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ABSTRACT

The proton exchange membrane (PEM) is a key component in proton exchange
membrane fuel cells (PEMFCs). During standard fuel cell operation, the PEM degrade
due to cyclilygrothermalloads, resulting in performandessor total failure.
Improvement of current PEM materials and denyghent of cheaper, more durable
materialsis essential tahe commercialization of PEMFC technology, winngy provide
an attractivealternative energy source for transportation

This dissertatiomvestigatesa new PEM material which is a blendsaffonated
perfluorocyclobutane (PFCB) and polyvinylidene fluoride (PHeFafter referred to
as PFCB/PVDjs polymer blendvasdevef 2 LJSR 6@ DSYSNIf az2d2Nh [/ 2
LR GSYGdALFf NBLIXFOSYSyild F2N) G§KS OdzNNByld 06SyOKY
The PFCB/PVDF blend is less costly to manufacturestaandard PEM materiabnd
investigations into its longerm mechanical durabilt are ongoing.

Specifically, this document discusses the experimental and analytical work
performed in the material characterization, constitutive expression development, and
implementation of that expression to uniaxial and biaxial finite element geonniets.
Extension of the modéb time-varying temperature and moisture conditions is also
explored.

The uniaxial finite element modakesa nortlinear viscoelastic viscoplastic
(NLVEVP)constitutive expression with parameters determined fraimiaxial crep and
recovery experimentat a single environmental conditioWalidation tests show that
this modelaccurately predicts results froomiaxial tension experiments, such as stress
relaxation, force ramp, and uftistep creep and recoveryy stresses of 8Pa and
strains approaching 15%, which is the maximuwgrothermal strain expecteth an
operating fuel cell.

The biaxial finite element model combines tR&VEVPconstitutive expression
with the geometry of a pressus®aded blister experimentwhich beater approximates
fuel cell membrane constraints. Results from the biaxial modetanmapared to
experimental resultsThe model accurately predicts strain in the blister test but predicts
stresses that differ from those estimatérom blister curvature.

Additionally, it is found that both the nelinear viscoelastic and viscoplastic
parameters are functions of the operating environment. Future experimental vgork
neededto characterize that dependence before the constitutimedel is used to
simulate the response of the PFCB/PVDF blend to fuel cell operating conditions.
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Chapter 1: Introduction

1. Introduction

In the search for alternative energy sources for transportation, proton exchange membrane fuel cells
have been explored as devices for converting the energy in chemical bonds to electricity for use in
propulsion systems. Proton exchange membrane, or pehyetectrolyte membrane, fuel cells (PEMFCSs)
operate at lower temperatures than other fuel cell types so they are better suited for the intermittent
demand of vehicle drive cycles. However, at the moment, PEMFC vehicles are not competitive with
traditional internal combustion vehicles in terms simultaneous low cost and acceptaliifetime.
Research into fuel cell components has helped to requogctedcosts from $275/kW in 2002 to
$47/kW in 2022, but that total cost is still greater than the D@Eget of $30/kW in 201%1]. The

average lifespan of a fuel cell has also increased to around 2500 hours under standard drive cycle
conditions[2], but still falls short offte 2015 DOE target of 5000 hours that would begin to make fuel
cells a viable alternative to gasoline engines.

Although many components of a fuel cell are known to degrade over time, one of the most critical is the
proton exchange membraneThis membraneeparates the reactantshydrogen and oxygegand

transports the Hions(protons)released by the electrochemical reaction in which hydrogen is oxidized

to protonsand electrons. The vehicle drive cycle results in changing temperatures and moighee in
membrane, which is very sensitive to both. When unconstrained, the membrane swells when warm
and/or moist and contracts when cool and/or dry. However, the mechanical constraints imposed on the
membrane by the bipolar plates of the fuel cell resttle dimensional changes, so compressive and
tensile stresses result in the membrane. Over time, many cycles of temperatui@ amolisture

change may cause the membrane to thin in regions with high residual tensile stresses. If the membrane
thins sufficently or develops a hole, it can no longer separate the reactants, which are then able to
interact directly. In this case, the reaction between hydrogen and oxygen is no longer electrochemical;
it is now a combustion reaction and the electrons that wodde been released and recaptured during

the electrochemical reaction are not available for use in the external circuit. Therefore, the
performance of the fuel cell drops or fails completely. Moreover, the heat from the combustion

reaction can lead to fther membrane damage.

New materials are being developed and studied to find cheaper and more durable proton exchange
membranes. Experimental characterization is necessary to compare various membranes, but a full
experimental analysis may be prohibitivéilyme consuming or expensive. To this end, numerical models
can be very useful. For example, if the response of a new material to a 3,000 hour load profile is
desired, it may be much more efficient to characterize that material with a limited set ofiexgras

and then run a numerical analysis of the 3,000 hour load cycle with the experimentally determined
properties.Models are also useful for analyzing the effects of different operating conditions and start
up/shut-down processes.

Finite Element Analys (FEA) is an excellent tool for performing this type of numerical analysis. A finite
St SYSyid lylrteara Ozyarada 2F | WLKeaAOFtQ Y2RSH
to be analyzed and a constitutive model to relate deformationd #orces in the material. It is the aim

N.
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of this research to develop, implement and validate a constitutive model in a finite element program
that would allow numerical analysis of PEM materials during hygrothermal cycling in fuel cell devices.

Fuel CellComponents and Operation

The PEM is just one component in the complex system that mgkas operating fuel cell. During

operation, the PEM is sandwiched between catalggers to forma membrane electrode assembly

(MEA). The MEA ssndwiched between gadiffusion layers (GDL) anlmped between conductive

plates with channels cut into them (bipolar plates) to allow hydrogen and air/oxygen to flow over the

MEA. The power required to operate a vehicle is much greater than what a single cell can psoduce,

multiple cells are used together in series or parallel to obtain the desired voltage and current for vehicle
2LISNF GA2yd ¢KA& O2fftSOlA2y 2F AYRAGARIzZ t OStfa A
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for storing and delivering fuels to the stack, receiving power from the stack, and managing the water

and heat produced during fuel cell operation. The temperature of the stack and the amount of water

produced increase asore power is demanded, and the mechanical and electrochemical properties of

PEM materials are often highly sensitive to moisture and temperature, so thermal and moisture

management is extremely important for the fuel cell to operate efficiently. Additignthe channels

through which the gamousfuels are supplied to the gas diffusion layers and the pore structure within

the GDL are often quite small. Improper water management may result in liquid Waieking part or

all of a reactanpathway, whichthen disruptsreactantR St A 3SNE (2 GKS LR NIA2Yy 27
of the blockage.

Additional components are necessary to interface the plant with standard vehicle systems, such as the
drive train and user comfort devices like radio and air conditig. Most manufacturers couple the

power managemensystem of the fuel cell with the braking system and a battery to take advantage of
energy available from regenerative braking.

Because this research is focused on the PEM, it is useful to considentpements and processes

directly around the PEM in more detail. Figurel-1, the far left is the anode side of a cell and the far

right is the cathode. The leftmost component is a bipolar flow plate. Humidified hydrogen gas flows
through the channels on the anode f#aThe gas is constrained on three sides by the walls of the
channel, and on the fourth side is in contact with a gas diffusion layer. Some of the gas passes through
this layer where it encounters a layer of catalyst.

The most common catalyst in PEMFCGaibonsupported platinum. Several techniques are used to
incorporate the platinum catalyst layer into the MEA. Often the catalyepjdiedto the GDL to form a
gas diffusion electrode (GDE), although sometimes it is applied directly to the PEM. &=gdhd layer
to the right of the anode catalyst irigurel-1is the PEM. On the other side of the PEM are another
catalyst layer, gas diffusion layer and bipolat@l Oxygen or an air mixture flows through the channels
on the cathode bipolar plate.
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1 bipolar plates

0

ANODE CATHODE

oxygen

GDL PEM

Figurel-1. lllustration of a single cell PEM assembly.

Because the reactants are different on the anode and cathddereactions are also different. On the
anode, hydrogen is oxidized such that the electrons are carried through the anode plate to the external
circuit which drives the vehicle and the protons are released into the PEM and carried to the cathode.
the cahode, the electrons pass through the cathode plate and participate in an oxygen reduction
reaction, which forms water.

The primary functions of the PEM are to conduct protons from the anode to the cathode, prevent
electrons frommoving from anode to cathde through the PEM directhand separate the fuel cell
reactants, hydrogen and oxygen. Failure in any of these areas reduces fuel cell performance and may
ultimately lead to complete cell failure.

1.1. Proton Exchange Membrane Materials

As mentioned previous|ycurrent PEM materials, such as Nafjaontribute to the high cost of PEMFCs

and are often a limiting factor in fuel cell operating lifetime. For this reason, research is being conducted
into the improvement of existing materials and the developmem®iv ones. Most of these materials

are polymers with ionic functionalityhat allowsthe movement of protons from anode to cathode.
Additionally, the membranes are often very thaften significantlyless than 100 microns, to reduce
protonic resistance. A&lough thin membranesmprove the electrochemical response of the fuel cell,

they are more susceptible to chemical and mechanical damage. Thus, a key component in the
development of new membrane materials is the balance between mechanical integrityanesidb

chemical attack, and good proton conductivity.

An interesting behavior of polymeric materials is that their mechanical properties are often noticeably
time dependent. This arises frooonformation changesf the indivdual polymer chains which occu

! Nafion® and DuPoli{ are registered trademarks of the E. I. du Pont de Numours and Company or its affiliates.
For visual clarity, the copyright symbols are not included with each reference to these names.
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when the polymer is subjected to stress. Mechanical degradation occurs due to this rearrangement
localized thinningnay developbecause of the stress state a PEM experiences during fuel cell operation.
This aspect of mechanical behavior is importaninclude in anynumerical materiamodel.

1.2. Constitutive Expressions

Constitutive expressions are essentially transfer functions which relate an output on a system to an
input. Theconstitutive expressiongsed in the present analysis wdkscribe relevanmaterial

behaviors. For PEMs in operatifugl cell environments, it is important to include not only time
dependent mechanical properties, but also the effdéwt varying moisture levels and temperatures
have on the magnitude and time dependencdluise mechanical properties.

Mechanical constitutive expressions relate stresses and strains. Materials which are time dependent and
GKS O2yailiAriGdziagS SELINBaarzya daASRIAPORSERRESS SE KIS,
resultin time degpendent strain under a constant stress, or time dependent stress under a constant

strain, for example Some viscoelastic materials wilry nearlyreturn to their initial dimensions if

allowed to recover long enough after unloading; these are calledeliastic solids. Viscoelastic fluids,

on the other hand, will never return to their initial dimensions besa some of the deformation is
inelastic(unrecoverablefather than elasticConstitutive expressions for both types of materials exist

and may be usful for modeling the behavior of PEMs.

Sometimes the stress and strain in a material are linearly related to each other. That is, the mechanical
properties are independent of stress and strain, dbeéf appliedstrain (stress) is doubled, so is the

resulting stress (strain). However, not all materials exhibit this behavior. Constitutive expressions which
AYO2NLI2NIGS aGNBaa 2N AGNFAYy RSLISYRSYyG -YSOKIFyAOI f
fAYSIENAGEQD al y& 02y a i Abingtiebéhdviodotthadediredr thafatialsS EA & G ¥

Geometric nodinearity may also be relevant to fuel cell models. This type oflimaarity is not related

to the material, but instead arises from the definition of strain used in material models. Thieafami
definition of strain, where the change in length of a material segment is divided by the initial length of
that segment, is a linear approximation of the strain tensor. It is generally applicable if the strains are
less than 57%.For PEMSs, strain raking from free hygral expansion of operating fuel cell conditions
reach or exceed these straif§]. For analyses which deal with larger strains, the true definition of strain
should be used. Similarly, the definition of stress as force divided by the initial area aeériing

applied neglects the changes in material dimension due to large strains. For geometricdltyeaon
analyses, care must be taken to use proper stress and strain definitiotie present analysis, the
Cauchy stress and Almat$éamel strain tasor are used to properly account for geometric Homearity.

1.3. Finite Element Models

Constitutive models can be used independently to calculate material response to uniform loading
conditions in the absence of geometric effects. However, if the effects of sample geometry-or non
uniform or dynamic loading conditions are of interest, a madg@anced technique is needed to address
these factors. One popular technique is the use of finite element models. In a finite element model, a
geometric representation of a system is developed in one, two or three dimensions. Constitutive

4
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relationshipsare assigned to thgeometryand boundary conditions and loads are applied. The model is
usually discretized into a number of subdomains and the forces, displacements, etc., at all subdomains
are determined sometimes througliterative solutiors. This ype of analysis gives the researcher insight
into the stress and strain profilgkat occur within a system due to namiform sample geometries and

load applications.

Geometric models may be 1D, 2D, or 3D. 1D models are used to approximate very sinapierb&tor
instance, in a uniaxial experiment, a 1D model could be used to simulate the axial strain which develops
from an axial stress application.

2D models are a little more sophisticated, but require information about material behavior in both
dimensons. For isotropic materials, the behavior is identical in all dimensions, but not all materials are
isotropic and this assumption must be used carefully. A 2D geometry would provide simulations of the
axial and (irplane) transverse strains resulting fran axial stress load.

3D models result in simulations of material response in all three material directions. For the case in
which a sample is subjected to an axial stress, a 3D geometry would calculate the strain response in the
axial direction and botkransverse directions (#plane and ouof-plane). Again, in order for such a
simulation to be useful, knowledge of the material behavior in all dimensions is essential.

For any finite element geometry, a wide array of constitutive expressions may beMagyl.

commercial finite element codes have a collection of refmyse constitutive expressions for which the
user must simply define values for various material properties. However, not all materials are well
RSAONAROSR o0& 2y S 2 TiveaxprBsaidhs, Soamiddt godes LR @lowd ysérior G dz
define their own constitutive behavior to be used in conjunction with the geometric model.

In all cases, a finite element model should be subjected to experimental validation. Although part of the
bendfit of finite element models is the ability to simuétonditions which are difficult or impossible to
impose experimentally, it is important to provide evidence that the model is applicable to the system it
is attempting to describe.

1.4. Research Objectives

An experimentally validated finite element model can be of great use in the development and
evaluation of new PEMs, which decseacost and improveperating lifetime thus aiding in
commercialization of fuel cell technolagihe aim of this research isdevelop such a model.

The material on which this research is focused is a new Urieler development by General Motors
Company This research was carried out by individuals at both General Motors Company and Virginia
Tech; hereafter this group willbe @NNB R (2 | & (GKS Yheamateridlof NBréstisla NDO K
blend of the block copolymer perfluorocyclobutane and polyvinylidene diflouride (PFCB/PVDF)
Experiments on this material demonstrate that in the temperature and relative humiditiesijgated

during fuel cell operation, the stressand strainghat develop are large enough to require the use of
non-linear analytical techniqued herefore, the objectives of this research are as follows:

3 NJ
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1 Perform uniaxial tensile experiments necessargharacterize the mechanical behavior of the
novel PEM material at conditions relevant to fuel cell operation.

9 Select a constitutive expression capable of describing the material behavior at conditions
relevant to fuel cell operation.

1 Determine parameter Maes for the selected constitutive expression.

1 Implement the constitutive expression in a uniaxial finite element geometry.

9 Validate the finite element model with additional uniaxial experiments.

Because the PEM in an operating fuel cell is biaxially net, the finite element model should also
be applicable to biaxial loads. Therefore, the followdhgectives are established for biaxial modeling

1 Extend the uniaxial finite element model to a biaxial geometry and load condition.
f Establishthetimedeépy RSy i t 2Aaa2yQa NIGA2 F2NJ GKS YI GSNR
9 Validate the biaxial finite element model with experiments.

Finally, the temperature and moisture in a fuel cell are not constant during operation. Ideally, a finite
element model of a fuel cell material should siate the response of the PEM to changing temperature
and moisture levelsThe need to describe this behavi@sults in the following objectives:

1 Extend the finite element model to accept tirvarying temperature and moisture profiles.
1 Comparehe finite dementresults toexperiments with changing temperature and moisture.

This dissertatiomlescribeghe work undertaken to achieve these objectives and to establish an
experimentally validated model for the PFCB/PVDF membrBinis first chapter has providedbrief
overview of important considerations in the development of a finite element model with an appropriate
mechanical constitutive expression. The second chapter will review relevant literature on fuel cell
damage mechanisms, current PEM materials stitutive expressions and finite element models of fuel
cell membranes. Chapter 3 will describe the experiments performed to characterize the PEM, develop
the uniaxial constitutive model and validate the uniaxial and biaxial finite element models. Chapiler
present the analytical approachesed to develophe constituive expression and implemeittin the

finite element models. The fifth chapter will present results for the uniaxial and biaxial models and
describe an approach for extending the motietime-varying temperature and moisture profiles.

Finally, Chapter 6 will summarize the work and discuss key conclusions which can be drawn from the
analysis.
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2. Literature Review

Thisliterature review covers publications which relate to degradation in an operating fuel cell, the
characteristic behavior of ionomers which are used as PEMs, PEM characterization techniques,
constitutive expressions used to model PEM mechanical behavidrexeamples of finite element

analyses which use mechanical constitutive models to simulate PEM behavior in an operating fuel cell
environment.

2.1. Fuel Cell Degradation

Duringoperation, a unit fuel cell converts the energy in chemical bondselgctricity. Humidified

hydrogen gas flows on the anode side of the membrane electrode assembly. This gas diffuses through
the GDL and reacts the catalyst layer, separating into protons and electrons. The electrons are
conducted via the bipak plates to an electtalcircuit to drive the vehicle and the protons pass through
the proton exchange membrane to the cathode side of the cell. At the cathode, humidified air or oxygen
flows through the gas channels and passes to the surface of the membrane via anothet BBL. A
interface of the GDL and the membrane on the cathode is anothelysatayer. Here, electrons are

again conducted via a bipolar plate through the GDL to the catalyst layer, where they react with the
protonsandoxygen to form water. This is the basperation of a fuel cell, and the various components
which play roles in this operation are all susceptible to degradation as a result of the operating
conditions. These degradation mechanisms, especially those associated with therPHigGussed

below.

2.1.1. Component Degradation

Each component of the fuel cell assembly can compromise the system life, leading to inadequate
durability. Although some are much more durable than others, it is still possible for degradation in any
component to affect overall deefficiency. System degradation can be divided into four categories:
ohmic, activation, mass transport and fuel efficiency logdg<Ohmic losses are related to how
effectively the PEM transports protons and the GDL and bipolar plates transport electrons. Activation
losses are characterized by acdease in the rate of electrochemical reaction on the electrodes. Mass
transport losses occur when fuel concentration on the electrode surface is too low, and fuel efficiency
losses occur when the PEM is not able to properly isolate the anode and cattinidb, results in

wasting fuel rather than utilizing it to power the external circuit. Isolation failures may occur through
reactant gas crossover or electrical shorting. The following paragraphs briefly describe the degradation
mechanisms associated withé components of a fuel cell.

Bipolar PlatesAlthough the bipolar plates are one of the more durable components in a fuel cell, they
may still be susceptible to degradation. Oxidation is a concern for metal bipolar plates, especially
stainless steel plats at the anode. This increases the contact resistance between the bipolar plate and
the GDL, which contributes to ohmic los$ék [5], [6], [7], [8]. [9], [10], [11]. Graphite and graphite
polymer plates ar@ot affected by corrosion under normal operating conditi¢r [8], [9], [12]. In

addition to increasing contact resistance, corrosion of thpolair plates is a concern because metal ions
released may contaminate the PEM, reducing proton conduc{#jty7], [8].
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Gas Diffusion Layefhe gas diffusion layer (GDL) must be able to deliver fuel to theretie surface,
manage the amount of water present at the electrode, and conduct electrons from the electrode to the
bipolar plate[4], [7], [13]. Mass transport losses occur if the GDL does not properly perform these
functions, either because there is not enough fuel reacliiregelectrode tosupportthe electrochemical
reaction, or the reaction sites are flooded with water due to poor water manageidg¢niost GDLs are
carbon paper or carbon cloth treated to assist with electron transport and so that the surface is
hydrophobic to aid in water managemejd , [7], [14]. Performance losses result if the GDL loses its
conductive capability becse of carbon oxidation or degradation of the treatméd, [7], [15], [16],

[17], [18].

Catalyst LayeiThe primary degradation mechanism of the catalyst layer is the loss of electrochemically
active surface area (ECSA or EAEA)7], [11],[13], [19], [20], [21], [22], [23]. As the electrochemical
reaction proceeds, the platinum catalyst is often found to agglomerate into particles larger than the
initial dispersior{20], [21]. This results in a decrease of platinum surface area, which is essentially ECSA.
Similarly, catalyst particles tend to migratea the PEM or to the interface of the PEM and the
electrode[21], [24]. Catalyst particles may also become contaminated by impurities in the reactant
supply or the product of incomplete electrochemical reactions. These include hydrocarbons, carbon
monoxide sulfur compounds, ammonia, metallic ions, and othj&dg , [13], [25], [26], [27]. Because the
catalyst has a stronger affinity for these contaminants than hydrogen, sites whichttbend

contaminants no longer participate in the electrochemical reaction.

Proton Exchang®lembrane.Degradation of the PEM may be divided into three categories: thermal,
chemical and mechanical. Although there is often a compounding effect betweandblbanisms, they
will be considered separately here for convenience.

The most common PEM material, Nafion, is resistant to thermal degradation in the current operating
temperaturerange of fuel cells. However, the design of the plamnisrovedat higheroperating
temperaturesbecause the heat rejected from the stack can be used for other applications (e.g
cogeneration in stationary systems) and because the catalyst is less shkcappoisoning at higher
temperatures Unfortunately, Nafion begins to p&rience thermal degradation through the loss of

adz F2y S 3 NH2BLBRcalsd tRe@Bfonatergrosips are responsible for proton conduction,
this results in an irreversible loss of performance.

Like the catalyst layer, the ionomer is susceptible to ionic contamination as a form of chemical
degradation[4], [7], [11], [13], [17], [28], [29]. These contaminants block sulfonate groups which would
condud protons, leading to an ohmic loss in performance. The sulfonate groups are also responsible for
keeping the membrane hydrated, so ionic contamination dehydrates the PEM, further decreasing
proton conductivity. Some chemicals attack the PEM and causelédrade physically; peroxides attack
the conductive side chains and cause the ionomer to leach fluorind1dhg13], [30]. Other chemicals
attack the main chain of the ionomer, decreasing the mechanical strength of the PEM.

Mechanical degradation maysal occur througltracks, tears, pinholes, and punctures, leading to
electrical shorts or allowing reactant gases to pass through the membrane and react difg¢ilg],
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[28]. Some of these are introduced into the PEM during assembly of the cell. For instance, if fibers in the
GDL pierce the PEM, shorting may occur between the anode and the cathode through the conductive

fiber. Careful assembly and quality control of GDL nialtecan mostly eliminate initial mechanical

defects. However, research has shown that the PEM thins during fuel cell operation, partly from

material loss due to chemical attack, as mentioaddve, but also due tmoisture cycling without any

chemical reation in the cel[13], [31], [32], [33], [34]. The issue with mechanical degradation from

thinning is gas crossover. Not only does this result in a loss of cell power since the electrons released
RdzZNAY 3 GKS NBFOGA2Yy | NBnp@atés, btk diRadz@dctBriRbetivdeNBdingda (1 K S
and oxygen results in extremely high temperatures. This leads to thermal degradation in areas around

that region, which in turn increases the area of the degraded re(didh

It is also common for degradation mechanisms to interact and have compounding effects. This has
already been illustrated in terms of membrane thinginvhich may be accelerated through thermal or
chemical means. The compounding effect may also include multiple component of the cell. For instance,
corrosion of the bipolar plates weakens the plates and decreases their conductivity but may also lead to
contamination of the PEM with metal ions, which decreases the proton conductivity of the membrane
and therefore lowers operating efficiency.

2.1.2. Drive Cycles

The DOE target for transportation fuel cell lifetime is 5000 operating hours, roughly equivalent to 10
years of operation for a standard internal combustion engine (150,000 ri&s)However, it is
important to remember that thekind of miles make a difference, not just the number. Degradation of
PEMFC components can often be linked to specific operating condionsstance, increased
operating temperature is correlated with shorter lifetimes, as are open circuit voltage and RH cycling
conditions[13]. In stopand-go traffic a fuel cell vehicle Wbe subjected to voltage and RH cycles, so
experiments under these conditions can be useful in collecting lifetime data for fuel cell assemblies
made from various materials.

t NBG202t& SEAAG F2NJ gKI G I NIB6)rGeNdaloRrthedelexp&iiénsd 81 ( S R
to subject the fuel cell stack to the harshest conditions anticipated during standard operation in order to
estimate lifetime quickly, rather than having to wait a full 5000 hours for lifetime and performance data.

In the context of developing a mechanical model for PEM behavior during fuel cell operation, the

primary damage mechanism of interest is thinninghia absence of a chemical reaction. The source of

purely mechanically induced thinning is the time dependent properties of the PEM materials, as will be
discussed in the following section.

2.2. Characteristic Behavior of I onomers

The PEM materials most commonlsed for hydrogen fuel cells are ionomer membranes. An ionomer is
a polymer with ionic functionality. That is, the membrane consists of many entangled polymer strands
which interact with chargearrying particles. Much of the mechanical behavior of PEMenas is
determined or influenced by the microstructure, so this discussion will tie macroscopically observed
behavior to microscopic sources. The most common PEM is Nafion. Becausevidespread us of
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this polymer and the similarity between it anther PEM materials, it will be used as the primary
example of material behavior.

2.2.1. Mechanical Behavior

Nafion is a perfluorosulfonic acid membrane. It has a hydrophobic polytetrafluoroethylene main chain
or backbone with hydrophilic sulfonic acid side chaassillustrated ifFigure2-1. The backbone gives
Nafion its strength, while the side chains provide the ionic functionality and network mobility. A Nafion
membrane consists of many entangled backbone/side chain strands. When tension is applied to the
membrane, the strands attempt teemove the internal stress by stretching and/or rearranging. Because
the side chains are shorter than the main chains, it is easier for them to change positions. However, the
main chains are alsof different lengths and may have large or small entangletréamnsity. The

statistical distribution of chain lengths and entanglements gives rise to thediependent mechanical
properties observed in Nafion membranes. Short chains ewddensityentanglements relax, or
rearrange, quickly, while long chainshigh densityentanglements take much long{7].
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Figure2-1. Nafion chemical structur¢38].

When a load is applied to a membrane, several forms of deformation may take place. These can be
characterized by how quickly after load application they occur and whether they remain after the load is
removed. First, consider a deformation which occurs instantaneously upon the application of any load,
and instantaneously disappears, or recovers, once that load is removed. This deformation is called
elastic and rises from stretching between the bondthimmain and side chains. Contrast this with a
deformation which increases with time under load, but recovers given enough time after removal of the
load. This is a viscoelastic deformation and is due tattanging configuratioof the polymer chains

driven by the applied load. Chemical or physical crosslinks between chains provide the restoring force
which results in polymer chains returning to their original configuration after load remBirally,
deformations which do not recover are called inelastr plastic. These may be instantaneous or time
dependent, and are generally related to chains breaking or slipping past each Btherdependent
inelastic deformations areometimescalled¥iscoplastiQimplying that the deformation changes with

time under load (viscd but does not recover after load removaplastic) although this behavior could
Ffa2 0S RSaAONAROGSR a aAvYLie wgAaraldz2dzaQ

2.2.2. Environmental Effects

The environment at which the material is being used affects its mechanical response. For instance,
considerthe effect of the coefficient of thermal expansion on a microscopic level. There will be more
distance between chains at a higher temperature; thigease in free volummcreases chain mobility,
allowing changes in conformatida occur more rapidly at high temperatures thatlow temperatures.

10
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In general, misture in the membranes has an analogous effect, and the chains move farther apart to
accanmodate additional water molecules at higher humidities.

The effect of water on the membrane properties, however, can be complicReskearch has shown

that not all water in Nafion interacts with the polymer chains in the same way. Instead, water in the

membrane is partitioned three ways: tightly bound, loosely bound, and free water. The parameter used

to express water content in sulforicOA R 6 aSR t9aada A& fFYORI 0<03X GKA
water molecules per sulfonic acid site in the materkadr low lambda values, all water is tightly bound in

the groups of sulfonic acid. This water does not freeze even at extremely low temperatures. The next

category, loosely bound water, may freeze and is relatively mobile between sulfonic acid sites. Free

water is very mobile and is thought to move between sulfonic acid groups through established channels

in a welthydrated membrang38].

For somematerials, a temperature change affects all thtiependent characteristics uniform|g9],

[40]. Further, br some PEM materials, this assumption is applicable over the temperature range used in
fuel cells. This allows researchers to use a technique dhiéelime Temperature Superposition
Principle(TTSP) to siplify the expression of mechanical behavior over a range of times and
temperatures. Essentially, an experiment which gives a material propegtyparticular temperaturg
modulus for instance, from 10 to 10,000 seconds, can be shifted along the tinte axjsress that

same property at another temperature. By performing the same experiment at various temperatures
and recording the horizontal shift factors necessary to make the curves fall into a single line, called the
master curve, information about theaterial response at very long or very short times can be obtained
much more easily than performing experiments at those tif3g, [37], [41], [42]. Because moisture
influences the free volume of the polymer similarly to temperatuhe Time Moisture Superposition
Principle(TMSPgEan often be applied to the same materials. In this case, the shift factors are a function
of moisture rather than temperature. If the two techniques can be applied simultaneously, it is called
the Time Temperature Moisture SuperpositiBninciple(TTMSR)

The thermal and hygral (moisture) history of a material may also influence the mechanical properties
[43]. Extreme hygral or thermal loads may swell or shrink the membrane in such a manner that it will
not recover under standard aalitions. For instance, if a Nafion membrane is condé@tander high
temperature and very lowelative humidity, nearly all of the water that is usually bound to the ionic
groups may be drawn out. Additionally, the channels by which water moleculesimawe out of the
membrane may collapse. In this case, even once the membrane is returned to standard room
conditions, it will not rehydrate to the previous moisture level observed prior to the treatment. This will
lead to significantly different experinmal results when comparing treated and untreated materials.
Because of phenomena like this, it may be important to know the history of PEM specimens before
performing comparative analys¢44].

Polymers may also exhibit inconsistent mechanical propeittiglsysical aging occurs. This phenomenon
is similar to the history effect just described in that it results madifiedmolecular structure. Physical
agingis the process of chain rearrangement which takes place when a material is not in its eguilibriu
molecular configuration. In some environments, this is a rapid process. For instance, higher
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temperatures increase the free volume available chain motion, so the equilibrium configuration may be
reached quickly. However, if trenvironmentattemperatureis significantly less than thé I (i S Nlass f Q &
transition temperature(at which longrange segmental motion becomes significant), there is very little
room for the chains to rearrange themselves. In this case, physical aging is a slow pfeeasgles

from a single batch dflowlyaging material are tested several months or years apart, the difference in

the experimental results may be significant because of the chsingaolecular arrangementdue to

physical agin§37].

2.2.3. Proton Conductivity

In addition to mechanical properties, the conductivity of a PEM is also extremely important to fuel cell
operation. Nafion and other PEMsesknown to have better conductivities when hydrated. The
partitioning of water within Nafion results in clusters of water molecules associated with the sulfonic
acid sites. Various hypotheses have been proposed for the exact mechanism by which protens mov
through the membrane. Currently it is thought that protons move through the breaking and forming of
hydrogen bonds between water molecules attached to the sulfonic acid sites at elevated hydration
levels; this is known at the Grotthus or hopping mechamiat low hydration levels, it is thought that

the vehicular mechanism dominates, in which water molecules carrying protons diffuse through the
membrane[45].

2.2.4. Survey of Materials Explored as PEMs

Overall, there are several key characteristics of an effective and viable PEM material. At fuel cell
conditions, good proton conductivity is clearly an important property, but the membralsasneed to

be chemically stable and mechanically robust for at least 5000 operating hours. The materials must also
be affordable and easy to manufacture in order to compete with internal combustion engines. The
following section is a brief survey of somwiethe more prominent PEM materials explored thus far and
techniques to improve the properties of existing materials.

PFSA materials

The current baseline PEM material is Nafion, a PFSA (perfluorosulfonic acid) membrane produced by
DuPont. Nafion consists a polytetrafluoroethylene backbone with sulfonated side chains. The
backbone gives the material good mechanical and thermal stability, while the sulfonic acid groups on
the side chains allow proton conducti¢88]. However, Nafion has insufficient operating lifetime

because of its susceptibility to peroxide attd@k [11], [28], [30], [46], [47], [48], and thinning during

fuel cell operating cycldd], [20], [48]. The cost of a fuel cell with Nafion as the PEM is also much higher
than DOE targets, even when consideringled-up production[49].

DuPont competitors Gore, Asahi Glass, Asahi Kasei, Solvay, and 3M have also produbaddeFSA
materials similato Nafion, but with slight chemical or mechanical variations aimed at addressing some
of the drawbacks of the Nafion membraf#83]. For instance, the Gore materials differ from Nafion in
that they are a composite membrane with an extruded PTFE reinforcement layer in betweé&ayes®

of PFSA polymgb0]. The reinforcement improves the mechanical properties of the compaséterial,

so the PEM itself can be thinnaithough the througkplane conductivity of these PEMs is lower than
pure PFSA materialReducing membrane thickness reduces overall cell resistandbere is a trade

12
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off in using thinner materials with lowearoton conductivity Unfortunately, the enhanced mechanical
properties do not sufficiently improve operating lifetime, so membranes of this type are not yet
commercially viabl¢51].

Anather technique used to improve PFSA membrandisdsntroduction offillers to enhance the proton
conductivity at high temperatueand low relative humiditiesSilica[52], [53], [54], [55], [56], [57],

titania [52], [58], [59] and zirconid60], [61], [62] are examples of additives which have been
successfullysed for this applicationThese fillers increase the water uptake of PFSA materials at low
relative humidities, which in turn improves proton conductivity. Some fillers have also demonstrated the
ability to improve mechanical properties, such as dimeraiatability during water uptakpg3], [57].
Materials for fillers and techniques for incorporating them into PFSA membranes for enhanced
properties and performancare topicof ongoing research.

Hydrocarbon Materials

Rather than attempt modifications to PFSA nieames, other researchers are looking to new classes of
membrane materials for PEMs. One of the most promising groups is sulfonated hydrocibpithe
materials may be fluégnated, such as the PEMs developedBajlard Power Systenii§4], although

most are nof65]. Examples of noefluorinated materials are SPEEK, sPEK, sPES, sPBI, sRindBPRY
[66]. Various forms of poly(arylene ether sulfonPAESalso called BPSHave been researched, both
fluorinated and unfluorinated67-69]. The material under investigation in the present worklso a
hydrocarbon, sulfond perfluorocyclobutane (PFCB), blended with polyvinylidene difluoride (PVDF).
Several groups have explored PEMs with HFQIR71], [72], but the variation used in the present

study is described ifY3].

In general, these materials are much cheaper to produce tharPSA membranes and exhibit better
proton conductivity at higher temperatures and lower relative humidities. Another benefit is the ease
with which the electrochemical properties and structure can be modified. Since these are essentially
custombuilt, various processing techniques and monomer additives can be used to customize the end
product. However, none has demonstrated sufficient operating lifetime under fuebpefhting

conditions, primarily due to poor oxidative stabil[gl]. The use of reinforcements and fillers in
sulfonated hydrocarbons is being explored to improve durability.

Non-sulfonated Materials

Researchers have also explored rmuifonated materials as potential FIE. Examples of these include
anhydrous membranes and solid acids. The structure and proton conduction mechanisms in these
systems differ significantly from the PEMs already discussed. These materials are also intended for
PEMFCs operating at temperatutgstween 1@°Cand 2@°C Because of these differences, they will

not be discussed further. For information on these and the previously discussed materials, please refer
to review papers such as those Bgang48], Hickne51], Hamrock65], Dupuis[66], Peighambardoust

[74], and Devanathar{75].
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2.3. Material Characterization Techniques

Development of improved PEM materials requires knowledge about the material properties of current
and proposed membranes. The following paragraphs detail some of the techniques used to explore
these properties higHighting those which are relevant to the current woikecause the focus of this
research is on mechanical properties, the bulk of the review is on mechanical tests, but additional
experimental techniques relevant to fuel cell materials are also covered.

2.3.1. Electrochemical Characteristics

Material properties important for electrochemical performance in a fuel cell include proton
conductivity, water uptake (because of its correlation with proton conductivity for PFSA mateyiels
permeability and resistand® electrochemical degradation. The effect of environmental conditions
such as hydration level and temperature on each of these categories may also be very important.

Proton conductivity

Proton conductivity is measured by a variety of techniques. Eldwtroical impedance spectroscopy

(EIS) excites the PEMFC system or individual components with a small voltage or current oscillation
around a constant value and measures the current or voltage response and phase angle between input
and response. When perforal over a range of frequencies, this technique provides information about
the various transport processes occurring during fuel cell operation. For instance, the system response
to a highfrequency input is limited by thien transport through the membranehis gives information

about the proton conductivity through the PEM. Conversely, the response to-réowency input is
dominated by mass transport through the system, so that water and fuel transport can be studied. The
constant value about which th&inusoidal input occurs also affects the information contained in the
response; for oscillations around small constant voltages, charge transport dominates the response,
even at low frequency excitatiorg4], [76].

Another technique used to measure proton conduityivs nuclear magnetic resonance (NMR)
spectroscopy. During this type of experiment, an electromagnetic pulse is applied to a material and the
effect of that pulse on the magnetic nuclei within the material is measured. Protons are affected by the
magnett field, so information about the location and movement of protons through a material, in
addition to how they interact with other magnetic atoms, can be obtained from NMR experiments
conducted with various frequencies, similar to the EIS angdB8]s

The proton conductivity ahe material under investigation in the present work was measured
previously[42]. Conductivity of the PFCB/PVDF material was found pemit on the hygrothermal

history of the material sample. This discovery is important in the treatment of fuel cell membranes
because allowing the PEM to experience certain hygrothermal conditions for extended periods of time
may compromise its conductivitfExperiments in the present work were performed on samples with
known hygrothermal histories for consistency between results.

Water Uptake
As mentioned earlier, PFSA materials and some hydrocarbon PEM conduct protons more effectively

when moderately hydited. Hydration level for many PEMs is a function of temperature and reaction
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rate, since water is produced by the reaction at the cathode, so experiments correlating water uptake to
fuel cell operating conditions can be useful in comparing PEM matdPekaps the simplest

experiment for determining water uptake is to compare the mass of a dry PEM with that of one which
has been allowed to equilibrate under known temperature and moisture condifittis This is known

as a gravimetric technige for determining water uptake.

In the present work, water uptake measuremefitsm [42] are used to define the relationship between
the water content of the PFCB/PVDEMH and the environmerib which the material is exposed
Water content is expressed &sX ¢ KA OK  thanunibér Bfiwgt& Roldcudes, in moles, per the
number sulfonic acid sites in the material. This ratio meyendon temperatureand relative lumidity,
as wellas the hygrothermal history of the material.

Gas Permeability

The ability of the PEM to separate the reactant gases in an operating fuel cell is critical to cell
performance. Membrane resistance to gas permeability caoHagacterizedy pressurizing two sides

of an assembled cell to different levels and observing the pressure change ovér4imalso, if the cell

is assembled but not loaded by an external circuit, measurements of the small current produced can be
indicative of the electrochemical reaction proceedingdlely to gas leakage through the PE

In the present work, an experiment is conducted in which the failure mode is also gas permeability. The
Wof AA0GSNI G6SaiQ A4 RSAONROSR Ay s$p&imkrpréssufizedirémNE 6 dzi
one side. The deflection of the diskhich forms a blister shapean be analyzed to obtain the stress

and strain state of the sample. The blister samples experience failure through bursting or pinhole
development, both of which result in measureable gas permeability. Thus, this experirsetutplhas

the inherent advantage of detecting failures relevant to fuel cell operation.

Durability

Membrane resistance to chemical degradation is also a crucial characteristic to consider when

comparing PEM materials. The performance of two materials dvbast be compared by subjecting

both to a drive cycle reflecting actual usage. However, fuel cell target lifetimes of greater than 5000

hours make this comparison impractical. Accelerated lifetimestaist used instead, in which the
membranes are subje§tR (2 -OWASIOA & OSy I NA2a 6KAOK Ol dzaS GKSY
they would in service. Factors which accelerate the failure of a PEM include high temperature, low
relative humidity, open circuit voltage conditions, and rapid cycling of tempegahumidity or voltage

[43]. Degradation of PEMs under these conditions can be observed through changes in the EIS response
of the cell, increased gas permeability and the concentration of fluorine ions in the water produced on

the cathode. For PFSAs and fluorinated hydrocarbons, the fluorine atcensssential components of

the side chains thatre respondile for proton conductivity, and thus separation of these side chains
reduces proton conductivity. By measuring the concentratdf fluorine leaving the cell, the level of
YSYONIYS RSINIRFGAZY OFy 0SS SadAYFriSR gKAES (GKS
test, can be performed on a degraded membrane after the cell is disassef@Blef#3], [66], [74].
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Application to PFCB/PVDF Blend

The experiments in the present work are performed on samples which were not subjecgpeotocols
intended to accelerate degradation. Rather, the experiments in this analysis were designed to avoid
degradation by any of these known degradation mechanjsmss isolating mechanical effects

2.3.2. Morphology

Changes in a material dhe microsopic level camive rise to macroscopically observable phenomena.
It is helpful to understand the morphology of a PEM in order to understand how and why it fails, and
potentially how to avoid those failure mechanisms. The techniques discussed below dr® esglore
the morphology of PEMs and other polymers for this purpose.

X-ray and neutron scattering/diffraction

Scattering and diffraction techniques obtain information about a material by bombarding a sample with

an electromagnetic wave and measurifg tintensity of what the material scatters at a range of

scattering angles.-Kay techniques probe the response of bound atomic electrons within the samples.

Neutron techniques look at the interactions of the incoming wave with individual atomic nuckenwit

the sample. If only the-¥ays scattered by individual electrons are measured, the technique is called
YAOFGOSNAYIQT gKAES || WRATFINI OGA2YyQ (&QOwawed |j dzS dza S
and interference between therf66]. Neutron scattering and diffractiorra defined analogously.

Atoms of various elements have unique scattering profiles, so the location of atoms within a sample can
be explored using these techniques. For instance, in Nafion, the sulfonic acid groups have higher
electron density than other igions of the material. This results in a large amount of scattering from

these groups, so they show up very clearly (have high intensity) in a scattering experiment. If multiple
peaks (multiple regions of high intensity) are present in a plot, informathmut the size of the sulfonic

acid groups and the distance between them can be obtained. This type of experiment has been heavily
utilized to explore the morphology of Nafion membrarj@8]. Depending on the range of reflected

angles captured by the instrument, afay experiment may be classified as small angleyxscattering
(SAXS) or wide angleay scattering (WAXS).

NMR spectroscopy

This experiment was discussed previously as a means to measure proton conductivity, but it may also be
used to study morphology of a material which contains magnetically actigkei besides protons.

Because of the interactions between nuclei in chemical bonds or physical proximity, not all nuclei of the
same type will exhibit the same response to a particular magnetic impulse. Knowledge of the anticipated
and actual response dfie NMR spectrum of a material can thus provide information on the bonding,
spacing and interaction of molecules in the polyri6§], [77].

Vibrational Spectroscopy

Each type of bond within a material has a characteristic vibrational frequency. Vibrational spectroscopy
takes advantage of this property by irradiating a sample with a light source and detegnarthat

frequencies are absorbed by the material, indicating the presence of particular pord# the light

source is polychromatic (contains multiple frequencies), the technique is called infrared spectroscopy
since the wavelengths absorbed by bonds are in the infrared spectrum. Fourier Transform Infrared
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(FTIR) is an exampbé this type of experiment. If the light source is monochromatic, the technique is
called Raman scattering. This experiment observes the elastic and inelastic scatter of photons and uses
the photons that are inelastically scattered (have a change in fregyudue to interaction with the

sample) to infer knowledge about the material struct(iéé].

Microscopy

aAONRPaO2LR GSOKyAldzSa |tt2¢ GAaddtAllIGAzy 2F |
than the unaided human eye can resolve. Various types of microscopy atenuseploring the

morphology of materials. Scanning electron microscopy, transmission electron microscopy and atomic
force microscopy will be briefly discussed here.

A scanning electron microscope (SEM) explores the surface of a sample by illuminaiting focused
electron beam and collecting the reflected electrons. Regions of the material which have higher electron
density reflect more of the electron beam and appear brighter in the resulting image. A sample needs to
be coated in a conductive layer order to view it with SEM. PEM materials may be sputtated in a

thin layer of gold to enhance the surface conductivity. This technique is able to resolve features on the
sample surface of approximatebpnanometes[77].

Transmission electron microscopy (TEM) also illuminates a sample with an electron beam, but rather
than capuring what is reflected by the sample, it measures electrons that pass through the sample.
Because electrons interact with the material asytipass through it, TEM gives information about the
physical arrangement inside the sample rather than just orstiéace. Extremely thin samples are
required for TEM to provide useful information; electrons passing through a thick sample will interact
with many bonds, making it difficult or impossible to decipher the actual structure. The resolution of
TEM approachetenths of nanometerander ideal conditions, but imore oftenbetween 1 and 100
nanometerg77].

Atomic Force Microscopy

Atomic force microscopy (AFM) provides information about the surface structure of a sample by moving
a cantilevered tip across the surface. A laser is focused on the back of the cantilever, which reflects the
laser to a light detecting mechanism. Topography can be measured by dragging the tip, since the
deflectionof the cantilever will change when the specimen surfaeghtchanges. If the tip is tapped

on the surface of the sample, regions which are relagigelfter or harder can be resolved by

interpreting the elastic and inelastic response of the material surface to the sinusoidal tapping input
[77].

Thermal Analysis

Material properties can be strongly affected by temperature because of the changes in morphology at
various temperatures. A material may be crystallimesemicrystaline at a low temperature but

become amorphouspon heating as the crystallites melt. Additionally, an increase in temperature
increases the free volume in a material. If the temperature is high enough to allowdogg segmental
motion in a polymer, thenagnitude and time dependence of the material properties are significantly
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affected. Performing thermal analysis on PEM materials in the range of potential fuel cell operating
temperatures can provide valuable information about how morphology varies eitiperature.

Digital scanning calorimetry (DSC) provides information about sample morphology by measuring the
amount of energy it takes to increase the temperature of a sample. Melting, for example, of crystalline
regions, is a constastemperature processalthough this effect may be convoluted in setnystalline
materials because of the differing response of the crystalline and amorphous reBimisdsof a
temperature sweepexperimentduring which the sample is absorbing energy rather than incredsing
temperature may indicate a decrease in ordecipstallineregions DSC can also give information about
the glass transition temperature and other thermal transitions which occur within a maférigl

During a thermal gravimetric analysis (TGA) experiment, the mass of a sample is monitored during
heating. Mass lossan indicateremoval of residual solvent or water, or may impigterial loss as bonds
within the material break. A mass spectrometer can be used to analyze the contents of the gas coming
off the sample during the temperature sweep and identify which composehthe sample degrade at
various temperature§77].

Application to PFCB/PVDF Blend

Many of the techniques just discussed were applied to the PFCB/PVDF material to investigate the
morphology of the blend andotentiallinks between changes in morphology and mechanical properties
that result from hygrothermal treatmentsT hisrelationship is of interest because if certain

hygrothermal treatments affect the morphology in a way that negatively impacts the mechanical
properties, these environments should be avoided not only during fuel cell operation, but also during
mechanical caracterization experiments, such as those performed in the present.work

For instance, SAX experiments demonstrated phase sepatationgh the materiabn the order of

tensof nanometers which dependeash processing procedurgd?2], [78]. NMR studies indicatethe
diffusion of water throughhe blend is comparable to that observed in Nafid2]. Infrared
spectroscopyshowed that there is increasgzhase separation in the blend after extended periods (>8
hours) of immersion in high temperature (> 80°C) liquid wi2t. SEM imagesf such immersion

treated specimens showed development of surface defects, and TEM images indicate growth of ionic
aggregates within the material as a function of treatment tif#2]. AFM experiments demonstrated
phase separation on the surface of samples, much like SAX found within the s§r8pIESC

experiments indicated blend compatibility and also suggested that PVDF crystallinity increased with
temperature of liquid water in which the samples were immersed, and TGA was used to confirm water
uptake measurementperformed in another instrumen?2].

The key finding from these morphology studies which redadehe present work is the development
phase separation. As the PFCB and PVDF phases separate, proton conductivity deurddkesefore

fuel cell performance dropdn order to characterize the PFCB/PVDF membrane in the state it would be
used in an operating fuel cell, environments kmote accelerate phase separatifire., immersion in

water warmer than 80°C for extended time periodsre avoided during experiments in the present
work.
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2.3.3. Mechanical

Durability issues with PEM materials make mechanical properties an important faceralogding new
membranes. Both thinning and cracking are relevant PEM failure modes, so the properties related to
these should be considered. The effect of environmental conditions on material expansion and material
properties is also important to quantiffExperimental techniques for measuring these characteristics are
discussed below.

Viscoelastic Properties

As mentioned previously, PEM materials have time dependent or viscoelastic mechanical properties.
Experiments to measure these properties fall int@teategories: those under a constant load are called
static tests, and those under a sinusoidal oscillation are called dynamic tests. Both are usually performed
with loading in a single direction, such as a simple tension test, although biaxial loadisoansedul to

consider because a PEM is biaxially constrained during fuel cell operation.

Creep and relaxation are both examples of static experiments. During a uniaxial creep test, a sample is
held in grips at the top and bottom and subjected to a constarce (or stress) and the deformation of

the sample is measured over time. The creep compliance of a material is defined as the ratio of time
dependent strain to the constant applied stress. A relaxation test records the force (or stress) required
to hold a sample at a constant deformation with time. The relaxation modulus determined from this
experiment is the ratio of timelependent stress to the constant applied str§d].

Dynamic experiments may be force or displacement controlled. During a dynamic uniaxial tension
experiment, for example, thapplied force oscillates betweeanaximum and minimurvaluesat a

constant frequeng whiledistance between the driven grifis recorded. In an elastic material, the force
would track with the displacement instantaneously because all of the energy is stored. In a viscoelastic
material, however, some of the energy is dissipated, so tieeelag in thelisplacementresponse of

the sample. Thidisplacemat response is characterized by a storage modulus and a loss modulus, with
the ratio of loss to storage modulus giving the phase angle between the displacement input and force
response. The magnitudes of the loss and storage moduli vary with the osciftatiprency just as the
relaxation modulus and creep compliance vary with ti3ig.

Biaxial experiments are less common thanaxial experiments on PEMs. Two methods that have been
reported in literature are a flat specimen and a blister or bulge specimen. A flat specimen is gripped on
each edge and the force (displacement) of each edge is controlled while the displacementigforce)
measured. Specimens used for this technique may be cirt81{80], [81], squareg82], rectangular

[82], or cruciformshaped[83]. A blisteror bulgespecimen is initially flat and constrained at all eddes.
some cases, pressure differential is applied across the specimen and the resulting deformation is
measured, often opticallyOther blister or bulge expaments applydeformation by contact, for

instance, with a hemispherical probe, and measure the force required to produce deformBiidge or
blister specimens are typically squares, rectangles, or circles.
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Strength

Some PEM materials fail during opeaait as a result of cracks, which initiate at pinholes or other point
defects, propagating through the membrane. This increases the area through which hydrogen may
permeate the membrane and react directly with the oxygen. Thus, understanding the crackjatiopa
behavior in PEMs is a usefabl for durability comparison.

The doubleedge notch test, trouser tear test and knife slit test have been used to measure fracture
energy in PEME84]. This is a material property which quantifies the amount of energy required for a
crack to propagate through a material. Li, et al found that the regionastigl deformation was

minimized in the knife slit test, so this experiment gave the best estimate of intrinsic fracture energy and
therefore was the most useful. In a knife slit experiment, a strip of membrane isqiohed and loaded

so that a sharp blaalis directly in line with the cut. The knife is then driven through the material at a
controlled rate and the force applied on the knife by the material during cutting is measured. Fracture
energy can be calculated from the force measureniéai, [85], [86].

The blister test mentioned previously has also been useddudy the fracture mechanics of PEMs under
biaxial loading conditions. It has been observed that the rate of pressure loading influences the failure
mechanism in blister experiments on PEMs. Slow ramp rates, constant applied pressures or fatigue tests
tend to fail through small pinholes which develop in the membrane over time. However, fast ramp rates
often cause failure through the bursting of the membrane, which is a fraattiven mechanismGrohs,

et al.[80] andDillad, et al.[87] have reported the bursting behavior of PEMs in blister experiments.

Environmental Response

The environment in which a PEM is operating has significant influence on its properties and behavior.
For this reason, experiments which ailmdetermine mechanical properties of PEMs, such as those
discussed above, are often performed over a range of environmental conditions relevant to fuel cell
operation. Also,ike all materials, PEMs experience thermal expansion with temperature increases;
hygral expansion component is also present and is often more significant than the thermal expansion
[31], [88]. The thermal and hygral expansion are typically characterized by loading a uniaxial specimen of
known dimensions at a reference environmental conditimer minimakension and varying the
environment. After allowing time for equilibration in the new enoviment, the new length of the

specimen aminimalstress is measured. The difference in length is then attributed to the expansion or
contraction of the material based on the change in environmental condif#2is[89]. Other

researchers measure the change in thickness of the specimen at different environmental conditions and
use this dimensional change to calculate expansion coefficj@@isExperiments indicate that PEMs

often have greater expansion coefficients throyglane than inplane[31], [88]. Some literature

addresses the anisotropy of hygral expansion when conducting simulations of thptargdhhmembrane
behavior[91]. However many studies are only interested in theptane membrane behavior, so these

often assume isotropic swellirj§9], [92].

The thermal and hygral expansion of the PFCB/PVDF membrane were characterized using the first
technique, which givem-plane expansion properties because it relies on a length measuref2ht
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For this material, the hygral expansion is far more sicpaifi than the thermal expansion in the range of
fuel cell operation (3®0°C, 880%RH).

2.4. Constitutive Equations

The information gathered through experiments on PEMs is afsad to develoa numerical modedbf
material behavior This model will then be udego simulate the behavior of the PEM under conditions
that were not tested experimentally but are of interest to the researcher. The equations which relate
factors such as environment and mechanical loads to material response are known as constitutive
expressions or constitutive models. The wide variety of behaviors exhibited by €tiiks

dependence, permanent strain, hygral expansion,cgdtave led to the development of a large collection
of constitutive equations. A few of these are discussed below.

2.4.1. General Categories

Constitutive equations can be classified into many categofieseful way to categorize them is based

on the material behaviors they can express. An elastic constitutive equation will always predict that a
material returns to its initihdimensions after the removal of an applied load, while an inelastic equation
predicts nonrecoverable deformation. Some equations assume a linear relationship between inputs and
outputs over the full range of operation, while others are able to captargous forms of nodinearity.
Finally, the time dependence of mechanical properties of PEMs and the impact of that dependence on
material failure leads some researchers to include time dependent properties in their constitutive
equations.

2.4.2. Survey of Constitutive Equations Useful for PEMs

Perhaps the most basic constitutive equation is that for a linear, elastic spring. This equation relates the
strain- of a spring to thestress, required to maintain that deformation with a constaotefficientO,

as shown irEquation2-1. A linear elastic constitutive model for a PEM takes a similar form, using a
constant modulus, E, to relate stress and strain. Althoughtbdulus may be a function of

temperature or relative humidity, it does not depend on stress, strain or time for a linear elastic
material. Tang, et al. used a linear elastic constitutive equation to describe the response of Nafion in a
numerical investigéon of fuel cell behaviof33].

. O- 21

Later experimental work by the same research group indicated that significant permanent strain
occurred in Nafion samples during testing under fuel cell condi{@8f They furher concluded that

the permanent strain could be expressed by a linear elastic/perfectly plastic constitutive eqj8&]on

This expression assumes all strain is linear elastic up to a specific value of stress, the yield stress. Once
the stress state in the material reaches the yield stress, permanent or plastit ls&gins to develop in
addition to the elastic strain. The plastic strain is a function only of the instantaneous value of stress and
not the stress history. Additionally, for a perfectly plastic constitutive expression, the material response
does not exibit any hardening; each stress increment beyond yield has the same relative effect. A later
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publication included isotropic hardening in the constitutive equation to more accurately express the
mechanical response of Nafi¢@l].

These analyses ateseful in exploring mechanical response of PEM materials, but various research
groups have shown significant time dependence in the mechanical properties of PEM m§dgrjald,

[42], [89], [94], so constitutive expressions which incorporate time or rate effects are also frequently
used. One method for expressing time dependent material properties is the Prony series. This equation
expresses the variation of a material property through time by summing a series or parallel arrangement
of springs and dashpots. The springs represent elastic deformation, while the dashpots represent
deformation during which energy is dissipat@iscousor inelastic) A spring and a dashpot in parallel

with each other result in deformation which is time dependent, because of the dashpot, but

recoverable, because of the spring. The ratio of the dashpot visZosttytlae spring constantE,is
OFrft SR GKS OKINI}OGSNrRaidAO G4AYS 2F (GKS O2Y0AYySR
element relaxes. By placing such combined elements in series and/or parallel, materials with multiple
characteristic times can be modeled. For instgramnsider the threeelement mechanical analog of the
VoigtKelvin viscoelastic solid Figure2-2.
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] ﬂ“j}nz — o

Ny
Figure2-2. Mechanical analog of a Voigtelvin solid under creep load.

The material irfFigure2-2 is a solid because there are no free dashpots, so the analog will return to its
original length if the applied stress is removed. Because the elements are in series, all elements
experience the same stress and the total strain response is the sum of the strains in the individual
elements. For materials with time dependent propertiexler time varying loads, a convolution

integral is used to properly capture the material response. Thus, the constitutive equation for the Voigt

Kelvin solid takes the form &quation2-2> Ay GKAOK ~ A& | RdzyYyYé @I NRARI 0O

_ (‘) 'O (‘) ” " ” 'Q ”
2-2

In this equation, D(t) is the total creep compliance, which is the sum of the comptidiatieelements.
For the VoigiKelvin solid, the totbcompliance takes the form ofjfation2-3, in which E is the modulus

F3a20AF0SR ¢6A0GK SIOK ALINAY3I YR _ Aa GKS OKI NI O

the dashpot viscosityto E This expression is a Pronyies and is a convenient and popular way to
express material properties associated with viscoelastic materials.
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The timetemperaturesuperpositionprindple (TTSP), as discussed earlier, can be used with a Prony

series to incorporate temperature effects into the material properties. With a Prony seriess this
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implementedby using a variable which is a function of temperature, called the thermal stiifirfay, to
multiplicatively change the relaxation timdéthe material is thermorheologically simple, that is, a
temperature change has the same effect on all time dependent aspects of a materialhthearhe

shift factor is applied to all elementsrfa specified temperature. An analysis which employs TTSP might
express theatal compliance in the form ofgbiation 2-4. Moisture effects may be included in a simila
manner, expressing the shift factor as a function of moisture rather than, or in addition to, temperature.

b QGR” L Y
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The Prony series and convolution integral technique has been successfully used to model the behavior
of PEM materials in both uniaxjdll] and biaxial configurationg9]. One drawback to this technique is

that it is only able to capture linear stresgain behavior; that is, regions of material response where

the material properties are independent of stress and strain. For PEMdrequently found that the

operating conditions extend into the region of néinear material response. For instance, Silberstein

[89] shows that Nafion becomes ndimear at less than 5% strain in uniaxial tensile tests for a range of
humidities, temperatures, and strain rates. The yield stress which corresponds to the onset of non
linearity ranges from less than 1 MPa when immerseédanK S G SR 2 wmnne/ (2 w™mH
temperature. A PEM which is biaxially constrained and subjected to RH cycles similar to fuel cell
conditions has been demonstrated to develop strains up to 9% and stress up to 4 MPa for an RH change
of 40%[3]. This clearly sugges that including no#linear effects in a constitutive equation for PEM

modeling may be essential for reasonable simulation results.

One way to include notinearity in a time dependent constitutive equation is to modify the elements in
the Prony seriesat be dependent on the stress or strain state. Schaf@sydeveloped a constitutive
equation of this form with nodinear parameters related to instantaneous elastic respofi@g, time
dependent elastic respongi&), the rate of loadin@'Q) and the effect of the stress or strain state on
the characteristic relaxation times of the materfal ). The integral form of this equation is shown in
Equation2-5, and further discussion of the parameters is performed in the Analytical Techniques
chapter.
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The Schapery nelinear viscoelastic constitutive equation has been used to model the response of
many polymeric materials, including polyester fibf@8], polyethyleng97], polyisobutylend95],
polypropyleng98] and PMMA[99]. Values for the nofinear parameters in the Schapery model are
typically determined from twestep static lad experiments (creep or stress relaxation) in order to
simpify the convolution integral, but the model is applicablectmtinuouslyarying loads.
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Some literature reports extensions to the Schapery model in which the authors add a term to capture

time dependent inelastic behavior which cannot be captured by the-liveear parameters in the

Schapery modefor instance, by including a linear dashpot term in the Prony seftes additional

terms are called various names; in this document, they will BB NS R (2 | & WA aO02LIX I ad
time dependent behavior resulting in neecoverable strairior which the nonrlinearity is not captured

by the viscoelastic constitutive expression

For instancel.ai and Bakkdgd.00] used the Schapery equation to express thetiagar viscoelastic

behavior and an equation with both stress and time dependence to express the viscoplastic behavior of
high density polyethylene. Zapas and Crissfd@i] perform a similar analysis on ulttagh molecular

weight polyethylene, althougthe form of their viscoplastic equatiadiffers from that of Lai and Bakker.

Another example of a nalinear viscoelastic and viscoplastic constitutive equation is fouff@dih This
equation models the material behavior with two parallel mecisams; one governs time independent
(elastieplastic) behavior and the other expresses the observed time dependent (el&stamus)

behavior. The elastiplastic behavior is expressed through an elastic spring constant and isotropic strain
hardening basedn equivalent plastic strain. The elastic viscous behavior has a separate spring constant
and time dependent plasticity through the Nortétoff rate law.

One thing the Schapetlyased equations have in common with that of Khaff#d] is that they both

assume deformations are small: in order to sum the strain components, this assumption must hold. For
the general case, the multiplicative decomposition theory in continuuacimanics dictates that the
strainrate tensors, rather than the strain tensors, be summed for the basis of the analysis.

Constitutive equations originally developed to capture the large deformations in elastomers are

consistent with continuum mechanics andpable of expressing ndimear viscoelastic behavior.
Kusogly102]examines the applicability of two such constitutiguationsto Nafion immersedn liquid

gl GSN ¢KSe& 02y Of dzZRSR { KI ([108]@diGeyd OriorezadcciNdteA y Sy SNHE@
approximation of the material behavior than the MoonrByvlin theory[104], [105]. While the results for
immersed Nafion were encouraging, the authors noted that neither model was able to express the

behavior ofmembranes equilibrated in vapor.

The work of Silberstein is also consistent with continuum mechanics at large stradremriBtitutive
equationemployed by Silbersteiis an extension of the Arruda and Boyce mddéb6] and assumes two
mechanisms are responsible for deformation. One mechanism expresses the intermolecular interactions
occurring in the polymer and the other captures behavior due to alignmenteofitblecular network.

The response of Nafion has been successfully captured in both uf@®iahd biaxia[83] tests with

this model,and the model has further been implemented in a finite element program to investigate the
behavior of Nafior§83], [107].

Due to the interest in using finite element analy/§FEA) to simulate fuel cell operation, several research
groups have selected constitutive equations which are available in standard finite element packages. For
instance, Sola$92] selected a twdayer viscoplastic model available in the commercial software

ABAQUS to model the behavior of Nafion over a range of temperatures and hydration levels. With this
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model they were able to predict the respse of Nafion in stress relaxation and strain ramp
experiments.

Additional examples of nolinear viscoelastic viscoplastic constitutive equations include those of
Drozdov[108-112], Yoon113]and Zhandl14]. These equations have not been applied directly to PEM
materials, but are similar in form to the equations just discussed and could also be useful in numerical
analysis of PEM materials.

2.5. Finite Element M odels

Constitutive models can be used independently to calculate material response to uniform loading
conditions in the absence of geometric effects. However, if the effects of sample geometry-or non
uniform or dynamic loading conditions are of interesthore advanced technique is needed to address
these factors. One popular technique is the use of finite element models. In a finite element model, a
geometric representation of a system is developed in one, two or three dimensions. Constitutive
properties are assigned to the material comprising the model and boundary conditions, and loads are
applied. The model is usually discretized into a number of subdomains and the forces, displacements,
etc., at all subdomains are determined through an iteratiokigon. This type of analysis gives the
researcher insight into gradients that occur within a system due toungform sample geometries and
load applications.

2.5.1. Survey of FEAModels Used for Fuel Cells

Many researchers have used finite element modelsttaly the response of PEM materials to fuel cell
like conditions. For instance, Tang, ef2R], used a 2D finite element model to explore the effect of

gas channel alignment on the stresses in Nafion during temperature and moisture chahgems
channels constrain the membrane eof-plane, and they may be assembled so that the grooves and
surfaces alternate or align. Analysis showed that hygroth#yndlaiven stresses in the membrane were
slightly lower when the gas channels were aligned than when they were alternating. In other words, if
the membrane was pinched on both sides (between the lands of the bipolar plates), the stresses were
smaller thanif the membrane was able to swell into the channel on one side. A later study with a 3D
model showed that hygrothermal cycling induces residual tensile stresses in the dried membrane,
supporting the theory that residual tensile stresses cause membranaitty over many fuel cell cycles
[115]. The constitutive model for these studies accounted for thermal and hygral effects on strain and
material properties, but did not include time dependence of the constitutive propertiéiseofaterial.

Lai, et al[31] also accounted fothermal and hygral strain in their model, but in addition considered
time-dependence of material properties, as determined by creep experiments. They also used TTMSP to
express thermal and hygral effects on the material properties. A linear viscoelassititutive model

was used to predict the transient response of a Nafion PEM constraif@dneduring hygrothermal

cycling. Like Tang, et fl15], these authors found that increasing moisture in a constrained membrane
induces compressive stresses and that subsequent drying leaves residual tensile stresses.

Nafion was also modeled as a tglayer viscoelastic/viscoplastic material by Solasi, @2l With this
constitutive definition, they found reasonable agreement with strain ramp and stress relaxation
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experiments at several environmental conditions, although the environment was held constant through
the duration of each test.

Silberstein and Boyd89] developed and validated an elastitscoplastic costitutive model for Nafion
implemented in a finite element program. Although hygral and thermal expansion were included, the
material properties were independent of environmental conditions. Validation experiments were
performed for membranes under botimiaxial and biaxial tensile loading conditions and the validated
finite element model was used to examine several loading conditions. For example, the response of a
membrane constrained in a fuel cell stack was examined for hygrothermal dyjdirlgand the stress
distributions and yield behavior in a biaxially constrained cruciform sample iwegstigated83].

A model which is applicable for both uniaxial and multiaxial lpadsh as that demonsited by
Silberstein, et al107]is highly desirable in the development of PEM materlal®rderto develop such

a model, the behavior of the PEM should be experiméyialestigated. A constitutive expression can
then be selected to express key material behaviors observed in the experildsniemonstrated in the
literature review, these behaviors include time, temperature and moisture dependent properties and
non-linear mechanical stresses and strains arising from changes in the hygrothermal conditions
surrounding a constrained PEM. Previous work by the GM/VT research group characterized some of
these behaviors in the linear viscoelastic redib?] and the present work is focused on extending that
work to apply to noHinear stresses, such as the PFCB/PVDF blend would experience during fuel cell
operdion.

Uniaxial experimenta/ere used to characterize the linear viscoelastic response of the PFCB/PVDF blend
and are useful for the extension to ndinear analysis because thaye simple to conduct and analyze.
However, the actual operating conditionfa PEM involve multiaxial constraints and deformations, so a
constitutive model should also be validated against multiaxial experim&htsgoal of the present work

is to develop a constitutive expression for the PFCB/PVDF behavior from uniaxial exgpesirhich is

also applicable to biaxial loads. That applicability will be investigated by implementing the constitutive
expression in a finite element model and comparing model simulations with experimewndsious
environmental conditions.
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3. Experimental Techniques

3.1. Material Description and Preparation
The material used for this research ipa@ymerblendconsisting of 70 wt% sulfonated
perfluorocyclobutane copolymer (PFCB) and 30 wt% polyvinylidene fluoride (PV&dcitsed ir[73].
The membrane was prepared by General Motors Compaing acommercial casting system by
depositing a solution of the PFCB/PVDF suspended in DMAC @fliacoatedKapton sheetsThe
nominal thickness of the resulting shedtF Y | (i S NAResiduaksalvemwas remévedrom the
specimen prior to pdorming mechanical experiments by clampsigall sheets of membraria a
Teflon frame and submerging the clampedshéet§ pnes/ RSA2Y AT SR 61 GSNJ F2NJ i
from the water bath, residual water droplets on the specimens were removed by lightly dabbing with
Kimwipes and the material, still clamped in the frame, was left to dry at room conditions.

Significant tensile stress developed in the membrane during thisglprocess. To release these

stresses, each individual specimen was subjected to a hygrothermal pretreatment before performing
mechanical experimentsn this pretreatment, KS a LISOAYSY 41 & FANBRIG KSFGSR |
wrwl Yy R KSt Rforltvio hoars. The temperaitirewas then ramped down to the intended
G§SadAy3 GSYLISNI GdzNB | { subsequentifraiséd td tieRnteddgdestitgizy A RA G & &
humidity at approximately 1%RH/min. The testing conditions were maintained for two hours prior to
0SIAYYAYT GKS SELISNAYSYy(iod® az28i SELSNAYSyi(ia 6SNB LI
profile for this condition is idaded inFigure3-1 as an example.
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Figure3-1. Environmental pretreatment process.

3.2. Uniaxial Characterization Experiments

The PFCB/PVDF blend was characterized in uniaxial tension in a TA Instruments DMA @800 with

humidity accessoryQeep and recovery tests, in which the samats subjected to a constant stress

(creep) followed by a period of negligible strésescovery) were performed on tensile specimens at

Tnel 3 temperawreTcontrolwaz 05/ YR NBf I (A OS+FBNThRAGE 02y (NP
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specimens were prepared from sheets of matewaich had been through the submersion treatment
by cutting with a rie diesuppliedby General Motors. The resulting specimen geometry is illustrated in
Figure3-2. The distance between the grips is approximatelym®. When loaded ithe DMA, the
samples were gripped so that the portion of the sample between the gdpsisted othree parallel

strips each 3 mm widgas indicated ifrigure3-2. This geometry maintains an aspect ratio and gauge
length appropriate for DMA tensile testing while increasing the effective sample-seatisnal area

(and hence the required force) by acfar of three, thus reducing the significance of the experimental
uncertainty in the force measurement.

top grip

3 mm
/
K/ 7

12 mm

bottom grip

Figure3-2. Sample geometry for DMA experiments.

Experimental work by Li, et 48] demonstrated that Nafion develops$rains up to 9% (corresponding to
n atl adiNB’aao F2NJ wl OKIFy3aSa 2F nmg> 0 [Meis/ @
demonstrated thatensile stresses due to hygrothermal cycling approacMP@, so characterizain
experimentson the PFCB/PVDF blewere attempted at creep stresses of up to MPa. Creep times of
20 minutes and 200 minutes were imposed; recovery times were ten times longer than the imposed
creep time.The force applied during recovery for all gpegiresses was 0.0, which corresponds to

an engineering stress of @@MPa. This value was sufficiently large to prevent the specimen from
buckling but small enough that further creep was negligible.

It was discovered that the tensile specimens eldadaguickly during long duration experiments at high
stress such that the stroke limit of the DMA was reached prior tdritended completiorof the
experiment. This limited the range of stressexl loading timesinder which creep experiments were
performed. Table3-1 shows stresses and times for the creep recovery experiments which were
ultimately performed for characterization. Five replicates at each conditior wested to characterize
the experimental uncertainty in the data.
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Table3-1. Experimental matrix for uniaxial characterization.

Creep Stress, MPgq Creep Time, min| Recovery Time, min
0.5 20 200
0.5 200 2000
2 20 200
2 200 2000
4 20 200
4 200 2000
6 20 200
6 50 500
8 20 200

3.3.  Uniaxial Validation Experiments

O9ELISNAYSyi(Ga F2NI OFtARFGAY3T GKS dzyAFEALFf Y2RSt
tensile specimens with the geometry illustratedrigure3-2. All specimens were subjected to the
hygrothermalpretreatment illustrated inFigure3-1 directly before the mechanical experiment. Three
types of experiments were performed: stress relaxation, force ramp, and multiple step creep and
recovery. Stress relaxation experiments, inieththe specimen is stretched to a fixed length and the
stress required to maintain that length are measured, were performed at elongations equivalent to
0.5%, 1.0%, and 3.0% strain. Additionally, force ramp experiments at rates ®/énd1, 0.1N/min, and
1.0N/min were performed. Multiple step creep experiments with the force profilestratedin Figure
336 SNB I fa2 O2yRdz0OGSR® Leye wérkfse 200MiBute XofcSapiidcationsS R
corresponding to engineering stresses of BlBa, 7.0MPa, 4.0MPa and 5.0MPa, followed by a
recovery period of 200 minutes under an engineering stress of M (a negligible load intended to
prevent buckliny The second profile, MultiB, consisted of 20 minute applications dfIP&, 5.0MPa,

4.0MPa and 7.0MPa, followed by the same recovery period. The order of the stress steps was different

between these two experiments to verify that the model was ableapture the behavior of the
material after a large stress loading period.
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Figure3-3. Multistep force profile for uniaxial validation experiments.

3.4. Digital Image Correlation

The mechanical experimentiscussed above determine strain only in the axial direction of a sample,

and the value reported is an average across the whole sample since only the displacement at the grips is
known. For some applications, it is desirable to know the distribution afrstracross the surface of the
sample and/or strains in the transverse direction. In other applications, the experimental setup does not
lend itself to the use of a physical (contact) extensometer. For these situations, digital image correlation
(DIC) is aiseful tool for measuring strain.

The DIC system used for this research was purchased from Trilion Quality Systems. It consists of two
cameras, each Rlegapixels, and the hardware necessary to have them collect images simultaneously.
The cameras have 50m8thneider Kreuznach lenses. The software used to process the images is
Aramis v6.0.2.1117]. The following paragraphs briefly outline the operating principles of this DIC
system.

The physical configuration of the DIC components is illustrat&igure3-4. The two cameras are
positioned some distance from the sample and angled so that they observe the same location on the
sample surface. Both cameras record images simultaneously as the sample deforms. Apatidom
applied to the sample prior to testing makes it possible for the software to track deformations on the
sample surface, since the pattern moves with the surface during deformatiorofguidane deformation
within the depth of the measuring volumertde determined with this technique because two cameras
are being used.
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Figure3-4. General configuration of sample and cameras for the digital image correlation (DIC) system.

The system configuration (dastce from sample and between the cameras) can be adjusted to increase
or decrease the field of view the system is able to resolve on the sample surface. Custom calibration
panels are available to calibrate the system for various configurations. The saffeaeh panel has an
extremely precise spot pattern; the size of and distance between the spots-todesl into the

software. After the proper panel is selected for the desired system configuratiorinitiged at specific
distances and orientationsh&se images are processed along with the-poded information to

properly correlate movement of features in the images to the actual displacement occurring on the
sample surface.

Rather than having to apply a specific spot pattern to all samples, amapdttern of speckles is

applied to the sample surface. The necessary speckle size and density varies with the desired field of
view and the resolution of the cameras. Generally, the speckles should cGveixBls in the images

and there should be enougtpace between them that they are distinct from each othfespeckle

pattern of black ink (Higgins Waterproof Black Magic) was airbrushed onto the surface of the samples
for the cameras to resolve the motion of the sample. This is a wadeed ink with o solvents in the
mixture to avoid degrading the samples. DMA experiments showed that the ink did not significantly
affect the mechanical properties of the samples.

As the sampleleforms, the speckles shift locatiofrem image to image. Deformations onetlsample

ddzNF I OS I NB RSGSNX¥YAYSR o0& RSTAYAY3I 3INRdzJA 2F LIAES
undeformed sample. The software tracks the movement of the speckles from one image to the next and
changes the size and shape of the associaedtfaccordingly. The location of each facet is reported as

GKS t20FiA2y AdGa OSYGSNIr (GKAa t20FdA2y Aa OFffSR
correlated in both the left and right images taiaerdefined toleranceusually of 4 pixels.
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The number of pixels in a facet (facet size) and extent of overlap with neighboring facets (facet step)
can be adjusted. Larger facets and smaller step sizes improve accuracy but increase the time it takes to
track facets through the whole inge series because more pixels are included in each calculation, and
more calculations are performed since the facets overlap. Smaller facets and larger facet steps have the
opposite effect.

Strain is calculated from the changing facet field. A singlénstiadue is calculated from a collection of

measuring points, similar to the way a measuring point is calculated from a collection of speckles. The
YdzYo SN 2F YSIFadz2NAy3a LRAYydGa dzaSR Ay GKS adNI Ay OFf
Increasng the computation size increases the number of measuring points used in the strain calculation,
effectively averaging the strain over a larger area. A single strain value is reported at the center of each
computation domain. Again, this is analogous te #fingle measuring point reported for each facet.

Thetheoreticalresolution of a displacement measurement using DIC is a function of the camera

resolution and field of viewror example, the Blegapixels cameras used in this analysis result in images

which are 1600x1280 pixels. Fora10&6& FASt R 2F @GASg> GKAAa GNryatlaSa
coordinates of the center of a facet are determined within 0.04 pixels, this translatethemeetical

RAALI F OSYSy (i NBazftdziaz2y 2F nodup >YO

Thetheoreticalresolution of the strains reported by the DIC is a function of the facet step and
computation size used for an analysis. The facet step controls the distance between measuring points
while the computation size controls how many adjacent points are incliugéte strain calculation for

a particular facet. Thus, increasing the facet step and increasing the computation size both increase the
length of the effective strain gauge. Again, consider the 2M cameras and ant@xigld of view. The

default facet st@ of 13 pixels results yn M ® H petweeri each measuring point. The default

computation size of 3 indicates that one point on each side of the facet is used for calculating the strain
in that facet. The locatisof the outer measuring points, which deéirthe length of the strain gauge,

I NB 1y26y (2 6AGKAY ndnn LAEStAT 2N ndup >Yd CNRY
these points is known to be 26 pixels in the undeformed state. For an experiment with strains on the
order of 1%, theéheoreticaluncertainty in the strain calculation is therefore 0.4%.

Unfortunately, experimental conditions are rarely perfect, and therefore it is useful to have a measure

of the actual displacement uncertainty, in addition to the theoretical uncertainty.aeal uncertainty

may be measured for any experiment by taking two (or more) pairs of images of the test specimen

without applying any loads or deformations in between the time the images were taken. Theoretically,

the pictures would be exactly identicahd the deformation in the second pair of images, as referenced

G2 GKS FANRG LIANE ¢2ddZ R 6S TSNR® 2KSy f221Ay3 I
in the second pair of images gives a measurement of the actual displacement uncertaisity. T

procedure was performed for the experiments &l to obtain such a measurement. The approximate
displacement uncertainty obtained by this method was averaged over the surface of the sample and is
NELRZNISR 6St26 | & (K Shethdreticiasdluridhand systemyéchfigdrdiond f 2 2 ND @
are alsoreported below in the sections detailirgach ofthe experimental procedures which use DIC.
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The tensile experiments described above characterize the uniaxial mechamipattyr(creep

compliance or relaxation modulus) of the membrane in a single dimension. In a fuel cell, the PEM is

biaxially constrained. In order to make predictions of thsiim mechanical behavior of a PEM, a

constitutive model should be applicabletaultiaxial loading conditions. One way to perform multiaxial
simulations is to assume that the material has isotropic mechanical properties and use the material
properties measured in uniaxial experiments in all material directions during a simulatiooltiaxial

simulations out-of-planemechanical effects must be accounted for, so in addition to the uniaxial

LINR LISNIi & Ff NSFRe YSFadiNBRX SAGKSNI GKS odzZf { LINE LIS N.
specified For viscoelastic materials, tieA YS RSLISY RSy OS 2F (GKS t2A3daz2yQa
also be addressed.

Previously, th&cM/VTresearch group has assumed a constant bulk modulus and an initial elastic value

F2NI t2A3a482yQa8a NI GA2X GKSyY dza S RenidhkSastlctohdtahtd& G NI ya¥
FaaAdy GAYS RSLISYRSyOS (2 t2raaazyQa NIGA2z2 O2yarai
(relaxation modulus or creep compliang8p]. (For further explanation, please see the developmnef

the multiaxial constitutive expressions in ChapterThijs approach is common in the literatdel 8].

| 26 SOSNE Ay Of dzZRAY3 GKS I Oldz-tf YF3IyAiddzRS theyR GAYS
O2yaidAildzia @S Y2RStx a2 SELISNAYSyida 6SNB LISNF2NYSR
blendt 2A 842y Qa NI} GA2 A& RSTAYSR |4 GKS NIGA2Z2Z 2F I EAI
materials the data reduction is greatly simplifig the axial strain is constant throughout the
SELISNAYSYi(lod ¢Kdzax &a0GNB&aa NBfFIEIFIGAZ2Y SELSNAYSyi(ia ¢
specifically in the region of linear mechanical response, so small strainapgied (During analysis in

the nonlinear region it is assumed that all rdinearity is expressed by the shear and bulk properties,

a2 t2Aaa2yQa NIYXGA2 NBYFAya AYRSLISYRSydG 27F FLILX ASR

An Instron (model 5800) with small pneumatic grips was used to apply the axialiertehsmperature
and relative humidity were controlled by an environmental chamber developédirse; temperature
controlwast n ®p s/ | YR NBf I (A &3%RKIAXIA &hd tiadsvee sfraind®dre ¢ I a
measured by a Trilion digital image correlati@C) system through a doubpane glass window in the
door of the environmental chamber. This experimental apparatus is showigime3-5.
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Figure3-5¢0 LY aidNBYyZ SY@ANRYYSydlt OKFIYOSNE |yR 5L/ aeéadasSy dzasSR G2

Prior to testing, all samples were subjected to the water bath and hygrothermal pretreatment described
previously. After beig loaded into the environmental chamber in the Instron, samples were allowed to
SldAt AN S 6AGK GKS Tne/ 3 omxizwl GSadAy3 O2yRAGA?Z2
rectangular geometry, 9mm wide and approximately 40mm long. Stress relaxatisratesbout 1%

strain were conducted for 30 minutes, during which time the DIC system imaged the specimen at

discreet intervalsimages were taken at a rate that decreased with the length of test time so that more

images were recorded frequently early iretexperiment (max frame rate: two images per second) but
increasingly farther apart as the experiment progressed (minimum frame rate: one image per minute).

The Aramis software within the DIC system was used to compute strains on the surface of the specime
Table3-2RSGlFAfa GKS 5L/ O2yFAAdz2NI GA2y F2NJ GKS t2Aaazy

Table3-2. DIC configurationfot 2 A 842y Q& NI GA2 SELISNAYSyGao

Feature Dimension
Distance from sample 560mm
Distance between cameras 250mm

Field of view 65mm x48 mm
Depth of measuring volume 4.8mm
Theoreticaldisplacement resolution | 1.5>m
Experimental noise floor 3>m

In initial experiments, a single sample was mounted in the Instron grips inside the environmental
chamber and imaged through the door. However, significant curling was noted in these single layer
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samples. The curling resulted from equilibration with thgh@r moisture content in the environmental

OKI YOSNY ¢KS t2¢ SEGSyaazya NBIddANBR (2 YSI adaNB t
from the sample. Therefore, the DIC measured artificially small strains in the transverse direction. This

led2 @l fdzSa 2F t2Aaa2yQa NIYGA2 S6KAOK oSNB LIKeaAOlf

At larger axial extensions, the single layer samples developed puckers due to geometric instabilities
associated with very thin specimefisl9]. Aaain, this resulted in artificially low measures of transverse
AOGNIAY YR INIATAOAIffE KAIK QFfdzSa 2F t2Aaaz2yQa

To counter these effects, twlayer samples were used for experiments. The two layers were assembled
in the following manner: A rectangarl sheet of membrane was laid on a vacuum plate with the vacuum
turned on. Thin strips of Kapton were used to press wrinkles out of the membrane surface. A second
rectangular sheet of membrane was then laid on top of the first sheet such that the longfakestwo
rectangles were perpendicular to each other. This orientation facilitated removing wrinkles from the
second sheet since the vacuum acted directly on the second sheet at the edges where it did not overlap
the first sheet. Care was taken to ctietindividual sheets such that the machine directions were

aligned in the two layers.

The two sheets were then carefully removed from the vacuum plate and placed in a hot press, where

GKSe ¢6SNB LINBaaSR tA3IKGf & T2 NI dhis stapSnipeoyeiRthe bon8 (i 6 SSy
0SG6SSy GKS G2 aKSSGao {IFYLISa FT2NJ GKlGyet 2A 332y Qa
assembly using a rule die. Experiments with these samples exhibited significantly less curling and

puckering than those conductezh singlelayer specimens.

3.6. Biaxial Validation Experiments

Specimens were tested under biaxial loading using the pressure loaded blister fixture sHeigura

3-6 [120]. In this experiment, a circle of membrane is constdiaround the perimeter such that it has

a free radius of 9.5mm and is pressurized from behind. This results in a bubble orliNestdrape in

the membrane. In the center, away from regions where the edge constraints have an effect, the loading
is equadbiaxial.
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Figure3-6. Left Speckled PFCB/PVDF membraoaded in blister fixture. RightBlister fixture disassembled.

.fA&GSNI SELISNAYSyGa 2y GKS tC/ .kt x5CQonménly R 6 SNB LJ
chamber developed ihouse;temperature controlwagMes / YR NBf I 0 A OS2%REY A RA (@
The samples went through the standard water bath and hygrothermal pretreatment. After being loaded

in the blister fixture, samples were allowed tquelibrate in the environmental chamber for one hour

prior to applying pressure. The environmental chamber used for blister experiments was different than

GKFEG F2N t2A8482y Q& NIFQWeB-7.SELISNAYSYGAaT Al Ad &aK2éy

Figure3-7. Environmental chamber for blister experiments.

A constant pressure ok®g 1kPg 1%P3a or 2kPawas applied fod0 minutes. Each experiment was

performed on a fresh sample. Pressure was controlled with a LabVIEW program also developed in

house, and strains on the surface of the blister were measured through a glass window in the

environmental chamber with the DIC sy in the configuration detailed ifiable3-3® [ A1 S GKS t 2 A
ratio experiments, a speckle pattern with black ink was airbrushed onto the sample.
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Table3-3. DIC configuration for pressus®aded blister experiments.

Feature Dimension
Distance from sample 280mm
Distance between cameras 130mm

Field of view 25mmx 18 mm
Depth of measuring volume 1.4mm
Theoreticaldisplacement resolution | 0.625>m
Experimental noise floor 2>m

Stresses in the central region of the blister were calculated usingathiled pressure vessel theory by
Equation3-1. Pressuref) was measured and recorded by the LabVIEW program mentioned previously.
The radius of curvaturdy( was obtained from the Aramis software by fitting a sphere to the central
region of the deformed blister. fis region is wellit by a sphere for théower threepressure levels used

in this study and the radius of curvature of the sphere fit was not sensitive to the surface area selected
for performing the fit, as long as the regiavith edge effects was excludet@he thicknesg) of each

blister specimen was measured with a Mitutoyo digguge micrometer prior to testing.

n'y 31
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3.7. Uniaxial Experiments at Additional Hygrothe rmal Conditions

All experiments discussed thus far were conducted at constant environmental conditibns T ng / Z
30%RHFuel cells operate at varying temperature and moisture, so a constitutive model should be able
to simulate the response of the PEM to @marying hygrothermal conditions. The influence of
temperature and relative humidity on the linear viscoelastic response has previously been characterized
by Finlay42] with TTMSP hygrothermal shift factors and linear hygral and thermal expansion
coefficients. However, the shift factor experiments were performed in regions where the viscoplastic
response is negligible, so no informatidooat the effect of temperature or relative humidity on
viscoplastic strain was obtained. Therefaiee current work incorporates experiments to investigate

the environmental dependence of the viscoplastic respoii$his analysis assumes that the diorear
viscoelastic parameters are independent of environmdthie validity of this assumption will be
investigated in the Results chaptemhe MultB profile discussed above was used in the DMA Q800 for
these experiments.

To isolate the effect of environment on the viscoelastic and viscoplastic components of response, two
conditions were selected which required no shifting to agree waference condition( n ¢ / % )io /£ w
the linear viscoelastic region. Thus, any discregaretween results would be due entirelyttze
environmental dependence tfie nonlinear viscoelastic or viscoplastic parametéfbe conditions

AAAAA

aSt SOGSR 6SNB pne/ = pprwl YR yne/ 3 mMm:iwl ® ! RRAGA

pne/ I loyR wil fEc /tEprovide mord datdor model development.
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3.8. Uniaxial Experiments at Varying Hygrothermal Conditions

The constitutive model is ultimately intended to predict material response in an operating fuel cell. The
environmental conditions in an operating fuel cell are not constant because the power demands from
the cell change with driving conditiogsacceleraion, deceleration, hills, etd herefore two uniaxial
experiments were performeadh the DMA Q80@t varying hygrothermal conditions to investigate the
applicability of the model to nogonstant hygrothermal conditions.

The firstwas performed under a stig force of 0.1 N. During this test, the relative humidity was held

O2yaidlyd Fd omrwl 6KATS GKS GSYLISNI GdzNB ¢l a OeOfS

fAYSENI @ 7TNEPVYs50mimges YRR (rKnSsyl NIYS BB R o6 bOinued Thasy (0 2
cycle was repeated ten time$he second experiment was similar to the first, except that the
GSYLISNI G§GdzNE ¢+ a KStR O2yaill ydranmped batween/30%RHM® ( K S
70%RHover 40 minutes and held for 10 minutes at the extremes

3.9. A Discussion on Experimental Data Reduction
The experiments performed for this study rely on two parameters to characterize mechanical response:
force and deformation. In order to compare the results of experiments from different samples, it is
conveniat to remove samplepecific information by converting force into stress and deformation into
strain. For uniaxial configurations, stress is typically defined as applied force divided by initial cross
sectional area; this is known as the engineering strEsgineering strain is defined as the change in
sample length divided by initial length.

These definitions, although useful for many applications, are approximations. Consider the effect of
large deformations on the value of engineering stress: as thebaextends, the Poisson effect dictates
that the crosssectional area decrease. The actual stress in the material is now the applied force divided
by the reduced crossectional area. Similarly, the engineering strain is a linearization of the true
definition of strain from continuum mechanics. It is useful for small deformations, but becomes
increasingly inaccurate for strains above 5%, as will be demonstrated in the discussion Rigurad

3-8. The finite element program used for simulations in this research, Abaqus, uses the accurate
definitions for stress and strain. Therefore, it is essential to use the proper definitions of stress and
strain with all experimeral data. These definitions are briefly described below. For a more thorough
treatment, the reader is referred to a continuum mechanics textbook such as that by[B2tia

Continuum mechanics defines strain from the deformation gradient, which is a tensor description of
motion. The initial positiomt point Ais defined by vector coordinates X1, X2, X3 and the new location

0Ne

NE f

byx1, x2, x3. The deformation gradie’, A & | (0Sya2NJ WYl LIQ 2F (GKS Y20A2

current locations. It is defined in EquatiBfR.
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Now consider a body made up of many such points. When that body is deformed, the points will move
relative to each other. This motion can be divided into two categories: pure stretch and pure rotation.
The deformation gradient at each point on the body describes the stretching and rotation that occurs
during the deformation.

Strain tensors are derived frometdeformation gradient such that they are identically zero if no
stretching of the body occurs during motion. For a Lagrangian (or referential or material) description of
motion, in which the motion of a single particle is tracked through the deformatienGreenSt.

Venant strain tensor is used. This tensor is defined in EquaiB)nvhereFis the deformation gradient

and] is the Kronecker delta, which denotesnatrix whose elements are zero except for those on the
diagonal, which have values of one. The Alm&t@hnel strain tensor, shown in Equati#, is used for

an Euérian (or spatial) description of motion, in which material points which move through a fixed point
in space are observed. Given the deformation gradikeath strain tensoscan be determined.

: 00
o — @

Stress tensors express the distribution of force, per unit area, on the surfaces of an infinitesimally small
volume element within a material. The Cauchy stress tengas, defined over the actual area of the
surface, that is, the present rather than eeénce configuration. Experimentally, usually only the
referential configuration is known. The stress tensor defined on the area in the reference conditions is
called the nominal, engineering, or first Pittachhoff stress tensod|. The engineering stss tensor is
related to the Cauchy stress tensor by the deformation gradient through Equaomhe new

subscriptam andn are introducedas free indices

Y QQ9°Y 0 35

The impact of this theoretical discussion on the interpretation of experimental data is illustrated in

Figure3-8. The plot illustrates the results for the first 20 minutes of a creep experiment on the
tC/.kt+*5C o0fSyR i tne/ X omzrwl ® ¢ ManditheRangleSvis F2 NOS
initially 22.6 microns thick and 9mm wide. As seen in the figure, this corresponds to an engineering

stress of approximately 5.88 MPa. The engineering strain in this tensile experiment, calculated as change

in length divided by initial length, approaches 8%.
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Figure3-8. Demonstration of engineering stress/strain and Cauchy stress, Alméfasnel strain differences during a 20

minute creep experiment at 6.0 MPa.

Recall that a deformation gradient is necessanyconverting between the engineering stress/strain
tensors and the other tensors. For a uniaxial experiment, the deformation gradient is approximately

constant, or homogeneous, through the entire sample, and is given in Equia@ioinhe uniaxial

extensionf = A& YSI &dzZNBR SELISNAYSyill f f édefowgdby Bradhethd K A &

assumed to be the same and out of plane for the duration of trexperiment. This assumption

dictates the values of;Fand k3 because of the Poisson effect. Thus, the Alm&tsnel strain tensor

and the Cauchy stress tensor can be calculated by Equaidiasd 3-8, respectively.
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As shown irFigure3-8, the Cauchy stress increases steadily throughout the experiment as a result of the
changing crossectional area of thesample t 2 A 342y Qa NJI (#ioethisKigure The & dzy SR
AlmarsiHamel strain measure is initially identical to the engineering strain, but approaches 7% toward
the end of the experiment, significantly smaller than the engineering strain value &% use of the
significance demonstrated here, all uniaxial expental data is expressed in Cauchy stress and

AlmansiHamel strain prior to model development or comparison with simulations.
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The results from biaxial experiments are also expressed as Cauchy stress and-Wbanzgistrain. The
deformation gradient for theentral region of the blister, where the stresses are analyzed, is shown in

Equation3-9.] a A y 3
extension can bexpressedn termsofthe inLJt | yS SEGSyaArz2ya

| 2 21 S Qliaxidl loadl in ArRidefrofidjnudertal, the thrgluplane
by R

by

This relationship is shown 8110. With this information the stresses calculated using thimlled
pressure vessel theory and the strains reported by@€software can be properly converted by
Equations3-11 and 3-12 by determining the extensigh from the engineering strains.
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3.10. A Note on Experimental Repeatability
One of the challenges encountered during the present work was obtaining consistent results across

several replicates of theame experiment. The pretreatment procedure described in the Experimental

Techniques chapter was found to be essential to obtaining repeatable results. Additionally, the creep
and recovery experiments at large stresses required monitoring in order totabpiapplied force to
maintain constant true stress on the sample. Because each sample had slightly different thickness, the
applied force profile was not identical even for experimental replicates at the same creep stress. Thus,

measuring the thicknesd each sample prior to testing was necessary. Another important factor for
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obtaining repeatable results was careful loading of the uniaxial tensile specimens, such that the
specimen was aligned properly with the instrument grips. Finally, the influenedatifive humidity was
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required due to the sensitivity of the mechanical properties to temperature and relative humidity. These
observations should be coidered during future work with similar materials.
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4. Analytical Techniques
This chapter discusses the selected constitutive equations, the determination of values for the
parameters in those equations, and the implemtation of the equations in a finite element program.

4.1. Constitutive Equations

The constitutive equations to be implemented in the numerical model must describdirear, time
dependent, partially recovering behavior. Additionally, a method to includetivironmental effects

on strain and mechanical properties is needed. The uniaxial equations and techniques for including
environmental dependence are outlined below. Multiaxial constitutive equations are developed and
reported in the Finite Element Implesntation section.

4.1.1. Linear Viscoelastic Behavior
The mechanical properties of the PFCB/PVDF blend show significant time dependence. Previous work by
the VT/GM research groupas addressed the time dependent mechanical properties of Nafion with a
linear viscelastic Prony seridg1], [31], [42], [80]. The same technique is used for the PFCB/PVDF
blend. Equatiord-1 shows the expression for calculating strain from a linear viscoelastic Prony series
subjected to a time varying stress input. The varidblea | WRdzYY e @rtebidtioneid$sQ dza SR
necessary to properly capture the convoluted effect of time varying properties and stress. The
mechanical property used here is the creep compliance D(t), shown as a Prony series in the second
expression.
-0 0o TQ
41
006 ©O 0O p Qmn

Because the mechanical response of the PFCB/PVDF blendlisearat higher stresses, it is important

to ensure that the Prony series, which expresses only the linear portion of the response, is developed
from an experiment which is linear viscoelasfio.isochronous plot is used to determine the onset of
non-linearity. Results from the creep and recovery experiments, performed to characterize the material,
are used to construct an isochronous plot. The strain value at a particular time is obtained from
experiments at several stresses. This is done for both long and short times, since the onset of non
linearity may be time, as well as stress, dependent. The onset climearity is defined as the location

at which a line through the origin and an expeeintal point at low stress no longer intercepts the
experimental strain values at all stresses.

Figure4-1 shows the isochronoustress/strainplot for the PFCB/PViffend at three times6, 60, and
200 seconds after the creep load is applied. Also present are lines for each timefittietdata points
via the equations indicated in the figure. The curvature of each line is plotted on theTightlata at 6
secondis fit well by a linear trendline, indicating that there is no strbased noHinearity at early
times. Howeversignificant curvaturen the stress/strain responss evident in the 60 and 200 secand
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fits at larger straingndicating the onset of nelinearity. Because the curvature is least significant at
low strains, the experimental response in the low stress/ low strain region is the most appropriate
region from which to extract linear viscoelastic properti€serefore, 0.5 MPa is used as timedr
viscoelastic region for the present analysis.
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Figure4-1. (Left) Isochronous plot from 20 min creep datéRight) Curvature of trendlines from the left figure.

4.1.2. Non-linear Viscoelastic Behavior

The mechanical response of the PFCB/PVDF blend is significantlgeeorin the range of stresses and

strains relevant to fuel cell operation. (As mentioned previously, this range was established from RH

cycling experiments on a constrained PFCB/PVDEXa® ® ! G yne/ X GKS LISF{ aidNB:
0% to 90% were on the order 0 MPa[116].) Therefore, a linear viscoelastic Prony series alone is not

sufficient to describe the full mechanical response of the blend. Thdinear viscoelastic strains which

develop in the membrane are modeled with an equation proposed by SchigigryThe integral form

of this equation is shown iBquationd4-2 where Equatiort-3 is the definition of the reduced time

parameter

'Q‘Q ” ” ”
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In this constitutive equation, the linear viscoelastic creep compliance is modified Blynean

coefficients. Irthe first term, the elastic compliance, 3 multiplied by the nodinear coefficient g

which expresses nelinearity in the purely elastic response. linglirectlya function of time because it

is a function of the timevarying stress. Similarly, thieA YS RS LISy RS y (whiéhasYhedbtall y OS k& 5
compliance D(t) minus the elastic complianggi®expressed as a Prony series aratlified by the

coefficient g. This parameter governs ndimearity in the viscoelastic response. The third parametgr, g
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expresses notinearity in the relationship between the thermodynamic generalized force and the local
material stress state. This constitutive model was developed using state variatuegeqcribe
generalized coordinates and generalized forceald)chare work conjugate to the generalized
coordinates. For any material, the stress and strain are also work conjugate. This is expressed by
Equation4-4.

1@ 011, - 4
Rearrangingquation4-43 A @dSa aiNBaa Fa | FdzyOlAzy 2F v |jX | yF
FNE ARSyGaAOlrts a2 v FyR ° FNE |faz2 ARBai AOFIt ® | 25
relati2 Y AKA L) 68G6SSY || |+ yIRA oS0 NI KNI NTAA2d¥t &KAA LB yo &G oY@y

expressed as,gn Equationd-2. Finally, ais the stress shift factorike the thermal shift factor of TTSP,
which accounts for the accelerating effect that large stresses have on the relaxation time of a material.
Larger stresses may increase the free volume and therefore allow the material to relax more quickly.

Although tre parameters ifEquationd-2 NB y2 i GASR (2 &ALISOATAO | 4LISOGa
the equation itself was developed from thermodynamit22], [123]. Therefore, the parameter values
must remain consistent with their thermodynamic origin. For instance, the Prony coefficients and
characteristic imes must be positive. There are also constraints on the behavior of thdinesar
parameters: each must monotonically increase or decrease as a function of applied stress, may not
become negative for any value of stress, and must be equal to one asetrasthe linear viscoelastic
region. This restricts the functional forms available to fit the stress dependence of thinean
parametersFor this study, the arccotangent equation, shown in Equatidrand plotted for two
examples irFigured-2, was selected to capture the stress dependence,pofigand g because of its
flexibility to model increasing or decreasing tends. Note thdigure4-2, the curves are not based on
experimental results but demonstrate the flexibility of the arccotangent equation using three sample
sets of coefficients.
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Figure4-2. Demonstration of behavior of the arccotangent equatidar three sample sets of coefficients.
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The fourth nonrlinear parameter, g performs a functioranalogous to the thermal and hygral shift

factors of TTMSP. These shift factors express the effect that a change in temperature or moisture has on
the time dependence of the mechanical properties. For instance, an increase in temperature results in
acceleated relaxation behavior. A decrease in temperature has the opposite effect. Thus, hygral and
thermal shift factors may be greater than or less than unity, which is located at the reference condition.
In the case of the stress shift factor, however, thexmaum stress shift factor will occur in the linear
viscoelastic region. Any increase in stress will result in an acceleration of material behavior; there is no
stress loading which behaves analogous to a decrease in temperature. Therefore, the arccotangent
equation was also used to describe the variation iwith applied stress instead of one of the equations
commonly used to express hygral or thermal shift factors.

4.1.3. Non-linear Viscoplastic Behavior

It is possible to model nerecoverable, or wcoplastic, strain using the Prony series. By including a free
dashpot term in the Prony series, the constitutive expression would producedependent

permanent strain that varied linearly with applied stress. Similarly, a free dashpot term could be
induded in the Prony series inside the nlmear viscoelastic equation; this viscoplastic strain would be
governed by the same ndimearity as the viscoelastic strains since it would be modified by thg g

and a parameters.

However, not all materialexhibit viscoplastic behavior that can be modeled with those two technigues.
Various reasons exist for why viscoplastic behavior may exhibitinearity independent of the
viscoelastic behavior. Perhaps the most intuitive is that viscoplastic stragesfeoim different

deformation mechanisms than viscoelastic strains. The source of recoverable viscoelastic strain is the
stretching of chemical bonds and local reorganizatbpolymer chains. Viscoplastic strain is not
recoverable and often results frodamage in the material such as broken polymer chains or{scgke
slipping of chains past each other.

In these cases, researchers may incladeadditionaterm in the constitutive equation to express non
linear, time dependent, permaneifviscoplasticktrainindependent of the nodinear viscoelastic
constitutive equation Several authors in the literature have done so with the Schapery equation for
non-linear viscoelastic behavior. Zapas and Crissih@h] demonstrated that the creep behavior of
polyethylene could be modeled with the Schapery equation and a viscoplastic term which was a
function of stress and time raised to a power. The integrahfof their equation is shown iBquation
4-6.

- 0 o ," Q
4-6
An alternativeexpression for viscoplastic strain uses an exponential function of stress, rather than the
power law in the Zapa€rissman equation. This form is consistent with the equation proposed by
Tobolsky and Eyrifid24]to model the permanent strain in polymers whiarises from slipping and
tearing during chain motion. The Toboldkyring equation formulated for this research is shown in
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Equationd-7. Other authors have usedsamilar technique but different expressions for viscoplastic
strain. For examples, please refer to Kiti5] or Lai[100].

- 0 6 Aopr
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4.1.4. Technigue for Combining Multiple Constitutive Equations

The nonlinear viscoelastic and viscoplastic constitutive equations arebgwed in order to express the
mechanical response of the PFCB/PVDF blend. However, they cannot simply bevhddexkpressed
asstrains Instead, they must be considered in termsestensionTo explain why, consider the
mechanical analog iRigure4-3. The element on the left, consisting of a spring in parallel with a
dashpot, results in time dependent, recoverable strains. This element represents tHaean
viscoelastic component of the constitutive model. The right element, a free dashpot, riestifte
dependent, permanent strains, and represents the viscoplastic component of deformation. For
simplicity, let the general expressionsiquationd4-8 and Equation 4-9 represent the constitutive
equations which govern the relationship between stress and strain for the two elements.

Element A ElementB
—W—
. |
% T I ) G
I —
|

a b C

Figure4-3. Mechanical analog for a twelement linear viscoelastic material.
P00 6p 48
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Recall that uniaxial creep and recovery experiments were performed to characterize the material.
During this type of experiment, a load is applied to one end of a sample while the other end is pinned, as
demonstrated inFigure4-3. This results in the sample lengthening in the direction of applied load and
contracting in the directions perpendicular to the applied load, due to the Poisson effect. From the
experiment, he total extension of the mechanical analoecfas known as a function of applied stress.
Performing a force balance at point b shows that both elements experience the same total applied
stress,, . From the constitutive models, an algebraic relationdiépveen the strain in each element

and the total applied stress is known. Additionally, the tetelensionis known to be the sum of the
extensionof the two elements. However, the parameter values in those algebraic relationships are not
known. In orde to fit parameter values, the total deformation must be properly partitioned into the
deformations of the individual elements.
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The uniaxial experimental data is analyzed in terms of the total deformation grajemibjch is

expressed below iEquationd4-10. This analysis uses the AlmaHsimel strain tensor, which can be

calculated from the deformation gradient lquationd-11. The only extension value obtained from the

dzy AL EAFf SELISNAYSYydG Aa GKS SEGSyarzy Ay (GKS | EALf
length of ac to the initial length of &. The followig analysis uses the full deformation gradient matrix

to demonstrate that the final result is also valid for multiaxial experiments.
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The total deformation gradient may be separated into the deformation gradients of elements A and B by
multiplicative decomposition. The deformation gradients of the individual elements A and B are
expressed ifEquationsd-12 and 4-14, respectively. Their respective strain tensors avegin Equations

4-13and4-15.
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Multiplicative decomposition ofFinto F, and s requires that the relationship iBquation4-16 holds
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In the uniaxial tension experiment, only the axial componerf ¢}, is measured. Equatiors13and

4-15 can be used to express the final lengths of the individual elements A and B, (which are expressed by
the scalar glues and—-respectively in the 22 direction in terms of strain rather than extension. For
example Fquation4-17 is the axial strain in element A.

P P 4-17
C

Solvingequation4-17forf as a function of strain and substituting the constitutive expression for the
strain in element A yieldsquation4-18.

p p
P G2 p ¢cz00D WP 418

Similarly, solving foryieldsEquation4-19.

P P
pocri P crwu, 419

For the uniaxial tension experiment, this results in the following expressions for the total extefision
the sample, in terms of the constitutive equations of the individual elements.

"0 r— P p _
- p ¢z00 WO p ¢zZwo, 4-20
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P o . 4-22
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Note from the final expressn, Equatiom-24, that the total strain unlike total extensiornis not the sum
of the individuakcomponents At low strains, this effect is not significant, but it becomes increasingly
important as the strains grow largerable4-1 demonstrates the importance of correctly combining
strain from the two elements when the strains are large. When the strain in each element is on the
order of 1%, the difference in the direct sum and twerect combination is only 0.2% strain. However,

48



Chapter 4: Analytical Techniques

if the strain in element A is 5% and the strain in element B is 10%, there is a 1% difference in the strain
calculated by the two techniques. In other words, the summation technique results in a 7%netrer i
solution, since the error, 1, is 7% of the actual value, 14.

Table4-1. Effect of correctly and incorrectly combining nédimear viscoelastic and viscoplastic strains.

5,9 | %599 | % T'a#¥s(%)| ¥ actual(%)

1 1 2 1.98
5 5 10 9.5
5 10 15 14

Based on this discussion, it is clear that in order to properly combine thdimear viscoelastic and
viscoplastic constitutive equations for analyzing uniaxial experimental Bat@tion4-25 must be used.

o - ® - b6 ¢ 0- 0 425

4.1.5. Environmental Effects in Constitutive Equations

The constitutive equations just discussed are used to model the mechanical response of a material at a
single environmental condition. Because the environment changes during fuel cell operation, a method
to incorporate the hygral and thermal expsion in the numerical model is needed. For the PFCB/PVDF
blend, the mechanical properties also vary significantly with environment, so this effectust
incorporated into the constitutive model as wdh. the present analysi§quationd-26is used to

convertwater activitya®:> wl  RA @A R S[R]. This exprassian was 2etesmined directly from

the linear viscoelastic experiments on PFCB/PVDF, rather than the standard equation which is applied to
PFSA materials in general.

TS TT TT TP OTIST TT P [@OW CTI8T @ U AP W 4-26

4.1.5.1 Hygrothermal Expansion

When the environment changes, the dimensions of a material change according to its coefficients of

hygral and thermal expansion. This changes the actual strain experienced by the sample according to
Equation4-27, where| is the coefficient of thermal expansion, T(t) is the temperature attime t, and T

is the reference temperature. Similarlyjs the coefficientof I NJ f SELJ yaAA2Yy T <0600 A&
O2yGSyd | listha ref&@endeinoistuyeRontent.
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The coefficients of hygral and thermal expansigere characterized by Finlg$2] and are summarized
in
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Table4-2. Plotting the results in Table 4.2 reveals that the CHE is relatively independent of temperature
with an average value of 1.3*F6<* and the CTE may be approximated by a third order

polynomial as a function of lambda. The polynomial used in the present analysis for CTE is
included inEquation4-28.

Table4-2. Coefficients of hygral (left) and thermal (right) expansion for the PFCB/PVDF blend.

Coefficient oHygral Coefficient of
Expansion ThermalExpansion
(x10° <Y (x 10 °Ch
30°C 1.15 0% RH 13.0
40°C 1.18 10% RH 14.2
50°C 1.27 20% RH 15.0
60°C 1.45 30% RH 13.9
70°C 1.13 40% RH 15.1
80°C 1.45 50% RH 14.7
90°C 1.39 60% RH 19.9
100°C 1.38 70% RH 22.6
80% RH 22.8
90% RH 39.3
O'YO pGwTm mg YR p powp T JO 4-28

4.1.5.2 Environmental Dependence of Mechanical Properties

The theory of time temperature superposition (TTSP) states that an increase in temperature increases
the free volume in a material, which accelerathe relaxation processes because more room is

available for segmental motigi37]. The amount by which relaxation is increaseduantified by a

thermal shift factord , which is only a function of temperature. A similar argument is used for the effect
of moisture in time moisture superposition (TMSP) with hygral shift facborsThe two theories may be
combined by multiplyig the hygral and thermal shift factor§he combined value is then called a
hygrothermal shift factor and designateal . The shift factor is applied to the constitutive model by
multiplying all characteristic times in the Prony series governing vastiebehavior. In the case of the
Schapery equation for nelmear viscoelastic behavior, the hygral and thermal shift factors are also
multiplied by the stress shift fact@b , resulting in the reduced time defined Bguation4-29.

Q" 429

(I)”H Z(I)”Zd)”

Finlay[42] has characterized the hygral and thermal shift factors of the PFCB/PVDF blend and reports
the resulting hygrothermal shift factor usifguation4-30.
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This experimental determination of the hygral and thermal shift factors was performed at very low
stresses where notinear viscoelastic and viscoplastic effects are not significadistinguishable. It is
plausible that both the nottinear viscoelastic and viscoplastic parameters are dependent on the
environmental conditions in a manner that is not captured by the linear viscoelastic shift factors
Characterization of the temperatui@nd moisture dependence dbth the nontlinear viscoelastic
parameters and viscoplastic parameters would require a considerable experimental effort and in fact
exceeds the amount of PFCB/PVDF material available to the VT/GM researciBgreayse the non
linear viscoelastic function includes some temperature and moisture dependence through the
hygrothermal shift factorghe present work focuses only on the environmental dependence of the
viscoplastic parameter&xperiments which extended into the ndinear region were conducted to
probethe effect of environment on the viscoplastic parameteaas discussed in the previous chap#en
expression for the environmental dependence of the viscoplastic parameters will be developed in the
Results chapter basezh the results of those experiments.

4.2. Parameter Determination

The uniaxial creep and recovery experiments were used to determine appropriate values for the
parameters in the constitutive equations. The following sections describe the effect of each paramete
on the final model, the procedure for systematically estimating initial parameter values and the non
linear regression technique for finalizing parameter values.

4.2.1. Effect of Individual Parameters

Before beginning an explanation of parameter estimatiois itseful to consider the effect that
changing the value of a particular parameter will have on the model output. The following sections
systematically demonstrate the effect of each parametethe constitutive equation of creep and
recovery experimentPlease note that the figures in the following section are not based on
experimental results, but are intended only to demonstrate the effect of the parameters. Parameter
values were chosen so that the effect of each is clearly demonstrated.

4.2.1.1.Linear Viscoelastic Prony Series

First, consider the linear viscoelastic Prony series. Let the case study have a Prony series with an elastic
element and three viscoelastic elements with characteristic times of 10, 300, and 10,000 seconds. The
equation for calculatingtrains from this Prony series is showrkiquationd-31, assuming the applied

stress is constant, as is the case for the creep experiments.
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4-31
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that element. The characteristic time of an element govehgstime period during which it is active,

RdzS (G2 G(KS SELRYSYyiGAlLt FdzyOlazy o0SAy3a OFft Oda I G4SR
characteristic time. For the element with a characteristic time of 10 seconds, the response of the

element becomesignificant at approximately 0.3 seconds, and the element reaches its full response

around 30 seconds. This is demonstrateérigure4-4. The elastic compliance rewiln an

instantaneous, constant, vertical offset, most noticeable in the left figure. The magnitude of the first

time dependent element is much larger than the other two, so most of the strain which develops is due

to this element. Because the first elemehas a characteristic time of 10 seconds, the strain develops

between 0.3 and 30 seconds and the response due to the element stabilizes after that. The slight

increase in strain at times beyond 30 seconds is due to the other two elements.

time span during which time span during which
element 1 is most active element 1 is roughly

constantand elements 2
and 3 are active

i / # -
20 /' 20
15 = 15

30

10 / Creep Stress: 2.0 MPa 10 Creep Stress: 2.0 MPa

/ D0:0.01 MPa? D0:0.01 MPa?

5 D1:0.1 MPa™? 5 D1:0.1 MPa™

W ____/ D2:0.01 MPa™ D2:0.01 MPa™

o D3:0.01 MPa™ 0 D3:0.01 MPa™
. 1 10 100 1000 10000 100000 0 10000 20000 30000 40000 50000 60000

elastic response
Time, s Time, s

Figure4-4. Example strain response of the thremement linear viscoelastic material, with a dominant element at 10
seconds, to a creep load. Logarithmic time scale (left) and linear time scale (right).

In contrast toFigure4-4 (above), consider the strain responserigure4-5 (below). The elstic

compliance results in the same vertical offset as before, as evidenced by the intercept on the strain axis.
However, in this example, the coefficient of the third element (with a characteristic time of 10,000
seconds) has a significantly larger magghé than the other elements, so most of the strain develops as

a result of this element. Because the characteristic time is later in the experimental time frame, most of
the strain develops later in the experimerafter 300 seconds
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Figure4-5. Example strain response of the threelement linear viscoelastic material, with a dominant element at 10,000
seconds, to a creep load. Logarithmic time scale (left) and linear time scale (right).

4.2.1.2.Non-linear Viscoelastic Parameters

For convenience, these examples are based on the creep and recovery experimental profile. The integral
form of the nonlinear viscoelastic constitutivexpression, Equatiof2, can be simplified for this profile

by solving the integral for the constant stress during the creep and recovery periods separately. This
results in the algebraic expressiondgquations4-32 and4-33. In these expressiong, is the stress

applied during the first step and the stress intie second step. The superscripts on the {liopar

parameters indicate the stress from which they are calcula@dand YO are the linear elastic

compliance and transient linear viscoelastic compliance, respectively. The time at which the applied
stressswitches from, to, isoO

C e o~ 0 5 ¢ 4-32
-0 Qo0O, "QQYo-—, © 0
IR
-0 "Q 0O,
o~ o 0 0 0 ]
Q Q, YO - R o 0 4-33
. 0 O
‘Q ” !Q ” yo e,
IR

Because the stress applied during recgvsrso much less than the creep stress, it can be safely
neglected. This further simplifies the constitutive equations to what is showguations4-34 and
4-35. Here, all nodinear parameters which appear in the equation are calculated from , which
was called, in Equationsd-32 and4-33.

. o oo O > ¢ 4-34
- (0] QO Q QYO T ” © ©
)
: o 0 L o . o 0o 4-35
- 0 YO 5 0O O YOO O Q,
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There are four no#linear terms in the viscoelasttonstitutive equation. The firstogmodifies the

elastic compliance. If the value aofigcreases with stress, the material exhibits stress softening

behavior. A gtrend which decreases with stress results in stiffening. This is demonstrakaglire4-6.

In the far left figure, three sample gehaviors are demonstrated: one incees with stress (labeled
WAYONRIZA RWS NBYFAya O2ylayit yuiz FHiyR 2y $ dSS @NE lva $av O
odecreasing? UThe center figure shows the effect that eagltgrve has on the elastic strain and the

rightmost figure illustrates the effect each trend has on the creep behavior at two stress levels. Note

from Figure4-6(c) that g changes the vertical shift in the creep strain, but has no effect during recovery.

This is expected based &quation4-35.
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Figure4-6. (a) Examples ofgas a function of stress. (b) Effect of gends from (a) on elastic strain. (c) Effect oftyends
from (a) on creep strain at two stress levels (6MPdash; 2MP&; solid).

The second nofinear viscoelastic parameter;,gperforms a role similar to,gbut affects the time

dependent compliane instead of the elastic compliance. Similar to the example ali€igere4-7(a)
demonstrates increasing (softening), constant (linear viscoelastic) and decreasfagi(s})

relationships for gas a function of stres&igured-7(b) shows the effect of,gn creep and recovery

strain. Like g g only affects the response during creep, as can be predicted Epration4-34.

However, rather than resulting in a constant vertical shift between curves at the same stregdpas,g

0. causes the distance between the curves to increase as time progresses during creep. For example, the
6MPa curves have about twice as much strain difference at the end of creep than at the beginning of
creep.

%Recall that the noinear viscoelastic parameters are always 1 at low stresses, because this region corresponds to
linear viscoelastic response, and that the parameters must always be greater than zero, and either increase or
decrease only; they may n&#ti dzZNyy | NBdzy RQ & | TFdzyOQiA2y 2F adNBaao
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Figure4-7. (@) Examples of gas a function of stresshj Effect of g trends from(a) on creep strain at two stress levels (6MPa
¢ dash; 2MP&; solid).

The third nonlinear viscoelastic parameter is. @ hermodynamically, this parameter arises from a-non
linear relationship between applied force and local material stressase of its location in the

convolution integral, it modifies the effect of tirmearying stresses and therefore captures rate effects.

For the creep and recovery experiments, the stress only changes at the very beginning of the test, when
the sample isifst loaded, and during the theoretically instantaneous transition from creep to recovery.
Therefore, the effect of gduring the creep step is unchanging throughout that step (since the stress

does not continue to change). The effect gigysimilarly castant during recovery.

Note that the value of gactive during theecoveryperiod is calculated from the stress applied during

creegp ¢KAada Aada 06S5S0IFdzaS 2F G(KS WYSY2NRQ SEKAOAGSR oeé
has beenremoved, th€ I G SNRAFf AGAff WNBYSYOSNBQ RdAdZNAYy3I NBO2 G
it continues to affect material response. This behavior is anticipated from the integral form of the non

linear viscoelastic constitutive equatioBg(uation4-33) becausay, appears inside the convolution

integral. Note thatin Equation4-35there is also a gparameter which is a function of the stress during

the secondstetp 6 KA OK RSAONAOGSA GKS YIFGSNRARIT Q&HMEY2NEQ 2
when the second step occurs at low stress (i.e., recovery), this parameter has a vaheesofae the

stress during recovery is linear viscoelastic, so it does not appéguation4-35.

Figure4-8 demonstrates the effect of increasing, constant and decreasiag fpr the previous
parameters. Because 3 the only parameter active for these plots (i.e., all other parameters are equal
to 1) and has an identical value tpas a function of stress, its effect on the creep strain is identical to
that of g. However, gis also active during recovery. While the strains are recoverjsgaies the
magnitude of the recovered strain asunttion of time, causing the curves at a single stress level to fan
out from each other as,g/aries. Contrast this is thfeigure4-7, where the recovery curves for ghree

g, values are identical.
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Figure4-8. (a) Examples ofxgas a function of stress. (b) Effect oftgends from (a) on creep strain at two stress levels (6MPa
¢ dash; 2MPg; solid).

Finally, consider the effect of the stress shift factor,Recall that this parameter is analogous to the
thermal shift factor associated with TTSP because it arises from the relationship between increasing
stress and the free volume in a material. Ag thains are stretched from a stable conformation due to
an applied load, additional free space is generated in the material. However, this effect is limited;
eventually, the chains will begin to pack more densely as they align and entropic resistéumtben
deformation will develop. That is, as the chains become more ordered, the entropy of the system
decreases. Eventually, additional decreases to the entropy related to chain alignment will require more
energy than is available from the stress stdfalike the other nodinear parameters, acan only
decrease with increasing stress. An increase inidn increasing stress would equate to a deceleration
of chain motion in the presence of increased free volume, which is not a physically reasorfeblehe

Therefore, rather than considering trends betweeraad stress that were used for the other ntinear
parameters, instead consider those demonstratedrigure4-9(a). One is constant at a value of 1,

indicating that increased stress has no effect on relaxation time. The second is a weak function of stress
and therefore slowly approaches zero asymptotically. The third is a strong function of stress and
asympotically approaches zero rapidly over the stress range demonstrated. The result of each of these
trends on the strain response is demonstratedrigure4-9(b). Notethat the third g curve results in a
significantly softer response than the others, since it causes elements to act much earlier than they
would without stress shiftingThe effect of stress shifting persists during recovery because the shift

factor appeas within the convolution integrdl Yy R G KSNBEFT2NB A& WNBYSY0OSNBRQ

the creep stress is removed.
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Figure4-9. (a) Examples of,aas a function of stress. (b) Effect of tends from (a) on creep strain at two stress levels: 6MPa
¢ dash; 2MPg; solid.

4.2.1.3.Non-linear Viscoplastic Parameters

Because the experimentally observed strains never fully recover, a viscoplastic expresieruseld to
express the permanent strain that develops in the material. Both of the viscoplastic equations
mentioned abovgEquations4-6 and 4-7) have three terms. One modifies the time dependence of the
response, another the stress dependence, and the final adjusts the magnitude of the whole response.
Like the noHinear viscoelatic examples, the effects of the viscoplastic parameters on the strain
response are demonstrated for a constant stress (creep) load. The integral forms can be simplified by
solving the integral for a constant stress application. This resuliguation4-36 for the ZapasCrissman
expressiorand Equation4-37 for the TobolskyEyring epressior?

- 0 o , 1T Qf 6, 0 0, 0 4-36

- 0 6 Qopt Ot 8 Qop 6 0Qm®p.o 437
The effect of parameter A is the same for both forms: the constant coefficient multiplies the stress and
time dependent components of the response and adjusts thgmitade of the entire response. This can

easily be seen iRigure4-10, where the value of A in the dashed curve is half that of the solid curve. The
values of b and are identical in the two curves.

® Note that due to the properties of the exponential, it is not possible to simplify the Tob&lgking form by
moving parameter b outside of the exponential. If parameter b was added to stress inside the expotiastial
could be done, but it is multiplied rather than added in this equation.
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Figure4-10. Example of the effect large (solid) and small (dash) values of the parameter A have on the viscoplastic strain.
Linear time and strain axes (left) arldgarithmic time and strain axes (right).

Similarly, both forms express time dependence by raising the time under load to the power of
parameter c. Values of ¢ greater than one result in strains which increase with time and accelerate with
time. When c iqual to one, the response increases linearly with time. For values of c less than one, the
strains still increase with time, but the rate of increase (the slope) decreases as time growsHmygyer.

4-11 demonstrates this behavior.
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Figure4-11. Example of the effect large (solid), moderate (long dash) and small (short dash) values of the parameter ¢ have
on the visoplastic strain. Linear time and strain axes (left) and logarithmic time and strain axes (right).

For the Zapa€rissman equation for viscoplastic strain, stress is raised to the power of parameter b. This
results in the behavior shown Figure4-12. These figures demonstrate the effect of b less than, equal
to, and greater than one on three values of stress.
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Figure4-12. Example of the effect large (left), moderate (center) and small (right) values of the parameter b have on the
ZapasCrissman viscoplastic strain for three stress levels: 9MPalid, 5MPa¢ long dash, 2MP& short dash.

TheTobolskyEyring equation gives strain as a function of the exponential of stress times the parameter
b. The effects of values of parameter b which are less than, equal to, and greater than one are
demonstrated inFigure4-13. Because of the exponential, the Tobokkgring expression is much more
sensitive to b at large stresses than the Zaassman expression.
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Figure4-13. Example of the effect large (left), moderate (center) and small (right) values of the parameter b have on the
TobolskyEyring viscoplastic strain for three stress levels: 9MPsolid, 5SMPag long dash, 2MP& short dash.

The diference in the Zapa&rissman and Tobolsligyring viscoplastic expressions is more clearly
demonstrated irFigured-14. For this figure, the parameter b was varied ting the two equations into

the best agreement possible at the 5MPa stress. (Parameters A and ¢ are the same in both expressions.)
This example demonstrates that the Toboldkyring form has significantly greater stress dependence at
high stresses than th8apasCrissman form does.
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Figure4-14. Example of the difference between the stress dependence of viscoplastic strain in the Z2gpssman and
TobolskyEyring equations. The parameters for each weselected so that the viscoplastic strains matched at 5SMPa:
TobolskyEyringc solid, ZapasCrissmar, dash. The viscoplastic strain predicted by the equations for an 8MPa loading is
significantly different: TobolskyEyringg dash-double-dot, ZapasCrissmary, dashdot.

4.2.2. |Initial Parameter Estimation

As noted previously, there is no simple way to separate the recoverable ancenoverable

components of experimental response for parameter estimation. However, simplifying assumptions can
be made which allow ing&l estimates of the parameter values.

For instance, the isochronous plotkigure4-1 indicates that the experiments at 0.5MPa are in the
linear viscoelastic regioithis means all of the ndimear viscoelastic parameters must be equal to one
for these experiments. Further, because the stress applied during recovery is small, the growth of
viscoplastic strain is small compared to the recovery of linear viscoelasiit. § herefore, initial values
for the parameters for the linear viscoelastic respongbe Prony coefficientg can be obtained from
the recovery portion of the 0.5MPa experiments by assuming viscoplastic strain is constant during
recovery.

0.006 \ .
,  Experiment

—— Linear Viscoelastic and Viscoplastic Model
— =Linear Viscoelastic Model Only
Viscoplastic Model Only

0.005

Difference in experiment and linear
viscoelastic model at the end of

recovery is used to approximate
A .y A " . . . .
At | magnitude of viscoplastic strain.

0 5000 10000 15000 20000

Figure4-15. lllustration of the technique for estimating viscoplastic strain from the recovery portion of creep experiments
This example is a 0.5MPa experiment

After estimating a Prony series from the linear videstic experiments, initial estimates for the

viscoplastic parameters can be obtained. To do so, the linear viscoelastic prediction is compared to the
actual strain in each experiment. The difference between the predicted strains and experimental strains
at the end of recovery is used as an estimate for the magnitude of viscoplastic strain, as demonstrated in
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Figure4-15. This estimate is performed for every experiheand the resulting viscoplastic strain
estimates are used to approximate values for the viscoplastic constitutive paramétessapproach
initially neglects the effect of the ndimear viscoelastic parameterfhe recursive parameter
determination tedinique described in the next section incorporates the effect of-loear
viscoelasticity in the refinement of viscoplastic parameter values.

Three of the nodinear viscoelastic parameters can be estimated from the experimental results as well.
The firsté seconds of all experiments are used to estimate the valueg sfnge the elastic response is
dominant in this portion of the experiment.

The recovery portion of experiments in the nbmear stress rangéstresses greater than 0.5MPegn

be used toestimate values for.gand a. Equatiors 4-34 and4-35 showthat these are lhe only non

linear viscoelastic parameters active during recovery, and if the growth of viscoplastic strain is calculated
from the previously estimated parameters and the stress applied during recovery, differences in the
linear viscoelastic prediction arattual experimental strain may be corrected by varyingngl a.

The final noAinear viscoelastic parameter;,ds active only during the creep portion of the
experiments, as can be seendguation4-35. However, because all of the other parameters are also
active during this part of the experiment, it is not possible to obtain an estimatginfigpendent of
the other parameters. Instead; ¢ used to captur@on-linearity in the creep response that the other
parameters cannot express during the final parameter determination.

4.2.3. Parameter Refinement Procedure

The final parameter values are determined usinginear regression in a Mathematica progrgh26].
The costitutive model in the form of Guations 4-34 through4-37is coded and the experimental data is
imported into the prgram.The small effect of viscoplastic strain that develops duréngvery which
was neglected during the initial estimate, is now includearther description of the iterative process
used for improving on the initial parameter set may be found in AuolpeB.

A weighting scheme is applied to the nlimear regression to normalize the effect of experiment length
and strain magnitude during different parts of the experiment. Longer experiments have more data
points than short ones, but only short expegnts were completed at higher stresses due to
experimental limitations. The additional data points in the long experiments are in the recovery region,
where the strains are small. This causes the model to be artificially weighted toward agreement with
lower strains as a result of the correlation between long times and low strains. To address this issue, a
weight was assigned to each data point used in the-liveear regression.

The weights were calculated to give every decade of time in an experimentsgn#éicance. The

number of data points in each decade (1 second to 10 seconds, 10 seconds to 100 seconds, etc.) in an
experiment was determined. Each data point was weighted by the reciprocal of the number of points in
its decade of timeFigure4-16 demonstrates this technique graphicallyhere are29 data points

between 10 seconds and 100 second, bo® between 1000 seconds and 10,000 seconds. Therefore,

the dafta points between 10 and 100 seconds each have a weigh®8f @f 0.035 while those between
1,000 and 1(000 have a weight of 109, or0.0092

61



Chapter 4: Analytical Techniques

0.4
0.35
0.3
0.25

59
0.2 g

Strain, %

0.15
04 35 data points

29 data points 109 data points

0.05
7 data points

1 10 100 1000 10000
Time, s

Figure4-16. lllustration of the technique for calculatingegression weight for experimental data.

4.3. Finite Element Implementation

The constitutive equations developed for modeling the response of PFCB/PVDF are not available in
standard finite element programs. However, the commercial program used for this enadlpaqus

[127], allows a user to develop his own constitutive equations and incorporate them into a finite
element analysis through a usdefined material (UMAT) subroutine. There are specific instructions on
how this subroutine must be constructed in orderpmperly interface with Abaqus. The section below
describes the development of the ndimear viscoelastic viscoplastic UMAT for use with Abaqus.

4.3.1. Recursive Uniaxial Constitutive Equations

Abaqus operates by specifying a strain increment over a discreetdiep at each node in the

geometric model and then solving for the stress increment required to produce that strain increment.
Rather than solving the integral constitutive equation every time the UMAT subroutine is called, the
constitutive equation mayd converted to an incremental (or recursive) form. This was done by
assuming that applied stress is constant over every discreet time step and solving the integral over that
time step. This is a reasonable assumption for most experiments, even ones Insivbgses vary

widely, if the time steps are sufficiently small.

4.3.1.1.Non-linear Viscoelastic

The following equations describe the development of the recursive form for theinear viscoelastic
constitutive equation. The integral form is divided into twméi periods: one which covers all time up to
the beginning of the current time increment, and the other which models the behavior during the
current time increment. This is demonstratediquation4-38.
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In a recursive analysis, the value of the first integral, from t=0 to the end of the previous time step, is
equivalent to the sum of the results of all previous increments. The second integral is solved by
assuming stress is a constant during the timeanwnt. Collecting the sum of the results from previous
increments and constardtress solution from the most recent incremeneldsEquation4-39, which is

the strain increment during the current time stem which hereditary effects from all previous time
steps are incorporated through Equatidm0. The effects of previailoads and tim&lependent
mechanical properties are naturally included in this formulatismough properties of the convolution
integral. For a more thorough discussion of this technique, please refé7io
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4.3.1.2.Non-linear Viscoplastic

The viscoplastic constitutive equation is atemverted from the integral to recursive form by solving the
integral form for a constant applied stress, as described for thelimear viscoelastic equation.
Equatiors 4-41 through4-43 demonstratethis procedure with the ZapaSrissman equation.

i ; 4-41
-0 o , T af
4-42
-0 o , Qf
-0 0, O 0, O 4-43

The last equation yields the strain profile for a constant stress applied over the time intervall@ to
order to calculate the strain profile for timearying stresses, an incremental form is developed. The
incremental viscoplastic strain is the diféeice in the viscoplastic strain at the end of the current time
increment and that at the end of the previous time increment. This is givétgbationst-44 through
4-46, again for a constant stress loading over the entire experiment.

Y- o - o - 0o Y 4-44
y- o6 06,0 0, 0o Yo 4-45
Y- o 6, 0 o Yo 4-46

Unlike the nodlinear viscoelastic constitutive equation, the viscoplastic constitugiygation does not
contain timedependent properties. Equatioft36 was developed assuming the applied stress is
constant during the entire experiment, but the modébsild be applicable to variable stress
simulations, so modifications must be made to extend the applicability of the viscoplastic expression.

The effect of the stress/strain history of the material can be incorporated into the viscoplastic analysis in
two ways: time hardening or strain hardening. To illustrate the difference in these two techniques,
consider two uniaxial creep experiments on a material whose respmnsgnstant stress experiments is
depicted inFigure4-17. The experiments are at stresses A and B, wheie greater thar, a.

stress
strain

Os -

Oa 107

time time

Figure4-17. lllustration of response of a representative viscoplastiaterial to constant stress load at two stress levels.
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Now consider a multstep experiment, which starts at, but at some time £ is increased tq . The first
part of the multistep strain response, up to timg, tmatches the strain response of theeep test at, .
After the stress changes tgs, the strain response falls somewhere between the creep responses to
stresses A and B. Equatié#7 describes this beavior.UnlikeEquation4-46, the stress irequation
4-47is only required to be constant during the time step, rather than during the entire time interval.
Thus,Fquation4-47 can be used to calculate the strain profile utgng from a timevarying stress by
approximating that profile as a series of sequential constant stress steps.

y- o Yo - oR Y- Y 4-47
Incorporating history dependendbroughtime hardening: & 4 dzySa GKIF 0 (G K&thdd NI Ay A
occurs in the multstep experiment aftertis identical to that in the creep experiment,ag over the
alYS GAYS NIy3aSod ¢Kdzax G(GKS G20 t téedsbdangesisthd (G KS Sy
sum of the strain attand the change in strain thatoccursunderF 2 NJ I GAYS &adGSL) kG 0S:
This is shown iBquation4-48 and ilustrated inFigure4-18.
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Figure4-18. lllustration of time hadening response of a representative viscoplastic material to mslip loading. The
response after time £is obtained by vertically the shifting the response of the material fgfrom tato tsb k (i @

Strain hardeningakes into account the strain statd the material at the time of the stress change.
Rather than evaluating the strain increment at the actual time the stress changed, strain hardening
begins at an effective time, corresponding to the time at which the responsghad a value of strain
equivalent to that at . The effective time is calculated usiaguation4-50 and the strain at the end of
the increment by Equatiod-49. Strain hardening is demonstrated gragiig inFigure4-19.

O . 4-49

5 450
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Figure4-19. lllustration of strain hardening response of a representative viscoplastic material to rratkp loading. The
response after time £is obtained by horizontally the shifting the response of the material,jgfrom tggtoteggb kK 1 = gK S NB
is calculated from the magnitude of strain af.t

In this manner, the viscoplastic strain resulting from many sequential increments of vangag ctn
be calculated. Multistep experiments will be used to determine whether time or strain hardening is the
more appropriate choice for the PFCB/PVDF blend in the Results chapter.

The previous example used the Zaj@aissman constitutive equation forseoplastic strain. The
TobolskyEyring equation can also be expressed in the recursive form by time hardenindsq@sation
4-51, or strain hardening, as Bquatia 4-52. The effective time for the Tobolsiyring expression is
giving in Equatiod-53.

-6 - 6 bQum o Yo o 451
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4.3.2. Recursive Multiaxial Constitutive Equations

Discussions about the constitutive model thus far have dealt solely with uniaxial experiments and
uniaxial equations. However, theading state in an operating fuel cell is multiaxial. Thus, it is desirable
for the constitutive expressions to apply to loading in both directions in the plane of the material. The
in-plane multiaxial constitutive expressions are developed from the ialiaxpressions in the
paragraphs below.

4.3.2.1.Multiaxial Notation

To move from the uniaxial equations to the multiaxial equations for-limgar viscoelastic response, the
stress, strain and material properties must be considered in all material directioaswvaArgent way to

express these multidimensional relationships is through matrices and tensors. For example, the stresses,
. ,and strains; , in an elastic material are related by a matrix with constant coefficients which are

the elastic compliares,”Y , as shown ifcquation4-54.
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Sy 4-54

The full matrix notation for a strain stateksjuationd-55. The first subscript of each term in the matrix
indicates which face of a material element the strain is calculated on, and the second subscript indicates
the direction in which the strain is occurring. Similay,the stress tensor, the first subscript indicates

the face on which the stress acts and the second indicates the direction in which it acts.

- - - 4-55

Forexperiments in which the owutf-plane stress is negligible compared to theplane stresses, the
matrix can be simplified tthat in Equatiord-56, which is used fo2D plane stress analys{&
directional strain; , could also be calculated, but neglecting it does not affect the strains in the
alternate directions because it exists only from Poisson effects.)

4-56

If the material is isotropic #plane, the stress and strain matrices are symmetric and can be expressed in
Voigt notation. This reduces the 3x3 matrix into a 1x3 vector, as shmvhe strain matrixn Equation

4-57 and the stress matrix iBquation4-58, which in turn reduces the tensor ordef the compliance

matrix from four to two.In matrix notation; is the strain in the xdirection,- is the strain in the y
direction and- =- represents the shear strain between theand y directions.

- 4-57

4-58

Any total stress or strain tensor can be divided into two tensors which contain only deviatoric or
dilatational components. Deviatorgtressesi( ) are those which cause shear stréi ), or shape

changes without any volume change. Dilatational stresse9 fesult in volume changes but no shape
change. The deviatoric strains are a function only of deviatoric stress, amildtetional strains{ )

are a function only of dilatational stress. The dilatational stress is the sum of the diagonal components
of the total stress tensor, and likewise for the strain tensor. In tensor notation, these relationships are
expressed pEquations4-59 through 4-62.

P 459
o
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” ” ” ” ” 4-60

4-61

4-62

In an analysis decomposed into deviatoric and dilatational components, the uniaxial compliance alone is

not sufficient to characterize the material properties. Instead, the shear complidrisausel to relate

deviatoric stresses and strains and the bulk compliaBcis used to relate the dilatational stresses and

strains. If the material is isotropic, the shear and bulk compliance are the same in all dir¢ictigds=

Jb,=Js=J and can be calculated from the creep compliance addiinl yS t 2A&da2y Qa NI (A 2
conversions ifcquationst-63 and4-64. In this analysis, only the-plane properties are used because

the geometries in consideration are twsbmensional and because of isotropy, the subscripts are

neglected on these propertiet is assumed thtthe inLJt  yS t 2A 3842y Qa NI (A2a | NB
FYA&20NRPLIAO YIFGSNAFEX aAYAfFNI NBfFGA2yaKALA K2fR
calculate the directional shear and bulk compliances.

0 ¢p 'O 4-63

6 op ¢ O 464

4.3.2.2.Non-linear Viscoelastic

The form of the nodinear viscoelastic constitutive equation from uniaxial calculations is applied twice
during a multiaxial aalysis; once for deviatoric strain as a function of shear compliance and deviatoric
stress, and again for dilatational strain as a function of bulk compliance and dilatational stress. The
resulting strain vectors are combined into total strain udijgation 4-61.

If the mechanical properties of the PFCB/PVDF blend were purely efagpi@tions4-63 and4-64 could

be used to convert from the creep compliance to the shear and bulk compliances. However, this is not
the case. In order to properly convert between time dependenthaical properties, the Laplace
transform of the elastic equations must be used. These equations are demonstrdigdations}-66
and4-68, where s is the Laplace domain variable.

Z0o Z¢p 00O 4-65
*O ¢p i Oi 4-66
Z6O Zop ¢ 000 4-67
" op c¢i'i Oi 4-68
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Without prior knowledge of a property besides the creep pdiance, the solution$o the equations

aboveare indeterminate; there is navay of knowing how much time dependence from the creep

O2YLIX AlyOS aK2dzZ R 6S FOGNROdzISR G2 t2Aadaz2yQa NI GA
assumption that is #quently made as this point is to acknowledge that for most materials, the bulk

compliance is significantly less time dependent than the shear compl[8i{;¢118]. Thus, if the bulk

compliance is assumed to belativelyconstant, all time dependence in the creep compliance in
Equationd-680Fy 06S T GGNAROGdzISR (G2 t2Aaa2yQa NIGA2Z |yR
used inEquation4-66to solve for the time dependent shear compliance. This assumption is made at this
LRAYG Ay (GKS NBASEFNOK® [G§SNI O2YLI Nhazy o6SG6SSy S
t2A4a2yQa NI GA2 OFf OdA | 4§ SR T WRdémohsiratettzy alidiiy oflthisO2 y & { |
assumption.

Another important consideration for a multidimensional analysis is how the multiaxial stressaastate
pointin the material affects the degree of ndimearity in the responsat that point In the uniaial
experiments conducted to characterize nbinearity, the only information available is the axial stress
and resulting axial strain. How would this knowledge be extended to an equal biaxial stress state?
Would the degree of nofinearity (the value oftie nonlinear parameters) be the same in bothptane
directions? In other words, would the value ofrgthe 11 direction be the same as that in the 22
direction? It is reasonable to assume so. But what about a general biaxial stress state, in which the
stresses in the 11 and 22 directions are not equal? Would there be different values for thieeem
parameters in each material direction? Or should the stress state be collapsed to a single equivalent
stress and the notinear parameters be calculatdcbm that equivalent stress value rather than the
directional stresses? Schapery considered these questidosjiand demonstrated that the non
linearity of polyvinylchloride (PVC) under consteainbined tension and torsiostress could be
expressed as a function of the octahedral shear stressAfialso successfully used octahedral shear
stress to calculate the nelimear parameters foa model ofa polymethylmethacrylatd PMMA)
rectangular plate with a hole in the cent®9], [128]. In the present workthe same technique is used.
The octahedral stress for a 2D plane stress analysisown irEquation4-69.

” ” ” ” (pn 4_69

Once the octahedral shear stress is determirted,various noHdinear parameters are calculated in the
same way as for the uniaxial cassifgEguation4-5) with octahedral shear stress replacing the uniaxial
stress.It is interesting to note that for both uniaxial tensile loading and equal biaxial loading, the
octahedral shear stress reducesHruation4-70.

4-70
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4.3.2.3.Non-linear Viscoplastic

The effect of the multiaxial stress state on the strain response in a particular direction must also be
considered for the viscoplastic constitutive equation. Again, it is reasenatdonclude that the strain
response in a particular direction is a function not only of the stress in that direction, but also the
stresses in other directions.

One way to address this is through equivalent plastic strain thexsylescribed by Argdh29]. In this
theory, an equivalent stresg, , Is calculated from the total stress state asmmpared to the yield

stress of the material. If the equivalent stress exceeds the yield stregs, WS |j dzA @I £ Sy G LJX | & ( A
increment,Y- [, is computed from thagquivalent stress according to the setett constitutive

equation. The direction of the equivalent plastic strain increment depends ®sttiess state which

caused the strain to develdp K N2 dzZ3 K Iy S E LINB a.Dketigns Otich liaGkore WTf 26 |
stress experience more plastic strain.

For the PFCB/PVDF material, permanent strains begin to develop at very small stresses. Thus, it does not
exhibit yield behavior as is typically observed in metals, which equivalent plastic strain theory was
developed to model. Therefore, in this analysige viscoplastic portion of strain is treated as a nhon
linear dashpot rather than an element with a distinct yield criterion. However, the logic of equivalent
plastic strain theory still applies in that the total stress state drives the development agditade of
viscoplastic strain increments in various directions. In this analysap@oach similar to equivalent
plastic strain theory is usethis is expressed Equationd-71, in which thedirectionaldeviatoricstress,
scaled by the magnitude of the stress deviatapdifiesthe total plastic strain increment. Deviatoric
rather than total stress is used because only deviatoric stresses cause plastifl&@imhe factor

1.118 is necessary for this equation to reduce to the tianive expression developed from a uniaxial
tensile experiment.

471
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In Equatiord-71, the choice of the constitutive relationship betwe¥n[ and the equivalent stress
increment is left to the researcher. Both the ZajiZrissman and Tobolsigyring constitutive equations
may beused The equivalent stress measure used is octahedral shear stress, as diepmiiond-69. It
should also be noted that time and strain hardening are both applicalileiganultidimensional
analysis.

4.3.3. User Defined Material Subroutine (UMAT)

A finite element program relies on twoodels to carry out an analysis. One is a physical model defining
geometry and boundary conditions. The other is a constitutive model, which determines how the
material responds to an imposed force or deformation at a point. Abaqus has mawcpged foms for
constitutive models, such as elastic, hyperelastic, and plastic with various hardening equations. There is
also a material model which uses linear viscoelasticity through a Prony series and TTSP shift factors.
However, tle presentanalysis uses eonstitutive model not included in the standard Abaqus library
because the available models dot adequately describe the behavior of the PFCB/PVDF matétial
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UMAT (usedefined material) adds flexibility to the finite element program by allowing & tesdefine
his own constitutive relationships. Abagus uses those constitutive relationships in conjunction with a
physical model to perform the stress/strain analysis.

4.3.3.1.General Operation

The purpose of the UMAT is to calculate the stress that resuétgpatticular node for an applied

displacement during a time increment. The physical finite element model consists of numerous

St SySyitaz SIOK 2F gKAOK NBalLlRyRa (2 Ada ySAIKoO2NA
calculates the stressresponseaf @ RS> Al &4SYyR& (KS 'al¢ AYTF2NXIGAZY
stress/strain state and the displacement being applied. Logically, mechanical loads are included, but

stress and strain arising from thermal gradients may also be sent to the UMAT in a cinepiad-

mechanical analysi§hese effects are incorporated through the coefficients of hygral and thermal

expansion and the hygrothermal shift factor influence on the time scale of material behdvier.

UMAT is called for every node in every time stépe the stress/strain state at the nodes vary

depending on geometry, boundary conditions, etc.

In addition to the current stress/strain state, the UMAT also needs information about the material
properties so it can calculate the appropriate response.Inpnt file is used to define the model

geometry, boundary conditions, loading condition and material parameters. An additional input method

is available for the UMAT. At the end of a particular nodal calculation, the operator may define a vector
of variables (called STATEV) to be passed back to Abaqus and used when that node is called again in the
next time step. This vector may contain anything the user desires. For the Schapery stress model it is
used to pass converged hereditary terms, like the paeter ¢, to the next time step.

When the UMAT is called by Abaqus, it first reads in the stress/strain state and other information about
the load. It then obtains material properties from the input file and reads the STATEV if one is defined.
Ultimately, the UMAT must return the equilibrium stress state at the node and the Jacobian matrix
(partial derivative of the change in stress with respect to the change in strain) that result from the
applied deformation. The path between the required inputs antbats is defined entirely by the user.

4.3.3.2.Specific Implementation

The UMAT employed in this analysis operates on the principles described above. Abaqus passes the
UMAT a strain increment and the UMAT determines the stress increment that will produce time strai
increment. The constitutive equations express strain as a function of ss@ss iterativeminimization
algorithm is used within the UMAT to converge on the proper stress increfoeatgiven strain

increment

The iterativeminimization algorithm uss the magnitude of the error in the strains (Abaqus defined
strain increment vs. strain increment from current trial stress increment) and the Jacobian matrix
(derived in Appendices A and t® determine whether to increase or decrease tinial stressincrement
and by how much. Additionally, for multidimensional analyses, the algorithm accounts for which
direction of strain needs the most correction and which stress consequently needs the most change.
The method used for this multidimensional optimizatis the conjugate gradient method as developed
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by Presset. al[130]. Further details may be found in AppendixFigure4-20 represents the order of
operations in the UMAT created for this analysis.

Input
1.
7.
Abaqus Results
6. 2
) . ANLVE (5 _ ¢ A ~trial fs
Main Subroutine 4, AsfHE(E) = f(AcT e ()
AelP () = F(AcT e (D))
3.
5a. AefPtal(t) = AeNVE(E) + £ P (2)
Constitutive —2Ae VB ()P (B)
routin coral 7
Subroutine . A=t (¢)
5b J/ i aAGi‘r:cI (:t‘)
Convergence | < 3 PR
Subroutine i Z (ﬁ».-.\s;f“"t._t) —Ag; (-t-)‘,) < tolerance
‘\“ i)=1

Figure4-20. Order of operations for constitutive model when coded in a UMAT for Abaqus simulations.
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1. Abaqus loads material properties, geometric model, boundary conditions, applied load from
Input file.

2. Abaqus calls the UMATibroutine for a particular node. It passes the following information:
previousstress, strainandtime increments new strain and time incremegtSTATEV

3. TheMain Suboutine formats all variables into a single array and calls the Cuatigét
Subroutne. The first triastress increment is equal to the stress increment at that node in the
previous time step.

4, TheQonstitutive Qubroutine calculates the strain increment from the trial stress increment
and compares it to the strain increment prescribey Abaqus.

5a.If the strain increment from the trial stress increment and that prescribed by Abaqus agree
to within a preset tolerance, the algorithm passes the stress increment back tddhe
Subputine.

5b. If the strain increment from the trialrstss increment and that prescribed by Abagus do not
agree to within a preset tolerancte algorithmsends the current trial stress increment, along
with the Jacobian matrix, to @nvergencelubroutine. The algorithm within this subroutine
uses the Jacaan matrix to modify the trial stress increment. This new trial stress increment is
passed back to the Constitutive subroutiaed step 4 is repeated

6. If the trial stress increment results in the correct strain increment, it along with various
hereditary constitutive variables are returned to théMAT Main Subroutine, whichrevises
STATEY includethe updated variables and returns the stress increment, Jacobian matrix, and
STATEV to Abaqus.

7. Abaqus repeats this procedure for every node, for eviemg step, until the forces and
displacements in the geometric model are converged. It then proceeds to the next time step,
and so on, until the simulation is complete.

4.3.4. User Defined Expansion Subroutine (UEXPAN)

The UMAT, as discussed above, is used to frthdeanechanical behavior of the material, including how
the temperature and relative humidity affect the mechanical properties. Hygral and thermal expansion
are accounted for in a separatedbroutine called UEXPAN, faran defined expansion. Similar tioe
UMAT, Abaqus passed certain information to the UEXPAN and requires certain information from it.
Specifically, the UEXPAN in the present analysis receives the temperature and lambda values and
increments of the material at the point being evaledtfromAbaqus. The coefficiewtf hygral
expansiomandthe expression for the coefficient diermal expansioms a function of lambdaf the
PFCB/PVDF material are haatled into the UEXPAN, and from them this subroutine computes the
total expansion whicleccurs over the time increment and the rate at which expansion is occurring.
These two values are returned to Abaqus and used to modify the mechanical strain at the point in the
material under evaluation.
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The process Abaqus uses to define the geometnitimamherent ability to account for temperature at

any material point. However, moisture is not included in the standard set of properties in Abaqus.
LY&adSFRZ !0lljdaa Ffft2¢6a (GKS dzaS 2F WFASER GOFNAFoOfS
In the present analysis, lambda is included in the computation through a field variable.

4.3.5. Finite Element Geometries

Two finite element geometriesraused in this analysisne for uniaxial simulations and one for biaxial
simulations For the uniaxial ten®lspecimens, the thickness of the sample is significantly less than
either of the inplane dimensions (length or width). Similarly, for the blister specimens, the thickness of
the sample is significantly smaller than thepilane dimensions (radius)eBawseof these dimension
ratiosandbecauseno stresses are applied through the thickness, plane stress is assumed in both
models, so both are 2D rather than 3D geometrigge geometric models are discussed below.

4.3.5.1.Uniaxial Geometry

The geometry of the uniai finite element model used in this research mimics the experiments. A strip
of material is assumed to be fixed vertically and horizontally along the top edge. The bottom surface is
fixed inwidth but is loaded vertically, either with a uniformly distriled force or an imposed

deformation. Although loading is only appligdthe ydirection, deformations in the-girection occur
through the Poisson effect, as demonstratedrigure4-21. The geometry is meshed with 2D plane

stress elementsAbaquselement type CPS427]). There arden elements along the width (girection)

of the model andorty along the lengthMesh independence will be demonstrated in the Results

chapter.

undeformed deformed

L.

I

Y

Figure4-21. Geometry and boundary conditions for uniaxial finite element model.

4.3.5.2.Biaxial Geometry

For biaxial simulations, a second finite element model is used which mimicedhgetry of the blister

experiments. Again, plane stress is assumed for this geometry. As illustr&tgpired-22, the

axisymmetric properties of a circular blister about its center aeduto simplify the geometric model.
wkEiGKSNI GKIFYy LISNF2NXYAYy3A OFtOdz FdA2ya F2NJ I FdzZ t of
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blister beginning at the center and proceeding along the surface to the edge where the blister is
clamped. In tle finite element model, the center of the blister slice is constrained to deform only
vertically and the edge of the blister slice may rotate but not translate. The model is meshesDwith
evenly spacedbaqusSAX1 elementd 27].

deformed blister

Figure4-22. Geometry and boundary conditions for biaxial finite element model.
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5. Results and Discussion

The following chapter presents the uniaxial and biaxial experimental results and modeltgimsula
Qualitative and quantitative analysis of the agreement between experiments and model results is
discussed. Where appropriate, details are given about techniques used to perform the analysis and /or
potential ways to improve on the current techniques

5.1. Uniaxial Characterization

As stated previously, the PFCB/PVDF copolymer blend was characterized in uniaxial tension with creep
and recovery experiments aD7C 30%RH. The experimental results are presentdtignre5-1 through
Figureb-5 with the figure titles indicating applied stress and time under load. The solid line represents
the average of five replicate experiments and the dashed lines demonstrate the 95% confittenca i
calculated from the replicates. Only the first half of the recovery period is included in these figures in
order to allow better visualization of the creep step.

0.5 MPa 20 min 0.5 MPa 200 min
0.45 Average Strain 0.90 ——— Average Strain
0.40 Upper Bound 0.80 Upper Bound
0.35 | Lower Bound 0.70 Lower Bound
0.30 | 0.60
2 0.25 ! = 050
£ 1 £
Zo020 Z o040
«n | «n
0.15 | 0.30
| —— e
0.10 | 0.20 |
| |
0.05 | 0.10 |
| |
0.00 0.00
0 20 40 60 80 100 0 200 400 600 800 1000
Time, min Time, min

Figure5-1. Experimental result$rom creep and recovery experiments at 0.5 MPEhe dashed lines represent the 95%
confidence interval calculated from five replicates. (Left) 20 minateepresultsand (right) 200 minute creep results

2.0 MPa 20 min 2.0 MPa 200 min
140 Average Strain 3.50 Average Strain
1.20 i Upper Bound 3.00 Upper Bound
| Lower Bound 1 Lower Bound
1.00 " 2.50
R 080 ' £ 2,00
c c
e i e
& 0.60 | & 1.50 f
| /
0.40 | 1.00 |
]
0.20 : 0.50
| ]
0.00 0.00
0 20 40 60 80 100 0 200 400 600 800 1000
Time, min Time, min

Figure5-2. Experimental results from creep and recovery experiments at 2.0 MR& dashed lines represent the 95%
confidence interval calculated from five replicates. (Left) 20 minute creep results and (right) 200 minute creep results.
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4.0 MPa 20 min 4.0 MPa 200 min
3.50 —— Average Strain 8.00 —— Average Strain
3.00 Upper Bound 7.00 Upper Bound
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2.50 6.00
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®2.00 8
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s Lco E 4.00
o “ 3,00
1.00 2.00
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0 20 40 60 80 100 0 200 400 600 800 1000
Time, min Time, min

Figure5-3. Experimental results from creep and recovery experiments at 4.0 MP® dashed lines represent the 95%
confidence interval calculated from five replicates. (Left) 20 minute creep resaitd (right) 200 minute creep results.

6.0 MPa 20 min 6.0 MPa 50 min
8.00 —— Average Strain 12.00 —— Average Strain
7.00 Upper Bound Upper Bound
4 10.00
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4.00
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| 2.00 §
1.00 | |
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0.00 0.00
0 20 40 60 80 100 0 50 100 150 200 250
Time, min Time, min

Figure5-4. Experimental results from creep and recovery experiments at 6.0 MR dashed lines represent the 95%
confidence interval calculated from fiveeplicates. (Left) 20 minute creep results and (right) 200 minute creep results.

8.0 MPa 20 min
18.00 —— Average Strain
16.00 Upper Bound
14.00 Lower Bound
12.00
10.00

Strain, %

8.00
6.00 /
4.00
200 |
0.00
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Figure5-5. Experimental results fsm 20 minute creep and recovery experiments at 8.0 MPa. The dashed lines represent the
95% confidence interval calculated from five replicates.

77



Chapter 5: Results and Discussion

For the 0.5 MPa and 2 MPa experiments, a constant force applied during the creep step resulted in a
constant true (Cauchy) stress. (For these experiments, Cauchy stress is computed from engineering
siNBaa dzaAy3d GKS SljdzdAzya 2dzif AYSR Ay GKS !l ylteda
of 0.4.) However, for the experiments at larger stresses, it was necessary to decrease the applied force
during creep in order to maintain the approptéatrue stress. This was done manually while the
experiments were running. Because the thickness of the samples varied, and other potential factors
such as microscopic defects, etc, the same force profile did not always result in the desired stress level
for replicates. For exampl&jgure5-6 shows the actual true stresses applied during the 20 minute creep
step in the 2 and 8 MPa creep experiments. Variations irahied true stress account for some of the
uncertainty in the experimental strains, especially at high stresses, but even for low stresses cases
where the applied stress is nearly identical in all replicates there is noticeable variation in the
experimenal response.
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Figure5-6. Stability of true (Cauchy) stress during creep experiments.

With the exception of the experiments at 8 MPa, experiments in which the true stress differed from the
desired value by more than 2% were not included in the analysis. The range of acceptable error for the 8
MPa experiments was extended to 10%. The PFAB/RNend was extremely compliant under this load

and adjusting the applied force while the experiment was running in an attempt to maintain a constant
true stress proved very challenging. In all, 21 experiments were attempted for the 8 MPa stress level.
The five whose stress profiles were closest to 8 MPa were selected for model development; these are
shown inFigure5-6.
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5.2. Model Development
The average values for eachtbe above experiments were used to develop the uniaxial model.

5.2.1. Viscoplastic Parameters

The viscoplastic parameters were estimated first from the creep and recovery experiments. It is
assumed here that the material is fully recovered at the end of tleevery period, which is ten times
longer than the creep period. Therefore, estimates of viscoplastic strain were obtained from the final
recorded strain value from each uniaxial experiment. This is illustratEgyure5-7. It should be noted
that this technique ovepredicts the actual amount of viscoplastic strain in each experiment since the
material is not fully recovered at the last data point of each experinmeadtttpugh the rate of recovery at
each point indicated in the figure is less than 0.00001 %/s. The paraneéitegment procedure
discussed later addresses this issue by decreasing the magnitude of viscoplastic strain in order to
balance it with viscoelastistrain.

18.00 ——8.0 MPa 20 min
16.00 —6.0 MPa 50 min

14.00 k —0.5 MPa 200 min
 12.00
£
& 10.00
=
£ 8.00
6.00

0 500 1000 1500 2000
Time, min

Figure5-7. lllustration of experimental data used for initial estimate of viscoplastic strain. The last strain value recorded in
each experiment, highlighted with a circle in the figure,dssumed to be the total viscoplastic strain which developed during
the creep portion of the experiment. This value is refined later.

Both the Zapa£rissman and Tobolslgyring forms were considered for this fit. The Za@sassman

form modeled the low sain data (and consequently the low stress data) well, and the Tob&hgkrg

form appears to express behavior at all stresses very well. The phenomenon is expected based on the
stress dependence of each equation. The exponential function of stress TrobwskyEyring

expression results in a small sensitivity to stress when the stress is small. Th&CHapasn term, on

the other hand, is quite sensitive in the lestress region. These behaviors were demonstrated in the
Analytical Techniques chaptéfigure5-8 shows the besfit scenarios for each form over the entire

range of stresses.
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Zapas-Crissman Tobolsky-Eyring
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Figure5-8. Bestfit results for ZapasCrissman (left) and Tobolskigyring (ight) viscoplastic equations to estimated
viscoplastic strain. Data points are colaoded by stress according to the legend on the right.

What cannot be seen iRigure5-8 is the behavior of the two viscoplastic expressions at very low
stresses, such as that used during recovery. In this region, it was found that the Tdbiislg/form
predicted strains sigficantly larger than those observed experimentally. Because both forms have
reasonable agreement for stresses below 6 MPa, the two forms were combined such that the Zapas
Crissman equation describes viscoplastic behavior for stresses up to and incliviaahd the
TobolskyEyring equation is used for stress greater than 4 MPa. Because the two forms are nearly
identical at 4 MPa, no discontinuity results during numerical simulations.

5.2.2. Linear Viscoelastic Parameters

After estimating the viscoplastic straite 0.5 MPa, 20 minute and 200 minute experiments were used

to determine coefficients for the linear viscoelastic solid Prony series. The resulting Prony series is
compared to the experimental data Figure5-9. Some discrepancy is observed during the recovery

period, most likely due to the overprediction of viscoplastic strains as mentioned above. The discrepancy
seems significant in the figure, but when comparedhte full range of strainfor which the nonrlinear
viscoelastic viscoplastic model is applicglblat to 15%), a difference of 0.1% strain is not troubling.
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Figure5-9. Linear viscoelastic viscoplasticadel results for determining Prony series coefficients from 20 minute (left) and
200 minute (right) creep experiments at 0.5 MPa.
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5.2.3. Non-linear Viscoelastic Parameters

As mentioned previously, the relationship @fgth stress is evident during the first feseconds of the
creep experiments from the difference in the apparent elastic compliance and the elastic compliance
measured in the linear viscoelastic region. The expression feag determined directly from
experimental data, independently of the othparameters.

In the left image ofFigure5-10, the strain at several creep stresses is plotted for the first 10 seconds of
the experiment. The right image shows the data at three seconds, which is circled, plotted as strain vs.
stress. The slope of the strain vs. stress curve is the elastic congplidote that the experimental data
exhibits a norinear elastic compliance whichgsffer than the linear elastic value determined from the
0.5 MPa experimentThe parameter gsthe multiplicative factorused to express the difference of the
observedelastic compliance from the linear elastic compliance. These values and the arccotangent fit
are demonstrated ifrigure5-11. Although a physical mechanism for stiffieg behavior is not apparent,
parameter development without apgerm yielded results inferior to those presented here.
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Figure5-10. lllustration of technique for determining gas a function of stress. Left: Strain as a function of time for the first
ten seconds of creep. Right: Theoretical linear elastic strain vs. actual strain after three seconds of creep.
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Figure5-11. Determination of g from experimental results: values and arccotangent fit.
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5.2.4. Parameter Refinement

The viscoplastic parameters,, @nd the linear viscoelastic Prony series were coded into a Mathematica
program[126]which allowed the user to control each parameter e full nonlinear viscoelastic
viscoplastic modelas discussed in AppendixNonlinear regression was used to fifithctionsof g

and a which improved agreement between the experiments and thigahmodel from the estimation
procedures just descrédnl. During this process, theg linear viscoelastic and viscoplagti@rameters

were left unchangedt was determined that including glid not significantly improve the quality of the
model over the range of interest.

The constitutive expression hasaage number of parameters and many are active simultaneously with
other parameters. For instance, bothand the viscoplastic parameters affect the magnitude of the

strain response during the creep step. It can be difficult to separate the influencenple@mentary or
competing mechanisms, so multiple parameter sets exist which approximate the experimental results.
In other words, a single optimum parameter set is difficult or impossible to find. Rather, one must select
a group of parameters from the laaghumber of combinations which closely but imperfectly describe

the material behavior in most regions.

The model results from the parameter set ultimately selected are showiigure5-12. The left figure
compares the model to selected experimemtBich encompass the full range of stresses and strains to
be predicted. The model exhibits similar agreement with the other experiments, but these are omitted
here for clarty. Srainsare plottedon a logarithmic axis, so that both large and small strains can be
seen. The right figure demonstrates the correlation between the experimental and model strains in a
different way. Good agreement is observed for the full rangdrafrss.
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Figure5-12. Uniaxial constitutive model compared to several of the experiments on which it is based.

The nonlinear viscoelastic parameters which give the resultSigure5-12 are plotted inFigureb-13 as
a function of stress. The elastic parametey,ig unchanged frorthe previous plot. This parameter set
does not include any nelinearity from g, which affects the timelependent viscoelastic response
during the creep step. However, stress softening is observed from bathdga. Both of these
parameters are modeledith an arccotangent equation. The values for various parameters in the
constitutive model are summarized Trable5-1.
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Figure5-13. Nortlinear viscoelastic parameters as a function of stress.

Table5-1. Parameter values for uniaxial constitutive model.

Do [1/MPa] | 0.003544

Vo [ND] 0.35 X1 Xo X3
0o [ND] 0.450 0.220 1.600
D [1/MPa] _i[s] 0: [ND] 1.000 0.000 0.000
8.65E05 5 0> [ND] 3.500 -0.800  7.900
8.32E05 10 a [ND] 0.300 0.240 3.900
9.91E05 100
1.92E04 300 A b c
2.16E03 1000 ZC [m/m] 2.00E05 1.000 0.600
1.30E03 10000 TE [m/m] 2.61E06 0.681 0.737

1.98E03 30000
1.29E02 100000
1.22E02 1000000

5.3. Uniaxial Validation

The uniaxial model developed from creapd recovery experiments was validated against multistep

force, stress relaxation, and force ramp experiments. Simulations were performed in Abaqus using a 2D
plane stress implementation of the constitutive expressions in a UMAT in conjunction with the 2D
uniaxial geometryMesh independence of this geometry is demonstrateéigure5-14. This figure

shows the 6 MPa 50 minute simulation with geometries meshed at 8k2fients,10x40elements and

20x80 elements. Because the results are identical for the 10x40 and 20x80 cases, the simulation is
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independent of mesh size when there are 10 elements across the width of the geometric model and 40
elements along the length. ®mesh was therefore used for all remaining uniaxial simulations

O
2 ’j **********************************************************
10 ,’;t\\__ -----------------------------------------------------
xR d P S
e 8 [ iy
cs S
R U
/ 20x80 = = 10x40 ====5x20
2 r *****************************************************************************
0
0 50 100 150 200

Time, min

Figure5-14. Finite element model results for 6MPa loading for 50 minutes with three meshing schemes. For each scheme,

the first number irdicates the number of elements across the width of the model and the second is the number of elements
along the length. Because the 10x40 and 20x80 cases yield the same results, the results are independent of the mesh for the
10x40 case. Therefore, this rehing scheme is used for the uniaxial model validation simulations.

Uniaxial experiments with multiple steps were used to compare the time and strain hardening
FdadzYLJiA2ya FT2NJ AYONBYSyidalt @A a02 IBighed-liShit@dnsisisd ¢ K S
of four 20 minute force steps which correspond to engineering stresses of 2, 7, 4, and 5 MPa each,

followed by a recovery period under a 0.006 MPa load. The strain profilewnstwthe left and the

true stress profile is shown on the right. During the 7 Mg, the strains increase rapidly. This causes

the stress to rise during this step, even though the force is held constant. The strain hardening response
predicts strainsnuchlarger than the experimenigo the extent that the simulation failed after about

50 minutes. e time hardening response predickghtlylower strainghan observed experimentally

From this set of simulations, dppears thatime hardening is more accurate technique for capturing
viscoplastic response
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Figure5-150 Wadzf GA! Q Ydzf GALIX S &aGSLI ONBSLI SELISNAYSYyi(i& 6RI&KS
left figure and the trie stress profile is in the right figure.
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5-16. For this profile, the strain hardening simulatiagainpredicts ggnificantly larger strains than are
experimentally observed. However, the time hardening response agrees well with the experiments.

Therefore, it appears that time hardening is the more appropriate assumption for incremental

viscoplastic calculations. Ténthardening will be used in the remaining simulations.
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left figure and the true stess profile is in the right figure.
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The stress relaxation experiments and simulations are compareijimes-17. Two experiments were
performed at strains of 0.5%,0% and 3% strain; a new sample was used for each experiment. Good

agreement is observed between these experiments and the simulations. It is especially encouraging to

note that the initial stress in the 3.0% stress relaxation experiment is out ahtige of stresses used
for calibration but the model still captures the material behavior well.
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Figure5-17. Stress relaxation experiments (dashed) and model prediction (solid).

The model also successfullynulates force ramp experiments at 0.81min, 0.1N/min and 1.0N/min,
as demonstrated ifrigure5-18. Again, although the creep and recovery experiments used fateino
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engineering stresses of 2, 5, 4, and 7 MPa each, also followed by a recovery period under a 0.006 MPa
load. The simulation for this profile tracks with the experiment very well, as demonstratéifimme
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Chapter 5: Results and Discussion

development only included stresses up to 8 MPa, the model does a reasonable job predicting the
response of the PFCB/PVDF blend at much higher stresses.

16.00

/
14.00 —— -
12.00 ; —

[1+] - /
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£ 6.00 e

Y 400 Model 1.0.N/min 1.0ON/min
200 Model 0.1 N/min 0.1 N/min
0.00 Model 0.01 N/min 0.01 N/min

0.00 5.00 10.00 15.00 20.00

Strain, %

Figure5-18. Force ramp experiments (dashed) ancbdel prediction (solid).

The figures above demonstrate that the uniaxial constitutive model is capable of predicting the response
of the PFCB/PVDF blend under a variety of uniaxial tensile configurations.
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from stress relaxation experiments in uniaxial tension@t& 30%RH. A sampdé the initial results for

t 2A442Yy Qa wHglirés29. Both th&akigl Glifectibny and transverse {@irection) strains are

reported from the DIC resudt
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This figure, and replicate experiments, show significant oscillation in the value oftranxand
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are greater than 0.5indicated by the solid pple line for clarity Thisis not a physically permissible
GrtdzS F2NI t2A433a2yQa wlkidAz2 YR AYRAOFGSEA |y SNNENJ

After investigation, it was determined the oscillation tracked very closely with the relative humidity
fluctuations in the samle chamber, which were on the order 2%RH over the course of the

experiment. Coefficients of hygral expansion reported by Fidl2jwere used to correct the sample

dimensions in both the axial and transverse directions. The ddayime5-19, after correcting for

hygral expansion, is providedfiigure5-200 b2dG Fff 2F GKS 280AftflGA2Yy AY
the value is significantly more stable than before the correction was made.
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Three replicates were completed forthe A & a2 y Qa wl U Kigures2$ shawdzaNéaveageli ®

and 95% confidence interval ekperiments after correcting for relative humidity variations. Also

AyOf dzZRSR Ay (GKAA ¥FA 3dzNSfrom the Lapkaé conversioa dittayichil wl G A 2 (K
t2A842yQa NI GA2 2F ndopI andtimRdepesdgntdichidsistedtRvitio @ (G KS S
constant bulkcomplianceand the experimentally measured time dependence of the creep compliance

. S0l dzaS (KS ppddinato? waQrmuch\smaothe than the experimental measurements,

but generally fell within the uncertainty limits, the approximation was used for biaxial simulations.
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Figure5-21® t 2 A & & 2 Y Q & ntsy$olihaRd aPpEokiiBahidh fran constant bulk modulus assumption (dashed).

While conducting experiments, itwas found thathighdzl £ A i@ t 2A8a2yQa NI GA2 RIG
with the available resources. Several factors influenced the qualityeaéxperimental data, including
environmental control, as shown previously. Other obstacles inclsdetples puckering along the

loading axis andamples curlig due to environmental changes. Samples which exhibited significant

puckering (more than 0.07mtocal outof-plane deformation) were not used in the analysis. To avoid

issues arising from sample curling, doultaiger samples were assembled by hot pressing layers of

material together Curling in these thicker samples was much less significamteBhlts reported above

are all from doubldayer samples.

5.5. Biaxial Validation

Blister experiments were conducted &0°G 30%RH at constant applipdessures of 5, 10, 15, and

20kPa (The experiments which were intended to be loaded witkPdactually eperienced &Pa

loading. Therefore, they are reported below ddP@experiments) A new sample was used for each
experiment, and at least three experiments were conducted at each pressureHeyale5-22 reports

the average stress near the center of the blister for each pressure level and error bars which represent
the 95% confidence interval calculated from the replicates.
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Figure5-22. Experimental blister results: stresses calculated near the center of the blister. Error bars show 95% confidence
interval from at least three replicates.
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The experimental results demonstrate the expected trend with stres®asing with applied pressure.

The spacing of the individual pressure levels is not consistent, but this is likely due to differences in
average sample thickness at each pressure level. For instiduecayerage thickness of th&kRasamples

was a microrness than any of the other pressure levels. Tifisiencesthe stressresults in two ways:

directly in the stress calculation since stress scales with the inverse of sample thickness, and indirectly
through the radius of curvature which develops during #xperiment. For givenpressurelevel one

would expect a thicker sample to exhibit less strain than a thin one, which means the radius of curvature
is larger for the thicker sample. Because the relationship between radius of curvature and sample
thickness is nodinear, the effects do not cancel each other in the stress calculatioramadfect the

final results. Additional uncertainty may result from slight temperature and relative htymnidriations

in the differentexperiments.

Biaxial simulations/ere performed withthe axisymmetric shell geometric model atie 2D plane

stress UMAT containg the constitutive modeFigure5-23 demonstrategwo features of tle 15Pa
simulations. First, the simulation results are independent of the meshing scheme when there are at least
50 elementsThe simulations in the remainder of this document were performed with the 50 element
model since it provides the same results asdels with finer mesh but runs more quickly. Additionally

the influence of the boundary condition imposed on the edge of the blister geometry is apparent. The
blister specimen is clamped under the fixture at this location, but it was not clear whethenedpi

(rotation but no translationpr an encastre (no rotation or translation) boundary condition was a more
appropriate way to model that constrairfigure5-23 demonstrates that an encastre boundary

condition at the location where the blister meets the fixture results in much higher stresses than a
pinned boundary condition. Because the blister specimens are very thin, the bending stiffness should be
negligible, sahe pinned boundary condition is more representative of the experimental setup.

14
12
10

10
S 8 P
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o 6 | "o .
; i ¢ ¢ ¢ * *
4
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2 | Pinned Edge (100) — - =Fixed Edge (100)
0 | + Experiment
0 10 20 30 40 50 60
Time, min

Figure5-23. Finite element model results for Paloading on the biaxial geometry. The results frotwp meshing schemes
are shown, one with 50 evenly spaced elemendsid one with 10Q (The number in parentheses in the figure legend
indicates the number of elements used in the simulatiomso illustrated is the effect of the boundary condition where the
blister specimen contacts the fixture.

Although the pressure application during the experiments was nearly instantaneous, the simulations
appliedthe pressure ovea five second rampp avoid initial high stressdar outside of the stress range
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used for éveloping the constitutive modekigure5-24 shows the strains anBigure5-25 the stresses
calculated by the finite element model in comparison with experimentally determined stresses and
strains.

Strain
02 & 5kPa Experiment  =——5kPa Model
0 i8 B 9kPa Experiment  =——9kPa Model
0-16 A 15kPa Experiment ——15kPa Model
‘ . 20kPa Experiment ——20kPa Model
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‘EO 12
=0
£ 0.1
=
Y 0.08
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0
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Figure5-24. Surface strains near the center of the blister from experimsr{points) andsimulation (lines).
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Figure5-25. Stress near the center of the blister from experiments (points) and simulation (linEsjor bars on stress data
demonstrate 95% confidence interval from at leatstree replicates.

The stress simulatiarin Figure5-25 consistently overpredict the experimefitsith longterm values at
all stresses exhibiting greater than 20%oe relative to the experimentsHowever, the strain

* The 20kPa experiments deform beyond a hemisphere, which violates the spherical cap assumption. Thus, it is not
surprising that these results are not predicted by the model.
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simulatiors demonstratereasonable agreementhe largest error in the strain simulation is around two
minutes, but after this the response settles and predicts the experimental strains to within 166 er
The exception to this observation is thekPastrain simulation, which has a consistent error of about
15%.This is a curious discrepanogcause the model essentially correctly predicts the experimental
strains based on the applied boundary condigdut does not agree with experimental stresses
computed from curvature measurements

Investigation into the source of this issuEs documented in Appendix §stematically ruled out errors

in experimental pressure measurement, the effect of the inkdu® speckle the samples, and the

region on the blister surface used to determine the radius of curvature frorobptane displacement
measured by the DIC. Similarly, the valu¢ghobugh-planet 2 A & & 2 yisediinthNblistek Rodelnd
theeffectofLI2 G SY G AL £ AYAGALF f v tuledout@s sbuyceslof edrdr fhotn th& NJ & LIS O A
simulations.The thickness of the sample for each simulation is equivalent to the average thickness of
the samples at the corresponding pressure leVelremove ay thickness effects, the membrane force
resultant was computed by integrating the stress through the thickness of the sample. These results are
shown inFigure5-26, and exhibit some improvement over the stress results flEigure5-24. In Figure
5-26there is 15% error between the experimental and simulated force resultants at 5 kpa, but less than
10% error at all other pressure levels.

Force Resultant

300 & 5kPaExperiment ——5kPa Model
B 9kPa Experiment ——9kPa Model
250 15kPa Experiment =—=15kPa Model
-E > 20kPa Experiment ——20kPa Model
=z
=
c
8
2
< X
3
= _n
S K
40

Time, min

Figure5-26. Membrane force resultant from blister experiments (points) and simulation (l§heThe membrane force
resultant is a quantity related to stress but which removes the effect of specimen thickness.

The most probable source of this eriigrthe expressions used for computing viscoplastic strain. Recall
that these expressions were developed from uniaxial experiments and equivalent plastic strain theory
was used to apply these expressions to the biaxial load state present in the blisemti®aiources of
discrepancy include the expression used for equivalent stress and the flow rule definition. Additional
experiments under multiaxial loads are needed to confidently express the viscoplastic strain which
develops during multiaxial loading.
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5.6. Applicability of Model to Other Hygrothermal Conditions

All of the experiments conducted for model development and validation were performed@ 70

30%RH. To be useful for simulating fuel cell conditions, the model should be able to predict the material
response over a range of conditions. The linear viscoelastic thermal and hygral dependence of the
PFCB/PVDF blend was characterized by H#2dnnd expressed as thermal and hygral shift factors.

The simplest approach for extending the linear viscoelastic model to thdimear viscoelastic region
would be to scale time using the hygral and thermal shift factors without altering atine efonlinear
viscoelastic parameters {g, @, &) or the viscoplastic parameters (A, b, ¢). However, it is possible that
the nonlinear viscoelastic and/or viscoplastic parameters are dependent on temperature and moisture.

In an attempt toascertain the thermal and hygral dependence of thelioear viscoelastic viscoplastic

response, two multistep creep experiments were conducted at conditions other th&@ 30%RH. The

alternate conditions, 6°C 55%RH and®BG 10%RH, were selected besa the empirical hygrothermal

shift factors in the linear viscoelastic region were unity. That is, no shifting was required in the linear
viscoelastic data to form a master curve of these conditions when referencdaf @ 30%RH. This is

shown inFigure5-27, in which the linear viscoelastic stress relaxation modulus, as determined from

stress relaxation experiments at 0.5% strain, is plotted oddggaxes. Theresia slight difference in the

0§KNBES OdzNISasz odzi 6KSYy GKIFdG RAFFSNBYOS Aa O2YLI NB
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Figure5-27. (Lef) Linear viscoelastic master curve of PFCB/PVRRdteferenced to °C 30%RH (green). (RigiCloser
view of selected conditions 8@ C 10%RH (red) and®BC 55%RH (blue), which do not require shiftifgy the master curve.

The experimental results fovultiB experiments at these conditions are showrFigure5-28 along with
the same multistep experiment conducted &@°C 30%RH.
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Figure5-28. Multistep experimentsat alternate conditions in the nodinear region. Even though these conditions are
hygrothermally equivalent (i.e., do not require hygrothermal shift factors to agree) in the linear viscoelastic region,
significant difference are observed here.

There is &lear difference in the response of the PFCB/PVDF blend at these three conditions. This
demonstrates that the linear viscoelastic hygrothermal shift factors alone do not express the full
temperature and humidity dependence of the PFCB/PVDF behaviowdttis noting that the

differences observed in the multistep experiments are not consistent with the minor differences in the
linear viscoelastic experiment. As can be sedrignire5-27, the 3°C 55%RH experiment was slightly
different from the other two in the linear viscoelastic example. But, as showigimre5-28, in the non
linear region the @°C 30%RH response is significantly different from the other two conditions, which
agree quite well with each other.

Further, the order of experiments is not consistent with the moisture content, expressed as moles of
water per sulfont acid site (lambda).able5-2 shows the lambda value for each of the three conditions
calculated from the standard equation for PFSA materials and from characiamizdtthe PFCB/PVDF
blend[42].

Table5-2. Moisture content expressed as lambda for eachthe three conditions. Lambda values calculated directly from
PFCB/PVDF experiments and the lambda equation for PFSA materials are provided.

PFCB/PVDEmMbda PFSAambda Observed Nosinear
(moles HO/mole S@ sites) (moles HO/mole S@ sites) Behavior
80°C 10%RH 0.55 1.17 Less Complaint
70°G 30%RH 1.24 2.76 Reference
50°C 55%RH 2.15 4,15 Less Compliant

5.6.1. Technique for incorporating environmental dependence

Since it is clear that the hygrothermal shift factors alone cannot express the environmental dependence
observed in nodinear experiments, the next step in the process of developing a model valid for

multiple environments is to characterize that dependenEirst, we will assume that the environmental
dependence of the viscoelastic (recoverable) response is adequately described by the hygrothermal shift
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factors (i.e., that the nosinear viscoelastic terms are independent of environment). In this case, it
would only be necessary to determine the environmental dependence of the viscoplastic terms. If this
approach is not successful, it will be clear that theinaar viscoelastic terms are dependent on the

environment. In this case, significant additioeaperimental work will be necessary to characterize that
dependence.

If the nonlinear viscoelastic parameters are independent of environment then the recoverable
component of strain should be very similar in the multistep experiments at the three conditions.
Therefore, an initial estimate of the environmentally dependeistuplastic strain can be obtained by
determining what viscoplastic strain would bring agreement with the experiments. In essence, the total
experimental strain response is partitioned into the viscoelastic and viscoplastic responses, as
demonstrated inFigure5-29 for the reference environmental conditionp7C 30%RH.

18 + 70C,30%RH Experiment
16 70C; 30%RH Simulation
Y W— —-=-\fiscoplasticStrain Component
12 = - =\isocelasticStrain Component
®
c 10 e
: 5 0000004 S ¢
5 -----------
6
4
2 __________ -—
0
0 5000 10000 15000 20000
Time, s

Figure5-29. Demonstration of the partitioning ototal experimental strain from the70/30 experiment (green diamond) into
viscoelastic (purple daskot) and viscoplastic (orange dash) components.

The original parameter set results in the same strain prediction@€¢%55%RH and®BC 10%RH if the

empiiOF £ &aKATFTO FIF OG2NE | NB dza SR Equatons-¢ &l inGlighfly | & Qa
different shift factors than the empirical shifts, as demonstrate&igure5-30, which plots the

logarithm of the shift factor as a function tdmperature and lambda. Because the equation rather than

the individual shift factor values will be used in modeling predictions, this analysis is performed with

shift factor values from the equation.
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Figure5-30. Base ten logarithm of the empiricahift factors (data points) ad shift factor fit from Equation 5-1.

As shownn Figure5-30, the equation results in a shift factor of 1.24 = 10°0.530(%55%RH, in
contrast to the empirical shift factor value of one. The difference is gveater at ®°C 10%RH, where
the empirical value is again one but the equation yields a shift factor of 0.411 = 1070.39.

Performing simulations with the parameter set determined @t 30%RH and the shift factors
determined fom Equatiorb-1 yield the following strain profiles allB8C 55%RH and®BC 10%RH.
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Simulations with 70C, 30%RH Parameters
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Figure5-31. Experiments and model simulations at all threenditions. All simulations are conducted with thed7C 30%RH
viscoplastic parameters and the appropriate hygrothermal shift factor as computed fibquation5-1.

Asanticipated, the simulations significantly overpredict tH#¥§ 55%RH and®BC 10%RH experiments.
In fact, the viscoplastic strain computed from the*@ 30%RH parameters alone exceeds th&b
55%RH and@C 10%RH experiments, as demonstrateéigure5-32.

MultiB Experiments and 70C, 30%RH
Viscoplastic Estimate
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0 5000 10000 15000 20000

Time,s
= Viscoplastic Strain Component from 70C, 30%RH Parameters

80C, 10%RH Experiment
+  50C,55%RH Experiment

Strain, %

Figure5-32. Demonstration of how the viscoplastic parameters from th@°G 30%RH conditions (orange dgsseverely
overpredicts total experimental strain observed for the same applied load profile at the hygrothermally equivalent
conditions 8°C 10%RH (pink triangle) and3C 55%RH (blue diamond).

In Figure5-29, it can be seen that the viscoplastic component of strain is a little greater than % of the
total calculated strain at the end of the recovery period for tf8@ 30%RH parameter set and

experiment. By introducing a functional dependence for the viscoplastic parameters A, b, and c on
environmental conditions, it may be possible to bring the model into agreement with the experiments at
those conditions. Each of the viscoplastic parametersasnned separately below.
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5.6.2. Effect of varying A

The parameter Acales the magnitude of the entire response. Recall that this model uses a combined
viscoplastiexpression with the Tobolskgyring form for stresses greater than 4 MPa and the Zapas
Crissman form for stresses less than or equal to 4 MPa. This means there are two parameters to
consider: one which is active during the first and third steps (2 MPa&aBa) and the other during the
second and fourth steps (5 MPa and 7 MFFay. convenience, the constitutive equat®ior viscoplastic
strainare repeated below along with the values for each parameter determined from €3€ B0%RH
experiments.

- 0 0, o , TO00® 5-2

Table5-3. Values of theviscoplastic parameters determined at07G 30%RH.

Parameter Value

ZapasCrissman A=2E5 b,=1.0 ¢,=0.6

TobolskyEyring A=2.61E6 b,=0.68 c=0.74

The illustration irFigure5-33 shows the effect of halving the value of A for both expressions. In this
figure, the data points represent the total experimental strain measurea%H5%RH, the long dash

line is the visoplastic component calculated directly from the indicated values of A, the small dash line
is the simulation resulting from running the model with the updated values of A, and the solid line is the
simulation resulting from the @G 30%RH parameters.dppears that these values of A are still too

large to allow agreement between the simulation and the experiments. Further, it seems that most of
the error builds during the second and fourth steps, indicating that the Tob&gking parameter is the

one which needs to be adjusted.
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Figure5-33. Demonstration of total strain predicted from the value of parameter A being half of the value determined from
the 70°G 30%RH experiments (black dash). Also showa imwodel results from the original values of parameter A (red solid),
the experimental strain at 8°G 55%RH (blue diamond) and the viscoplastic component of the strain calculated from the
updated parameter (orange dash).

Changing the parameter, & the ZapasCrissman equation back to its original value and further
decreasing parameter.An the TobolskyEyring equation yields the resultshigure 5-34.

Al1=2.0E-5

0,
50C, 55%RH A2=1.0E-6

+ Experimental Strain
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14 . - -
/\ Viscoplastic Estimate
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Strain, %

0 5000 10000 15000

Figure 5-34. Demonstration of total strain predicted from adjusting the value of parametey (dlack dash). Also shown are
model results from the original values of parameter A (red solid), the experimentahisttat 30°CG 55%RH (blue diamond) and
the viscoplastic component of the strain calculated from the updated parameter (orange dash).

Figure 5-34 shows further improvemet overFigure5-33, indicating that adjusting the TobolsEyring
parameter alone is effective. After decreasingukther, the curve shown ifrigure5-35are obtained.

This set of parameters provides much better agreement than the original set. Because this analysis is
working with the viscoplastic strain, the most important @gbf the response is when most of the
recovery is complete. Therefore, the values-igureb-35 are selected because the simulation and
experiments converge at thend of the test.
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Figure5-35. Demonstration of total strain predicted from adjusting the value of parameter A (black dash). Also shown are

model results from the original values of parameter A (red solithle experimental strain at 8°G 55%RH (blue diamond) and

the viscoplastic component of the strain calculated from the updated parameter (orange dash).

5.6.3. Effect of varying b

This procedurdrom the previous sectioh & NB LIS § SRX 0 dzi y@linNR Ry 2 Fi S Q@ ¢
simulation based on theOPC 30%RH parameters and that with the updated parameters which seem to

best match the experiments are shownRigure5-36.
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Figure5-36. Demonstration of total strain predicted from adjusting the value of parameter b (black dash). Also shown are
model results from the original values of parameter A (red solid), the experitastrain at ©°G 55%RH (blue diamond) and
the viscoplastic component of the strain calculated from the updated parameter (orange dash).

5.6.4. Effect of varying ¢
AL AYS GKS LINRPOSRIZNBE Aa dzaSR (G2 SELX 2NBguekS ST¥¥SO
5-37.
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Figure5-37. Demonstration of total strain predicted from adjusting the value of parameter c (black dastiso shown are
model results from the original values of parameter A (red solid), the experimental strainG8(555%RH (blue diamond) and
the viscoplastic component of the strain calculated from the updated parameter (orange dash).

5.6.5. Comparison of param eter effectiveness
The last three figures demonstrate that none of the viscoplastic parameters by itself can bring the model

into perfectagreement with experiments. In fact, if the viscoplastic component of strain is completely
neglected, the strain profile iRigure5-38 results.

A1=0.0

0,
50C, 55%RH £2-0.0

+ Experimental Strain
Model with 70C, 30%RH Parameters
I\ = === Model with No Viscoplasticity

Strain, %

LA L A R
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Figure5-38. Demonstration of total strain predicted from the original nelinear viscoelastic parameters (black dash). Also

shown are the experimental strain at®C 55%RH (blue diamond) and the model results with the oraimiscoplastic
parameter values (red solid).

Without any viscoplastic strain, the model does not agree with the experinaritnger times
Specifically, the nofinear viscoelastic response (from the original parameter9a€730%RH) alone
correctly pedicts the ®°C 55%RH experimental results during loading; during recovery, it significantly
underpredicts strain. This indicates that at least some of the difference inGt& 30%RH response and
the 50°C 55%RH response lies in the recoverable stiaiother wordsthe nonlinear viscoelastic

parameters appear to have environmental dependeircaddition to that exhibited by the viscoplastic
parameters
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In the absence of sufficient experimental work to characterize the environmental dependenc of th
non-linear viscoelastic parameters, this analysis will proceed by attempting to use only the viscoplastic
parameters to improve the model agreement with experiments at other environmental conditions.
Future work to improve the model applicability shoutdolve determining the temperature and

moisture dependence of the naimear viscoelastic parameters as well.

Now a decision must be made as to which viscoplastic parameter(s) should be used in the attempt to
extend the model to other environmental coniihs. At each condition, there are 6 possible parameters
to vary: A, b, and c from both the Zapasssman and TobolslByring equations. At least seven
experiments at each condition would be needed if all of the parameters were changed in the attempt to
improve the model. From the analysis&#t°G 55%RH (i.eF-igure 5-34 through Figure5-37), where each
parameter was varied independently, it is difficult to make a strong argument for one over another.

Since all of the parameters seem to perform equally well, it may be reasonable to select the one with

the strongest physical explanation. Parameter A is a coefficient which simply scales the magnitude of the
stress and timedependentresponse, much likene coefficient of ahermally dependenthemical

reactionrate, as described by an Arrheniegquation In the Arrhenius equation, an exponential term is

used to describe temperature dependence through an activation energy, just as the Tebyi#ky

expression describes stress dependence. Up to this point, the TobBhgkyg parameters have been
determined from experiments at a single environmental condition. In this case, the environmental
dependence is a constant and is included in the parameter A. Mergrials exhibit thermally activated
inelastic deformations which can be expressed through an Arrhenius[id&®} Therefore, there is

precedent for using parameter A to ascribe environmental dependence to equations of this form.

Parameter b modifies the sensitivity of the strain response to the applied stress. It is lgertain

conceivable that such a parameter may be sensitive to temperature and moisture. In the MultiB
experiments being used in this discussion, there are four stress steps: 2, 5, 4, and 7 MPa. The value of b
was determined from the end of the recovery periotiee 70°C 30%RH creep and recovery

experiments. In the MultiB experiments, recovery only occurs at the end of all four steps. Thus, it would
be difficult to deconvolute the effect of the stress steps from each other without additional experiments
at eachstress level. Parameter b is therefore probably not the best parameter to select fanitias

study.

Parameter ¢ modifies the time dependence of the viscoplastic strain response. The hygrothermal shift
factors from the linear viscoelastic region halsady been applied in these experiments (essentially;
since the value of the shift factor is unity for both experiments, applying the shift factor does not change
the model results since the experiments are performed at the same hygrothermally shifted tt

would not be surprising to find that the viscoplastic response is governed by a different set of hygral and
thermal shift factors than the linear viscoelastic response, since the deformation mechanism is different.
However, there is insufficient perimental data to characterize a new set of hygrothermal shift factors.

Independent of the shift factors, the parameter c itself may be temperature and moisture dependent.
Adjusting the parameter c for each condition does not affect the full experimeheisame way. That
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is, as the amount of viscoplastic strain becomes more significant (at longer times), the sensitivity of the
Fdzf f Y2RSf NBaLRyasS (2 O AyONBlFraSao Ly | &aSyasS:s
which the model is segitive to the viscoplastic response. Considering the figures above, where the error
between the model with approximated viscoplastic response and the actual experimental response does
not increase significantly with time, it seems that parameter c isikelyl to work well for all conditions.

This indicates that parameter A should be used initliteal attempt to extend the model to other
environmental conditions. Because of the basis inAhdeniusequation[129], Equation5-4 is
proposd for the relationship between A and temperature:

5y B Qen . >4
Similarly, ét Equation5-5 be used for moisture dependence:
6_ oQon” >
Finally, the two equationare combined asn Equatiorb-6.
5-6

5L 86000, 000"  s@an”®, Qon”®
In the previous equations, temperature is in Kelvin, so it is an absolute scale. As temperature decreases,
the component of Aassociated with temperature also decreases. This is a physically reasonable form. A
singularity exists if temperature ever reaches absolute zero, but the operating range of this model is
intended to be between 3 and 96C. Similarly, a singularity exigttambda becomes zero. Although it
is improbable that the material would ever be completely dehydrated, this might still cause problems
during modeling. Therefore, the value of lambda used in this model should be no less thahi0lb
corresponds to 9RH.

5.6.6. Experiments at other environmental conditions

The final form of the equation for the parameter A has three independent parameters. Therefore, at
least three experiments are needed to fit the parameters. Additional MultiB experiments were
performedconditionsother than the original 70°C 30%RH conditibhe results of these experiments
are presented ifFigure5-39 below, grouped by temperature. The line style indicates the humidity level
at which the experiment was performed.

®The expression which relates relative humidity to lambda determined directly from the PFCB/PVDF material is
independent of temperature between30°C and 90°C.
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Figure5-39. Results of MultiB experiments at various conditions.

5.6.7. Parameter determination at other environmental conditions

The same@rocesaused to estimate a value for A for th@%; 55%RH experiment above was used for
determining the three parameters within A at the other conditions. The hygrothermal shift factor was
only applied to the reoverable (viscoelastic) portion of strain because the model agreement was not
improved when the viscoplastic times were hygrothermally shifted. The model results from thétbest
values determined by observed agreement at the end of recovarg,shownin Figure5-40. Tabk 5-4
contains these values of A for each condition.

Tabk 5-4. The values of parameter A which yield the model resultsmigure5-40. For all conditions, the ZapaSrissman
value of A, which is active when the applied stress is less than or equal to 4 MPa, is the same as for the original 709, 30%R
parameters. Only the Tobolskizyring value of A changes with environment.

Temperature, C

50 70 80
LRy ZC 2.00E05  2.00E05 2.00E05

TE 8.00E08  1.00E07  0.00
soery  ZC 2.00E05  2.00E05

TE 5.00E07  2.61E06
ssury | ZC 2.00E05

TE 7.00E07

103



Chapter 5: Results and Discussion

50C, 10%RH 70C, 10%RH 80C, 10%RH

4 45 12 E T
- = Experiment = = Experiment Xpenmen

3.5 4 — J—
—— Model Model 10 Model

® ® ®
£ 3 £ 25 £ 6
[ o i
a £ 2 =
15
15 4
1 1
2
0.5 05
0 [} 0
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
Time, s Time,s Time, s
50C, 30%RH
25 70C, 30%RH
5
45 " = = Experiment = = Experiment
4 7 Model 20 ——Model
’ -
3.5
e 3 w15
£ 2.5 g
g 2
& 2 @ 10
1.5
1 5
0.5
0 0
0 2000 4000 6000 8000 10000 0 5000 10000 15000 20000

Time, s Time, s

50C, 55%RH

=
o

= = Experiment

= Model

Strain, %
QO B N W s U N 0 W

Q0 2000 4000 6000 8000 10000
Time, s

Figure5-40. Results of MultiB experiments at variou®nditions and the besfit calculations based on varying parameter A
at each condition.

It is interesting to note that the Zapa3rissman values for A are unchanged; for all conditions, the value
of parameter A when the stress is less than or equal to @MP.0E5. Because the Zap&&issman

form is active at low stresses and the low stresses occur early in the stress profile, the strain at the end
of recovery, which is used to obtain these parameter values, is not as sensitive to theCZesasan
parameters as it is to the Tobolslyring parameters. There is probably some variation in the Zapas
Crissman parameter with environment, but it cantet determined with the current experiments

Another note that should be made pertains to the 80°C, 10%dridition. At this condition, the linear
viscoelastic hygrothermal shift factor results in softening behavior as compared to the 70°C, 30%RH
reference. All of the other conditions tested had linear viscoelastic hygrothermal shift factors which
provided a #ffening effect. A value for parameter8ould not be found which brought the simulation

into agreement with the experiment at 80°C, 10%RH. Thus, this condition was not used to fit Equation
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5-7, and it is unlikely that Equatidsi7 will apply to other conditions which are hygrothermally softer
than 70°C, 30%RH.

Fitting the value®f A from Tabk 5-4 to Equation5-6 yieldsEquation5-7 for A as a function
temperature in Kelvinand lambda, where lambda é®nverted from relative humidity using an
equation based only on PFCB/PVDF data, rather than data from PFf@Asnal The correlation plot
betweenEquation5-7 and the values iTabk 5-4 is shown irFigure5-41.
8 L @ @ROAPPTQT Qonc® >7
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Figure5-41. Correlation plot of parameter A as a function of temperature and lambda; values from individual experiments
(color-coded data points) and besdfit line.

5.6.8. Experimental Validation of Viscoplastic Environmental Dependence

Two adlitional experiments were performed at 60°8%RH and 60°@0%RH. The experimental

results areshown inFigure5-42, along with the simulatedtrains from the constiitive model with
environmental dependence of the viscoplastic parameter. This figure demonstrates that for
environments which result in stiffer mechanical behavior than 70°C, 30%RH, such as the 60°C, 30%RH
experiment, the environmental dependence of thiscoplastic parameter improves the predictive
capability of the modelFor this case, the greatest error in the three hour long simulation was about

30% relative to the experimenHowever, for conditionahichsoften the material relative to its

responseat 70°C, 30%RH, the model significantly ufatedicts strain as observed in the 60°C, 40%RH
case In this case, the maximum error during the three hour simulation approaches8t%as likely

because afthe environmentalconditionsusedto fit the equation governing environmental dependence

of viscoplastic behavior were stiffer than the 70°C, 30%RH reference condition. Although experiments at
softer conditions were attempted, the strains which developed at those conditions exceeded the stroke
limit of the DMA, so the exparients did not run to completion and were therefore not included in the
procedure forestimating the environmental dependence of the viscoplastic response.
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Figure5-42. MultiB experiments at additional environmental conditions, which were not used to fit environmental
dependence of the viscoplastic strain. Also shown are the predicted strain profikethe environmental condition and the
experimental results of the @°G 30%RH condibn for comparison.

The purpose of this study was to determine whether the environmental dependence of the mechanical
response in the notiinear range of stresses of the PFCB material could be characterized and attributed
to only the viscoplastic component of strain. Thislgsia has shown that this is not possible. Although it
appears that there is some environmental dependence of the viscoplastic response, there is also clear
environmental dependence of the ndimear viscoelastic response which is not captured in the
hygrahermal shift factorln order to extend the constitutive model to various thermal and hygral
conditions, the environmental dependence of both the-lwgar viscoelastic and viscoplastic

parameters should be determined from experiments.

5.6.9. Investigation of Model under Varying Hygrothermal Conditions

Although the results of the previous section demonstrate that the current model parameters are not

able to predict the response of PFCB/PVDF at conditions other than 70°C, 30%RH, it is still of interest to
examinethe model response at varying hygrothermal conditions. This will demonstrate that the model

is capable of simulating the effect of changing temperature and relative humidity even though the
simulations do not ecuratelyreflect the material response.

Forthis study, two uniaxial tension experiments were conducted at stresses between 0.5 and 0.6 MPa.
The first experiment held relative humidity constant at 30%RH and cycled temperature between 30 and
70°C. The second experiment held temperature constanD&C7and cycled the relative humidity

between 30 and 70%RH. Simulations were performed with thelimaar viscoelastic viscoplastic UMAT
(i.e. the constitutive model with parameters frofrable5-1 except thatA, was computed fronEquation

5-7), the UEXPANfor hygral and thermal expansion effectgs)d the uniaxial finite elementepmetry.

The results of both the experiments and simulations are shovwigare5-43 and Figure5-44.
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Figure5-43. Experimental and model strains for a uniaxial tension experiment. Stress was held constant at 0.5 MPa, relative
humidity was 30%RH and temperature was cycled betweiC and 70°C.
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Figure5-44. Experimental and model strains for a uniaxial tension experiment. Stress was held constant at 0.57 MPa, relative
humidity was cycled between 30%RH and 70%RH and temperature wastant at 70°C.

Although the model agrees with the experiments qualitatively, in that strain increases with each cycle
and larger strains develop during relative humidity cycling than temperature cycles, the quantitative
agreement is poor. In both casdsetmodel predicts significantly less strain than is observed
experimentally. However, since the previous section demonstrated that thdinear viscoelastic
parameters are not independent of the environment, and that effect is not included in these
simuktions, it is not surprising that the model does not agree with the experiments. It is interesting to
note that this effect is clear even at stresses as low as 0.5 MPa. This indicates that the onset of non
linearity moves to lower stresses softer hygrohermal conditions, an observation which should be
qguantified through future work.

5.7. Summary of Results

In summarya nonlinear viscoelastic viscoplastic model was developed and validated based on uniaxial
experiments at 70°C 30%RH. The parameter set iepted inTable5-1. The model describes uniaxial
stress relaxation, force ramp and multistep creep experiments with good accurat$%eerror).
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The uniaxial notinear viscoelastic viscoplastic model was then extended to equal biaxial loading using
experiments to justifyanhJt ' yS t 2Aaa2y Qa NI GA2 ¢ A-deendeyce St ad A O
consistent with the experimentally measured creep compliance and stanhbulk compliance. Results

from biaxial validation experiments demonstrated good agreement with experimental stlagsstfian

10%error for most casesandyieldedmembrane force resultants between 10% and 1&#ger than

experimental values computedith thin wall pressure vessel theory.

The model was further extended to describe mechanical behavior at other environmental conditions
using linear viscoelastic hygrothermal shift factors developed by Hédmand modifyingoneof the
viscoplastic parameters to reflect hygrothermal dependence (Equétifn The resulting simulations
provided rough agreement (30% error) with validation experiments at environmental conditions which
led to stiffer mechanical behavior. The simulations did not gleadequate agreement at

environmental conditions which led to softer mechanical behavior.

Finally, the model was extended by introducing constitutive expressions for hygral and thermal
expansion developed by Finlg2]. The results indicated qualitative agreement but were substantially
different from the experiment in magnitude.
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6. Conclusions and Future Work

6.1. Summary of Work

The objectives of the present work have been threefold: 1) to characterize the mechanical response of a
PFCB/PVDF blend membrane through experiments atckielike conditions, 2) to develop a

constitutive expression which capes that mechanical behavior, and 3) to implement that constitutive
expression in a finite element model and validate that model against additional experiments. This finite
element model will therassistresearchers who are investigating the PFCB/PVDF rakbéerd other
alternative PEMs by allowing rapid evaluation of material response téotimbconditions which occur in

an operating fuel cell. Simulations with such a model require less time and resources than
experimentally evaluating all cases of intdre¢bus aiding in the development of new PEM materials

and contributing to the commercialization of PEMFCs for energy source for transportation and other
applications.

Uniaxial creep and recovery experiments were performed on the PFCB/PVDF blend a0%¢R8,t8
characterize the mechanical response of the material at a temperature and humidity likely to be
encountered in an operating fuel cellhe material was found to exhilstgnificant nodinear

mechanical behavior at conditions which would be enceved in a fuel cell. Additionally, at the end of
the recovery portion of the experiment, not all strain developed during creep had recovered. Later
experimental work demonstrated that these ndinear and norrecoverable effects werdependent on
temperature and reative humidity in ways not captured by hygrothermal shift factors developed from
linear viscoelastic experiments. Future work with this and similar materials should probe the full range
of time, stress, strain and environments over which a cautbtie model would be applied.

A constitutive expression consisting of rlimear viscoelastic and viscoplastic terms was selecibe
non-linear viscoelastic expression was based on that proposed by Scli@pgand the viscoplastic
expressiorwas based on a form by Zapas and Crissfh@i] at stresses less than 4 MPa and a form by
Tobolsky and Eyrind24] at higher stresses. Parameters ftetconstitutiveexpression were

determined from the creep and recovery experiments. This constitutive expression was implerirented
afinite element model through a usetefined material subroutine, or UMAThis UMAT was then used
with a uniaxial finite Ement geometryandsimulations werevalidated against uniaxial stress relaxation,
force ramp, and multistep creep experiments70°C, 30%RH. The constitutive model successfully
simulated these experimentsut to stresses of 8 MPand strains approaching 15%, which is the
maximum hygrothermal strain expected in an operating fuel cell

Because the membrane experiences a biaxiplame stress state during fuel cell operation, the

constitutive expression would be more useful if dp@dl 0 £ S (G2 GKA& &O0OSYyIFINA2® t 2A
extend the uniaxial model to biaxial cases, so stress relaxation experiments at small strains were

performedon the PFCB/PVDF blend at 70°C, 30%RH. A Digital Image Correlation (DIC) system was used

to measure the axial and transverse strains in the samples during stress relaxation. Analysis of the
experimental resultsevealed that the time dependence of thelidf | vy S t 2Aaa2y Qa NI GA2 ;
PFCB/PVDF blend at 70°C, 30%RH was consistent withtardduk modulus assumption.
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To validate the biaxial simulations, constant pressure blstperiments were also performed on the
PFCB?VDF material at 70°C, 30%HMRigain, DIC was used to measure deflection on the sample surface
during these experiments. Fromdtdeflection, inplane strains and the radius of curvature of the
deformed blister were computed. Thin wall pressure vessel theory was useslihoate inplane stress
from convert the radius of curvature. An axisymmefiiite elementgeometrywas usedad represent

the blister geometry, and biaxial simulations were performed with the UMAT developed from uniaxial
results Biaxial strains were accuratgdyedicted by the model (+<10%error). Simulation menbrane

force resultantswhich are related to stissesalsomatched those estimatfrom the experimental

radius of curvatue to within 10%15%.Although thesimulationsqualitatively predicted the material
behavior for these experiments, the magnitude of predicted stresses was thaethe experimerdl
stresses, presumably due ilmadequate definition of equivalent plastic strain under multiaxial loading

In an operating fuel cell, the environmental conditions are not constant. In order to be useful for fuel
cell research, the constitutive modgtoul be applicablat conditions other than 70°C, 30%RH.
Hygrothermal shift factors and hygral and thermal expansion coefficients deterrbin€thlay42]in

the linear viscoelastic region were incorporated into the finite element model and simulations of
multistep creep profiles were compared to experiments at other temperatures and relative humidities.
Incorporation of the hygrothermal timshifting suggested by the LVE model was found to be
inadequate for describing the hygrothermal behavior at higher stresses and strains. Specffigally, i
found that both the noHinear viscoelastic and viscoplastic parameters are dependent on envirdnme
The present work suggests that the model can be improved by modifying the Tobyiskyg expression
for viscoplastic strain to be a function of temperature and moisture through an Arrhenius relationship.
However, an accurate description will requitgure experiments to better characterize the effects of
environment on both the viscoplastic and nbnear viscoelastic behavioBomparison of experiments

and simulations of tensile experiments subjectedmall uniaxial stress argygral or thermal cyles
confirmed the previous observation aivticated that the onset of nofinearity also depends on the
hygrothermal environment.

In the future, experiments should be performed across the range of environments expected during fuel
cell operation to charderize the environmental dependence of the ntinear viscoelastic and
viscoplastidbehavior Once this is done, the UMAT developed in the present work can be modified and
used to perform simulations of timearying temperature, moisture, stress, and&train profiles. This

will aid in the evaluation of PEMs and advance PEMFC technology development.

6.2. Comparison to Models in Literature

In comparison with other constitutive models published in the literature for modeling PEM materials

[89], [92], [94], the present work offers several benefits. For instance, the model developed in the

present work exhibits a clear transition from linear viscoelastltav@r to nonlinear viscoelastic

behavior, and the linear viscoelastic equations are much simpler than theilimear counterparts. This

causes the simulations to run more quickly in the linear viscoelastic region. Similarly, the use of creep

and recovey experiments to develop the constitutive equation clearly demonstrates the need for-a non

linear time dependent permanent strain expression, which in the present work has been referred to as
WHAEAO02LI F aGA0Qd 2 SNB | &A Yidr mateNdl, b fgw simpla drep ain2 0 S LIS N
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recovery experiments would indicate the significance of both-woear viscoelasticity and
viscoplasticity.

Another benefit of the current work is the applicability of TTSP and TMSP. These techniques have been
very usdul for describing the response of PEM materials in the linear viscoelastic region, so it is
desirable to employ them for nelinear analyses as well. However, it should be noted that the full
environmental dependence of the PFCB/PVDF blend was not cddiyr€ TMSP alone, and that the
alternativetechniques found in literaturf89], [92], [94] were able to express environmental

dependence of the PEM respse more adequately. For this reason, further testing should be

performed on the PFCB/PVDF material to extend its range of application to various environmental
conditions.

Finally, the current work clearly captures the material response during recovdrguosequent

reloading, for instance, from the multistep creep validation experiments. Some of the literature
validates the recovery and reloading response of the PEM maté@&ilsbut others do nof92], [94].

Because the stresses in an operating fuel cell are constantly changing, both increasing and decreasing,
this is an important effect to capture.

6.3. Recommendations for Future Work

The present work wed uniaxial creep and recovery experiments to develop the constitutive model
parameters. However, stress relaxation experiments are more representative of the loading conditions
in an operating fuel cell. Thus, it might be more appropriate to develop théeifrom stress relaxation
experiments. For the noefinear viscoelastic constitutive expression, this is easily done-sieyostress
relaxation experiments may be used to determine the linear viscoelastic relaxation modulus and strain
dependent norlinear parameters. However, the viscoplastic response would be more challenging to
characterize. In a stress relaxation experiment, viscoelastic and viscoplastic components of stress act
simultaneously throughout the experiment. This would make it difficuleétermine an appropriate
expression for viscoplastic strain, if such an expression was necessary. It would be best to perform
several creep and recovery experiments to provide insight into the stress and time dependence of
viscoplastic behavior, develop arpression based on those results, and then determine the parameter
values for the constitutive model from both the stress relaxation and creep and recovery experiments.

For someone interested in repeating the present work with a different material, hlaeacterization

and validation experiments would need to be performed with that material and appropriate parameter

values determined for the constitutive equation. The uniaxial creep and recovery experiments

performed in this work to characterize the PFEBDF material took 62,800 machine hours to complete,

not counting experiments which were unusable. (For instance, the 8MPa experiments during which the

true stress was not constant.) The uniaxial validation experiments took another 12,000 hours of machine
2LISNI GAYy3a GAYSD ¢KS t2A8a2y Q48 NIGAZ2Z SELISNAYSyGa i
hours. (These times would decrease considerably if thb@ix pretreatment on each specimen was

not necessary.)
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After the completion of the creep and recery development experiments, the linear viscoelastic region

of response should be identified, for instance, from an isochronous plot. Experiments in the linear

viscoelastic region should be used to determine the linear viscoelastic creep compliance thisring

stage, care should be taken to estimate how much viscoplastic strain remains in the material at the end

of recovery, if any. An expression should then be selected to capture that behavior. Then, the

Mathematica program may be used to determine paraeneralues for both the notinear viscoelastic

parameters and viscoplastic parameters. This stage of the analysis may take several days, as it will take
some time for the analyst to develop an understanding of the balance between various parameters and
NGSAGAILGS GFNAR2dza LI NF YSGSN) aSta 6KAOK RSAONROGS
N} A2 SELISNAYSyGa OFry GKSy 068 dzaSR (2 RSGSN¥YAYS i
the shear and bulk compliances of the new material.

Once a prameter set is selected, it should take no more than a day or two to format it appropriately for
use with the UMAT in Abaqus. If a different constitutive expression is developed for viscoplastic
behavior, the UMAT should be modified to include the remar$orm of that expression. An input file

for the finite element geometry should then be generated with material properties (parameter values)
in the appropriate format. Multistep simulations with time hardening and strain hardening versions of
the recursve viscoplastic expression should be compared with multistep creep and recovery
experiments to determine which technigue is more appropriate. At this point, the analyst will have
completed the procedures outlined in this document, with a total time investtof 1500 hours of
experimental time and approximately 100 additional hours of analytical time. Some of the experiments
could be performed simultaneously since they use different instruments, and most of the analysis may
be performed while validation expiments are being performed. In total, this process would take a little
over three months.

Additional multidimensional experiments to improve the equivalent plastic strain expression would
likely take several eeks, as would the experimental characterization of the environmental dependence
of the nonlinear viscoelastic and viscoplastic parameters. Analysis of these experiments would take
several weeks as well, adding two or three months to the time necessagviop this constitutive
expression for a different materiaHowever, this additional work would expand the applicability of the
model, making it useful in the evaluation of PEMs and advancement PEMFC technology development
through the ability to simul the meclanical response of PEMS undesdial constraint and time

varying environmental conditiongs exist in an operating fuel cell.
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Appendix A. Mathematica code used for parameter determination
The following excerpt demonstrates the definition of treep and recovery simplification for the
constitutive model and the formatting for fitting the parameter. g

sLVE=0.5;

srec=0.006;

Paramsa={0.6,0.15,1.8}; (*acot eqtn*)

Params b={1.0,0,0};(*1 always for acot eqtn*)

Params g={1.0,0,0};(*1 always for acot eqt n*)
Paramsd={1.0,0,0};(*1 always for acot eqtn*)
Paramsvpl={2.80*10" -5,1.15,0.6};(*2C params*)
Paramsvp2={1.03*10" -5,0.6494,0.5792};(*TE params*)
D0i=0.003544;

Results={};

Prony={1*10* -10,0.000295432 ,0.000395899, 0.001971031
,0.001146411 ,0.004678574 ,8. 04241*10" - 06, 0.037973762
,3.55047*10" - 09};

tau={5, 10, 100 ,1000 ,10000 ,30000, 100000, 300000, 1000000},

DD[t_,D1_,D2_,D3 ,D4 ,D5 ,D6_,D7_,D8_,D9 ]:=D1*(1 - Exp|[ -
t/tau[[1]]])+D2*(1 - Exp[ - t/tau[[2]]])+D3*(1 - Exp[ -
t/tau[[3]]])+D4*(1 - Exp[ - t/tau[[4]]])+D5*(1 - Exp[ -
t/tau[[5]]])+D6*(1 - Exp[ - ttau[[6]]])+D7*(1 - Exp[ -
titau[[7]]])+D8*(1 - Exp[ - t/tau[[8]]])+D9*(1 - Exp[ - titau[[9]] D;

gO[ screep_, al , a2_, a3 |:= al+a2*(1.570796 - ArcTan[ screep - a3]);
gORange[ al_, a2 , a3 ]:=Table[gO[ s, al, a2, a3],{ s,0,15}];
startg0] al_, a2 , a3 ]:= al+a2*(1.570796 - ArcTan[0.51 - a3));

gl[ screep_, bl , b2 , b3 ]:= bl+b2*(1.570796 - ArcTan[ screep - b3]);
glRange[ bl , b2 , b3 ]:=Table[gl] s, bl, b2, b3]{ s,0,15}];
startgl[ bl , b2 , b3 ]:= bl+b2*(1.570796 - ArcTan[0.51 - b3]);

g2[ screep_, 9l , 92, g3 |:== g1+g2*(1.570796 - ArcTan[ screep - g3]);
g2Range[ g1_, g2_, g3 _]:=Table[g2[ s, g1, 92, g3]{ s,0,15}];
startg2] g1 , g2, g3 ]:= gl1+g2*(1.570796 - ArcTan[0. 51-g3)]);

as[screep_, dl1 ,d2_,d3 ]:= d1+d2*(1.570796 - ArcTan[ screep - d3]);
asRange[ d1_, d2_, d3 ]:=Table[a s[s, dl, d2, d3],{ s,0,15}];
starta s[dl_, d2_, d3 ]:= d1+d2*(1.570796 - ArcTan[0.51 -d3]);

eve[t , screep_,tswitch_,DO_, bOD ,D1 ,D2 ,D3 ,D4 ,D5 ,D6 ,D7_,D8
D9 g0 g1l g2 ,a s ,al ,a2 ,a3 ,bl b2 ,b3 ,91 ,92,903,dl,6d2,
d3_]:=If[t<=tswitch,
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screep*g0[ screep, al, a2, a3]*DO+ screep*gl[ screep, b1, b2, b3]*g2[ scre
ep, 91, g2, g3]* DD[(t/a s[ screep, di, d2, d3]),D1,D2,D3,D4,D5,D6,D7,D8,

D9], srec*DO+ screep*g2[ screep, g1, g2, g3]* DD[t -

tswitch+(tswitch/a s[ screep, d1i, d2, d3]),D1,D2,D03,D4,D5,D06,D7,D8,D9

]+( srec - screep*g2[ screep, g1, g2, g3])* DD[t -
tswitch,D1,D2,D3,D4,D5,D6,D7,D8,D9]];

evp[t , screep_,tswitch_,Al1 ,bl ,c1 ,A2 ,b2 ,c2_]:=If] screep<=4,l
flt<=tswi  tch,

(Al*( screep)bl*(t)*cl),

(A1l*( screep)b1*(tswitch) c1)+(ALl*( srec) bl*((t)"cl -
(tswitch)”c1))],If[t<=tswitch,

(A2*EXp[( screep)*b2]*(t)"c2),

(A2*EXp[( screep)*b2]*(tswitch)*c2)+(A1l*( srec)"bl*((t)"cl -
(tswitch)*cD))];

e[t , screep_,tswitch_ ,DO_, DD_,D1 ,D2 ,D3_,D4 ,D5 ,D6 ,D7 ,D8 ,D9
00 01 g2.,a s ,al ,a2 ,a3 ,bl b2 ,b3 ,91,92,93,dl,6d2,d3
LAl bl ¢l A2 b2 ,c2 ]:= evelt, screep,tswitch,DO, DD,D1,D2,D3,
D4,D5,D6,D7,D8,09,g0,91,92,a s, al, a2, a3, bl, b2, b3, g1, g2, g3, d1, d2, d
3]+ evp[t, screep,tswitch,Al,bl,c1,A2,b2,c2] -

2* evp[t, screep,tswitch,Al1,b1,c1,A2,b2,c2]* eveft, screep,tswitch,D

0, DD,D1,D2,D3,D4,D5,D6,D07,D8,09,90,91,92,a s, al, a2, a3, bl, b2, b3, g1
, 02, g3, dl, d2, d3];

erecover[t_, screep_ tswitch ,DO_, DD _,D1_,D2_,D3 ,D4 ,D5 ,D6_,D7_,D8 ,D

9 00 01 g2 ,a s _,al ,a2,a3 ,bl 6 b2,6b3,6gl, gZ g3 ,d1 ,d2 ,d3 ,Al_
bl _,cl A2 b2 ,c2]: -If[t< tSW|tch+1OOO 1*107°

7, e[t, screep,tswitch,DO, DD,D1,D2,D3,D4,D5,06,D7,08,D09,90,91,92,a s,al, a

2, a3, bl, b2, b3, g1, g2, g3, d1, d2, d3,Al1,bl,c1,A2,b2,c2]]

(*import data*)
Clear[timelistall,strainlistall,stresslistall,tswitchlistall, fit
dataall,straindataall];
Clear[fitdataallplots,straindataallplots];

timelistall=Flatten[Import["311time.txt","List"]];
strainlistall=Flatten[Import[*311st rainall.txt","List"]];
strainrecoverall=Flatten[Import["311strainrecover.txt","List"]];
stresslistall=Flatten[Import["311stress.txt","List"]];
tswitchlistall=Flatten[Import["311tswitch.txt","List"]];
weightlistall=Flatten[Import["311weight.txt","List"]];

f itdataall=Transpose[{timelistall,stresslistall,tswitchlistall,s
trainlistall}];

straindataall=Transpose[{timelistall,strainlistall}];
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fitdatarecoverall=Transpose[{timelistall,stresslistall,tswitchli
stall,strainrecoverall}];
straindatarecoverall=Transpose|[{t imelistall,strainrecoverall}];

timelistplots=Flatten[Import["311timeplots.txt","List"]];
strainalllistplots=Flatten[Import[*311strainallplots.txt","List"

I}

strainrecoverlistplots=Flatten[Import["311strainrecoverplots.txt
II’IILiStII]];

stresslistplots=Flatte n[Import["311stressplots.txt","List"]];

tswitchlistplots=Flatten[Import["311tswitchplots.txt","List"]];
fitdataallplots=Transpose[{timelistplots,stresslistplots,tswitch
listplots,strainalllistplots}];

straindataallplots=Transpose[{timelistplots,strainalllis tplots}]

fitdatarecoverplots=Transpose[{timelistplots,stresslistplots,tsw
itchlistplots,strainrecoverlistplots}];
straindatarecoverplots=Transpose[{timelistplots,strainrecoverlistplots

1;
(*parameter estimation for g2*)
inc=1000;

Params a={NonProny[[1]],NonProny[[2]],NonProny[[3]]};

Params b={NonProny[[4]],NonProny[[5]],NonProny[[6]]};

Params g={NonProny[[7]],NonProny[[8]],NonProny[[9]]};

Params d={NonProny[[10]],NonProny[[11]], NonProny[[12]]};
Paramsvpl={NonProny[[13]],NonProny[[14]], NonPr ony[[15]]};
Paramsvp2={NonProny[[16]],NonProny[[17]], NonProny[[18]]};

TotalFit=NonlinearModelFit[fitdataall,{ erecoverlt, screep,tswitch
,D0i, DD,Prony[[1]],Prony[[2]],Prony][[3]],Prony[[4]],Prony|[[5]],P
rony|[[6]],Prony[[7]],Prony[[8]],Prony[[9]],0,91,02,a s,Paramsal[

1]],Params a[[2]],Params  a[[3]],Params b[[1]],Params b[[2]],Params b[
[3]], 91, g2, g3,Params d[[1]],Params  d[[2]],Params  d[[3]],Paramsvpl[[
1]],Paramsvpl[[2]],Paramsvpl[[3]],Paramsvp2[[1]],Paramsvp2[[2]],
Paramsvp2[[3]]],

(*nlve constraints*)

Min[g2Range[ g1, g2, g3]] O
0.001,startg2[ g1, g2, g3] 00.98,startg2[ g1, g2, g3] A1.02,

(*nlve initial values*)

{{ gl,Params g[[1]]}{ g2,Params g[[2]]}{ g3,Params g[[3]]}}.{t, scree
p,tswitch},Weights I weightlistall, MaxIterations I inc,StepMonitor CE
xport["'Results.x Is",AppendTo[Results,Flatten[{j++,"g2,asigma",Su
m[(strainlistall[[i]] -

e[timelistall[[i]],stresslistall[[i]],tswitchlistall[[i]],DOi, DD

,Prony[[1]],Prony][[2]],Prony[[3]],Prony[[4]],Prony[[5]],Prony[[6
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11,Prony|[[7]],Prony[[8]],Prony[[9]].00,91,02,a s,Params a[[1 ]],Par
amsa[[2]],Params  a][[3]],Params b[[1]],Params b[[2]],Params b[[3]], g1
, 02, g3, d1, d2, d3,Paramsvpl[[1]],Paramsvpl[[2]],Paramsvpl][[3]],Par
amsvp2[[1]],Paramsvp2[[2]],Paramsvp2[[3]])"2.{i,1,Length[timeli
stplots]}],DOi,Prony,Params a[[1]],Params  a[[2]],Params  a[[3] ],Para
msb[[1]],Params  Db[[2]],Params  Db[[3]], 91, 92, g3,Params d[[1]],Params d
[[2]],Params  d[[3]],Paramsvpl[[1]],Paramsvpl[[2]],Paramsvpl[[3]],
Paramsvp2[[1]],Paramsvp2[[2]],Paramsvp2[[3]]}]]];

(*reset initial values to bestfit values*)

Params g={Params|[[1,2]],Params|[2,2]],Params[[3,2]]};

Params d={Paramsl[4,2]],Params|[5,2]],Params[[6,2]]};

NonProny={Params a[[1]],Params  a[[2]],Params a[[3]],Params b[[1]],Pa
rams b[[2]],Params b[[3]],Params  g[[1]],Params  g[[2]],Params  g[[3]],P
arams d[[1]],Params  d[[2]],Para msd[[3]],Paramsvpl[[1]],Paramsvpl][[
2]],Paramsvp1l[[3]],Paramsvp2[[1]],Paramsvp2[[2]],Paramsvp2[[3]]}

(*Fit Results*)

Params=TotalFit["'BestFitParameters"]

RSquared=TotalFit["AdjustedRSquared"]

TSS=Sum|[(strainlistall[[i]] -

e[timelistall[[i]],stresslistall[[i JI,;tswitchlistall[[i]],DO0i, DD

,Prony[[1]],Prony[[2]],Prony][[3]],Prony[[4]],Prony[[5]],Prony[[6
11,Prony[[7]],Prony[[8]],Prony[[9]].90,91,02,a s,Params a[[1]],Par

amsa[[2]],Params  a][[3]],Params b[[1]],Params b[[2]],Params b[[3]],Pa
rams g[[1]],Params  g[[2]],Params  g[[3] ],Params d[[1]],Params  d[[2]],P
arams d[[3]],Paramsvpl[[1]],Paramsvpl[[2]],Paramsvpl[[3]],Paramsv
p2[[1]],Paramsvp2[[2]],Paramsvp2[[3]]])"2.{i,1,Length[timelistpl

ots]}]

Results=AppendTo[Results,Flatten[{inc,"g2,asigma", TSS,DO0i,Prony,
NonProny}]];

Export["'Result s.xIs",Results];

EmitSound[Sound[SoundNote[]]]
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Appendix B. Iterative process for parameter determination
This appendix demonstrates the process used for parameter determination after initial parameter
estimates were made.

Begin byconsidering the model which results from the initial parameter estimates. That is, the
instantaneous compliance, elastic ntinear parameter g linear viscoelastic Prony series coefficients,
and viscoplastic parameter values determined by the processritbes! in Chapter 4, which are
recorded inTable BL below. A simulation of creep and recovery for each stress is compared to the
appropriate experiment ifrigure BL, in which the lines represent the model from the initial parameter

set and the points the experimental data.

20 min 50 or 200 min
20 ) 12 )
. + Experimental + Experimental
i Data 10 l Data
15 8.0 MPa
< \_* < 8 4 6.0 MPa
5 : o =
10 —6.0 MPa < 6
a , & 4 ——4.0MPa
5 ——4.0 MPa
? 2 T ST T T T ——2.0MPa
~ S —2.0MPa
0 0
0 5000 10000 15000 ——0.5MPa 0 50000 100000 150000 ——0.5MPa
Time, s Time, s
20 min 50 or 200 min
20 . 12
B + Experimental « Experimental
K \ Data Data
15
e 8.0 MPa
- e —6.0 MPa
.% 10 ——= —6.0 MPa %
= =] 2.0 MPa
wvy v
5 —4.0 MPa
—2.0 MPa
—2.0 MPa
D Prryp—
0 1000 2000 3000 0.5 MPa 0 10000 20000 30000 ——0.5MPa
Time, s Time, s
20 min 50 or 200 min
100 . 10
- Experimental + Experimental
Data Data
8.0 MP.
e 10 N — a © —6.0MPa
= N
& ___,.'___/\ —6.0 MPa g !
E = g ——4.0MPa
v 1 )
——4.0 MPa
—2.0 MPa
—2.0 MPa
0.1 0.1
1 10 100 1000 10000 —0.5MPa 1 100 10000 —0.5 MPa
Time, s Time, s

Figure BL. Initial model, 20 min (left),

longer (right); a) linednear axes, full time range, b) linedimear axes, zoomed in on

creep region, c) logog axes, full time range.
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TableBld ¢ KS LI NI YSGSNI @ f deSay SNISSING NANSSIRQ A2y | (iaK SWALYNRIaAS il LR 2 Odzy Sy (i ¢
from independent estimates of linear viscoelastic behavior, ntinear elasticity and longterm viscoplastic behavior.

DO [1/MPa] | 0.003544

vO [ND] 0.35

Di [1/MPa] _A < x1 X2 X3
8.65E05 5 g0 [ND] 0.450 0.220 1.600
8.32E05 10 gl [ND] 1.000 0.000  0.000
9.91E05 100 g2 [ND] 1.000 0.000  0.000
1.92E04 300 asigma [ND]| 1.000 0.000  0.000
2.16E03 1000
1.30E03 10000 A b c
1.98E03 30000 ZC [m/m] 2.00E05 1.000 0.600
1.29E02 100000 TE [m/m] 2.61E06 0.681 0.737

1.22E02 1000000

Figure B2 shows the same information &gure BL but in a different format. Here, the list of
experimental strains is plotted with the list of strains computed from the initial parameters. The first 5
sets are the 20 minute experiments ircieasing stress order. Th8 et is the 6 MPa, 50 minute
experiment and the final three are the 200 minute experiments in increasing stress order.

O ) v ' T 1
0 500 1000 1500
Data Point # + Experiment
= Model

Figure B2. Plots comparing experimental strains for all creep and recovists (blue) to the strains predicted by the initial
parameter estimates (red).
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As expected, the model closely matches #xperimental results in the lowstress (0.5 MPa) region.
However, as stress increases, the model becomes increasingly inaccurapeirppoge of the parameter
determination process is to modify the initial parameter values to improve the quality of the fitted
model. Due to the large number of parameters available, only a few are varied simultaneously, and
engineering judgment is used select which parameters to vary.

For instance, ifrigure BLit can be seen that the longrm recovery response reasonably fits
experiments at all stress levels; thig, the strains at the end of recovery are comparable between
model and experiments. This region of behavior is primarily governed by the viscoplastic parameters,
assuming strain recovery has nearly stopped by the end of the experiment, so significaditying the
viscoplastic parameters would decrease rather than increase the quality of the fitted model in this
region. The agreement at very short times has analogous implications for the values of the elastic
compliance and g

Similarly, changing thiinear viscoelastic Prony series coefficients would decrease the quality of the
model at low stresses, even though it might improve the model at high sse$é® only exceptions to
this arethe Prony coefficients which correspond to very large charastieriimes. The experiments

used to determine the Prony coefficients did not extend the full time range, so it is possible that
changing the last few Prony coefficients may improve the model. This is because the effectidst a

on the time scale of thenaterial. High stress applications essentially accelerate the material response,
an effect which is captured kyy. Therefore, Prony coefficients which did not affect the model response
for low stresses may be very influential at high stresses as theideats now act much sooner in the
experimental time scale.

These observations suggest that improving the model will most likely involve changing the initial values
for the longtime Prony series coefficients and the remaining +ioear viscoelastiparameters, ¢ o,

and a. All three norlinear parameters are active during creep, bptgd a are active during recovery.

This means that recovery is the simplest region of the experimental response left to fitasd g are

now considered.

Firstconsider how ganda alter the model response independently. In Chapter 4, increasing and
decreasing functions of,gvere demonstrated to soften and stiffen the model response, respectively.
Because the model iRigure B underpredicts strain during large stresses, a softenyeffect is

desired. Similarly, it was shown that anfanction had to have a negative slope and that values of a
closer to zero resulteth softer material behavior. Therefore, constraints are applied to the parameter
determination algorithm which force,go increase and-ao decrease with increasing stress.

The parameter determination algorithm in Mathematica may be formulated to vaaynd a
simultaneously or separatelfFigure B3 demonstrates the effect of varying these parameters
simultaneously and independently. In each figure below, thenfitalgorithm was allowed 500 iterations
per parameter, and in each case the original parameter values were thosd-fgure BL, in which both
g.and a were unity br all values of applied stress. For comparison purposes, the total sum of squared
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residuals (TSS) is computed for each trial parameter set. The TSS of the model from the initial parameter
set is 0.1225, so any value smaller than that indicates an impreneaver the initial parameter set.

asigma and g2 simultaneous g2 then asigma
0.2 02 prommmmmmmm e ——Experiment
£ €
£ 0.15 £ 0.15
— S~
£ £
£ 01 € 01
£ £
£ o005 £ 0.05
W vy
0 0
0 500 1000 1500 0 500 1000 1500
Data Point # Data Point #

asigma then g2

o
[}

=
=
%3]

Strain, mm/mm
_CJ
Py o
¢ =

0 500 1000 1500
Data Point #

Figure B3. 500 iterations of a) gand a (TSS=0.1038), b} then a (TSS=0.1034), a) then g, (TSS=0.0937).

asigma and g2 simultaneous asigma and g2 simultaneous 92
0125 prmmm g 10 — —i=1000T55=.1038
0.12 S 11 —_—
z < - L — i=600T55=.1084
o 0.115 @ 1.05 f’_._ ____________
9 § Y o L - —-i=300T55=.1137
0.11 g1 L
o
T I 1 i=300TSS=.1137
0.105 2 0.95 e
0.1 § 09 = — =600 T55=.1084
0 200 400 600 800 1000 || % 0 5 10
teration # tress, MPa — ~i=1000T55=.1038
a.

Figure B4. Demonstration of TS8onverging while algorithm is running (left). Intermediate results during algorithm progress,
legend indicates parameter, number of iterations completed and current TSS (right).

Although it is clear fronfigure B4 that the algorithm consistently moves toward improved functions for
the nonlinear parameters, the progress of the algorithm is extremely slow. Rather than continue to use
the algorithm to improve upon thenitial parameter set, in which,gg and a were unity for all values
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of stress, it is more useful to select a starting point which already contains sordenearity. For

instance, consider the effect of the fyinction inFigure Bb. By forcing gto increase with stress, the
discrepancy noted at peak strain values is decreased. This demonstrates that the effemt afeep

and recovery tests is to shifte peak strains to larger values while leaving the strains which occur early
during creep or near the end of recovery unchanged. Clearly, these parameter sets are superior to any
obtained by the parameter estimation algorithm, even after 1000 iteratifnosn the initial parameter

set. The first function has a TSS of 0.0531 and the second function has a TSS of 0.0506. This indicates
that function 2 is more appropriate than function 1. Note that modifying thRigction involves

changing the three paramets g(1), ®(2), &(3) in the arccotangent equation which is used to define g

as a function of stress. Likewise, changingahtinction involves changing the parameterxgl), a (2)

and a(3). For simplicity, changes to the parameters in the arccotahgguation associated with,gvill

0S RSYy20(SR | §FTdep®l ¥AKY@ (GKS 3

T 0.2 [
R + Experiment
305 + g2trend 2
,  ——etrend2 7 £ 0.15 T Cgltrend 1
£
25 poeedEE L e
% £ 01
2 """"""""""""""""""""""""""""""" lE"
B T @
e & 0.05
05
0 0
0 2 4 6 8 10 0 500 1000 1500
Stress, MPa Data Point #

Figure Bo. Example of the impact of gunctions on model results.

Similarly Figure B5 demonstrates two afunctions. Unlike g which alters the slope of the model near
the peak stress values, eéhanges both the slope and the overall magnitude. This shifts the entire strain
curve upward at higher stresses. Although this results in improvement over the initial parameter set,
(Function 1 results in a TSS of 0.0406 and function 2 has a TSS of 0.0626), it can be seglomnieatval
not be sufficient to obtain a reasonable mddecause the improvements at the peak strain are offset
by increased error at short times. Note that these functions are applied with all othelimesar
parameters equal to their initial values. That is, neither of thiigctions in the previous figeris

applied here. Recall thétigure B4 demonstrated the effect of using the parameter estimation
algorithm to search for gand a functions simultaneously, and théhe results of running the algorithm
for 1000 iterations indicated that both ndimear parameters would likely be useful in improving the
model fit. Therefore, aand g will both be applied, but it is useful to understand the effect of each
terms sepaately.
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B 0.2 [
+ Experiment
1 » aotrend 2
£ 015 [ I I
0.8 £ N actrend 1
~ &
° £ ;5\
e 0.6 € 01 [ e ﬁ\ ------------------
< | {
0.4 [ f N :
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Figure BS. Example of the impact of afunctions on model results.

As mentioned previously, the Prony series coefficients which correspond to long characteristic times
may also be manipulated to improve the model. Bfiect of the a function is convoluted with the

value of the Prony terms, so they should be considered togeffigure B demonstrates two

parameter sets with the-dunction 1 from the previous figure but different values of the seventh

through ninth Prony coefficients. The original Prony series, in conjunction witimetion 1, had a TSS

of 0.0406. Prony Series 1kigure B has a TSS of 0.1905 and Prony Series 2 has a TSS of 0.0384. Thus,
Prony Series 2, in conjunction withfanction 1, is an improvement over the initial pararaeset.

Because the effect of the Prony terms is related to theféect, they also result in vertical shifts in the
model, but the shifts are not significant at short times. Again, adjusting thetioregProny terms

resolves some of the discrepancy, itl not be sufficient on its own.
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Figure B7. Example of the impact of longime Prony coefficients on model results.

By iteratively adjusting the lomgrm Prony coefficients,,gand a functions, an improved parameter set
may be obtained. Iteration between the parameters is necessary to avoid wasting time finding the

W LIS NFfe&idnavhiéh correlates to an inappropriatefanction, for example. Recall that gesulted

in a vertical shift over the entire time framejnle the vertical shifting due to the Prony series terms was
most noticeable during long creep and early recovery times. The effegindggto increase the height

of the peak strain that occurred during the creep/recovery transition without affectingetitey creep
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or late recovery values. Although not demonstrated in this document, it was found that g1 had very little
impact on improving the model fit and is therefore assumed to be unity for all values of applied stress.

This knowledge was used to fiad improved parameter set, which was then used as the starting point
for the nontlinear parameter determination algorithm. Final results from the algorithm are reported in
Chapter 5 of this document.
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Appendix C. Fortran code

The following code is used for the finite element model. It includes the UMAT and UEXPAN subroutines,
in addition to the various subroutines and function necessary for the convergence algorithm that works
with the UMAT.

SUBROUTINEEXPAN(EXPAN,DEXPANDT, TEMP, TIME,DTIME,PREDEF,
1 DPRED,STATEV,CMNAME,NSTATV,NOEL)
C
INCLUDE 'ABA_PARAM.INC'
CHARACTER*80 CMNAME
DIMENSION EXPAN(*),DEXPANDT(*), TEMP(2), TIME(2),PREDEF(¥),
1 DPRED(*),STATEV(NSTATV)
REAL*8 alpha,beta, TEMPER @FER,LAMBDA,DLAMBDA, TEMPERO
REAL*8 LAMBDAO

C
TEMPER=TEMP(1)
LAMBDA=PREDEF(1)
DTEMPER=TEMP(2)
DLAMBDA=DPRED(1)
C
C /ldefine material properties//
alpha=(13.794€.4028*LAMBDA+0.8116*LAMBDA**2.)*10.25()
beta=1.3E2
C
C /[calculate expansion//
EXPA(1)=alpha*(DTEMPER)+beta*(DLAMBDA)
DEXPANDT(1)=alpha+beta
C
RETURN
END
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SUBROUTINE UMAT(STRESS,STATEV,DDSDDE,SSE,SPD,SCD,

C

1 RPL,DDSDDT,DRPLDE,DRPLDT,

2 STRAN,DSTRAN,TIME,DTIME, TEMP,DTEMP,PREDEF,DPRED,CMNAME,
3 NDILNSHR,NTENS,NSTATV,PROPS,NPROPS,COORDS,DROT,PNEWDT,
4 CELENT,DFGRDO,DFGRD1,NOEL,NPT,LAYER,KSPT,KSTEP,KINC)

INCLUDE 'ABA_PARAM.INC'

INTEGER M,K,1,J,iter, NMAX,NIMAX,NpS,numg
PARAMETER(M=9,NMAX=216,NIMAX=3,NpS=150,numgnrS3t
REAL*8 Shear0,Shear(M),B0,Bulk(M), TAU(M)

REAL*8 DSTRESS(NTENS),A1,b1,c1,A2,b2,c2

REAL*8 g0i(numg),gli(numg),g2i(numg),asigmai(numg)

REAL*8 C11,C12,C22,C21,C33,S11,S12,S33,522,S21

REAL*8 ftol,fret,fp,xi(pstens),p(NMAX3Ponv(NpS)

REAL*8 alpha,beta, TEMPER,DTEMPER,aTH,Lambda,dLambda,debug

CHARACTER*80 CMNAME
DIMENSION STRESS(NTENS),STATEV(NSTATV),

1 DDSDDE(NTENS,NTENS),DDSDDT(NTENS),DRPLDE(NTENS),

2 STRAN(NTENS),DSTRAN(NTENS), TIME(2), P REFDREF2}),

3 PROPS(NPROPS),COORDS(3),DROT(3,3),DFGRDO(3,3),DFGRD1(3,3)

/limport material properties and Temp, Lambda//
Shear0=PROPS(1)

BO=PROPS(2)

DO K=1,M
Shear(K)=PROPS(2+0*M+K)
Bulk(K)=PROPS(2+1*M+K)
TAU(K)=PROPS(2+2*M+K)

END DO

DOK=1,numg
g0i(K)=PROPS(2+3*M+0*numg+K)
gli(K)=PROPS(2+3*M+1*numg+K)
g2i(K)=PROPS(2+3*M+2*numg+K)
asigmai(K)=PROPS(2+3*M+3*numg+K)
END DO
A1=PROPS(2+3*M+4*numg+1)
b1=PROPS(2+3*M+4*numg+2)
c1=PROPS(2+3*M+4*numg+3)
A2=PROPS(2+3*M+4*numg+4)
b2=PR®S(2+3*M+4*numg+5)
c2=PROPS(2+3*M+4*numg+6)
alpha=PROPS(2+3*M+4*numg+7)
beta=PROPS(2+3*M+4*numg+8)
TEMPER=TEMP
DTEMPER=DTEMP
Lambda=PREDEF(1)
DLambda=DPRED(1)

132



Appendix C

OO0

/[calculate environmental effects//

/laTH equation from Katherine's dissertation

IF(TEMPER.le.70.)THEN
aTH=1./(10**((0.000063*(TEMP&R.0)+0.00304*(Lambd&.24))/
(0.002601+0.000007*(TEMPHRO)+
0.000357*(Lambéf.24))+0.0319*(TEMPEMR.0)))

ELSE
aTH=1./(10**((0.000063*(TEMP&R.0)+0.00304*(Lambda.24))/
(0.002601+0.000007*(TEMPHRO)+
0.000357*(Lambéh.24))+0.0993*(TEMPEMR.0)))

ENDIF

/A2 as a function of temperature and lambda//
A2=(6.38E+9)*EXR(461./(TEMPER+272)5/Lambda)

//IDefine STATEV and p//

IF(KSEP.EQ.1.AND.KINC.EQ.1)THEN

DO K=1,NSTATV
p(K)=0
STATEV(K)=0

END DO

ELSE

DO K=1,NSTATV
p(K)=STATEV(K)

END DO

END IF

/linitialize stress increment variables//

DO K=1,pstens
p(K+0*pstens)=STRESS(K)
p(K+1*pstens)=0
p(K+2*pstens)=0
p(K+3*pstens)=STRAN(K)
p(K+4*pstens)=DSTRAN(K)

END DO

p(5*pstens+1)=0

p(5*pstens+2)=TIME(2)

p(5*pstens+3)=DTIME

p(5*pstens+4)=Shear0

p(5*pstens+5)=B0

DO K=1,M

p(5*pstens+5+0*M+K)=Shear(K)

p(5*pstens+5+1*M+K)=Bulk(K

p(5*pstens+5+2*M+K)=TAU(K)

END DO
DO K=1,numg
p(5*pstens+5+3*M+0*numg+K)=g0i(K)

133



Appendix C

p(5*pstens+5+3*M+1*numg+K)=g1i(K)
p(5*pstens+5+3*M+2*numg+K)=g2i(K)
p(5*pstens+5+3*M+3*numg+K)=asigmai(K)
END DO

p(5*pstens+17+3*M+1)=Al
p(5*pstens+17+aM+2)=b1l
p(5*pstens+17+3*M+3)=cl
p(5*pstens+17+3*M+4)=A2
p(5*pstens+17+3*M+5)=b2
p(5*pstens+17+3*M+6)=c2
p(5*pstens+17+3*M+7)=1234.567
p(67)=aTH

p(68)=0.0

p(69)=0.0

ftol=1.E9

iter=0

fret=0

CALL frprmn(p,ftol,iter,fret)
CALISchapery(p,fp,xi,pSconv)

C /lupdatestress, strain vector//

DO K=1,pstens
STRESS(K)=p(K)+p(K+1*pstens)
DSTRESS(K)=p(K+1*pstens)
STRAN(K)=p(K+3*pstens)+p(K+4*pstens)

END DO

DO K=1,NpS
p(70+K)=pSconv(K)
END DO

S11=pSconv(10)
S12=pSconv(11)
S22=pSconv(12)
S21=pSconv(13)
S33=pSconv(14)
DET=(S11*S22*S&12*S21*S33)

IF (abs(DET).le. 15) THEN
C11=0

C12=0

C22=0

C21=0

C33=0

ELSE
C11=S33*S22/DET
C22=S33*S11/DET
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C12=S33*S12/DET
C21=S33*S21/DET
C33=(511*S2312*S21)/DET
ENDIF

DO I=1,NTENS

DO J=1,NTENS
DDSDDE(l,J)=0
END DO

END DO
DDSDDE(1,1)=C11
DDSDDE(2,2)=C22
DDSDDE(3,3)=C33
DDSDDE(1,2)=C12
DDSDDE(2,1)2C

C /IRepack STATEV//
DO K=1,NSTATV
STATEV(K)=p(K)

END DO
C
SSE=SSE
SPD=SPD
SCD=SCD
C
RETURN
END
C
C T
C / Subroutine to calculate strain /
C / /
C T
SUBROUTINE Schapery(p,fpLocal,xiLocal,pSconv)
C

INTEGER K,NMAX,NIMAX,NpS,NTENS,M,numg,debug
PARAMETER (NMAX=216,NIMAX=3,NpS=150,NTENS=3,M=9,numg=3,pstens=3)
REAL*8 p(NMAX),fpLocal,xiLocal(NIMASQrpv(NpS)
REAL*8 pSconv(NpS),STRESS(pstens),DSTRESS(pstens)
REAL*8 DSTRESSOId(pstens),DSTRAN(pstens),STRAN(pstens)
REAL*8 g0,91,g2,asigma,glold,g20ld,ROId
REAL*8 g0i(numg),gli(numg),g2i(numg),asigmai(numg)
REAL*8 Al,bl,cl,A2,c2,HStress,pHStress
REAL*8 deltat,dzeta,dzetaold,time
REAL*8 J0,J(M),Jbar,JPronySum,Jbarold, TAU(M)
REAL*8 B0,Bulk(M),Bbar,BPronySum,Bbarold

C /X variables
REAL*8 XStress, XStressDev,XStressDevold,iXStrainVE
REAL*8 XStrain,iXStrainDev,iXStrainDil,iXStrain,XError
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REAL*8 XJHSum1,XJHSum2,XJqgold(M),XGOAL,iXStrainVP,XStrainVP

REAL*8 dXJHSum1,dXJHSum2,coefX,dvpxdx,dvpxdy,dvexdx,dvexdy
C /1Y variables

REAL*8 YStress,YStressDev, Y StressDe8tidiny E

REAL*8 Y Strain,iYStrainDev,iY StrainDil,iY Strain,YError

REAL*8 YJHSum1,YJHSum2,YJqgold(M),YGOAL,iYStrainVP,Y StrainVP

REAL*8 dYJHSum1,dYJHSum2,coefY,dvpydx,dvpydy,dveydy,dveydx
C /IS variables

REAL*8 SStress,SStressDev,SBteesdd,iSStrainVE

REAL*8 SStrain,iSStrainDev,iSStrainDil,iSStrain,SError

REAL*8 SJHSum1,SJHSum2,SJqold(M),SGOAL,iSStrainVP,SStrainVP

REAL*8 dSJHSum1,dSJHSum2,coefS,dvps,dves
C {/lother

REAL*8 StressDil,StressDilold,BHSum1,BHSum&&jol

REAL*8 dg0,dg1,dg2,dasigma,dJbar,dBbar,dJbarSum,dBbarSum

REAL*8 S11,512,S33,522,521

REAL*8 ratio(M),Eratio(M),dratio(M),dEratio(M),invratio(M)

REAL*8 oldratio(M),oldEratio(M),dinvratio(M),timelimit

REAL*8 iStrainVP,YieldSs,iHStrain,aTH,MagStressDev,L

C /[1. Receive information from the main program
DO K=1,NpS
pSprev(K)=0
pSconv(K)=0
END DO
DO K=1,pstens
STRESS(K)=p(K)
DSTRESS(K)=p(K+pstens)
DSTRESSOId(K)=p(K+2*pstens)
STRAN(K)=p(K+3*pstens)
DSTRAN(K)=p(K+4*pstens)
END DO
ROIld=p(5*pstens+1)
time=p(5*pstens+2)
deltat=p(5*pstens+3)
JO=p(5*pstens+4)
BO=p(5*pstens+5)
DO K=1,M
J(K)=p(5*pstens+5+0*M+K)
Bulk(K)=p(5*pstens+5+1*M+K)
TAU(K)=p(5*pstens+5+2*M+K)
END DO
DO K=1,umg
g0i(K)=p(5*pstens+5+3*M+0*numg+K)
g1i(K)=p(5*pstens+5+3*M+1*numg+K)
g2i(K)=p(5*pstens+5+3*M+2*numg+K)
asigmai(K)=p(5*pstens+5+3*M+3*numg+K)
END DO
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Al=p(5*pstens+17+3*M+1)
bl=p(5*pstens+17+3*M+2)
cl=p(5*pstens+17+3*M+3)
A2=p(5*pstens+17+3*N4)
b2=p(5*pstens+17+3*M+5)
c2=p(5*pstens+17+3*M+6)
aTH=p(67)

DO K=1,NpS
pSprev(K)=p(K+70)

END DO

XStressDevOIld=pSprev(1)

Y StressDevOIld=pSprev(2)

SStressDevOIld=pSprev(3)

StressDilOld=pSprev(4)

glold=pSprev(5)

g2old=pSprev(6)

dzetaold=pSprev(7)

Jbarold=pSprev(8)

Bbarold=pSprev(9)

S11=pSprev(10)

S12=pSprev(11)

S22=pSprev(12)

S21=pSprev(13)

S33=pSprev(14)

DO K=1,M

XJgold(K)=0

YJgold(K)=0

SJqgold(K)=0

Bgold(K)=0

END DO

DO K=1,M

XJgold(K)=pSprev(14+0*M+K)

YJgold(K)=pSprev(14+1*M+K)

SJgold(K)=pSprev(14+2*M+K)

Bgold(K)=pSprev(14+3*M+K)

END DO

C /Ire -intialize things to zero
g0=0
g1=0
g2=0
asigma=0
JPronySum=0
BPronySum=0
XJHSum1=0
XJHSum2=0
YJHSum1=0
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YJHSum2=0
SIJHSuM1=0
SIJHSuM2=0
BHSum1=0
BHSum2=0
coefX=0.
coefY=0.
coefS=0.

DO K=1,M
ratio(K)=0
Eratio(K)=0
Oldratio(K)=0
OldEratio(K)=0
END DO

C /12. Calculate deviatoric and dilatational stress
XStress=STRESS(1)+DSTRESS(1)
YStress=STRESS(2)+DSTRESS(2)
SStress=STRESS(3)+DSTRESS(3)

XStressDev=XSTRESSTRESS+YSTRESS)/3.
YStressDev=Y STRIESSTRESS+YSTRESS)/3.
SStressDev=SSTRESS
StressDil=(XSTRESS+YSTRESS)
MagStressDev=(XStressDev**2.+Y StressDev**2.+
& SStressi¥*2.)**0.5
C
C /13. Calculate octahedral shear stress
Stress0=0.5
pHStress=(XSTRBESSTRESS)**2.+(XSTRESS**2.)
& +(YSTRESS**2.)+6.*(SSTRESS**2.)
HStress=((pHStress/2.)**0.5)

C //4. Calculate norlinear parameters
g0=g0i(1)+g0i(2)*(1.570798TAN(HSTRESSI(3)))
g1=9g1i(1)+g1i(2)*(1.570798TAN(HSTRESS(3)))
02=92i(1)+g2i(2)*(1.570798TAN(HSTRESS(3)))
asigma=asigmai(1)+asigmai(2)*

& (1.57079ATAN(HSTRE&Sgmai(3)))

C //5. Calculate material properties
C /I***for convenien ce, define the following variables***
IF (deltat.GT.0) THEN
dzeta=deltat/(aTH*asigma)
ELSE
dzeta=1.0
END IF
IF (dzetaold.EQ.0) THEN
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O000

ON@)

Ro Ro

dzetaold=1E6
ENDIF

DO K=1,M

ratio(K)=dzeta/TAU(K)
invratio(K)=TAU(K)/dzeta
Eratio(K)=EXRIzeta/TAU(K))
Oldratio(K)=dzetaold/TAU(K)
OldEratio(K)=EXHgetaold/TAU(K))
END DO

DO K=1,M
JPronySum=JPronySum+J(K)*(1.0-Eratio(K))/ratio(K))
BPronySum=BPronySum+Bulk(K)*(IL@-Eratio(K))/ratio(K))
END DO

Jbar=(g0*38g1*g2*IJPronySum)/2.0

Bbar=(g0*B0)/3.0

DO K=1,M
XJIHSumM1=XJHSum1+0.5*J(K)*XJqold(K)*(g1*Ereagibgki)
XIHSumM2=XJHSum2+0.5*J(K)*g20ld*XStressDevold*
(glold*(1.60IldEratio(K))/Oldratio(K)
-g1*(1.0-Eratio(K))/ratio(K))

YJHSum1=YJHSum1+0.5*J(K)*YJqold(K)*(g1*Eratiafld)
YJHSum2=YJHSum2+0.5*J(K)*g20ld*Y StressDevold*

(glold*(1.60ldEratio(K))/Oldratio(K)
-g1*(1.0-Eratio(K))/ratio(K))

SIJHSumM1=SJHSumM1+0.5*J(K)*SJqgold(K)*(g1*Ergtim(K)
SIJHSUM2SJHSuUmM2+0.5*J(K)*g2o0ld*SStressDevold*

(glold*(1.60ldEratio(K))/Oldratio(K)
-g1*(1.0-Eratio(K))/ratio(K))

BHSum1=BHSum1+(1.0/3.0)*Bulk(K)*Bgold(K)*(g1*EratmgiKld)
BHSum2=BHSum2+(1.0/3.0)*Bulk(K)*g2old*StressDilold*

& (glold*(1.0-OldEratio(K))/Oldratio(K)

& -g1*(1.0-Eratio(K))/ratio(K))

END DO

/16. Calculate partial derivative of HStress WRT total stress
IF(abs(HStress).GT.BHFHEN
coefX=(2.0*XStresgStress)/(2.0*HStress)

coefY=(2.0*Y StressStresy(2.0*HStress)
coefS=3.0*SStress/HStress

ENDIF
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C /[7. Calculate partial derivative of naimear params WRT HStress
dg0=g0i(2)*(1./(1.+(HSTRE§EGI(3))**2.))
dgl=gli(2)*(1./(1.+(HSTRE8S&(3))**2.))
dg2=g2i(2)*(1./(1.+(HSTRE8SI(3))**2.))
dasigma=asigmai(2)*(1./(1.+(HSTREZ$gmai(3))**2.))

C /18. Calculate partial derivative of VEmaterial properties WRT HStress
dXJHSum1=0.
dXJHSumM2=0.
dYJHSum1=0.
dYJHSum2=0.
dSJHSum1=0.
dSJHSumM2=0.
dBHSum1=0.
dBHSum2=0.
dJbarSum=0.
dBbarSum=0

DO K=1,M
dratio(K)=dasigma*ratio(K)/asigma
dinvratio(K)=invratio(K)*dasigma/asigma
dEratio(K)=dratio(K)*Eratio(K)

END DO

DO K=1,M
dJbarSum=dJbarSum+J(K)*
(dgl*g2+gl*dg2igl*g2*invratio(K)
-g1*dg2*invratio(Kjgl*g2*dinvratio(K)
+dgl*g2*invratio(K)*Eratio(K)
+gl*dg2*invratio(K)*Eratio(K)
+gl*g2*dinvratio(K)*Eratio(K)
+gl1*g2*invratio(K)*dEratio(K))

Ro Qo R0 Ro Qo Ro

dXIHSumM1=dXJHSum1+0.5*J(K)*XJgold(K)*
& (dgl*Eratio(K)+gl*dEratio(K))
dXIHSumM2=dXJHSum?2+0.5*g20ld*XStressDevold*J(K)*
&  €dgl*invratio(Kjgl*dinvratio(K)
&  +dgl*invratio(K)*Eratio(K)
&  +glxdinvratio(K)*Eratio(K)
&  +gl*invratio(K)*dEratio(K))

dYJiBum1l=dYJHSum1+0.5*J(K)*YJgold(K)*
(dgl*Eratio(K)+gl*dEratio(K))
dYJHSum2=dYJHSum2+0.5*g20ld*Y StressDevold*J(K)*
fdgl*invratio(Kjgl*dinvratio(K)

+dgl*invratio(K)*Eratio(K)

+gl*dinvratio(K)*Eratio(K)
+gl*invratio(K)*dEratio(K))

Ro

Ro Qo Qo Ro
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Ro Ro Qo Ro

Ro Ro R0 Ro Qo Ro

Ro

Ro Ro Ro Ro

dSIJHSuM1=dSIJHSum1+0.5*J(K)*SJqgold(K)*
(dgl*Eratio(K)+gl*dEratio(K))
dSIHSUM2=dSIJHSum?2+0.5*g20ld*SStressDevold*J(K)*
¢dgl*invratio(Kjgl*dinvratio(K)

+dgl*invratio(K)*Eratio(K)
+gl*dinvratio(K)*Eratio(K)

+gl*invratio(K)*dEratio(K))

dBbarSum=dBbarSum+Bulk(K)*
(dgl*g2+gl*dgaligl*g2*invratio(K)
-g1*dg2*invratio(K)g1l*g2*dinvratio(K)
+dgl*g2*invratio(K)*Eratio(K)
+gl*dg2*invratio(K)*Eratio(K)
+gl*g2*dinvratio(K)*Eratio(K)
+gl1*g2*invratio(K)*dEratio(K))

dBHSum1=dBHSum1+(1./3.)*Bulk(K)*Bgold(K)*
(dgl*Eratio(K)+gl*dEratio(K))
dBHSum2=dBHSum2+(1./3.)*g20ld*StressDilold*@)k
¢dgl*invratio(Kjgl*dinvratio(K)
+dgl*invratio(K)*Eratio(K)

+gl1*dinvratio(K)*Eratio(K)

+g1*invratio(K)*dEratio(K))

END DO

dJbar=0.5*(dg0*J0+dJbarSum)
dBbar=(1./3.)*(dg0*B0O+dBbarSum)

/19. Calcuate VE Compliance Matrix terms

IF(abs(pHStress).GTABHHEN

dvexdx=(2.*Jbar+Bbar)/3.+coefX*(dJbar*XStressiDeIHSumt XJHSum2+
(dBbar*StressBiBHSum4dBHSum2)/3.)

dvexdy=(Bbatbar)/3.+coefY*(dJbar*XStressBa¥JSumtXJSum2+
(dBbar*StressRiBHSum4dBHSum?2)/3.)

dveydy=(2.*Jbar+Bbar)/3.+coefY*(dJbar*Y StressD&IHSumtlY JHSum2+
(dBbar*StressRiBHSum4dBHSum?2)/3.)

dveydx=(Bbatbar)/3.+coefX*(dJbar*Y StressBaYJSumtlYJSum2+

(dBbar*StressDiiIBHSum4dBHSuUmM?2)/3.)

dves=Jbar+coefS*(dJbar*SStressB8YHSUmiiSIHSuUmM?2)

ELSE

dvexdx=(Bbar+2.*Jbar)/3.

dvexdy=(Bbadbar)/3.

dveydy=(Bbar+2.*Jbar)/3.

dveydx=(Bbadbar)/3.

dves=Jbar

ENDIF
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Ro Qo Qo Ro Ro Qo Qo Ro Ro Ro Ro Ro Ro Ro Ro Ro

Ro Ro Ro Ro

//10. Calculate vp stias, vp Compliance matrix terms
/ltime hardening//
**&% dvps are WRT directional stress ****
YieldStress=4.0
L=1.118
IF(time.GT.0.0)THEN
IF(HStress.LT.YieldStress)THEN
iStrainVP=A1*(HStress**b1)*((time+deltat)**glime)**c1)
iY StrainVPiStrainVP*Y StressDev/MagStressDev
iXStrainVP=L*iStrainVP*XStressDev/MagStressDev
iISStrainVP=L*iStrainVP*SStressDev/MagStressDev
dvpydy=L*ALl*((time+deltat)**ci(time)**c1)*(
b1*HStress**(b1.)*coefY*Y StressDev/MagStressDev+
(HStress**b1)*(2./3.)/MagStressDev+
(HStress**b1)*Y StressDe*(18.)*
(10.*Y Stress*XStress)/(MagStressDev**3.))

dvpydx=L*Al*((time+deltat)**cA(time)**c1)*(
b1*HStress**(b1l.)*coefX*Y StressDev/MagStressDev+
(HStress**b1)*¢1./3.)/MagStressDev+
(HStress**b1)*Y StressDet*(18.)*
(10.*XStress*Y Stress)/(MagStressDev**3.))

dvpxdx=L*Al*((time+deltat)*&1-(time)**c1)*(

b1*HStress**(b1.)*coefX*XStressDev/MagStressDev+
(HStress**b1)*(2./3.)/MagStressDev+

(HStress**b1)*XStressDei*(18.)*

(10.*XStress*Y Stress)/(MagStressDev**3.))

dvpxdy=L*A1*((time+deltat)**cE(time)**c1)*(

b1*HStress**(b1.)*coefY*XStressDev/MagStressDev+
(HStress**b1)*¢1./3.)/MagStressDev+

(HStress**b1)*XStressDei*(18.)*

(10.*Y Stress*XStress)/(MagStra®ev**3.))

dvps=L*A1*((time+deltat)**ci(time)**c1)*(

b1*HStress**(b1.)*coefS*SStress/MagStressDev+
(HStress**b1)*(1.)/MagStressDev+

(HStress**b1)*SStress*(18.)*
(18.*SStress)/(MagStseev**3.))

ELSE
iStrainVP=A2*EXP(b2*HStress)*((time+deltat)={tthe)**c2)
iYStrainVP=L*iStrainVP*Y StressDev/MagStressDev
iXStrainVP=L*iStrainVP*XStressDev/MagStressDev
iISStrainVP=L*iStrainVP*SStressDev/MagStressDev
dvpydy=L*A2f(time+deltat)**c2-(time)**c2)*(
b2*EXP(b2*HStress)*coefY*Y StressDev/MagStressDev+
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EXP(b2*HStress)*(2./3.)/MagStressDev+
EXP(b2*HStress)*Y StressD&vA@8.)*

(10.*Y Stres8.*XStress)/(MagStressDev**3.))
dvpydx=L*A2*((time+deltat)**cZtime)**c2)*(
b2*EXP(b2*HStress)*coefX*Y StressDev/MagStressDev+

EXP(b2*HStress)(./3.)/MagStressDev+
EXP(b2*HStress)*¥SsDev*{1./18.)*
(10.*XStress*Y Stress)/(MagStressDev**3.))
dvpxdx=L*A2*((time+deltat)**ctime)**c2)*(
b2*EXP(b2*HStress)*coefX*XStressDev/MagStressDev+
EXP(b2*HStress)*(2./3.)/MagStressDev+

EXP(b2*HStress)*XStressDel*(18.)*

(10.*XStress*Y Stress)/(MagStressDev**3.))

dvpxdy=L*A2*((time-+deltat)**cqtime)**c2)*(

b2*EXP(b2*HStress)*coefY*XStressDev/MagStressDev+
EXP(b2*HStress)4(./3.)/MagStressDev+

EXP(b2*HStress)*XStressD&v(8.)*

(10.*Y Stress*XStress)/(MagStressDev**3.))

dvps=L*A2*((time+deltat)**cAtime)**c2)*(

b2*EXP(b2*HStress)*coefS*SStress/MagStressDev+
EXP§2*HStress)*(1.)/MagStressDev+

EXP(b2*HStress)*SStreds#8.)*

(18.*SStress)/(MagStressDev**3.))

ENDIF
ELSE

iYStrainVP=0.0

dvpydy=0.0

dvypdx=0.0

ixStrainVP=0.0

dvpxdx=0.0

dvpxdy=0.0

iISStrainVP=0.0

dvps=0.0

ENDIF

/11.Calculate total strain increments
iXStrainDev=Jbar*XStressBibarold*XStressDevelMIHSUMmKIHSumM?2
iXStrainDil=Bbar*StresstBbarold*StressDiloBHSumiBHSumM2
iXStrainVE=iXStrainDev+iXStrainDil/3.
iXStrain=iXStrainVB&train VR .*iXStrainVE*iXStrainVP

iYStrainDev=Jbar*Y StressBdarold*Y StressDeveMIHSuUmY JHSum2
iYStrainDil=Bbar*StresstBbarold*StressDilolBHSumiBHSum?2
iYStrainVE=iY StrainDev+iY StrainDil/3.

iYStrain=iY StrainVE+iY StraifR/FY StrainVBY StrainVP

iISStrainVE=Jbar*SStressibarold*SStressDevOBIHSUmMmBIHSuUmM?2
iISStrain=iSStrainVE+iSStraPAS StrainVE*iSStrainVP
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//12. Assemble Compliance Matrix

S11=dvexdx+dvpxek*iXStrainVE*dvpxd®.*dvexdx*iXStrainVP
S12=dvexdy+dvply-2.*iXStrainVE*dvpxd.*dvexdy*iXStrainVP
S22=dveydy+dvpyel.*iYStrainVE*dvpydf.*dveydy*iY StrainVP
S21=dveydx+dvpydX *iYStrainVE*dvpyd&.*dveydx*iY StrainVP

S33=dves+dvgd.*iSStrainVE*dvp2.*dves*iSStrainVP

//Update the XJOId,XBold, etc
DO K=1,M

XJgold(K)=Eratio(K)*XJgold(K)+
(g2*XStressDayRold*X StressDevold)*(ZEratio(K))/ratio(K)
YJgold(K)=Eratio(K)*YJqgold(K)+

(g2*Y StressDeay2old*Y StressDevold)*(Eratio(K))/raio(K)

SJgold(K)=Eratio(K)*SJqold(K)+

(g2*SStressD@2old*SStressDevold)*(Eratio(K))/ratio(K)

Bgold(K)=Eratio(K)*Bgold(K)+

(g2*StressDg2old*StressDilold)*(1Eratio(K))/ratio(K)
END DO

//Compute error instrains calculated, specified

XError=(iXStraip(13))
YError=(iY Straip(14))
SError=(iSStraip(15))

fpLocal=((XError)**2.+(YError)**2.+(SError)**2.)**0.5
IF(fpLocal.gt.1:20)THEN
xiLocal(1)=(XError*S11+YError*S21)/fpLocal
xiLo@l(2)=(YError*S22+XError*S12)/fpLocal
xiLocal(3)=(SError*S33)/fpLocal

ELSE

xiLocal(1)=(XError*S11+YErrorS21)
xiLocal(2)=(YError*S22+XError*S12)
xiLocal(3)=(SError*S33)

ENDIF

pSconv(1)=XStressDev
pSconv(2)=Y StressDev
pSconv(3)=SStressDev
pSconv(4)=StressDil
pSconv(5)=g1
pSconv(6)=g2
pSconv(7)=dzeta
pSconv(8)=Jbar
pSconv(9)=Bbar
pSconv(10)=S11
pSconv(11)=S12
pSconv(12)=S22
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pSconv(13)=S21
pSconv(14)=S33

DO K=1,M
pSconv(14+0*M+K)=XJqold(K)
pSconv(14+1*M+K)=YJqold(K)
pSconv(14+2*M+K)=SJqold(K)
pSconv(14+3*M+K)=Bqold(K)
END DO

pSconv(51)=time
pSconv(52)=deltat
pSconv(53)=XStress
pSconv(54)=YStress
pSconv(55)=SStress
pSconv(56)=dstress(1)
pSconv(57)=dstress(2)
pSconv(58)=dstress(3)
pSconv(59)=stran(1)
pSconv(60)=stran(2)
pSconv(61)=stran(3)
pSconv(62)=dstran(1)
pSconv(63)=dstran(2)
pSconv(64)=dstran(3)
pSconv(65)=XStressDev
pSconv(66)=YStressDev
pSconv(67)=SStressDev
pSconv(68)=StressDil
pSconv(69)=pHStress
pScav(70)=HStress
pSconv(71)=g0
pSconv(72)=g1l
pSconv(73)=g2
pSconv(74)=asigma
pSconv(75)=dzeta
pSconv(76)=dzetaold
pSconv(77)=ratio(1)
pSconv(78)=invratio(1)
pSconv(79)=Eratio(1)
pSconv(80)=JPronySum
pSconv(81)=Jbar
pSconv(82)=dJbar
pSconv(83)=BPronySum
pSconv(84)=Bbar
pSconv(85)=dBbar

pSconv(86)=XJHSum1
pSconv(87)=XJHSum2
pSconv(88)=XJqold(1)
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pSconv(89)=YJHSum1
pSconv(90)=YJHSum?2
pSconv(91)=YJgold(1)
pSconv(92)=SJHSum1
pSconv(93)=SJHSum?2
pSconv(94)=SJgold(1)
pSconv(95)=BHSum1
pSconv(96)=BHSum2
pSconv(97)=Bqgold(1)

pSconv(98)=ixstraindev
pSconv(99)=ixstraindil
pSconv(100)=ixstrain
pSconv(101)=iystraindev
pSconv(102)=iystraindil
pSconv(103)=iystrain
pSconv(104)=isstrain

pSconv(105)=coefX
pSconv(106)=coefY
pSconv(107)=coefS
pSconv(108)=dg0
pSconv(109)=dgl
pSconv(110)=dg2
pSconv(111)=dasigma
pSconv(112)=dratio(1)
pSconv(113)=dinvratio(1)
pSconv(114)=dEratio(1)

pSconv(115)=dXJHSum1
pSconv(116)=dXJHSum2
pSconv(117)=dYJHSum1
pSconv(118)=dYJHSum2
pSconv(119)=dSJHSum1
pSconv(120)=dSJHSum?2
pSconv(121)=dBHSum1

pSconv(122)=dBHSum?2

pSconv(123)=dJbarsum
pSconv(124)=dBbarSum
pSconv(125)=dJbar
pSconv(126)=dBbar
pSconv(127)=S11
pSconv(128)=1x
pSconv(129)=S22
pSconv(130)=S21
pSconv(131)=S33
pSconv(132)=iXStrain
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pSconv(133)=iY Strain
pSconv(134)=iSStrain

pSconv(136)=Xerror
pSconv(137)=Yerror
pSconv(138)=Serror
pSconv(139)=fplocal
pSconv(140)=iXStrainVP
pSconv(141)=iYStrainVP
pSconv(142)=pSprev(142)+iXStrainVP
pSconv(143)=pSprev(143)+iYStrainVP
pSconv(144)=iHStrain
pSconv(145)=YieldStress

RETURN
END

T
SUBROUTINE frprmn(p,ftol,iter,fret)

INTESER NMAX,NIMAX,NpS,pstens
PARAMETER (NMAX=216,NIMAX=3,NpS=150,pstens=3)
REAL*8 p(NMAX),fp,xi(NIMAX),pSconv(NpS),triall,trial2

11

INTEGER iter,ITMAX

REAL*8 fret,ftol,EPS,func

EXTERNAL func

PARAMETER (ITMAX=600,EPS£).e
uses Schapery,linmin

INTEGER its,j

REAL*8 dgg,gam,gg,g(NIMAX),h(NIMAX)

fp=func(p)

CALL dfunc(p,xi)

do 11 j=1,NIMAX
9()=xi()
h(1)=90)
xi()=h())

enddo

IF(its.It.ITMAX)THEN
its=its+1
iter=its
call linmin(p,xi,fret)
trial1=2.*abs(fretfp)
trial2=ftol*(abs(fret)+abs(fp)+EPS)
if(2.*abs(fretfp).le.ftol*(abs(fret)+abs(fp)+EPS))RETURN
fp=func(p)
CALL dfunc(p,xi)
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gg=0.
dgg=0.
do 12 j=1,NIMAX
gg=gg+g())**2
C dgg=dgg+xi(j)**2.
dgg=dgg+(xi(j)+g())*xi(j)
12 enddo
if(gg.eq.0.)RETURN
gam=dgg/gg
do 13 j=1,NIMAX
g()=xi() |
h()=g(j)+gam*h(j)
Xi(j)=h()
13 enddo

IF(its.eq.ITMAX)THEN
WRITE(*,*) 'frpmn maximum iterationS EOS SRS RQ
ENDIF
goto 2
ENDIF
WRITE(*,*) fp',fp,ftol
RETURN
END

C T
SUBROUTINE linmin(p,xi,fret)

INTEGER NMAX,NIMAX,NpS,pstens

PARAMETER (NMAX=216,NIMAX=3,NpS=150,pstens=3)

REAL8 p(NMAX),xi(NIMAX)
INTEGER |
REAL*8 pcom(NMAX),xicom(NIMAX)
REAL*8 ax,bx,fa,fb,fx,xmin,xx,brent
COMMON /flcom/ pcom,xicom
EXTERNAL fl1dim
REAL*8 fret,TOL,f1dim
PARAMETER (TOL=9)e

C USES brent,fidim,mnbrak

do 11 j=1,NMAX

pcom(j)=p())
11 enddo
do 22 j=1,NIMAX
xicom(j)=xi(j)
22 enddo

ax=0.
xx=1.
call mnbrak(ax,xx,bx,fa,fx,fb,f1dim)
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fret=brent(ax,xx,bx,f1dim,TOL,xmin)
C Ichanges dstressold to dstress
DO K=1,pstens
p(K+2*pstens)=p(K+pstens)
END DO
p(16)=fret
C Ichanges dstress to dstress+increment from xi
do 12 j=1,NIMAX
Xi(j)=xmin*xi(j)
p(j+NIMAX*2)=p(j+NIMAX)
P(j+NIMAX)=p(j+NIMAX)+Xxi(j)

12 enddo
C WRITE(*,*) 'return linmin'
RETURN
END
C T 1

SUBROUTINE mnbrak(ax,bx,cx,fa,fb,fc,func)

INTEGER NMAX,NIMAX,NpS,pstens
PARAMETER (NMAX=216,NIMAX=3,NpS=150,pstens=3)
REAL*8 ax,bx,cx,fa,fb,fc,func, GOLD,GLIMIT,TINY,num
EXTERNAL func
PARAMETHROLD=1.618034,GLIMIT=10.,TIN¥2Q)e
REAL*8 dum,fu,q,r,u,ulim
num=1
fa=func(ax)
fo=func(bx)
if(fb.gt.fa)then
dum=ax
ax=bx
bx=dum
dum=fb
fb=fa
fa=dum
endif
cx=bx+GOLD*(baxx)
fc=func(cx)
1 if(fb.ge.fc)then
r=(bxax)*(fb-fc)
g=(bxcx)*(fb-fa)
u=bx((bxcx)*q-(bx-ax)*r)/(2.*sign(max(abs(@), TINY),q))
ulim=bx+GLIMIT*(ckx)
if((bx-u)*(u-cx).gt.0.)then
fu=func(u)
if(fu.lt.fc)then
ax=bx
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fa=fb
bx=u
fb=fu
return
else if(fu.gt.fb)then
CX=u
fc=fu
return
endif
u=cx+GOLD*(elx)
fu=func(u)
else if((cxu)*(u-ulim).gt.0)then
fu=func(u)
if(fu.lt.fc)then
bx=cx
CX=u
u=cx0LD*(cbx)
fb=fc
fc=fu
fu=func(u)
endif
else if((uulim)*(ulim-cx).ge.0.)then
u=ulim
fu=func(u)
else
u=cx+GOLD*(elxx)
fu=func(u)
endif
ax=bx
bx=cx
CX=u
fa=fb
fb=fc
fc=fu
if(fa==0.and.fb==0.and.fc==0.)then
num=num-+1
if(num.gt.100)then
ax=0
bx=0
cx=0
fa=0
fb=0
fc=1.E10
endif
endif
goto 1
endif
RETURN
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END

C T
FUNCTION f1dim(x)

INTEGER NMAX,NIMAX,NpS,pstens,j
PARAMETER (NMAX=216,NIMAX=3,NpS=150,pstens=3)
REAL*8 f1dim,x,func
C USES func
REAL*8 xt(NMAX),pcom(NMAX),xicom(NIMAX)
COMMON /flcom/ pcom,xicom
do 11 j=1,NMAX
if ((j.gt.NIMAX).and.(j.le.2*NIMAX))then
xt(j)=pcom(j)+x*xicom{NIMAX)
else
xt(j)=pcom(j)
endif
11  enddo
fidim=func(xt)
RETURN
END

C M
FUNCTION brent(ax,bx,cx,f,tol,xmin)

INTEGER ITMAi
REAL*8 brent,ax,bx,cx,tol,xmin,f,CGOLD,ZEPS
PARAMETER(ITMAX=100,CGOLD=0.3819660,ZER8¥1.0e
REAL*8 a,b,d,e,etemp,fu,fv,fw,fx,p,q,r,toll,tol2,u,v,w,x,xm
a=min(ax,cx)
b=max(ax,cx)
v=bx
w=v
X=V
e=0.
fx=f(x)
fw=fx
do 11 iter=1,ITMAX
xm=0.5*(a+b)
toll=tol*abs(x)+ZEPS
tol2=2.*tol1
if(abs(xxm).le.(tol2.5*(b-a))) goto 3
if(abs(e).gt.toll) then
r=(xw)*(fx-fv)
q=0¢v)*(fx-fw)
p=(%V)*q-(x-w)*r
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if(g.gt.0.) p=p
g=abs(q)
etemp=e
e=d
if(abs(p).ge.abs(.5*q*etemp).or.p.le.g*fg).or.
& p.ge.q*@x)) goto 1
d=p/q
u=x+d
if(u-a.lt.tol2 .or. bu.lt.tol2) d=sign(toll,xnrx)
goto 2
endif
1 if(x.ge.xm) then
e=ax
else
e=bx
endif
d=CGOLD*e
2 if(abs(d).ge.toll) then
u=x+d
else
u=x+sign(tol1,d)
endif
fu=f(u)
if(fu.le.fx) then
if(u.ge.x) then
a=x
else
b=x
endif
v=w
fv=fw
W=X
fw=fx
X=u
fx=fu
else
if(u.lt.x) then
a=u
else
b=u
endif
if(fu.le.fw .or. w.eq.x) then
V=W
fv=fw
w=u
fw=fu
else if(fu.le.fv .or. v.eq.x .or. v.eq.w) then
v=u
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fv=fu
endif
endif
11 enddo
pause'brent exceed maximum iterations
3 Xmin=x
brent=fx
RETURN
END

C M
FUNCTION func(p)

INTEGER NMAX,NIMAX,NpS,pstens
PARAMETER (NMAX=216,NIMAX=3,NpS=150,pstens=3)
REAL*8 p(NMAX),fpfunc,xifunc(NIMAX),pSconSiNp
REAL*8 func
CALL Schapery(p,fpfunc,xifunc,pSconv)
func=fpfunc
return
END

C i
SUBROUTINE dfunc(p,dp)
INTEGER NMAX,NIMAX,NpS,pstens
PARAMETER (NMAX=216,NIMAX=3,NpS=150,pstens=3)
REAL*8 p(NMAX),fpL,xiL(NIMAX),pSconv(NpS),pSend(NMAX)
REAL*8 dp(NIMAX)
pSend=p
CALL Schapery(pSend,fpL,xiL,pSconv)
dp(1)=xiL(1)
dp(2)=xiL(2)
dp(3)=xiL(3)
return
END
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Appendix D. Description of Minimization Algorithm Employed in UMAT

The minimization algorithm employed in the UMAT for converging to the proper stress increment for a
specified strain increment is described below. This method is based on that outlined by Press, et. al,
[130] and the description follows closely with their text.

When the main UMAT subrtine is called by Abaqus, it is passed a strain increment and must return
the corresponding stress increment and the Jacobian matrix (partial derivative of incremental stress
with respect to incremental strain). If the analysis has just begun a triakstieeement zero in all
directions is passed to the constitutive subroutine. Otherwise, the stress increment which resulted in
convergence at that node during the previous time step is used as the first trial stress increment. The
constitutive subroutine amputes the strains which result from the trial stress increméht, 0,

the compliance matrix (which is the inverse of the Jacobian maityix)the error between the current

trial strain and the Abaquspecified strainerror, and the gradient of that error with respect to the trial
stress incrementgradient The gradient is calculated analytically .That is, the following four values are
generated:

Y- o Y- 0O Y- 0 Y- oY- o
W 1Y 0
Y =
1Yy,
Qi1 €1 Y- o V- o)

S L L v . ‘
Ql OQQES—F Y- o Y- 0
Y- o T1V- o

The value of the error is compared to a ftefined tolerance, which for the present analysis is set to
pO  If the error is less than the specified tolerance, the algorithm is considered to have converged
and the trial stress increment is returned to @jus along with the inverse of the compliance matrix.

If the error is not less than the tolerance, the minimization algorithm is initiated. This algorithm employs
the PolokRibiere variant of the conjugate gradient method to find the trial stresses whicimize the
computed error in the strains. This technique assumes that the error of strain increments as a function
of stress increments defined by the constitutive equation may be approximated locally as a quadratic
form, such that:

Qex & 4w §.9=:)-
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where bold characters indicate vectors or matrices and plain characters indicate scalar values. In this
equation, f(x) is error and X is the vector of trial stress increments. If two vectors are constructed such
that the following definitions hold, thesvectors are the solution to the quadratic whege x andh =b.

1 1 r=dl 1 1 1 Q TiplfB

These two vectors satisfy the orthogonaliand conjugaciyconditions.

14 =« [>=o] = o] n QQ

Thescalars are defined by

, 1La 1ol -
T2 1301

At this point, the system is still unsolvable unless the matiscknown. However, if the vectdris
defined as the gradient of the vectgr the system can be solved without knowledge of the mahrix
Therefore, the trial stresses are placed in the vegtand the gradient which was calculated above in
the second vectoh, as defined below.

T Qi i
1y- o 1Y- o1y )

The PololRibiere variant of the conjugate gradient method introduces a slight change to the method
outlined above by modifying the definition of the scdlao the following.

N .
14
This modification is made because it is unlikely that the error function actually has a quadratic form.

Therefore, even though the minimum of the quadratic estimate is found by the procedure above, this
may not be the true minimum of the error function. The alternate definitioh & thought to perform

® The vectorsi andv are orthogonal ifu-v=0

" The vectorsi andv are conjugate with respect tomatrix A if u' -Av=0
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the transition from the quadratic estimate to the actual functional shape more smoothly than the
original definition.

The current vectorg andh; are obtained from the current trial stresses and the current strain error, as
described above. The updated vectgrs andh;.; are determined by performing line minimization. That
is, for the strain error defined previously as a function of the trial stirs®ments ing, a subroutine
determines the minimum of that error function along the direction defined by the gradiei@nce the
location of that minimum is determined, the original gradidnis updated to express the actual
distance moved frong; to the new minimumhi.,, and the new minimum is returned to the conjugate
gradient subroutine as the vectgy.;.

The location of new minimum is determined to within a fulefined tolerance. That is, once the

magnitude of change in the error functionamaller that some set value, the line minimization is said to

KIS O2y@SNHSR Ff2y3 F LI NIAOdZ  NJ RANBOUAZ2Y ® ¢KAaA
YSGK2R G2 LISNF2NXY YAYAYATS GKS Tdzy Ol mé@pblatbrf 2y 3 G KS
between points on the error function to estimate potential locations of minima within a bracketed

range. That is, if the value of the error function at three distinct points is known, a parabolic fit to those

points is made and the location tife minimum of the parabola within that range is determined. The

value of the error function at that minimum location is calculated and if it is less than the value at any of

the bracketing points, the location of the minimum is used to update the brauetinge. In this

manner, the location of the actual minimum is bracketed to within successively smaller ranges until the
minimum of the error function is located to within a pdefined tolerance or the minimization routine

reaches a limiting number ofeitations.
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Appendix E. Derivation of Non -linear Viscoelastic Jacobian Matrix

The Jacobian matrix is defined as the partial derivate of the incremengsissector with respect to the
incremental stainvector. Because the constitutive equations are formulated with strain in terms of

stress, the Jacobian matrix can be determined from taking the inverse of the compliance matrix, which is
the partial derivative of the incremental strains with respect to theremental stressed’he derivation

of this matrix for the nodinear viscoelastic constitutive equation is outlined below.

1. Recursive Equations

Begin with the recursive form of theuttiaxial constitutive equation, where is the inverse of each
eleY Sy i Qa OKIFNF¥ . OGSNRAGAO GAYS

e p AGDYe_
- Q0 Q'Q (@] = "
Yo _
0 0 1 Y A G DY _ 0 v ) y P Ay(? PYe _

For this application, the total stress and strain are divided d®wiatoric and dilatational components:

There are now two integral constitutive relationships, one for deviatoric and one for dilatational:

P e e , p AGDY_
Q - Qu Q°Q 0] = [
q Ye _
. . . A @ DY
Po o nYA@BpY-_  "Q7i yp A =
q Ye _
- . oy A @ BY.
A AgpYs_ n 7 i Yi 7 P 5 =
e p A@DY._
= QO QQ 0 ~, ”
Yo _
o o f YAgey_ Y, VP Any°=
, e a Vo ~y y P A@DYe_
A A@dBYy _ 1 Q, Q7. %
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In these equations, the nonlinear parametensd octaledral shear stress, respectivelyre given by:

Qowmo WP WX ODE O W

" ; i " ot

2. Incremental Form of Recursive Equations

First, consider the deviatoric strains. The incremental deviatoric strain is given b

Yo o oV

P oo s p Agpy_

c Qu  QQ v p )“/.= [

P y o Y g , P A @Dy' S'/= .y

E Qv Q7Q v p o Y _ I

g y vy, yp ADDYe

Po g nyA@pY._ Q7i y P A =

q Yo _

%QV oY YAgpYy V_

v. S‘/
Qv v v yP ADBY T
Yo Y _
Simplifying the last two terms with the definition 9f gives:
Yo o 9
A @ DY.
P QL QQ P < = i
G Yo _
; o v Aopy. Y .
Pa%y ¥a¥y o P2 —— i 7
q Yoo 7 _
g 0 QAgDpY_ ¥ 7Y
; ,p Aopye Y A @ DYs ;
B“Q Y o QY P < = "Qp < =i 7
C Ye Yy _ Ye _
Now introduce some simplified notation:
. p ADDYe_

Lwwi= Qu "QQ v VA
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> y S oV ARopy. ¥
Vool 2aYy aYal 0 p A 5
G Yo 7 _
0 OV dg 0 QAZRY-_ ¥ ¥
ey o P VY .y P AODYe Y_ . p A@BYe_
Y -"Q Q > Q -
v 0O QO(c i v Vo Y _ Ve _

The incremental deviatoric strain can now be written:

Yo @ QY 0obdi ol Y 0'0Ye ay '0'Yq @

Similarly, the incremental dilatational strain can be written:

v - -7 8001 sadi, Y 80VYPEa S OY&E
Where
R - B . p ADDYe_
Owwi—= Qo0 QQ o p = —
o Ye _
A C L I v i p AoDy- y=
owwl = "0Q7%0 Q 7 "Q 0 <
o P Yo Y _
ooy o o P v v I
6 Oqu(6 6 QA DDYs _ Q7N
 or Py . o gP A@DY Y_ p AGDYs_ v
0 0Y -"Q Q < Q < ”
xAG ° Ve V_ e _

3. Jacobian derivation

If stresses were known, the strain increments could be calculated using these equations. However, in
this application the strains are known and the stresses must be determined. A nombégeassion
algorithm is used to converge on the proper stress increments. To guide the algorithm, a Jacobian is
defined. This application assumes plane stress, so the onlgeronstress components are

y, Y, Rb& ¥ . This resultsnia matrix with the following components:
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C
C

r'I> - 1Y Il

ITl S‘/” T S’/" n ] . .
MY oy oYy yom
v :T: v 1Y m" oY Y m

no " _ T m Y

11 T T T z/r I\

u TYt O

3.1 Derive S11
To evaluate this matrix, begin with th¥ term:

w 1Y T1YQ ety
Yy, 1y, a1y,

3.1.1 Deviatoric component of S11

The partial derivative of the deviatoric component is evaluated in the manner below:

T 3 5 ore N ) AR Y LT 2 [T 7
— VW Vodi Y 0'0YpaL 0¥q

product rule:

YO 1T 000 L 1] GT0RAO L L. T Y T oOYWa OO0 G
—_— l = L (A)?@'J_ l —— ULV Wl = = =
T y" T y" y" T y" T y” T y” T y”

recognizing that the new stress increment has no effect on the results of previous increments:

TYQ LT T 00O 0O & 0O A
B & N A T,

Using the definition of the current stress as a function of the stress increment :

And the definition of deviatoric stress:

Ql©
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( S v Sy P
(0} (0} (0)
Ti ' S Sy P
T S’/" T SJ/ O_y, o ” O_u
T S
1y, o

Y2 Siaa i odob OYpas 0va
v, o ?9r, ? e
Y2 Sy noill (o aob 0ve do 0va @
1y, o© by i,
Y ¢, . .1, T 0UQEI00Ye A 0O G
—<— —U WWEs l
1Y, © 1y, T, T, T,

The firstpartial derivative can be evaluated as below:

T ” T ” ” ” ” (p -|-
ry, 1y, q
T ” T ” ” ” ” (p T
Yy, 1y, q
T
1y,
p Ol ! ot
C C 1Y, <
. p1T QT
Yy, .1V q
T ” p T
2NN A
T, p 1T
T S’/” :T 5‘/” CH (p T
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T P 1T )
v oy, & e 60
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Tw P T . ] ]
v, iy, °° ¢e& Y% <% <. Y. o of
. P y
T, w, G,
T, P .
1y, c, ”

Now consider the remaining terms individually.
3.1.1.0 0 @adi

First, evaluat® 0 Qi

rooopt ., .. , p ADDY._
T, . P Vo _

For clarity, write each nonlinear parameter explicitlferms of the octahedral shear stress:

e Yo
rodapt . ., P ADDTE G
T _T_ Q ” U Q ” Q ” U p yb
n c n _'_ (I) "
Expand:
TOGOOPT ,
T , ETT Q ” Q ” Q ” V) Q ” Q ” Y yo .
tao,
Yo
Q, Q 0 ADD rTo .
” ” yo B
tw,
0 O Of A
T ET_ Q ” v Q ” “Q ” U Q ” Q ” v T \ 7/
T ” CT ” yo
t e
o, ” yo .
Q, Q, v 75 Aob o
Distribute:
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! ,To,

0.0 0 Agp Yo

T ’ Y0 to .,

This is getting very busy. Introduce the following notation:

AT
! 'P5 5 6 o
T ” T c
Evaluate A:
r . 1
—0 —Q, v
T ” T ”
By the chain rule, this is equivalent to:
Te 412
T ” T ”

The remaining partial derivative is:

TQ 1 e e o e
T_ T_ p " , ' , x|, ¢ ,,
T°Q .
T Np U, U
T°Q w
T_ Q[m C Q[Q: » ”
Now, term B:
'I'TTé TT—Q . Q. 0
T—o Q 0 T—"Q Q 0 Q
T ” ” T ” ” ? T ” ”
) 1T°Q, 1 Q
T B S
And term C:
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T . 1 . o,
io HQ,, Q,, L )70
T 1T°Q TQ., T® ot
R B S e S 7
And term D:
T T o T ® " S’/b
T_O iQ" Q L e A@‘D T
T 5 -'- TQ o yo
iO U%TQQ)AQD ¢,
L2 Agp Y0 o ® Agp V0
P to, Pl e,
TH y
Q)Q(or OTu) ) Aob OToo
3.1.1.c
Loowad P &gy oYy ¥
T TH c
LOOW®  yy v Loageyn T gy
) q T, T
T 000 op g T o 1 ¥, v
T,, E rAQDy' QT OTCO L0, AQD OTOO ,
3.1.1.d
Toog A p. g QP AUQD)U’- Y P AUQEDU’-= Y
T T, G Yo Y _ Yo _
TOUOY W,y T yyP Agpy. 7 TP A @DYe _
: CQ I UT Q S v : Q §/._
T l;otoo‘g"gyi vy TT—Q§/-= TT—QY- A@DYe _
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10O, 5.y tre, 16,
T, ¢ oL@ 9
T 1°Q Yo 16, Yo
Vo 7.0 APD T T ABP
Tw vy Yo
Qo o OTu),,oo,, Aob t o,
1O Py tore, 10,
Lo} - —& . 0
T, ¢! "o T, © T,
Q Y ., ye
T Agp—22 o ® agp_T°
T, To, ., T o,
Tw vy V¢
© ABD 04 o

3.1.2 Dilatational component ofL$
Now, back to the total strain equation. The partial derivative of the dilatational component is also need

and is evaluated analogously to the deviatoric term
TSJ/' T w 5wy wo T Yy Wty L L W e~y L T
Ty : O Wi Owwi, 0 OYpa 0 OYxa

recognizing that the new stress increment has no effect on the results of previous increments:

6 O'Y&a

—a

1y 6 & oh— L 5o 8 "'O"Yph
” ” T "’" T i T S’/”

K

Using the definition of the current stress as a function of the stress increment :

And the definition of deviatoric stress:
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ry, P

and recognizing that the partial derivative of this equation is simply 1 gives:

1 V- 5 500 1 600 60Ye & 6 OYO G
1y, "1y, 2 1y,
Ty- 6&&1“ 1 8OO 60Yp o 60OV &
1y, Y, "1, 1. 1.

Now consider the remaining terms individually.

3.1.2.H 6 O:Oi

T dwdpt ., ) p ADDYs _
T, o, P e _

For clarity, write each nonlinear parameter explicitlfgrms of the octahedral shear stress and expand:

T dadp T, S T A , To,
-—Q,0 —/Q,Q, o —Q, Q, 0 o
T ” o- T ” T n T n yo
T, o , T, Vo
TT Q ” Q ” O S‘/(‘) A Q D _l. d') .,

This is getting very busy. Intrace the following notation:

Péadpt ..
-—— 0 O 0O 0
T ” OT ”
EvaluateE
T—'O —Q , 0
T ” T ” ”
By the chain rule, this is equivalent to:
) . 17Q
_'O 0o —
T ” T ”

The two remaining partial derivatives are evaluated in 3.1.1

ra- . .
T T Ay ,
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Now, term F:

And term G:

And term H:

3.1.2.c

.oP
Tyl'l c” ” ”
! i )
0 —Q. 0,
T, ©
! 1'Q 1°Q )
T % Py ©
R Cto,
iO iQ" Q 0 95
R B o NN B o N f <) 1
I e e T d S 7
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180Y6G&! poy o .ovP ADDY Y oGP ADRY_
TH Tn o y. y= y.=
1 60Yoap, 5. v T 1Q, Tw,
T, o ° W, Y

T 1°Q Yo Tow , Yo
%r(&) ” AQDTG),, Q T,, AQDT(b,,
o, o Td) Uo yo
Qw " r T(b 0, A@‘D Td) i

At this point, we now have all of the terms needed to compute S11.

3.2 822

S22 is vergimilar to S11, as it is the influence of the y stress on the y strain:

~ Y o i 10 GG 0 OO @ 0 "O"Y0 &
‘13, T, v, v,

In fact, the equations for S22 are identical to those for S1sf#tuting, in for, as appropriate) with
two exceptions.

First ,y—:

Using the definition of the current stress as a function of the stress increment :

” ” y y’l
And the definition of deviatoric stress:
i P P
” 0_!1 ” 0_ ” ”
S or
0_!1 0_!1
Ti S
1y, o©
Second:
T ” T n ” ” ” (p T
Y, 1y, G
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1.
1y,

P
c " c" ”

3.3 512

The oftdiagonal terms of the Jacobian require independent considematiFirst consider the effect of y
stress on x strain:

1y- 1ya pt¥-
‘1Y, 1Y, oY,

b

3.3.1 Deviatoric component of S12

e 1 0 OB VAGE Y 0OYH Gy OYqG
iy, 19, P

1yaQ oo Ti T, : T 0 o0 & 00" &
1Y, Y, 1Y, T T, T,

Qlo

3.3.1.b——

Becaus we previously calculatedy— in terms of the octahedral shear stress:
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0O O OD)
y, T, 1Y,

!
I

We can use the same formulation fery—, and the previous result fer—

T OO 0O,
Ty, T, 1Y,

3.3.1.c

y

T OO0 G, 1 00 d
1y, vy, T,

Use the result from S11 fe——

3.3.1.d

y

T 0O at, T 000 &
T y" T y" T ”

Use theresult from S11 fo———

3.3.2 Dilatational component of S12

T y’ T I T w N w o S’/ T T S
Ty Ty OwRi Oowwl,, 0 OYpa o OYxa
1y 6 & o P S 0YPpa L "OY& &
T ” y” ! ! T ” T y!l T y”
Ty- 56 . 1. 1 OO 60Yp o 60Y0 é
1y, vV, 1y, T, T, T,

Using the definition of the current stress as a function ofgtress increment :

And the definition of deviatoric stress:
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T, 1 g

1y, 1Y, B
T
A
3.32b——
From S11 calculation this terism already known:
TOwdpT o~
T o O O 00
3.3.2.c
From S11:
'@’)dg 6n ¥ %AQD%= QTTﬂ yb’rdb,,d’),, AQD%TG’),,
3.3.2d
From S11:
! 6T’?"Y¢ dg,.Q oy J[_o T_Qw g <;>
Qi Tﬂ O o o AoRYOL
3.4 521

Now considethe effect of x stress on y strain:

R 1 o omi vaai ¥ 00V & OYE a

v, 19, P d

1 YQ Ogj,'[i 1. : T 00O & 0O &
., 19, T, T T,

1y,
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Using the definition of the current stress as a function of the stress increment :

And the definition of deviatoristress:

Qlo

3.41b——

Because we previously calculate@— in terms of the octahedral shear stress:

T OO 0k
1y, T, 1Y,

We can use the same formulation fGIT, and the previous result fer——

T OO 0k
1y, T, 1Y,

3.3.1.c

y

I 0O 4T, T 0’0" &
Ty, Ty, T,

Use the result from S11 feF——

34.1d

y
T OO0 Gt , T 000 a
2 vy, T,
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U= the result from S11 for—

3.4.2 Dilatational component of S12

Ty' T w ¥ e w e y W~y L 2 W e\ L X
Ty Ty Owwl OoOwwl, 0 OYpa o OYxa
1Y- 1. T T 8dbi 1 60V o 6 OVe &

7 £ A T, T,

Calculated previously:

T ”
7y, P
3.42b——
From S11 calculation this term is already known:
rToodp! L
-—— O O 0 0
T ” OT ”
3.4.2.c
From S11:
T 60°Yp ap . .oy 170 o 1O Vo
T 6_ on rAg‘Dy'= Qr T(I),,(I),, AQD T(I),,
3.4.2d
From S11:
0 0O"Yo & ’ 5 Q W,
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3.5 833
Now consider the effect of shear stress on shear strain:

1 V- 1 v¥Q

1y, 1y,

3.4.1 Deviatoric component of S33

C

Y- ! y
v, 7Y
1Yy- i

VOB VOGIE Y 0OYHAaL OYqd

T

The first partial derivative can be evaluated as belotv: (

o co'T" T, i T OO 00 d 00" d
1y, A2 T,

T ” T ” ” ” ” (p -|-
ry, 1y, q
T ” T ” ” ” ” (‘p T
Yy, 1y, q
T
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P ” ” ” ot 1 ” ” ” ” ot
q q 1y,
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Ty G 1Y q
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Using the definition of tl current stress as a function of the stress increment:
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And the definition of deviatoric stress:

3.5.1b——

Because we previously calculate@— in terms of the octahedral shear stress:

T OO 0ok
1y, T, 1Y,

We can use the same formulation fely;, and the previous result fer—

OO OO
y, .1,

!
I

35.1.c v
T OO AT, T 0O G
2 vy, T,

Use the result from S11 fe—

3.5.1d

y

T OO0 AT, T 0O &
2 vy, T,

Use the result from S11 fe——

3.5.2Dilatational component of S12
There is no dilatational component of the shear strain.
3.6 Compile Results

All of the necessary components are now known. In summary, the four terms of the Jacobian matrix are
given by:
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Appendix F. Derivation of Viscoplastic Jacobian Matrix

The derivation othe compliancematrix for the nonlinear viscplastic constitutive equation is outlined
below. First theZapasCrissmariorm will be considered and thefobolskyEyring The Jacobian matrix
is equivalent to the inverse of the complianceutmix.

1. Incremental Form of Recursive EquatiémisTimeHardening

Begin with the recursive form of the multiaxial viscoplastic constitutive equation. Note that viscoplastic
strain has no dilatational component, so only the shear stress and octahedralsttessr are needed.

Y- o9 pibr;—ﬁ

Qlo

2. Compliance Matrior the ZapasCrissman viscoplastic equation
The Zapag€risman Ecgtion for equivalent plastic strain
Y- 6, 6 0o Yo

Thecompliancematrix is defined as:

l‘I’ y- 1Y o !
my, 1Y, ‘
ITI S',_ T VA l,l Y “Y 11
Yy Lo T Y Y m

:T: yn T yn . :,: TT TT “Y
11 T Z/r 1
u TYt U

2.1.Derive S11

To evaluate this ntaix, begin with the'y term.

% R T spipri— ! ppody 0 o Yo i A
Ty, M P p £ 1Y, PP p

—a

Y p® papo o Yo

<

!
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Y ¢ T | A i AVE [ [ E¥
P® papo 0 Yo ;o A Ty

For simplicity, rename the partial derivatives 0 , andd as follows:
Y pppdpd o0 Yo OiaAw , 0&Aw , {0

2.1.1. Solved -

Using the chain rule, the equation below is found, and the additional partial detvistrenamed . It
will be solved later.

2.1.2. Solved -

Recalling the definition of deviatoric stress, and using the fact that the current stress is the gen of
previous stress and the current stress increment:

AV

2.1.3. Solved >

Use the chain rule to rearrange this yields the following, agmirathe partial derivative terd appears

7
o _
0 S o < E"E‘E P U,

Use the definition of octahedral shear stress as a function of current stress, which is rel#tedstoess
increment because the current stress is the sum of the previous stress and the current stress increment.
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T ! QT
Ty, 1Y, C
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2.1.5. Combining terms from above
Y pppdapd o Yo OiaAw , 0&Aw , {0
. - Lo > v C . O -
Y pppapo 0 YO ® LiIAwE GEYE E‘E‘E P,
o oo \ N 5 cn o, C ’ o —
Y p® papo 0 Yo () c—l ¥ ” EAE‘E w | E/E‘E P U,
2.2.DeriveS22
S22 is very similar to S11, as it is the influence of the y sireti®e y strain:
~ . 1Y c o T Ti 1A
Y, G PP papo 0 Yo i £w —— EVE i <

Ty, Ty, "y, " 1
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g r U

) Lo , ;
Y ¢ —=— pP papod 0O YO VLI A® ., U /EVWE ., L0

2.2.1. Solved -

Using the chain rule, thequation below is found, and the additional partial derivative isaeed0 . It
will be solved later.

2.2.2. Solved -

Recalling the definition of deviatorstress, and using the fact that the current stress is the sum of the
previous stress and the current stress increment:

5 Ti ! p S p
Y, 1y, " o’ 7 'y, o ¢
. S v P
B A S
IS
U [
o
AVE

2.2.3. Solved

Use the chain rule to rearrange this yields the following, and again the partial derivative texppears

T
o
v Y o ¥ E"E‘E_pﬂ W,

2.2.4. Solved -

This solution follows the process ®fl.4 very closely, except that the current y stress is expressed in
terms of old y stress and current y increment instead of making that expansion on the x stress. This
yields the following result.
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2.2.5. Combining terms from above
Y pppdpo o Yo Oi A, U A®

Y pppipo o0 Yo @ S—i Aaw %/EVE

2.3.Derive S12

This offdiagonal term represents the effect a change in y stress has oxdirectional strain.

Y- ! o i ! W e
Y > > — = 0 0 Yo i Aw.
Ty Ty PP pXIﬂl'/E‘E Ty PP pay
. - L o T ,
Y p®d papo 0 Yo B i AvE
nY © N N S‘/‘ T ” I3 /E‘E T i /E‘E I3 T AE‘E
PP pajo 0 Yo g ", - LT,

Forsimplicity, rename the partial derivativés, 0 , andd as follows:

Y pppdpo o Yo OiaAw , 0 A® {0

2.3.1. Solved -

This partial derivate was solved previously in 2.2.1. The solution is repeated below.

2.3.2. Solved ~—

Recalling the definition of deviatoric stress, and using the fact that the current stress is the sum of the
previous stress and the current stress increment:
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AYE

2.3.3. Solved >

This partial derivate was solved previously in 2.2.3. The solution is repeated below.
. o _
0 0 EE‘E P,
2.3.4. Combining terms from above
Y pppdpo o Yo OiaAw L, 0 A® {0

o o
Y oo o0 Yo & X isw , Pewm e A

2.4 .Derive S21

This offdiagonal term represents the effect a change in x stress has ondiregtional strain.
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For simplicity, rename theaptial derivative®) ,0 , and0 as follows:

Y pppipo o0 Yo O iAw , 0 A® {0
24.1. Solved — ——

This partial derivate was solved previously in 2.2.1. The solution is repeated below.

2.4.2. Solved ~
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Recalling the definition of deviatoric stress, and using the fact that the current stress is the sum of the
previous stress and the current stress increment:

CA
Ql©

2.4.3. Solved a

This partial derivate was solved previously ih2. The solution is repeated below.

o _ _
—AWE DTy,

0
C
2.4.4. Combining terms fronabove
Y pppipo o6 Yo O iAw , 0 A® {0
o LY \ )\ 5 cu ” , p ’ 0 —_
Y pppapo 0 YO c—l AVE . A ,,IE/EVE P,

2.5.Derive S33

The S33 term describes the impact that shear strain has on shear stresst Ehingtjally similar to the
other diagonal terms in the matrix.

w 1Y T . 1 T
Y Ty = PP p)(l:vl,‘;rE oy pH pal) o 0 Yo | A%
uY (LY 1 S'/‘ T ” ’ /E‘E T i /E‘E ’ T AE‘E
S A " Ty, T,

Here, a simplification may be introduced. Because there is no dilatational component to the shear
A0NBaaz o0& RSTAYAGA2iyigsimpliKiBe tothRsBe@ristreds2TRdrefore Atlfe Sdcadd a G NI
partial derivative is equivalent to one.

T 3 3 AEVE i 1A%
T yﬂ ? ?

Y p® papo o Yo

For simplicity, rename the partial derivativeés , and0 as follows:
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Ca

Y pppipd o0 Yo O iAw , A®E |

Using the chain ruleht equation below is found, and the additional partial derivative isamedd
It will be solved later.

AV

2.5.2. Solved

Use the chain rule to rearrange this yields the following, and again the partial derivativé term
appears

. o _
0 = o < —AEYE P\
2.5.3. Solved -

Use the definition of octahedral shedress as a function of current stress, which is related to the stress
increment because the current stress is the sum of the previous stress and the current stress increment.
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2.5.4. Combining terms from above

Y pppdpo o Yo O iAw , A®E {0
o ooy \ NP 5 (‘p" r r o —
Y p® papo 0 Yo () —i A . FEVE w E/E‘E p

3. Compile Results

All of the necessary components are now known. In summary, the four terms obthgliancematrix
for the ZapagCrissman form of the viscoplastic equatiane given by:

AR ‘ NP 5 ” ” y ’ o —
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4. Compliance matrix for the TobolsEyring viscoplastic equation.

The derivation of the compliance matrix for the Tobotgkyingform of the viscoplastic constitutive
expression follows the same steps outlined abawnd in fact yields nearly identical resultsowever,
because the constitutive expression for equivalent plastic strain is different, the partial derivatives
change sgihtly. The S11 term is derived below and the other are reported without demonstration.

TobolskyEyring expression for equivalent plastic strain:
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For simplicity, rename the partial derivativés ,0 , and0 as follows:

Y pppipd o0 Yo 0 i A" Qo 0 A¥ QoM | 0

4.1.1. Solved g

Using the chain rule, the equation below is found, and the additional partial derivativeneawed
0 because it is equivaléro the partial derivate) computed for the Zapa€rissman analysis.

; ' Qory T Qony T, T'Qdﬂila
1y, T, 1Y, T,

4.1.2. Solved ~—

This partial derivative was also ged for the Zapag€rissman analysiRecalling the definition of
deviatoric stress, and using the fact that the current stress is the sum of the previous stress and the
current stress increment:

5 5 L ! P T S P
Yy, 1Y, © o’ 7 1y, o' o
56 oS, Y, B
1Y, o© o
- G
V) U —
(0)
4.1.3. Solved ‘Ey“

This partial derivative was also solved for the Zapeassman analysislse the chain rule to rearrange
this yields the following, and again the partial derivative térnappears

Cx
C

o _
—A¥YE pTT U,
C

4.1.4. Solved ~

This partial derivative was also solved for the Zapassman analysis. From above,

5 T ” c ” ”

4.1.5. Combining terms from abov

188



Appendix F
Y oppipo o0 Yo O iA®E Qad 0 AE  Qwd, i 0
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Comparisorof this equation with the S11 equation derived for the Za@aissman definition reveals
that thiscompliance terms for the Toltsky-Eyring constitutive equatiorsidentical to that of the Zapas
Crissman equation with the exception of the definition dfcoplastic strainThat is, the Zapa€rissman
compliance equations can be used for the ToboEjging form by replacing eagh with Q@ ), 8
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Appendix G. Attempts to Resolve Discrepancy in Biaxial Results

1. Experimental Technique and Results

After performing the blister experiments, surface strain and radius of curvature are exported from the
DIC. For each experiment, a region near the center of the deformed blister is selected and the average x
and ¥ strains are computed over thiggion. (Ideally, this region is near enough to the center that the
stress and strain states are eqgtmhxial, so only the-gtrain is exported for analysis.) The software uses

this same region to compute the radius of curvature with a Boikilgorithm.The average strain and

radius of curvature are computed for each pair of images (each time step has left and right images which
are combined for 3D deformation results) for the entire experiment and exported to Excel.

Within Excel, this data is process&dress is calculated from the applied presspehe radius of
curvature,R and the blister thickness, by the Equatioris 1, which is obtained from thimvall pressure
vessel theory. The thickness of each blister sample is the average of the thickness measured in nine
places on the surface with a drag@mge micrometer prior to testing.

n'y G1
co

This equation yields engineeringests. However, the simulations performed in Abaqus will be

expressed in a true stress measure. For correct comparison, the experimental surface strains and

OF f OdzZf F iSR aiNBaasSa INB O2yO@SNISR dzaAyphnei KS F2ff 2
AOGNBGOK G GKS OSyid SN 2AF IiykSS aoif NBAIiCKNIALYY Ri KS A3d YUSK S\
Vi A& laadzySR G2 0S nodp IyR Ad dzaSR (G2 O2y@SNI 0Si
as mm/mm rather than % strains for theseneputations.)

p p G2
q

” ” G 3

This yields the following figures which summarize the experimental results at all pressure levels.
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Figure GL. Experimenal results from DIC near the center of the blister: (top) radius of curvature fit, (center) Alm&tesinel
strain, (bottom) Cauchy stress.
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2. Simulation Technique and Results

The first simulations performed used the UMavhich was validated against uniaxial experiments. For
the uniaxial case, viscoplastic strains develop only in the direction of loading. The constitutive equation
selected for viscoplastic strains is a function of the octahedral shear stress. As anexamsider
EquationG 4, which expresses the increment of viscoplastic strain which develops during a specified
time increment under a uniaxial stress application.

y- 0, O o Yo G4
For uniaxial loading, the octahedral stress reduces to the axial stress, as demonstrated in Equation

G5.

e Gs

Thus, the increment of viscoplastic strain that develops in the axial (22) direction can be expressed by
EquationG6Error! Reference source not founihstead of EquatioiG 4.

y- 0, 0 o Yo G6
These equations are applicable to uniaxial simulations. For biaxial simulations, a technique is required to
properly account for how the strain increment which develops from the equivalent (octahedral) shear
stress is divided among the material directiofbis analysis uses equivalent plastic strain theory, which
uses Equatios 4 to compute the total strain increment, as for the uniaxial case. However, an additional
equation is needed to compute the directional viscoplastic strains.

It is reasonable to suggest that the magnitude of the directional viscoplastic increments scales with the
magnitude of the directional stresses. Thus, for the present analysis, the fdtie directional

deviatoric stres$ to the magnitude of the stress deviator tensdr is used to separate the total
viscoplastic strain increment into directional increments. EquaBarexpresses this technique. The
parameter K will be defined below.

o Lo o A . Lo G7
Y- v——Y- u——=o0 , 0 0 Yo
i i

EquationG 7 must reduce to Equatio 6 for the case of uniaxial loading. In other words, the parameter
K must bedetermined such that Equatio@ 8 is true.

> o o \ AN n \ Lo G8

l G9
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. i G10
o —
i
The magnitude of the stress deviator tensor is given by Equ&n
i i i i G11
The deviatoric stresses are defined as:
. p S p G12
l ” - ” ” _11 _H
o o o
. p S p G13
I ” - ” ” _H _”
o o o
i " G14

For uniaxial loading, Equatio@sl2 through G 14 further reduce to Equation& 15throughG17 since
» isthe only norzero stress component.

, p G15
l _H
o
C G16
l _H
o
i N G17

G18
, p C v ,
i " s T " T T UGy O
Substituting Equatios 18 back into Equatiois 10 yields Equatiors 19.
. 1 ‘n& TULOZY Q G19
v i C PP P Y
6—"

Therefore, in the UMAT used for biaxial simulations, Equa&2fiis used to compute viscoplastic strain
increments.

- | . . LU
Y- PP pH—o0, O 0O Yo G20
f
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EquationError! Reference source not foundor viscoplastic strain increments yielded the simulated
stresses shown iRigure . In thisfigure, the experimental stresses are represented by the data points
with error bars, which represent the 95% confidence interval calculated from the replicates at each
pressure levelThe simulations predict much greater stresses than are observed exqrggly at all
pressure levels.

Stress Strain
14 @ 5kPa Experiment  =——=5kPa Model 0.2 4 5kPa Experiment ~ =——5kPa Model
B 9kPa Experiment  =—=—=9kPa Model 0 ]:8 B 9kPa Experiment ~——9kPa Model
12 15kPa Experiment =——15kPa Model 0‘16 15kPa Experiment ——15kPa Model
10 » 20kPa Experiment ——20kPa Model c 0'14 » 20kPa Experiment = 20kPa Model
v E .
Q.
s EO.IZ
o € 01
] 3
g ' 0.08
£ 0.06

0.04
0.02

0 10 20 30 40 0 10 20 30 40
Time, min Time, min

Figure Q. Simulatedvs. experimental results. Poor agreement is observed.

3. Attempts to Correct Discrepancy

The following figures demonstrate various attempts to address the discrepancy betheen
experimental and simulated stresses. The first set of figures addresses potential problems with the
experimental side of the analysis and the second set explores how changes in the model affect the
simulated stressefather than demonstrating eachfett at all the pressure levels, a single pressure
level was chosen for each study and is presented here.

3.1. Experimental Factors

3.1.1. Area used for radius of curvature fit
Recall that the radius of curvature for each experiment is computed over ssakmted area near the
center of the blister. A potential source of error is sensitivity to that selected region. To explore this
effect, the stresses from a sphere fit to thentral region are compared with those from a sphere fit to
the entire blister from a 10kpa experimeriigure G demonstrates that the stress results, which vary
linearly with radius of curvature, are not sensitive to the region selected.
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Figure G3. Comparison of the streses calculated from a single experiment using two techniques to find the radius of

OdzNII GG dzNBd W/ SYGSNCAGQ dzasa 2yfé GKS OSyd NI f LI2ANIEMZIYE a2 TWAldE S T
uses the entire blister surface resolvday the DIC. This figure demonstrates that the stress calculation is not sensitive to the

region over which the radius of curvature is calculated.

3.1.2. Uncertainty in out -of-plane displacement measurement
The outof-plane (zdirection) displacement of the blist specimen is used to compute the radius of
curvature of the deforming blister. From geometry, it can be shown that the radius of curvature, R, of a
spherical cap is a function of the height of the cap, h, and the free radius, aigsiia Gi.

Yy =
C

”|8=

Figure G4. Geometry of spherical cap.

During the experiments, the noise floor of theptane displacement measurement was edisioed by

comparing two sets of images which should have been identical (no deformation or displacement was

applied to the blister specimen between the two sets of images). This analysis demonstrated that, in the
lo&aSyO0S 2F lyé | LIWIRSSERNKRESH2RYBRIRFIYVELWRREAYOQISE E
out-of-plane measurement. The effect of this eaftplane uncertainty win the height measurement on

the radius of curvature measurement may be computed by considering the partial derivative of the

radius of curvature with respect to blister height. (This is the propagation of uncertainty technique.) The

free radius a is a constant of 9.525 mm, so no uncertainty results from that parameter.
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The radius of curvature in the blister is generally between 40 mm and 10 mm. The uncertainty in the

radius of curvature, as computed by Equat®g2y A& n®H YY F2NJ I nn YY of A&l
mm blister, as shown through the calculations'amble G1. In both cases, accounting for the

uncertainty in the aisplacement measurement affects the radius of curvature value, and thus the

stress value, by less than 1%.

Table G1. Computation of uncertainty in blister radiusf curvature from height measurement uncertainty.

R,mMm a, mm h, mm  u, mm dR/dh Ug, MM
41.7889 9.525 1.1 0.006 -36.9899 0.2219
9.5363 9.525 10 0.006 0.0464 0.0003

3.1.3. Uncertainty in applied pressure
Because the stress is a function of applied pressure, any error in the pressure measurement would cause
an error in the stress calculation. A lgessure gage with NlSfaceable calibration was used to verify
the accuracy of the experimental pressure rmegement.Figure G demonstrates the software
pressure measurement and the pressure indicated by the gage for increasing and decreasing stresses. At
each point, thepressure setting was allowed to equilibrate for 60 seconds before the results were
recorded. No error was observed in the pressure measurement over the range of relevant experimental
pressures.
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© Pressure Check
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Figure Gb. Correlation betweenpressure level indicated by software controlling the blister fixture and a calibrated gage
attached where the blister is during experiments. This figure demonstrates that there is not an error with the pressure
measurement which could affect the stresslcalation.

3.1.4. Thickness of blister specimens
¢tKS (KAOlySaa 2F (KS YIFIGSNRIf akKSSia LINPOARSR Aa
calculation depends directly on thickness, the thickness of each individual sample was recorded prior to
testing. Mosts YL Sa 6SNB 06SG6SSy wndp >Y YR un >Y GKAO]
potential error resulting from incorrect thickness in the stress calculations. This figure was generated by
taking the radius of curvature from a 10 kpa experiment (whe@ thd LISOA YSy ¢l a | Ol dz t
FYyR OFfOdzA FiAy3a GKS aitNBaasSa AF GKS &l YL S 6SNB H
the thickness of each specimen was already included in the stress calculations in Figure 2. Therefore, this
figure demonstrates the importance of knowing the actual sample thickness, but does not address the
discrepancy observed between the model and experiments.

Sample Thickness

a

9]

I~

Stress, MPa
(W8]

2 _________________________________________________________________________________
= = 22 micronsample
1 - ===-24micronsample
0
0 10 20 30 40
Time, min

Figure 5. Influence of specimen thickness on the experimental stress glation. This figure demonstrates that knowing
the actual thickness of each sample is important in performing the stress computation. However, this information has
already been incorporated into the analysis.
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A second attempt to address the influence ofrgde thickness was to report the membrane force
resultants instead of the stresses. Membréneces resultant is obtained by integrating the stress
through the thickness of the sample, as defined by EquaBias. In this equation, t is the sample
thickness,, s the stress through the sample and z is the throptane displacement variable.

G23
0 . Qa

Substituting Equatios 3 in for the stress in Equatio® 23 and recognizinghte equal biaxial stress state
at the center of the blister yields:

. . - NY.. nY
0] U . Qa -Qq —
q S

G24

| =
o

This result is easily obtained from the experimental results. For the simulated results, the radius of
curvature is determined by fitting a circle between the deflection at the center of the simulated
geometry and the fixed edge. These results are shovirigare G/.

Force Resultant

300 + 20kpaDIC ——20kpa FEA

250 4 15kpaDIC =——15kpa FEA
E kpaDIC ~ ——O9kpa FEA
> ® 9kpa pa
- 200 = -
g >
5 150 TN R ———
8 N * ry ry
& 100 D A Iy Z :
glo0 IS T ——— : -
= ]
£ 5o . =" . E

0
0 500 1000 1500 2000 2500 3000
Time, s

Figure G7. Experimental vs. simulation membrane force resultants for blister tests. The discrepancy observed between the
experiments and simulations is similar to that seen in the stress results.

3.1.5. Effect of ink used for speckling DIC samples
Another potential source of error is the effect that the ink used to speckle the blister specimens might
have on the material propertiesolexplore this possibility, stress relaxation experiments were
performed on both speckled and unspeckled samptgure G shows that there is no noticeable
difference in the relaxation modulus of the samples.

198



Appendix G

Paint Effect
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Figure (. Relaxation modulus of speckled and unspeckled uniaxial samples from DMA experiments. This demonstrates that
the painting procedure does not significantly influence the material properties of the blister.

3.2. Simulation Factors
Thus far, no significant erroials been indicated in the experimental stress calculation. Therefore, the

attention now turns toward the model. Some of the following simulations were performed with
different parameter sets, meaning the degree of Aorearity may differ slightly betweenifferent
simulations. However, it will be demonstrated that changing the-losar parameters does not affect
the stress results in a way that would obstruct the purpose of this demonstration

3.2.1. Geometry thickness
Just as the sample thickness affects thestrcalculation with the experimental results, so also the
model thickness influences the simulation stresses. Therefore, care was taken to make the model
thickness the average thickness of the samples run at each stress level. No figure is included here f
demonstration because the effect is similar to that observed in the experimental stresses in Figure 5.

3.2.2. Length of pressure ramp
To examine the effect of how quickly the pressure is applied on the simulation results, 15 kpa
simulations were performed witlh second and 5 second pressure ramps. The first 30 seconds of both
simulations are shown iRigure . Although the 1 second ramp results in slightly higher peassés
than the 5 second ramp, any difference in the two simulations has disappeared after 30 seconds.
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15kpa
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Figure . Comparison of two pressure ramp rates for the 15kpa simulations. The ramp rate does not affect thetdomgy
stress response of the simulation.

323. In-BIl ATA 0T EOCOI 160 OAOQEI
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is initially 0.35 and increases toward 0.5 as timesgoe. Figure GLO shows that changing the 4plane

w
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Figure GLO. Exgerimental results at 10kpa and simulations with two values oflidf I yS t 2Aaa2yQa NI dA2d ¢KS
t2A8a2yQa NIXGA2 Ay (GKS LIXIyYyS 2F (GKS YFOSNRIE R2S&a y20 arxayairs

3.2.4. Through-b1 AT A 0T EOOI 160 OAOQEI
Although the material is essentially isotropieptane, some of the oubf-plane properties vary
significantly from the irplane properties. Therefore, it is also important to consider the effect of the
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throughLJt I yS t2Aaa2yQa NI A gndulatordswé&e perfotnedditSsevaral dza SE I YL
values of through.Jt | vS t 2 A & & 2 Y CRigurd\Ndi 1l der@omstrateitat the B uidplana
t2A4a2yQa ndolieite diRfuicy bétdaen the experimental and simulation stresses.
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Figure GL1. Experimental results at 10kpa and simulations with three values of throtgli | yS t 2Aaa2y Qa NI GA2d
gt dzS 2F t 2 A ghuteylang of e Matefal dbes N significantly affect the value of the simulated stresses.

3.2.5. Effect of non-linear parameters
It was mentioned previously that the ndimear parameters are also unable to address the discrepancy
between the experimentalteesses and model stressdsgure GL2 shows the effect of the adjusting the
non-linear elastic parameterogFor this figure, three values of were considered; the original value
from parameter estimation of the uniaxial results, and half and twice that value. AlthqLaheg affect
the simulated stresses, it is not significant enough to address the full discrepancy. Additionally, if the
half and double values of,@re used for uniaxial simulations, the results are much worse than with the
original value of g
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Effect of Elastic Non-linearity
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Figure GL2. Experiment results at 18pa and the effect of elastic nofinearity on the simulatedstresses. This figure
demonstrates that adjusting gis not sufficient to bring the experiments and results into agreement.

In addition to the elastic notinearity, the nonlinear response to loading, characterized bywgas also

examined for its effecdn simulation stresses. This parameter appears with applied stress inside the
convolution integral in the nofinear viscoelastic constitutive equation. In the original simulation, the
parameter was not active, but two streggpendent trends were used twn the simulation. The results

are shown irFigure GL3.

Effect of Load Response Non-linearity g2 Trends
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Figure GL3. Experimental results at 1&pa and simulations with three trend$or g,. It appears that allowing gto increase as
stress increases moves the simulated stresses closer to the experimental stresses.

This figure is encouragirgghe attempted g trends bracket the experimental stresses when used in the
simulation. Unfortinately, this improvement is only observed in the biaxial simulation. If either of these
trends is assumed during parameter estimation (which is performed with uniaxial tensile experiments), a
valid set of parameters cannot be found. That is, there isamhbination of the other model parameters
which allows these definitions of.gTherefore, alteringgs not a solution for bringing the biaxial

simulation into agreement with the experimentally observed stresses.
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The other noHinear viscoelastic parameteg and a, are also unable to improve the biaxial simulations
without having a significant negative impact on the quality of the uniaxial calculations. The same is true
of the viscoplastic parameters.

3.2.6. Effect of initial slack in blister specimen
When the blister experiments are conducted, the specimen is loaded into the fixture at room conditions
and then allowed to equilibrate at the test condition, 70C 30%RH, for an hour. During this time, the
sample dimensions change due to hygral and thermphesion. The following figures demonstrate the
SFFTFSOG 2F KI@Ay3d GKS o0fA&0GSNI 3S2YSONE aft A3akKdte Wwo
Figure GL4 demonstrates the effect of having an initial blister height of 0.57 mm, even before the
pressure is applied, for both the 9 kpa and 15 kpa pressure |&&glsre GL5 demonstrated the effect
of having in initial blister height of 1.82 mm for a pressure loading of 9 kpa. Neither example results in
significant improvement over the original simulations, which are includédguare GL6 for comparison.
Thus, it appears that the effect of initial slack in the blister does not explain the discrepancy in the stress
results.

Stress - Slightly Loose
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Figure Gl4. 9 kpa and 15 kpa simuliins of a blister with slight initial slack compared to experimental results.
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Stress - Very Loose
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Figure GL5. 9 kpa simulations of a blister with significant initial slack compared to experimental results.

Stress - Initially Flat
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Figure GL6. Simulations of a blister with no initial slack compared to experimental results.
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4. Proposed Source of Discrepancy

After ruling out various potential sources of discrepancy as demonstrated in the previous pages, there
are few places left to search. Theusce of the discrepancy does not appear to be experimental, as the
pressure level, radius of curvature, and thickness of the blister are all confidently reported. From a
simulation standpoint, the geometric model used to perform simulations does not appder the

source of the issue. This leaves the constitutive expression as one of the few remaining places for the
discrepancy to occur.

Recall that equivalent plastic strain theory is used to compute the directional viscoplastic strain
increments. This)@ression was developed from and validated against uniaxial experiments, and
uniaxial simulations do a good job predicting uniaxial experimental results. However, it is possible that
the expression used for equivalent plastic strain does not appropriatgjure the effects of multiaxial
loading for instance through the use of octahedral shear stress as the equivalent stress measure.
Without using multiaxial experimental datan appropriate expression for equivalent plastic strain

theory cannot be confidntly identified. This is the most likely source of the error in the blister results.

205



