in which the data were extrapolated to 

onse evaluated at a higher strain rate (i.e. 1000% per minute) 

In this case, the use of the predicted higher strain rate data as a better 

approximation to the instantaneous response yields closer agreement with the experimental 

suggests that a more accurate material model for Nafion

if data could be obtained at a higher strain rate that more closely 

antaneous stress-strain curve.  Unfortunately, this data could not be 

gathered using the available instrumentation. 

. FEM results for the penetration models comparing Mooney-Rivlin parame

uniaxial test data taken at 500% per minute and extrapolated values for 1000

in which the data were extrapolated to 

onse evaluated at a higher strain rate (i.e. 1000% per minute) are seen in 

In this case, the use of the predicted higher strain rate data as a better 

experimental 

Nafion
®

 under 

data could be obtained at a higher strain rate that more closely 

data could not be 

 

Rivlin parameters based 

1000% per minute. 
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5 Conclusions 

Membrane shorting often leads to sudden catastrophic failure of PEM fuel cells.  

Mitigation of shorting can only be accomplished after the mechanisms leading to shorting are 

better understood.  The purpose of this work was to determine whether membrane penetration is 

required to yield a short, to establish the general range of force, temperature and time under 

which shorting occurs, and to evaluate the use of finite element modeling tools to predict 

penetration in PEM materials. 

The work associated with this project has led to several accomplishments.  First, this 

work led to the development of a novel test apparatus that can measure the force and 

displacement associated with membrane penetration while monitoring for shorting through the 

membrane material.  This apparatus was tested, debugged, and used to collect data to analyze 

shorting in Nafion
®

 NRE211.  In addition, a finite element model of the penetration process, 

implemented in Abaqus, was developed.  This finite element model captured the indentation 

geometry and allowed for the testing of two material models describing the behavior of Nafion
®

 

NRE211. 

Based on the experimental and analytical work presented herein, the following 

conclusions can be drawn: 

From the tests conducted as part of this work, there is no evidence that shorting occurs at 

less than complete penetration of the membrane samples.  Measurements of the depth of 

penetration at shorting indicate, to the limits of uncertainty in the apparatus, that the membrane 

was fully penetrated.  Measurements also show that the electrical resistance of the shorted 

interface is comparable to the electrical resistance of a metal-to-metal interface further 

supporting the conclusion that shorting occurs in conjunction with complete penetration. 

At elevated temperature, penetration can occur at very low loads and corresponding values 

of contact pressure.  Even for the relatively large indenter (r = 50 µm) used in this work, 

complete penetration of the membrane occurred after only 20 minutes at a load of 30mN and a 

temperature of 100°C.  While the contact pressure is a somewhat ambiguous concept, it is useful 

to note that the contact pressure associated with the given indenter at 30 mN is approximately 6.3 

MPa which is of the same order of magnitude as the typical GDL compressive stress averaged 

over the surface.  This observation, coupled with the analysis by Li showing local stresses that 
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can be three times the average compressive stress provides an indication of the small difference 

between a safely operating stack and a shorted stack. 

Standard Abaqus material models are not sufficient to describe the behavior of Nafion
®

 

membranes during indentation.  The two most likely material models, the two-layer viscoplastic 

model and the hyperelastic-viscoelastic model were both implemented and found to fall short of 

a suitable description of Nafion
®

 during the indentation process.  The two-layer viscoplastic 

model was unable to account for the increasing stiffness observed at high strain.  The 

hyperelastic-viscoelastic model required the determination of stress-strain behavior at very high 

strain rates that exceeded the capabilities of our instruments.  Further, the hyperelastic-

viscoelastic model is limited in its descriptive ability because it cannot describe the plastic 

behavior that is clearly observed.   

The results from this study suggest several areas for future exploration.  First, the 

experiments conducted here should be replicated using an experimental design in which indenter 

size, temperature, load, and time-under-load are varied to explore the sensitivity of membrane 

shorting to each of these parameters.  The apparatus developed in this work can be used for these 

studies but should be improved by developing techniques to minimize the pre-indentation of the 

membrane material.  For sufficiently small probes, it may be necessary to utilize a similar 

apparatus on an instrument with a smaller force resolution.  The second area for future work is 

the development of appropriate models for the membrane materials.  At a minimum these models 

should capture the plastic behavior of the material and should express the modulus as a function 

of time and stress.  Ideally, the material models should also reflect the effect of temperature and 

hydration on material behavior. 

 



57 

 

6 References 

1. Ryan O'Hare, S.-W.C., Whitney Colella, Fritz B. Printz, ed. Fuel Cell Fundamentals. 

2006, John Wiley & Sons: New York. 

2. Michael W. Fowler, R.F.M., John C. Amphlett, Brant A. Peppley, Pierre R. Roberge, 

Incorporation of voltage degradation into a generalised steady state electrochemical 

model for a PEM fuel cell. Journal of Power Sources, 2002. 106: p. 274-283. 

3. Mahlon S. Wilson, F.H.G., Kurt E. Sickafus, and Shimshon Gottesfeld, Surface Area 

Loss of Supported Platinum inPolymer Electrolyte Fuel Cells. J. Electrochem. Soc., 

1993. 140(10): p. 2872-2877. 

4. Xie J, W.D., Wayne DM, Zawodzinski TA, Atanassov P, Borup RL, Durability of 

PEFCs at high humidity conditions. JOURNAL OF THE ELECTROCHEMICAL 

SOCIETY 2005. 152(1): p. A104-A113. 

5. J. St-Pierre, D.P.W., S. Knights and M. Bos, Relationships between water management, 

contamination and lifetime degradation in PEFC. Journal of New Materials for 

Electrochemical Systems, 2000. 3: p. 99-106. 

6. Rongzhong Jiang, D.C., Voltage-time behavior of a polymer electrolyte membrane fuel 

cell stack at constant current discharge. Journal of Power Sources, 2001. 92: p. 193-198. 

7. Hamrock, S.J. and M.A. Yandrasits, Proton Exchange Membranes for Fuel Cell 

Applications. Journal of Macromolecular Sciencew, Part C: Polymer Reviews, 2006. 46: 

p. 219–244. 

8. Mark F. Mathias, R.M., Hubert A. Gasteiger, Jason J. Conley, Timothy J. Fuller, Craig J. 

Gittleman, Shyam S. Kocha, Daniel P. Miller, Corky K. Mittelsteadt, Tao Xie, Susan G. 

Yan, Paul T. Yu, Two Fuel Cell Cars In Every Garage? The Electrochemical Society 

Interface, 2005. 14(3): p. 24-36. 

9. Colliera, A., et al., Degradation of polymer electrolyte membranes. International Journal 

of Hydrogen Energy, 2006. 31(13): p. 1838-1854. 

10. J. Healy, C.H., T. Xie, K. Olson, R. Waldo, M. Brundage, H. Gasteiger, J. Abbott, 

Aspects of the Chemical Degradation of PFSA Ionomers used in PEM Fuel Cells. Fuel 

Cells, 2005. 5(2): p. 302-308. 

11. T.J. Schmidt , U.A.P., H.A. Gasteiger, R.J. Behm, The oxygen reduction reaction on a 

Pt/carbon fuel cell catalyst in the presence of chloride anions. Journal of 

Electroanalytical Chemistry, 2001. 508: p. 41-47. 

12. Schlick, A.B.a.S., Spin Trapping by 5,5-Dimethylpyrroline-N-oxide in Fenton Media in 

the Presence of Nafion Perfluorinated Membranes: Limitations and Potential. J. Phys. 

Chem. B, 2006. 110: p. 10720-10728. 

13. Shanna D. Knights, K.M.C., Jean St-Pierre, David P. Wilkinson, Aging mechanisms and 

lifetime of PEFC and DMFC. Journal of Power Sources, 2004. 127: p. 127–134. 

14. WILKIE CA, T.J., MITTLEMAN ML INTERACTION OF POLY (METHYL-

METHACRYLATE) AND NAFIONS    JOURNAL OF APPLIED POLYMER SCIENCE    

1991. 42(4): p. 901-909. 

15. LaConti AB, H.M., McDonald RC, Handbook of fuel cells: fundamentals, technology, 

and applications, ed. L.A. Vielstich W, Gasteiger H. Vol. 3. 2003, Chichester, England: 

Wiley. 



58 

 

16. Eiji Endoh, S.T., Hardiyanto Widjaja, and Yasuyuki Takimoto, Degradation Study of 

MEA for PEMFCs under Low Humidity Conditions. Electrochemical and Solid-State 

Letters, 2004. 7(7): p. A209-A211. 

17. Akira Taniguchi, T.A., Kazuaki Yasuda, Yoshinori Miyazaki, Analysis of electrocatalyst 

degradation in PEMFC caused by cell reversal during fuel starvation. Journal of Power 

Sources, 2004. 130: p. 42–49. 

18. Minoru Inaba, T.K., Masayuki Kiriake, Ryota Umebayashi, Akimasa Tasaka, Zempachi 

Ogumi, Gas crossover and membrane degradation in polymer electrolyte fuel cells. 

Electrochimica Acta, 2006. 51: p. 5746–5753. 

19. Ding Hong-Zhi, X.X.-S.a.Z.H.-S., A kinetic model of time-dependent dielectric 

breakdown for polymers. J. Phys. D: Appl. Phys., 1994. 27: p. 591-595. 

20. Ding, H.-Z.a.V., B. R., Thermodynamic Model for Electrical Tree Propagation Kinetics 

in Combined Electrical and Mechanical Stresses. IEEE Transactions on Dielectrics and 

Electrical Insulation, 2005. 12(1): p. 81-89. 

21. Jonscher, R.L.A.K., ON A CUMULATIVE MODEL OF DIELECTRIC BREAKDOWN IN 

SOLIDS. IEEE Transactions on Electrical Insulation, 1984. EI-19(6): p. 567-577. 

22. Griffith, A.A., The Phenomena of Rupture and Flow in Solids. Phil. Trans. R. Soc. 

London Ser., 1921. A221: p. 163-197. 

23. Li, Y., EXPERIMENTAL STUDIES ON THE MECHANICAL DURABILITY OF 

PROTON EXCHANGE MEMBRANES, in Engineeing Science and Materials. 2008, 

Virginia Tech: Blacksburg. p. 191. 

24. S. Stucki, G.G.S., S. Schlagowski, E. Fischer, PEM water electrolysers: evidence for 

membrane failure in 100 kW demonstration plants. Journal of Applied Electrochemistry, 

1998. 28: p. 1041-1049. 

25. Jingrong Yu, T.M., Yusuke Yoshikawa, Md Nazrul Islam and Michio Hori, Lifetime 

behavior of a PEM fuel cell with low humidification of feed stream. Phys. Chem. Chem. 

Phys., 2005. 7: p. 373–378. 

26. Lai, Y.H. 2008, Personal Communication, General Motors. 

27. W. J. MacKnight, M.T.S., Introduction to Polymer Viscoelasticity. 2005, John Wiley & 

Sons Inc. 

28. Kshitish A. Patankar, D.A.D., Scott W. Case, Michael W. Ellis, Yeh-Hung Lai, Michael 

K. Budinski, Craig S. Gittleman, Linear Viscoelastic Characterization of Nafion® 

NRE211 Proton Exchange Membrane. Journal of Membrane Science, 2008.  Paper in 

review. 

29. Johnson, K.L., Contact Mechanics. 1987: Cambridge University Press. 

30. Roham Solasi, Y.Z., Xinyu Huang, Kenneth Reifsnider, A time and hydration dependent 

viscoplastic model for polyelectrolyte membranes in fuel cells. Mech Time-Depend 

Mater, 2008. 12: p. 15-30. 

31. Yaliang Tang, A.M.K., Michael H. Santare, Michael Gilbert, Simon Cleghorn, William 

B. Johnson, An experimental investigation of humidity and temperature effects on the 

mechanical properties of perfluorosulfonic acid membrane. Materials Science and 

Engineering A, 2006. 425: p. 297–304. 

32. Daniil Bograchev, M.G., Jean-Claude Grandidier, Serguei Martemianov, Stress and 

plastic deformation of MEA in fuel cells Stresses generated during cell assembly. Journal 

of Power Sources, 2008. 180: p. 393–401. 



59 

 

33. Ahmet Kusoglu, A.M.K., Michael H. Santare, Simon Cleghorn, William B. Johnson, 

Mechanical behavior of fuel cell membranes under humidity cycles and effect of swelling 

anisotropy on the fatigue stresses. Journal of Power Sources, 2007. 170: p. 345–358. 

34. ABAQUS Analysis User’s Manual. HKS, 2007. 6.7. 

35. Nielsen, L.E., Landel, R.F., Mechanical Properties of Polymers and Composites. 2 ed. 

1994, New York: Marcel Dekker. 

 

 


