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Abstract

Glycol modified Poly(ethylene terephthalate), PETG, a non-crystallizing form of
PET, is tested in uniaxial compression and plane strain compression. In addition
to deformation mode, the temperature and strain rate are varied in order to fully
capture the strain rate, strain state, and temperature dependence of the material
response.

A three-dimensional constitutive model is developed using the experimental re-
sults. The model uses two networks to represent the resistance of the material to
deformation, one is an intermolecular resistance to flow and the other is a resistance
due to molecular orientation. This model is used to produce computer simulations
of uniaxial and plane strain compression experiments. The results indicate that the
large strain hardening behavior of PETG can only be captured if the model includes
a critical orientation parameter to halt the molecular relaxation process once the
network achieves a specific level of molecular orientation.

The model predicts many of the features of the material behavior very well, includ-
ing the initial modulus, roll over to flow stress, initial hardening modulus, cessation
of molecular relaxation, and dramatic strain hardening. In plane strain compression
the initial modulus, flow stress, and initial hardening modulus are also captured well.
The model only falls short in capturing the large strain hardening behavior in plane
strain compression. This can be improved with further work to better fit the strain
hardening portion of the constitutive model.
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Chapter 1

Introduction

In recent years there has been an increasing amount of interest in studying the large-
strain mechanical behavior of poly(ethylene terephthalate), PET, above the glass
transition temperature. PET is a widely used polymer for consumer products because
it can be easily and inexpensively formed into lightweight but highly durable plastic
bottles, ideal for bottled water and soda. PET is also used in many applications as a
drawn fiber or stretched film. Much of the commercial success of PET lies in the fact
that it crystallizes at large strains, thereby locking in the final shape after forming
and creating a finished part with enhanced mechanical properties (higher stiffness,
higher strength, etc.). Because of its wide use and complicated stress-strain behavior
under large deformation, a robust constitutive model to accurately account for its
stress-strain behavior is highly desirable.

'The purpose of this research is to better understand the material behavior above
the glass transition temperature in the processing regime. Specifically, the strain-
rate, strain-state, and temperature dependence of the mechanical behavior is exam-
ined without the complication of strain-induced crystallization by studying a non-
crystallizing form of PET, namely PETG. The stress-strain behavior of PETG is
compared with results from previous work on PET to better isolate the contribution
of strain-induced crystallization to strain hardening in PET. A constitutive model
from previous work of Boyce, Socrate, and Llana{l2] is modified to remove crys-

tallization effects and is fit to the PETG experimental data. The revised model is
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compared with the experimental data for PETG.

1.1 Experimental Background

Over the past half century, a substantial amount of experimental research has been
conducted on PET, but relatively little has been published on PETG. As early as 1954,
Marshall and Thompson|[28] examined the load-extension-temperature properties of
PET in an effort to better understand continuous drawing processes in the production
of polyester yarn. A few years later, Thompson revisited the subject[34], looking
specifically at the role of strain-induced crystallization in the hot drawing of PET
fibers. His model captured the physics at critical points but did not represent the
overall trend well. One weakness was the assumption that crystallization could be
equated with a strain hardening process independent of time and temperature.

Several researchers have looked at the morphology and the development of crys-
talline order in PET. Misra and Stein[30] were some of the first to investigate the
microstructure of PET as a function of deformation temperature and annealing time.
They examined changes in crystallinity through density, wide angle X-ray diffraction,
and small angle light scattering methods and noted an increase in crystallinity upon
further annealing of the deformed material. They observed an initially rodlike mor-
phology which evolves into ellipsoidal spherulites upon further annealing. In their
experiments, strain rate was not varied and most of the PET structural information
was obtained from experiments performed at 80 ° C.

Work by Bellare, Cohen, and Argon[8] at high temperatures (190 ° C) looked at
the morphological evolution of initially semicrystalline PET during plane strain com-
pression. They observed an initially spherulitic morphology which transforms into a
lamellar microstructure, oriented toward the flow direction. This orientation causes
the crystalline PET to develop an orthotropic symmetry.

Salem[32, 33| investigated the onset of crystallinity for initially amorphous PET
in the temperature range near the glass transition (83 ° C to 96 * C) and at moderately

high uniaxial extension rates (nominal strain rates between .01 sec™! and 2.1 sec™}).
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He found that the onset of crystallization occurs at the inflection point in the stress-
strain curve, a point which shifts to higher strain levels and lower stress levels as
strain rate decreases.

Blundell, et al.[10] and Mahendrasingam, et al.[26, 27] have looked at the evolu-
tion in structure of PET during deformation using synchrotron radiation in order to
determine precisely when crystallization occurs. Their results indicate that crystal-
lization does not begin until the end of draw, but that it occurs very rapidly as soon as
motion has ceased. These results contradict what other researchers have concluded,
but Blundell, et al. find that crystallization occurs so rapidly that attempts in ear-
lier research to quench the specimen mid-experiment to determine crystallinity was
ineffective. Regardless of whether crystallization occurs during draw or immediately
after, there is a form of high-order molecular orientation and organization which oc-
curs during drawing which greatly contributes to the material strain hardening. The
crystallization which occurs as a result of the deformation, as well as any additional
crystallization due to annealing both serve to enhance the stiffness and strength of
the polymer.

Much of the research into deformation of PET has been conducted with uniaxial
and biaxial tension experiments. Duckett, Rabinowitz, and Ward[20] investigated
how the tensile yield stress of PET depended on strain rate and temperature. Their
results indicated that yield stress increases monotonically with increasing strain-rate
and with decreasing temperature.

Gordon, Duckett, and Ward[22] conducted drawing experiments on PET in two
stages and observed changes in density and birefringence, as well as stress-strain
behavior. Their tests were all conducted in the glass transition region (70°C to
90 ° C). They concluded that the behavior could be described by the deformation of
a molecular network and were able to approximate changes in refractive indices and
stress using the Gaussian theory of rubber elastic photo-elasticity.

A notable series of papers by Chandran and Jabarin[24, 16, 17, 18] also contain
results from uniaxial and biaxial extension experiments. In the first of these[24], uni-

axial tension experiments were conducted on PET at temperatures in the range of
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dramatic hardening
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Strain

Figure 1-1: Generic stress-strain curve for PETG

80" C to 100° C and at extension rates from 5 mm/min to 127 mm/min. Birefrin-
gence after different annealing times was also examined. Results indicated that strain
induced crystallization occurs during stretching and that it occurs even when samples
are stretched to a final strain below the strain hardening region of the stress-strain
curve (see figure 1-1).

In the later papers by Chandran and Jabarin, an extensive series of biaxial exten-
sion experiments were performed in order to examine the strain rate, temperature,
and mode of deformation dependence of the stress-strain curve for PET. Their data
provides a good benchmark for the behavior of PET film in biaxial extension because
it includes such a wide variety of simultaneous as well as sequential experimental
results.

Adams, Buckley, and Jones[1] performed biaxial extension tests with several dif-

ferent strain rate ratios and looked at the yield stress in each direction. Their results
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confirmed the Mises yield criterion for PET in biaxial extension. The same research
group has also published several papers related to constitutive modeling of the defor-
mation of PET[2, 13, 14] which will be discussed in the next section.

Matthews, et al.[29] performed biaxial drawing experiments at one temperature,
85 ° C, over a range of strain rates from 107* sec™! to .5 sec™! for the purposes of
fitting a constitutive model. Their model will also be discussed in the next section.

In other research, Cakmak, White, and Spruiell[15] conducted blow molding ex-
periments. They looked at crystallinity along the length of a commercial soda bottle
and also in laboratory bottles, where pressure and temperature could be varied. They
showed that bottles processed by stretch blow molding possess relatively high crys-
tallinity. Additionally, they found that the bottles exhibited anisotropic mechanical
behavior through the bottle wall thickness. This is attributed to a higher transverse
stretch on the inner wall surface than on the outer surface.

Axtell and Haworth[6] conducted blow-molding experiments in which they varied
strain rate (.25 sec™! to0 .95 sec™!), temperature (80 ° C to 110 ° C), and inflation pres-
sure. In their test setup, they were able to ensure a constant strain rate throughout
the deformation and they noted a critical strain level where the stress growth function
departed from a common baseline. They interpreted this as coinciding with the onset
of strain induced crystallization.

A few workers have looked at the behavior of PET in compression tests, among
them being Zaroulis and Boyce[35]. They performed tests on initially amorphous PET
in uniaxial compression as well as plane strain compression and compared the results.
Their experiments were in the glassy and glass transition regions, but not above
the glass transition temperature. Strain rates were in the range of 0.005 sec™! to 0.5
sec™!. Their results showed a decrease in yield stress and flow stress as well as a small
decrease in the strain hardening modulus with increasing temperature and decreasing
strain rate. They performed differential scanning calorimetry (DSC) on the deformed
specimens to determine the occurrence of strain-induced crystallization. They found
that the material does not crystallize below the glass transition temperature, but

that at 80 ° C the material does crystallize upon deformation. In comparing the plane
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strain and uniaxial deformation modes, they observed that plane strain specimens
exhibit an increase in yield stress and a larger strain hardening behavior than uniaxial
specimens.

In quite recent work, Llana and Boyce[25] published a large quantity of experi-
mental data for PET deformed in uniaxial compression and plane strain compression
experiments over a wide range of temperatures (80° C to 110°C) and strain rates
(.001 sec™! to 1.0 sec™!). They examined the final crystallinity by means of differ-
ential scanning calorimetry and wide angle x-ray diffraction techniques and found
that crystallinity increased with increasing strain rate and decreasing deformation
temperature in both deformation modes.

Overall, relatively little work has gone into determining the effect of pressure on
the behavior of PET. One exception is Guan, Wang, and Porter[23], who investigated
the difference between the effect of a tensile stress with that of a compressive stress.
They determined that in forging (compression) a higher degree of crystallinity is
obtained than in tension. One thing to note is that since their experiments were con-
ducted at constant extension rate, in forging true strain rate increased with increasing
strain level whereas in tension true strain rate decreased with increasing strain level,
making it unclear whether the increased crystallinity was due to the evolving strain
rate or the different mode of deformation. Because of variations in material properties
of materials obtained from different suppliers, it is difficult to directly compare the
tensile and compressive data found in the literature. Future work needs to be done
in this area.

In an unpublished paper, Patton[31] presented some of the limited data available
on PETG. Her research consisted primarily of uniaxial compression experiments at
temperatures above the glass transition and was augmented with a few plane strain

experiments. No major conclusions were drawn from the research.
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1.2 Constitutive Modeling Background

Several attempts have been made to model various aspects of polymer deformation.
Much of this effort has gone into modeling PET by considering a microstructural
picture of an orienting molecular network. The models then incorporate the principles
of rubber elasticity. This general topic of rubber elasticity has been investigated by
several groups. Edwards and Vilgis[21] examined the effect of entanglements in rubber
elasticity and developed a constitutive model to account for the competing effects of
chain slippage during deformation and chain inextensibility.

An alternative approach to this is that taken by Arruda and Boyce[4], in which
the large stretch behavior of amorphous polymers is taken to depend on a limiting
extensibility of the polymer chains. They used an 8-chain model in a unit cube,
to take advantage of symmetry, and applied a non-Gaussian (Langevin) statistical
model, which has as inputs only two material parameters: a rubbery modulus, and a
limiting extensibility parameter, or locking stretch.

In rather early work, Duckett, Rabinowitz, and Ward[20] applied a phenomenolog-
ical yield model to poly(methyl methacrylate) (PMMA) and extended the results for
the yield behavior of PET. They found that yield in PET followed the same general
trend as for PMMA, namely, that yield stress increases monotonically with increasing
strain rate and decreasing temperature.

Matthews, Duckett, Ward, and Jones[29] developed a constitutive model using
the Ball[7] model for rubber-like behavior. Their model does not account for strain
hardening very well and was only fit to biaxial experimental data at 85° C over a
range of strain rates and so does not account for temperature dependence. The model
accounts for the rate dependence of the polymer behavior by making the entanglement
density a linear function of the logarithm of the shear strain rate.

In preliminary work on PET, Buckley and Jones[13] developed a glass-rubber
constitutive model for general amorphous polymers near the glass transition. This
model captures the yield and initial flow features of the constitutive behavior, but

provides for little or no strain softening and does not attempt to include the effects
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of strain induced crystallization. In later work, Buckley, Jones, and Jones[14] applied
this same constitutive model to data from biaxial experiments on PET. The model
effectively captured the middle range, but was not very effective at simulating initial
yield, large extensions, nor unloading behavior of the polymer.

Bergstrom and Boyce[9] have recently completed work dealing with constitutive
modeling for large strain behavior in elastomers. Their work specifically dealt with the
time dependent aspect of the behavior and molecular relaxation. Their model followed
the Doi and Edwards[19] approach of taking the primary relaxation mechanism to be
one of chain reptation.

In very recent work, Boyce, Socrate, and Llana[12] have developed a constitutive
model which captures many of the features of PET. Their model will be further
explained in section 3.1, but it is one of the first models to attempt to capture the
effects of strain induced crystallization.

Almost simultaneously, Adams, Buckley, and Jones[2] have produced a constitu-
tive model based on data from their biaxial stretching experiments at a variety of
temperatures above the glass transition. Their model approximates the data well
and has features to account for strain induced crystallization, but their data was all
gathered at the same constant extension rate of 1 sec™. As such, it is uncertain how
well their model predicts material behavior at different strain rates. Also, they do
not report on the unloading behavior predicted by their model.

It is clear that while there has been some work done in this area, we are still lacking
a good three-dimensional constitutive model that fully accounts for the temperature
and strain rate dependence of the material and which incorporates all of the features
of initial yield, strain softening, strain hardening, and strain induced crystallization.
In this thesis, a model is presented that attempts to capture all of the above for
the non-crystallizing PETG. In future work, this model will be applied to PET and

elements to account for crystallization will be added.
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Chapter 2

Experimental Work

2.1 Material

The material used in all experiments was PETG 6763 supplied by Eastman Chemical
Co. with a weight average molecular weight of 38 888. It was supplied in the form of 4
in. by 4 in. plaques of 1/8 in. nominal thickness, from which compression specimens

were machined.

2.2 DSC

Differential scanning calorimetry (DSC) was performed using a Perkin Elmer DSC
7 at a constant heating rate of 10° C per minute. The equipment was calibrated
with zinc and indium. DSC scans performed on the as-received material as well as
on deformed material indicated that there was no crystallinity in the material, either
before or after testing. DSC scans also identified the glass transition temperature for

the material as 80 ° C.

2.3 DMA

Dynamic mechanical analysis (DMA) was performed on the as-received material.

Specimens were cut using a Buehler Isomet cutoff saw at a very low cutting speed

19



so as to prevent aging of the material. Specimens were approximately 30 mm long,
3.2 mm wide, and 1 mm thick. In DMA experiments, an oscillating force is applied
to the material at various frequencies and the response of the material is reported in
the form of the shear and loss modulus. The samples were tested in the extensional
mode at frequencies ranging from 1 Hz to 100 Hz and at temperatures ranging from
40" C to 110" C. The oscillating force had a mean value of 30 gf (.2943 N) with an
amplitude of oscillation of 45 gf (.4415 N). The modulus data is shown in figures 2-
1 and 2-2. The shift in the curve as frequency is varied demonstrates the strain
rate dependence of the glass transition temperature. When the material is deformed
at higher frequencies, which corresponds to higher strain rates, the glass transition
temperature shifts to higher temperatures.

With a knowledge of the DMA testing frequency, the elastic modulus, the specimen
dimensions, and the magnitude of the cyclic load, an equivalent strain rate can be
computed at various points on the DMA curves. These data points can then be
compared with results from other tests, such as constant strain rate compression

experiments. This is discussed in further detail in section 3.2.1.

2.4 Compression Tests

2.4.1 Setup

Two kinds of compression tests were performed: uniaxial and plane strain. For the
uniaxial tests, specimens were cut into circular disks 12.39 mm in diameter. For the
plane strain experiments, samples measured 9.55 mm on each side. In each case,
WD-40, a common lubricant, was applied to the compression platens and a sheet of
teflon was placed in between the PETG and the compression platens to eliminate the
effects of friction. Care was taken so that no WD-40 contacted the test specimens.
The specimens were brought to test temperature by use of an electric resistance
heater. They were allowed to come to thermal equilibrium for a total of 20 minutes.

The compression experiments were performed using an Instron 1350 with servo-
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21



hydraulic controls. The cross head speed was controlled using a personal computer
running Windows NT and LabView. The vertical specimen displacement was mea-
sured using an extensometer and was fed back to the computer in order to eliminate
load train compliance error. Specimens were compressed at a constant logarithmic
strain rate to final strains ranging from -0.8 to -2.0 for the uniaxial experiments and
to final strains from -0.8 to -1.3 in the plane strain experiments.

The load was measured and acquired by standard data acquisition software during
the experiments. True stress was determined from the initial cross-sectional area and
by assuming no volume change for the polymer during plastic deformation.

Each test was performed at least twice in order to ensure repeatability. Tests
were performed at strain rates ranging from -.005 sec™! to -1.0 sec™!. Attempting to
perform experiments at higher strain rates raised the question of whether a constant
strain rate could be achieved at such high rates using the test equipment. Tempera-

tures were varied from 25°C to 110° C.

2.4.2 Results

The results are shown in the following figures and are discussed below. Figures 2-
3 through 2-9 show uniaxial compression data at each temperature. Figures 2-10
through 2-15 show the same data plotted at constant strain rate. Figures 2-16 through
2-20 show the effect of unloading at different final strains in uniaxial compression.
From these figures it can be observed that PETG exhibits the following general
trends. First, the material has an initially stiff response which is highly temperature
dependent. The modulus decreases moderately with increasing temperature and fairly
independent of strain-rate at temperatures below the glass transition temperature. In
the transition region, the modulus drops dramatically with increasing temperature.
This drop off occurs at higher temperatures for specimens deformed at higher strain
rates. Above the transition region, the modulus continues to drop as temperature
rises, but the change is more moderate. The dependence is also mildly strain-rate
dependent in this region, with increasing strain rate leading to increased modulus.

Second, at temperatures below the glass transition temperature the polymer ex-
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hibits a definite yield stress which increases with increasing strain rate and decreases
with increasing temperature. This yield is followed by a considerable amount of strain
softening. The amount of strain softening is relatively strain-rate independent, but
increases with increasing temperature. At temperatures above the transition temper-
ature, the stress-strain curves show the classic monotonic rise in stress with increasing
strain (see figure 1-1). The yield stress is not so abrupt and instead the curve gently
rolls over and the material begins to flow at a stress level on the order of 1-2 MPa.
The magnitude of this flow stress also depends on strain rate and temperature. At
higher temperatures and lower strain rates the roll over occurs at lower stress levels.
Figures 2-21 through 2-24 show an enlarged view of the initial modulus and roll over
to flow for the polymer above the glass transition temperature.

Figure 2-6 shows the data at 80 ° C, approximately the glass transition temperature
for PETG. This is a very interesting set of curves, in that it demonstrates the strain
rate dependence of the glass transition temperature nicely. At high strain rates, the
material is still below the transition temperature at 80 ° C and exhibits the high yield
stress and strain softening characteristic of polymers in the glassy state. At low
strain rates, however, there is no apparent yield stress and the stress-strain curve
rises monotonically. This indicates that at these strain rates the polymer is already
above its glass transition at 80 ° C and hence exhibits rubbery polymeric behavior.

Third, after the strain softening region, or roll over to flow above the transition
temperature, the polymer begins to strain harden as the strain level is increased.
The material then begins to undergo the competing effects of strain hardening and
molecular relaxation. This hardening is evident in the initial hardening modulus, h;,
in the flow region followed by the dramatic upturn in the stress-strain curve as the
polymer chains start to reach their limiting extensibility or locking stretch. Molecular
relaxation occurs simultaneously as the polymer chains slide through the tangled web
of neighboring chains using a mechanism referred to as chain reptation.

In the constant strain rate figures (figures 2-10 to 2-15) the temperature depen-
dence of the material is clearly discernible. At each of the strain rates, the initial

yield or initial flow stress decreases as temperature increases. The hardening slope
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decreases with increasing temperature and the strain at which the dramatic upswing
in stress occurs is greater at higher temperatures. This is because of the thermally
assisted molecular relaxation occurring in the polymer. As the temperature increases,
the molecules have more thermal motion and can therefore more easily slide between
each other and the neighboring entanglements.

Figures 2-16 to 2-20 show the material response as it is unloaded at different final
strains. The data shows good repeatability and shows that at temperatures above the
glass transition, much of the deformation is recovered upon unloading regardless of the
final strain. Experimentally, it is difficult to determine how much of the deformation
is actually recovered because upon unloading the bottom surface of the specimen
remains in contact with the compression platen while the top surface is air quenched.
This causes the rubbery specimens to curl up due to the thermal gradient during
unloading so that the final specimen dimensions are difficult to measure. The effect
is less pronounced in plane strain due to the test fixture remaining in contact with
the specimen. Post test measurements using calipers indicate that the plane strain
compression specimens recover to within 93% of their original height at temperatures
above the glass transition. In contrast, at temperatures below the glass transition
very little (on the order of 10 to 15 %) of the strain is recovered at all final strain
levels.

Figure 2-7 demonstrates the strain rate dependence of strain recovery. Less recov-
ery is observed upon unloading at lower strain rates than at higher strain rates. This
is because at low rates more of the deformation is accommodated by molecular relax-
ation than at high rates, where deformation is due primarily to network orientation.
Since the deformation due to molecular relaxation is permanent and the deformation
due to orientation is recoverable, specimens which are deformed at higher rates are
able to recover more. Again, due to the quenching phenomenon, it is difficult to
pinpoint exact numbers, but at 90 ° C, the material recovers by approximately 75%
at -1.0 sec™! and only recovers by 45% at -.005 sec™!.

Each of these trends is consistent with the trends exhibited by PET, with the ex-

ception of strain recovery[25, 35]. PET exhibits substantially less recovery at temper-
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atures above the glass transition due to strain-induced crystallization. For example,
at 90" C, -1.0 sec™! PETG recovers by approximately 75%, whereas PET under the
same conditions undergoes less than 50% recovery.

Figures 2-25 through 2-28 show plane strain compression data at each tempera-
ture. Figures 2-29 through 2-34 show the same data plotted at constant strain rate.

The plane strain compression data indicates the same trends as were observed in
the uniaxial compression data. In figures 2-35 through 2-38 the comparison of plane
strain with uniaxial deformation modes is depicted. In figure 2-35 it is important to
note that the room temperature plane strain data appears to have a rather compliant
initial response as evidenced by the lower initial modulus in plane strain than in
uniaxial compression. The initial elastic response in plane strain should, in fact, be
higher. This indicates that there is some additional compliance in the plane strain
fixturing which is not present in the uniaxial setup. If a correction were made for
this, the plane strain curves would be shifted to the left by as much as 10 percent.

It is also interesting to note that the higher rate data exhibits the effects of thermal
softening due to adiabatic heating during deformation. This effect is present in both
uniaxial compression and plane strain compression, but is more pronounced in plane
strain due to the larger stress levels in the material. This effect manifests itself in the
crossover of the stress-strain curves at large strains. For example, in figure 2-25, this
can be observed as the -0.5 sec™ data crosses over the -0.05 sec™! data at a strain
level of about -0.9. In the absence of thermal softening, the higher rate data would
be expected to sustain a higher stress level throughout the deformation.

Figures 2-35 through 2-38 also demonstrate that in plane strain compression, the
material begins to strain harden at a lower logarithmic strain level than in uniaxial
compression. Note that if the correction for test fixture compliance were included, this
effect would be even more pronounced. In modeling polymer deformation, Arruda and
Boyce[4] considered an effective chain stretch to account for state of strain dependence
of strain hardening, where the amount of stretch a polymer chain will undergo during
deformation depends on the strain state. The effective chain stretch at a particular

nominal axial strain level is greater in plane strain compression than in uniaxial
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compression. Since the hardening behavior of the polymer is presumably a function
of this chain stretch, it is consistent for the plane strain curves to exhibit earlier

hardening behavior than the uniaxial compression curves.
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Chapter 3

Constitutive Model

3.1 Background and Development

The constitutive modeling approach as well as many of the details correspond to that
described by Boyce, Socrate, and Llana[12]. The full description will be included here
for completeness.

The constitutive response of the polymer can be interpreted as follows: the poly-
mer must overcome two sources of deformation resistance, an intermolecular resistance
to flow and a resistance due to molecular orientation. This is shown in figure 3-1 with
two separate networks providing the two distinct resistances. Network A relates to
the intermolecular resistance. This gives the material its initial stiffness and results
in a finite stress at which the polymer will flow, termed the flow stress. Network B
causes the polymer to harden at large strains and allows for molecular relaxation at
higher temperatures. The two resistances are modeled as being in parallel, so the

deformation gradient in each network is equal to the total deformation gradient,
F,=Fg=F (3.1)

These two network descriptions will be developed separately:
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3.1.1 Network A

The deformation gradient of network A is decomposed into elastic and plastic com-

ponents in a multiplicative manner
F, = FoF% (3.2)
and is then decomposed into stretch and rotation components

F = ViR; (3-3)
F%, = VERY, (3.4)

The rate kinematics are described by the velocity gradient, L4
L,=F,F} (3.5)

By substitution of the elastic and plastic contributions to the deformation gradient
this becomes

L, =FF! + FOFAFL 'R = Le + LA (3.6)

Note that L% = D% + W?%. The representation is made unique by prescribing the
spin to be zero: W% =

The rate of stretching is constitutively described by
D', = ¥4Na4 (3.7)

Note that N 4 is the normalized deviatoric stress in network A

1 1/2
2= [5TAT)] (3.9)
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T 4 is related to the elastic deformation gradient by the constitutive relation

Ty = —Ln VY] (3.10)
Ja

where J4 = detF§ is the volume change, £¢ is the fourth order tensor of elastic
constants, and In V¢ is the Hencky strain. The plastic strain rate, 4%, is assumed to

follow a thermally activated process

(3.11)

AG(1};07A/S)}

¥4 = Yo €xp [—
where 794 is the pre-exponential factor, AG is the activation energy which must be
overcome for flow to begin, s is the shear resistance, taken to be .15G (G is the shear
modulus), & is Boltzmann’s constant, and 6 is the absolute temperature. The shear

resistance can be further modified to account for pressure as in Boyce et al.[11]:

s

s(1+ap/s) (3.12)

where the pressure p = —%tTT and « is the pressure coeflicient.

Equations 3.1 to 3.12 complete the constitutive prescription for network A.

3.1.2 Network B

Two mechanisms are involved in the deformation of network B: first, the stretching
and orientation of the polymer chain network and second, molecular relaxation. Net-
work B can be thought of as a non-linear spring in series with a viscous element (see
figure 3-1). As such, the deformation of this element can also be multiplicatively

decomposed into a network and flow portion:
Fp = FYFL (3.13)

The velocity gradient is then
Ly = FgF3! (3.14)
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Lp=F3Fy '+ FyFRF; 'Fy ' =Ly +Lj (3.15)

Again, LE = D + W is made unique by setting the spin to zero, W5 = 0.

The Arruda-Boyce eight-chain rubber elasticity model[4, 3] is used to prescribe
the stress arising from the network orientation of the polymer. The stretch of
each chain in the network is given by an effective chain stretch, or the root-mean
square of the distortional applied stretch: Ay = [3tr(BY)]'/2, where BN = FYF)7,
FY = (Jg)~'’F¥, and Jp = det F¥. The relationship between the chain stretch and

the network stress is then

T, — 1 nké \{Nﬁ_l
Jg 3 Ay

An
VN

B - (3.16)

The parameters in this expression are as follows: n is the chain density, N is the
number of rigid links between entanglements, and nk@ is a rubbery modulus, which
is proportional to the initial hardening modulus of the strain hardening curve, or
the initial slope of the stress-strain curve at the onset of flow, before much harden-
ing has occurred. £! is the inverse Langevin function given by L£(3) = coth(8)—
(1/8)L~*[An/V/N]. This derives from a non-Gaussian probability function which ac-
counts for the fact that the chains have a finite extensibility so as Ay approaches v/ N,
the stress rises dramatically.

The rate of molecular relaxation is given by

Df = 95 Np (3.17)
where Np is
1
Np=—"T) 3.18
B \/§TB B ( )
1 1/2
5 = |3 T TS| (3.19)

and Tp is prescribed using the Arruda-Boyce model. The only remaining unknown
is the rate of relaxation, ¥5. The assumed mechanism is chain reptation, the physical

picture being one of polymer chains sliding through tube-like paths created by the
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entangled chains around them. A model by Bergstrom and Boyce[9] based on the Doi

and Edwards[19] theory of reptational motion is used to model this relaxation:

. 1
fyng()\F_l)'rB (3.20)

where Ap = [3¢tr(FEFET)]/? and the relaxation temperature dependence is captured

by an exponential expression for C

C= Dexp{—%} (3.21)

It will be shown that these relations for the molecular relaxation were not able to
fully capture the strain rate dependence for PETG. The relation is therefore modified

to better capture the observed strain rate dependence:

=[] oz

Equations 3.1 and 3.13 through 3.22 describe the constitutive behavior of network

Now the total stress acting on the system is the sum of the stress in the two
networks

T=T4+Tp (3.23)

3.2 Determination of Material Constants

3.2.1 Network A

The initial elastic response of the material is governed by the elastic element in
network A. The initial modulus is determined from the stress-strain curves for uniaxial
compression, in combination with the time-temperature relationship obtained from
the DMA experiments. The equations are cast in terms of the shear modulus and

the bulk modulus. Using the uniaxial compression data at 25° C and at 90° C, the
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Young’s modulus is found to be 1.25 GPa and 75 MPa, respectively. Assuming that
the Poisson’s ratio is approximately .33 at room temperature and .49 above the glass
transition temperature, the bulk modulus can be determined at each temperature
using the relation

E

B=s0—mw) (324

This gives a temperature independent value for the bulk modulus of 1.25 GPa. The
temperature dependence of the shear modulus is approximated with a hyperbolic

tangent function:

G = a — Btanh(y(6 — 0,)) + ¢(8 — 0,) (3.25)

where o is the modulus at the glass transition temperature! , 3 is one-half the modulus

_ 4G
do

drop as the material goes through the glass transition region, vy is the slope, in
the glass transition region, and ¢ is proportional to the slope outside the transition
region (see figure 3-2). The constants o, 3, and 7 are determined from the DMA
data, which is scaled by a factor of 0.5 to correlate with the uniaxial compression

experiments. The data is then converted into shear modulus data using the relation

3EB

For example, at 25 ° C, the DMA data gives a value for Young’s modulus of 2.5 GPa.
This corresponds to an initial slope of 1.25 GPa in uniaxial compression, and from
equation 3.26 the shear modulus is found to be .47 GPa at 25° C. A curve fit using

the data points at ¢ = —.1 sec™! yields:

a = 0.235 GPa
8 =0.2 GPa

!The glass transition temperature is defined as the temperature at which the material softens
from a glassy solid to a rubbery material. In the DMA data, this is indicated by the dramatic drop in
modulus with temperature around 80 ° C. Since the drop does not occur instantaneously, but occurs
gradually over about 5 ° C, the value of the glass transition temperature is taken as the temperature

half way between where the low temperature plateau ends and the high temperature plateau begins
in the DMA data.
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Te=80C T

Figure 3-2: Description of initial modulus curve fit and parameters

vy=.2K"

The 90 ° C and 100° C data at ¢ = —.005 sec™! provides the information needed
to determine the slope outside the transition region, ¢. This value is determined to
be -.001 GPa K~! for PETG.

The initial modulus in the transition region is also strain-rate dependent. This
is accounted for using time-temperature superposition to shift the glass transition
temperature with strain rate. The following expression provides a good fit for the

relation between the glass transition temperature, §,, and the strain rate, ¥a4:

The equivalent strain rate in network A, 44, is approximated as v/3¢, with ¢ being
the machine strain rate. 6, is taken to be the reference transition temperature, or
80°C at é = —.1 sec™L.

Figures 3-3 and 3-4 show how the DMA data compares with the data from the

uniaxial compression experiments. In figure 3-3 the DMA data is plotted along with
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Figure 3-3: DMA Data combined and reduced data points for discrete strain rates

points for each strain rate as determined from the DMA test setup, where the cyclic
load is converted into an equivalent strain rate. Figure 3-4 includes the data points
from the uniaxial compression data. These indicate good agreement between the
DMA and uniaxial test results. Figure 3-5 shows the curve fit at ¢ = —.1 sec™!, again
indicating quite good agreement, and figure 3-6 shows the time-temperature superpo-
sition effect on the curve plotted with the data points from the uniaxial compression
data. Again, very good correlation is seen.

Next, the rate dependence of the flow stress is incorporated using the equation for

the thermally activated process:

AG(l—TA/S):l (3.28)

A = Y4 €xp [— pr

The intermolecular resistance, s, is temperature dependent, and is modeled as s(f) =
0.15G 4(#), where G 4 is the initial shear modulus as determined above.
The constants yp4 and AG are determined from the intial flow stress at each strain

rate for a particular temperature. In this case, the 90 ° C data was used. Equation 3.28
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Figure 3-4: DMA Data combined with uniaxial initial modulus data (open symbols
are DMA data at the indicated strain rates; filled symbols are the compression test
data

is rearranged to a linear form
Aln(38) — B = (l (3 - 1)) (3.29)
kO \s
where A=1/AG and B=Aln+y4. A least squares fit of the data gives the values for
A and B, and in turn for AG and 4y4. For PETG, the values are:

AG =170 x 10719J

Aoa = 2.0 x 102 sec™!

Figure 3-7 shows a plot of the flow stress, 7, as a function of the logarithm of the
shear strain rate, In+, along with the least squares curve fit of the data. This figure
demonstrates that very good agreement is obtained using the thermally activated
mechanism. It is interesting to note that the curve fit is not a straight line. This is

due to the rate dependence of the intermolecular resistance, s, which comes in through
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Figure 3-5: DMA Data combined with uniaxial initial modulus data and curve fit
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Figure 3-6: Uniaxial initial modulus data and curve fit at various strain rates
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Flow Stress (MPa)

the rate dependence of the glass transition temperature and the shear modulus, as
was discussed previously. The result is a non-linear curve for the flow stress as a

function of the logarithm of the strain rate. The 80 ° C data shows particularly good
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Figure 3-7: Flow stress as a function of strain rate

3.2.2 Network B

The material properties needed for the hardening/stiffening portion of network B are
an initial hardening slope, nk#, and the number of rigid links between entanglements,

N, which correlates with the effective stretch where the dramatic upturn in slope

occurs. Fitting to the 25 ° C uniaxial compression data at é= -0.1 sec™! gives:

nkd = 9 x 10° Pa

N=6
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Figure 3-8: Uniaxial Compression Data, Temperature = 25° C, ¢ = —1.0/s, plotted
with the strain hardening curve

Figures 3-8 and 3-9 show how well the strain hardening is captured at 25 ° C in uniaxial
compression. The agreement is not nearly as good in plane strain compression. The
discrepancy, in part, is due to the initial compliance that appears in the plane strain
data as well as the subsequent thermal softening which acts to lower the overall
hardening slope[5]. It is possible that better agreement could be achieved in both
deformation modes using slightly different values for nkf and N, but due to the
excellent agreement with the uniaxial compression data, these values have been used
for the subsequent computer simulations. It will be shown that this strain hardening
overprediction in plane strain will consistently influence the ability of the model to
predict deformation in plane strain at higher temperatures. Future work will address
finding a better fit for the plane strain compression data. Work will also be done
to incorporate a correction for the plane strain test fixture compliance. This should
greatly decrease the discrepancy in predicting the hardening behavior in plane strain
compression.

The molecular relaxation in network B is temperature dependent and was origi-
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Figure 3-9: Plane Strain Compression Data, Temperature = 25°C, é = —1.0/s,

plotted with the strain hardening curve

nally modeled as

P 1 )
Vg —C(/\F—l B (3.30)

with C being a temperature dependent parameter:

C = Dexp {_'R%} (3.31)

Figure 3-10 shows the result of fitting the molecular relaxation coefficient, C, to the
90 ° C data at a strain rate of -.5 sec™!. This expression is inadequate in predicting
the strain rate dependence of the material behavior at 90 ° C, as is evident from the
extreme over-relaxation at the lower strain rates of -.05 sec™! and -.005 sec™1.

To better capture the strain rate dependence, equation 3.30 is modified to be:

1 3

 F

—o](+) ] s
B Ap —1 B (3.32)
Through trial and error curve fitting at 90° C, 100° C, and 110 ° C of the —0.5 sec™!
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Figure 3-10: Uniaxial Compression, Temperature = 90° C, Comparison of model
prediction with experimental data

data the value of C at each temperature can be determined:

C(90°C,—.55"1) = 1.0 x 107*(Pa s)™*
C(100° C,~.55"1) = 25.0 x 107**(Pa s)™*

C(110°C,—.5571) = 140.0 x 107**(Pa s)™*
and using a least-squares curve fit of these values, D and Q/R are obtained:

D =1.74 x 10*¥(Pa s)™*
Q/R = 3.444 x 10*K

This fully specifies the material properties needed for this model.
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3.3 Comparison with Experimental Data

The following figures show the results of the computer simulation for uniaxial com-
pression and plane strain compression. Figures 3-11 to 3-14 show the results of the
uniaxial compression simulations at each temperature from 80° C to 110°C. Fig-
ures 3-15 to 3-20 show the same results, plotted at constant strain rate. Figures 3-21
and 3-23 show the results at constant temperature for plane strain simulations.

The figures indicate that the material model captures the general trends of the
stress-strain behavior of PETG quite well, including the initial modulus, roll over
to flow, initial hardening slope, and strain hardening. The model is very good at
predicting the temperature dependence of these various elements as well as the strain
rate dependence. Figures 3-24 and 3-25 show enlarged views of the model predictions.
Figure 3-24 shows the simulation at 90 ° C at different strain rates and indicates that
as strain rate increases, the model correctly predicts that the initial modulus, flow
stress, and hardening modulus all increase. Figure 3-25 shows the simulation at -.05
sec™! at different temperatures. It demonstrates that the model correctly captures the
decrease in initial modulus, flow stress, and initial hardening modulus with increasing
temperature. The model also captures some elements of the recovery of the material
upon unloading, but in general it tends to underpredict what is observed in exper-
iments. This will be found to be due to underpredicting the orientation hardening,
which in turn drives recovery.

Figures 3-26 through 3-29 show the comparison between the computer simulations
and the experimental data for uniaxial compression. Figures 3-30 and 3-32 show the
same comparison for plane strain. The model does a fairly good job of predicting the
deformation behavior up to a strain of about -1.0. The initial modulus and flow stress
are predicted especially well at 80" C, as shown in figures 3-26 and 3-30. At higher
strain levels, the model is not quite as effective at predicting the material behavior. In
plane strain, the model tends to overpredict the strain hardening at large strains, as
is expected from the initial fit of the hardening parameters. In uniaxial compression,

on the other hand, it appears that the model is predicting too much relaxation. For
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example, at 90 ° C (see figure 3-27), the model simply does not predict the dramatic
strain hardening that is observed in experiments. The trend is less pronounced at
higher temperatures and high strain rates, but is still visible in the lower strain rates
at 100° C and 110° C.

Since the material deformation is accommodated by a combination of strain due to
the deforming network and strain due to molecular relaxation, the stress-strain curves
can be decomposed into network stretch and flow stretch charts. This is approached as
follows. Using the network orientation curve as a baseline for the material response in
the absence of molecular relaxation, the strain hardening portion of each stress-strain
curve is multiplicatively decomposed into network and flow portions. For example,
at a total logarithmic strain of -1.0 (an axial stretch, Ay, of .368), the data gives the
stress level required to attain this strain. The baseline network orientation curve,
however, indicates that this value of stress would have been reached at a much lower
strain level, such as -0.7 (an axial stretch, Ay, of .496) if network orientation were
the only mechanism contributing to the polymer deformation. The remainder of the
deformation is accounted for by molecular relaxation. The product of the network
stretch and the flow stretch is therefore equal to the total stretch: Ay Ap = Ap. In this
example the flow stretch, A, equals .741. This produces one point on the network
stretch-flow stretch chart.

To illustrate, figure 3-33 shows the axial network stretch versus axial flow stretch
curves for the 90° C experimental data. As deformation begins, the material has
a network stretch and flow stretch equal to 1.0. As deformation progresses, it is
accommodated by a combination of molecular relaxation and network orientation, and
the relative amount that each contributes determines the slope of the curve. For the
lower strain rates, the initial slope of the network stretch-flow stretch curve is steeper
than at higher rates, indicating that more of the deformation is accommodated by
molecular relaxation at low strain rates. This creates the general trend from the lower
right to the upper left corner as strain rate increases. After the polymer reaches a
certain level of network stretch (at approximately Ay = 0.6 for -0.1 sec™! in the 90 ° C

data), the molecular relaxation ceases, indicated by the leveling off of the network
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stretch-flow stretch curve. This leveling off occurs at earlier network stretch levels for
lower strain rates.

Figures 3-34 through 3-36 show the network stretch versus flow stretch for uniaxial
compression both for the experimental data and for the computer model at various
temperatures. The plots help to explain why the model does not capture the dramatic
increase in strain hardening at large strains in uniaxial compression. In comparing
the experimental data with the computer simulations, it can be seen that the current
model (indicated by filled symbols) initially follows the same trend as the experimental
data (indicated by open symbols), but is unable to capture the cessation of flow. In
their work with PET, Llana and Boyce[25] observed this phenomenon with PET
and attributed it to the onset of strain-induced crystallization. While PETG is non-
crystallizable, it seems to exhibit the same trend. In the next section, the model will
be revised to incorporate this temperature and strain rate dependent cessation of flow
to improve the ability of the model to capture the orientation hardening behavior of
the material. This will also improve the ability of the model to predict the recovery
upon unloading, as this recovery is directly related to the amount of strain which is
accommodated by orientation hardening as opposed to molecular relaxation.

Figures 3-37 through 3-38 show the network stretch versus flow stretch for plane
strain compression experiments and simulations. As was noted earlier, these plots
consistently show how the model tends to overpredict the strain hardening in plane
strain. Each of the simulated curves (filled symbols) lies above its corresponding
experimental curve (open symbols), indicating that the simulation is predicting less
molecular relaxation than is observed experimentally. It is also interesting to note
that the plane strain curves do not exhibit such a distinct flow cutoff as was observed
in the uniaxial compression experiments. This is likely because experiments were
only carried out to a final strain of -1.3 due to the limited size of the plane strain
compression fixture. It is suggested that if the experiments were carried out to higher
strain levels, the same flow cessation would appear in the plane strain data as appears

in the uniaxial data. This warrants additional testing in future work.
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Figure 3-11: Uniaxial Compression Simulation, Temperature = 80 ° C
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Figure 3-12: Uniaxial Compression Simulation, Temperature = 90 ° C
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Figure 3-18: Uniaxial Compression Simulation, ¢ = -.1/s
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Figure 3-20: Uniaxial Compression Simulation, ¢ = -1.0/s
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Figure 3-21: Plane Strain Compression Simulation, Temperature = 80 ° C
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Figure 3-22: Plane Strain Compression Simulation, Temperature = 90 ° C
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Figure 3-23: Plane Strain Compression Simulation, Temperature = 100° C

15 ' —— —.005/s
- — —=.01/s
—- -.05/s
al - -.1/s
. &, s — _ 5/s
& 10 - = -1.0/s
2
wn
[723
o
n
L]
e
'T 5
O i L 1 i 1
0 0.2 0.4 0.6 0.8 1
—True Strain

Figure 3-24: Uniaxial Compression Simulation, Temperature = 90° C, Enlarged to
show detail of initial modulus and flow stress
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Figure 3-29: Uniaxial Compression, Comparing Simulation with Experimental Data,
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Figure 3-30: Plane Strain Compression, Comparing Simulation with Experimental
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Figure 3-31: Plane Strain Compression, Comparing Simulation with Experimental
Data, Temperature = 90" C
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Figure 3-33: Network Stretch versus Flow Stretch, Uniaxial Compression, T = 90 ° C,
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Figure 3-34: Network Stretch versus Flow Stretch, Uniaxial Compression, T = 90°C
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74



-t

' ' O -.005/s
o -.01/s
0.9 A —05/s
v -.1/s
0.8 O -.5/s
< -1.0/s
0.7} ﬂ
:5 q
(0]
£ 06} do :
7 e D
g 0.5 ° Ov;: »
[ «.® )
14 ovik mg
0.4 <4 ‘,Jcn e Mol TS
«La%o QvRE u®
0.3f ¢ %0 © o & .
A By VXaA oo gude
0.2f N ™ ’,0 i
0.4 0.5 0.6 0.7 0.8 0.9 1
Network Stretch

Figure 3-35: Network Stretch versus Flow Stretch, Uniaxial Compression, T = 100° C
(open symbols are experimental data; filled symbols are computer simulations)
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Figure 3-36: Network Stretch versus Flow Stretch, Uniaxial Compression, T = 110" C
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Figure 3-37: Network Stretch versus Flow Stretch, Plane Strain Compression, T =
90 ° C (open symbols are experimental data; filled symbols are computer simulations)
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3.4 Revised Molecular Relaxation Model

To account for the cessation of flow at large network stretch, the model is modified

using the same approach as Adams et al.[2]. Equation 3.22 is modified to be:

=G () ) @39

where Ay is the critical network stretch where molecular orientation causes molecular
relaxation to cease. This provides the functionality that as the network stretch,
AN, approaches Ayc, the flow strain rate, ¥E, goes to zero. When this occurs, all
subsequent straining is accommodated by the network orientation element of Network
B.

The temperature and strain-rate dependence of \y¢ is modeled phenomenologi-

cally based on the uniaxial compression data in a similar manner to Boyce et al.[12]

Avc = A* + mlog,,(¥4/0.0173) (3.34)

where
A* = 1.06 — .0035(0 — 363K) + .00005(8 — 363K)* (3.35)
m = .06 + .0065( — 363K) — .00035(8 — 363K)* (3.36)

The computer simulation with this modification to the material model is illus-
trated in the following figures. Figures 3-39 through 3-48 show the results for uniaxial
compression and figures 3-49 and 3-51 show the results for plane strain compression.
These figures illustrate that the model still captures the strain and temperature de-
pendence of the initial modulus, flow stress, and initial hardening modulus of the
PETG. In addition, the model is now capable of predicting the large upswing in
stress at large strains. An item of interest is the unloading behavior predicted by
the model. The model now predicts more recovery than before the critical locking

stretch modification was made, but still somewhat under predicts that observed in
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experiment. Particularly in the low strain rate experiments, the unloading curve
follows almost on top of the loading curve up to the strain level where the locking
stretch is again achieved. This is because of the low flow stress values at these high
temperatures and low strain rates. The model predicts an initial linear drop off upon
unloading equal to twice the initial flow stress value. At lower temperatures, such as
the 80 ° C curves, where the flow stress is quite large in magnitude (5 - 10 MPa) this
initial drop off is quite large, as indicated in figure 3-39. In the higher temperature,
lower strain rate curves, however, the flow stress approaches 0 MPa, so the unloading
drop off is almost unobservable and the material unloads along the same path as
during loading.

Another interesting feature in the unloading behavior is the apparent “kink” in the
unloading curve which corresponds to the strain level at which molecular relaxation
ceased upon loading. At this point, the material model predicts that relaxation will
again become effective and therefore serves to increase the slope of the unloading
curve and cause the material to sustain a higher residual strain than if the molecular
relaxation had not again become effective. It is suggested that if this effect were
eliminated from the model, the model may be able to better capture the final residual
strain apparent in the experimental data. Further work with a series of experiments
in which the material is loaded, unloaded, and reloaded needs to be done to better
capture the material unloading behavior with the constitutive model.

Figures 3-52 through 3-58 show the comparison of simulation with experiment. It
can be seen that the uniaxial compression experiments are much better approximated
with the new model, particularly at large strains. The 80 ° C data shows especially
good agreement at all strain rates, even though the model was not specifically fit to
this data. The model also captures the behavior at 90° C and at 100 ° C quite well.
At 110° C the fit is not quite as good, but is still better than without the added
flow cutoff features. The plane strain simulation still rises above the plane strain
compression data, as was anticipated due to the initial strain hardening curve fit.

Figures 3-59 through 3-63 again show the network stretch versus flow stretch for

the experimental data and for the computer model at various temperatures and in
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both deformation modes. These plots demonstrate that this form for the molecular
relaxation cessation captures the flow cutoff quite well. For example, in figure 3-59
the -1.0 sec™! simulation, indicated by filled triangles pointing left, lies virtually on
top of the data for this strain rate, indicated by the open left pointing triangles.
Similar correllation occurs at other strain rates and temperatures for the uniaxial
compression experiments and simulations. In plane strain, the agreement is not as
good, which is consistent with the overprediction of the strain hardening behavior in
plane strain.

Overall, this series of experiments and simulations indicates the many features of
the model adequately represent the mechanical behavior of PETG. The initial mod-
ulus is captured well, as is verified by both DMA experiments and uniaxial and plane
strain compression experiments. The initial flow stress is captured very well using
the thermally-activated mechanism. The Arruda-Boyce model captures the strain
state dependence of the hardening curve, and the molecular relaxation expressions
provide a good representation of the temperature and rate dependent large strain
behavior. Future work is needed to refine the strain hardening fit to better capture
the state of strain behavior. Future efforts will also need to investigate the unloading
behavior of the material and the way in which the model attempts to capture this
unloading so as to correctly predict the amount of residual strain left in the material

after deformation.
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Figure 3-41: Uniaxial Compression Simulation, Temperature = 100 ° C

- - - —_
N B [e)] (o]

—True Stress (MPa)
)

~True Strain
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Figure 3-59: Network Stretch versus Flow Stretch, Uniaxial Compression, T = 90° C
(open symbols are experimental data; filled symbols are computer simulations)
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Figure 3-60: Network Stretch versus Flow Stretch, Uniaxial Compression, T = 100" C
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Figure 3-61: Network Stretch versus Flow Stretch, Uniaxial Compression, T = 110°C
(open symbols are experimental data; filled symbols are computer simulations)
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Figure 3-62: Network Stretch versus Flow Stretch, Plane Strain Compression, T =
90 ° C (open symbols are experimental data; filled symbols are computer simulations)
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Chapter 4

Conclusions and Future Work

A series of compression experiments have been performed on PETG at temperatures
in and above the glass transition region. These experiments were performed in order
to identify the strain rate, temperature, and strain state dependence of the large strain
deformation behavior of the material. Experiments in both uniaxial and plane strain
deformation modes were conducted. The data seems to be self-consistent and follows
the general trends expected for a polymer in this temperature range. The pressure
dependence of the material is one aspect which has yet to be determined. In future
work, a series of uniaxial tension experiments and biaxial extension experiments will
be performed on the same material to determine if there is a pressure dependence to
the orientation evolution.

In attempting to prescribe the molecular relaxation portion of the constitutive
model for PETQ, it was determined that the behavior could not be correctly modeled
without incorporating a value of network stretch where molecular relaxation ceased.
PETG does not crystallize, so this indicates that polymers can experience a cessation
of flow solely due to molecular orientation. This is consistent with the findings of
Blundell, et al.[10] and Mahendrasingam, et al.[26, 27] that PET does not crystallize
during deformation, only after motion has ceased and that the upswing in the stress-
strain curve is due to orientation alone, not crystallization. Boyce, et al. [12] and
Adams, et al.[2] both incorporated this cessation to flow into their models to account

for crystallization. It appears that in PET, flow does cease at the critical network
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stretch, but this cessation is due to molecular orientation rather than strain induced
crystallization. Then, at the end of the deformation process, the PET crystallizes
rapidly due to the applied strain and continues to crystallize during cooling, imparting
the high strength and stiffness properties to the final product. In PETG, this same
cessation to flow occurs as this polymer reaches a critical orientation stretch, but
after flow ceases, the polymer is unable to crystallize and so does not gain those extra
strength and stiffness properties and exhibits far greater recovery upon unloading
since the orientation is not frozen in by crystallization.

The material model presented accounts for many aspects of the stress-strain be-
havior of PETG, but falls somewhat short in predicting behavior in different defor-
mation modes. Future work needs to be done in order to refine the strain hardening
parameters to fit the data in both uniaxial and plane strain compression. It is also
possible that once the strain hardening issue is resolved the molecular relaxation ex-
pression will also need some modification. Once the model is refined to fully capture
the strain state dependence, computer simulations can be performed to correspond
with biaxial, tensile, and blow molding experiments.

Another element to be investigated in future work is the effect of reloading speci-
mens which have been previously deformed. A series of loading/unloading/reloading
experiments as well as experiments which include sequential stretch histories will be
helpful in testing the model’s ability to capture the final material state after straining.

Finally, the completed model can then be adapted to account for crystallization

effects and be applied to PET.
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