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Abstract

An experimental study of the strain rate and temperature dependencies of the stress–strain behavior of PET under large strain deformation
was conducted over a range in strain rates (20.005 to 22.0 s21) and temperatures (908C–1058C) in both uniaxial and plane strain
compression. The increase in crystallinity content with varying strain rate and temperature and for the two different states of strain that
developed as a result of these deformation conditions was investigated using Differential Scanning Calorimetry (DSC). The nature and
evolution of the crystallographic texture was studied using Wide Angle X-ray Diffraction (WAXD) measurements. The stress–strain
behavior is found to exhibit four characteristic features: (1) a relatively high initial stiffness, (2) followed by a rollover in the stress–strain
curve to flow behavior, (3) followed by an increase in stress with continuing strain, (4) followed by a dramatic increase in stress with strain at
very large strains. These four features strongly depend on strain rate, temperature and state of strain. DSC and WAXD measurements on
deformed specimens indicated an increase in crystallinity with increasing strain rate and decreasing deformation temperature under both
uniaxial and plane strain conditions. The WAXD measurements also revealed that the preferential crystallographic texture that develops is
consistent with the molecular orientation which develops with the different states of strain.q 1999 Published by Elsevier Science Ltd. All
rights reserved.
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1. Introduction

Poly(ethylene terephthalate) is a thermoplastic polymer
found in numerous commercial applications and is typically
processed in the solid state at temperatures in or above its
glass transition temperature,Tg, by blow molding, vacuum
forming, drawing, or biaxial stretching. These stretching
processes act to preferentially orient the underlying macro-
molecular structure producing either an oriented amorphous
state or an oriented semicrystalline state. Indeed, PET exhi-
bits the capability of undergoing crystallization during
stretching. This phenomenon is often termed strain-induced
or stress-induced crystallization. The result of strain-
induced crystallization is increased stiffness and hardness
as well as better dimensional stability, also referred to as
resistance to recovery.

There were numerous investigations on the mechanical
behavior of PET owing to its wide range of applications. Its
commercial success is mainly owing to its ability to undergo
strain-induced crystallization at various stretching rates,
states, and temperatures. This strain-induced crystallization

is also a primary reason for the inability to accurately
predict its behavior during processing. The purpose of this
paper is to present a systematic study of the effects of strain
rate, temperature and state of strain on the large strain
mechanical behavior of PET and the corresponding evolu-
tion in structure with strain at temperatures above the glass
transition. A brief review of relevant work of others is first
presented. Details in the experiments which sample the
mechanical behavior of PET under different states of large
strain, over a wide range of strain rates, and over a range of
temperatures above the glass transition temperature are then
given. Differential Scanning Calorimetry (DSC) measure-
ments are utilized to estimate the crystallinity content as a
function of mechanical loading (strain state, strain rate, final
strain, temperature). Wide Angle X-ray Diffraction
(WAXD) is then used to determine the nature of this crystal-
linity and the development of texture with strain state, strain
rate, final strain and deformation temperature.

2. Background

Over the years, investigators have studied PET in view of
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either understanding its crystallization behavior and/or its
mechanical behavior [1–9]. The most directly relevant of
these works is discussed later and, as will be shown, a
picture begins to emerge regarding the effects of tempera-
ture, strain rate and state of deformation on the mechanical
and microstructural evolution in PET with deformation.

In work on “stress-induced” crystallization, Misra and
Stein [6] investigated the microstructure of quenched amor-
phous PET films stretched both below and aboveTg by
performing density measurements, small angle light scatter-
ing, and wide angle X-ray scattering measurements. In this
study the strain rate (300% min21) was not changed while
the temperature and the amount of strain were varied.
Considerable crystallinity was found to occur with stretch-
ing and the percent crystallinity increased when stretching
was followed by annealing. It was found that for samples
stretched at 808C an increase in crystallinity was observed
only beyond 80% nominal strain. This increase in crystal-
linity rose with increasing nominal strain, for example from
4% to 13% to 21% crystallinity at nominal strains of 80%,
200%, and 300%, respectively, and levelled off at higher
strains (t 380% strain).

Porter and co-workers [7,8] have conducted extensive
tests on the deformation of PET and poly(ethylene-2,6-
naphthalate) (PEN) and have subsequently investigated
the effects of extent of deformation and deformation
temperature on the material microstructure. Ghanem and
Porter [7] conducted isothermal solid-state coextrusion
experiments on isotropic amorphous PEN both below and
above itsTg and studied the behavior of the onset of cold
crystallization (Tcc) with respect to extrusion temperature
(ET) and extrusion draw ratio (EDR). DSC analysis showed
that theTcc decreased markedly with increasing EDR and
goes through a minimum in the vicinity of the glass transi-
tion region. It was found that the percent crystallinity
induced by draw, calculated from DSC analysis, increased
continuously with increasing EDR and with increasing ET
from 5% to 35% crystallinity. After this increase the crystal-
linity then reached a saturation value which was about 35%
for an EDR of 2.3 at an ET of 1508C. Guan et al. [8]
performed planar deformation of amorphous PET in equi-
biaxial stretching and forging at temperatures aboveTg

(808C–1008C) and monitored the evolution of crystallinity
with DSC, WAXD, density and elastic recovery measure-
ments. It was found that, at a temperature of 908C, as the
biaxial draw ratio increases, the area of the cold crystalliza-
tion exotherm decreases. This is a manifestation of the
presence of strain-induced crystallization owing to large
deformations. They also observed that the percent crystal-
linity, as measured by WAXD, decreased as the stretching
temperature was increased in biaxial stretching. This was
attributed to the thermal relaxation process, which is
competing with the chain orientation process, becoming
more pronounced as the deformation temperature increases
from Tg, and thus hinders crystallization. What was also
shown was that the orientation and crystallization obtained

from equi-biaxial stretching and uniaxial compression is
essentially identical, as the only difference observed could
be attributed to an effect of strain rate, which they were
unable to maintain constant during their tests.

Jabarin and co-workers [9,10] have extensively investi-
gated strain-induced crystallization in the rubbery region.
The mechanical behavior of simultaneous and sequential
biaxial stretching of initially amorphous PET films at
temperatures ranging from 808C to 1108C, nominal strain
rates ranging from 5% to 200% s21 and extension ratios
from 4 to 5 (which correspond to a tensile logarithmic strain
of 1.38–1.6) was found to depend on the deformation
temperature and strain rate. Crystallinity was measured
using DSC and was also studied, in some cases, using
small angle light scattering and WAXD. Their results are
consistent with the findings of Misra and Stein [6] and also
Porter and co-workers [7,8] with respect to strain-induced
crystallization. The crystallinity was found to develop a rod-
like fibrillar structure depending on the extent of stretching.
Mechanically, the strain-induced crystallization can be
observed by a noticeable increase in strain hardening that
starts at a temperature and strain rate dependent level of
strain. They call this strain the strain hardening parameter
(SHP). They do, however, state that some crystallization
does occur prior to SHP. When deformation is slow,
strain-induced crystallization does not occur and is consid-
ered to be owing to molecular relaxation having time to
occur which inhibits orientation and subsequent crystalliza-
tion. Mechanically, the strain hardening is very low or not
present at all in these cases. This molecular relaxation
phenomenon is consistent with the finding of Porter and
co-workers [7,8]. This rate effect on strain-induced crystal-
lization is very important with regard to understanding and
being able to predict the mechanical behavior during
processing. The work conducted by Jabarin [9] indicates
that the rate effect is larger over the strain rate range exam-
ined as the temperature increases. However, if the strain rate
is high enough at a given temperature, the strain hardening
is nearly independent of rate. Chandran and Jabarin [10]
also found the presence of a strong dependence of the strain
state history on both crystallization and strain hardening. It
was found that the stress-strain curves for specimens
stretched in the simultaneous biaxial mode were always
concave upward. In contrast, when stretching in the sequen-
tial mode, the stress–strain curve from the second stretch
would be convex upward or concave upward when the
initial stretch level was greater than the SHP or less than
the SHP, respectively.

Buckley and co-workers have also conducted several
studies on PET [11–13]. Buckley et al. [11] report on
both uniaxial and constrained width (plane strain) drawing
tests on PET film aboveTg (758C–1208C) at nominal strain
rates ranging from 1 to 16 s21 on a flexible film tester. The
crystallinity content in the deformed specimen was moni-
tored using density measurements. The stress–strain beha-
vior was found to exhibit an initial yield-like behavior
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which depended on strain rate followed by an increase in
stress with strain (strain hardening) which did not show any
strong rate dependence in the reported data. The yield and
hardening behavior were found to strongly depend on
temperature, where hardening rate decreases with increas-
ing temperature. There was not a very large difference in
strain hardening between uniaxial and constrained width
stretching. This was attributed to the similar molecular
orientations obtained in these two stretch states. Adams et
al. [12] investigated the yield stress dependence on the
strain-rate ratio during biaxial hot-drawing of amorphous
PET at 878C. With a nominal strain-rate of 1 s21 in the 1-
direction, it was found that the yield stress in the 2-direction
increased with increasing strain-rate ratio. Also, the strain
hardening behavior exhibited a more dramatic upturn as the
strain-rate ratio was increased.

Salem [14] studied the evolution of crystalline order
during drawing of PET at 908C and at nominal strain rates
in the range 0.01–2.1 s21. Salem found that the onset of
crystallization always occurred at the inflection point in
the stress–strain curve, which shifts to higher strain levels
and lower stress levels as strain rate decreases. Salem found
the crystallinity to develop in two regimes: in the low stress
regime (1) crystallinity increases more rapidly than in the
high stress regime (2). The onset of regime (2) occurs in the
region of the sharp upturn in the stress–strain curve at a
characteristic level of crystallinity which is independent of
strain rate. WAXD determinations of the lateral crystallite
dimensions normal to the (0 1 0) and (1 0 0) planes revealed
that crystallization in regime (2) involved modest growth of
crystallites with preferential growth occurring normal to
(0 1 0).

In a recent work, Zaroulis and Boyce [15] studied the
mechanical and crystallization behavior of PET over a
wide range of strain rates (0.005–0.5 s21) and temperatures
(258C–808C) in both uniaxial and plane strain compression
conditions. A dramatic drop was observed in both modulus
and yield stress with temperature, accompanied by a drop in
percentage softening after yield. The strain hardening was
found to be relatively independent of temperature over this
temperature regime. DSC conducted on the deformed and
undeformed samples show that the cold crystallization
temperature decreases with strain and this occurs to a
greater extent at higher temperatures of deformation.
Comparison of the areas of these exotherms with the melt
endotherm indicated, however, that there was no change in
crystallinity content over this temperature range for material
deformed by uniaxial compression. It was concluded that
for uniaxial compression, the strain hardening in this
temperature regime is owing to molecular orientation and
not crystallization. However, DSC revealed that crystalliza-
tion occurred during plane strain compression, which indi-
cated that strain hardening during plane strain may be owing
to both orientation and crystallization. Additional experi-
ments conducted at 808C showed a dramatic change in the
strain hardening behavior. At low strain rates (0.005 s21),

the strain hardening behavior at 808C is lower than that
observed in the range of 608C–768C. At high rates
(0.5 s21), however, the hardening is dramatically higher.
These results are consistent with the investigations of Porter
and co-workers [7,8] and Jabarin and co-workers [9,10],
which indicate that at longer times and higher temperatures,
a network relaxation occurs, while at higher rates, orienta-
tion does not have time to relax and therefore crystallization
occurs.

Blundell and co-workers [16,17] have recently reported
intriguing in situ measurements on structural changes
during fast uniaxial drawing of PET by capturing simulta-
neous wide angle X-ray scattering patterns using synchro-
tron radiation. Drawing was studied at 808C, 908C, 1008C,
and 1108C to a final draw ratio oft4.1 at a nominal draw
rate of t10 s21. They found that, at these drawing rates,
essentially all crystallization occurred in a very short period
(t500 ms) after final extension was achieved and that
crystallization does not occur below a critical draw ratio.
This critical draw ratio is in the range 1.4–2.5, increasing
with deformation temperature. After this critical draw ratio
was reached, the percent crystallinity increases with draw
ratio. These results suggest that the crystallization measure-
ments of others on specimens after deformation may be
measuring crystallization that occurred during the time
after straining was completed as opposed to that which
occurred during straining. On the surface, this result implies
that the strong strain hardening response that many others
attribute to crystallization does not correlate with crystal-
lization as strain hardening occurs during straining and crys-
tallization apparently does not occur during active straining
at these high rates. However, this is a rather simplistic
interpretation as it does not account for the role of the highly
ordered oriented amorphous domains which must
immediately precede crystallization. Therefore, although
post-deformation crystallization measurements may not
necessarily indicate that crystallization occurred during
active straining, they may still reflect the formation of
highly ordered oriented domains during deformation.

From the previous review [16,17], it is apparent that a
comprehensive set of mechanical tests with subsequent
microstructural analysis on the deformed material can
provide a picture of the mechanical and structural evolution
of PET. Although the studies described begin to determine
the complex connection between deformation, time,
temperature and crystallization, they have not individually
spanned a range of homogeneous deformation states, rates
of stretching, and temperatures. Increasing the extent of
deformation acts to orient the molecular network, which,
under favorable conditions such as high strain rates and
temperatures, leads to strain-induced crystallization. This
work builds on the work conducted by others and examines
the mechanical behavior of initially amorphous PET in the
rubbery region where there is a balance between strain-
induced crystallization at high rates as well as network
relaxation at low rates, as suggested by several investigators
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[8–15]. The experimental part of this investigation, which
consists of mechanical tests and microstructural analysis
using DSC and WAXD, is presented later and serves as a
basis for the constitutive modeling that is presented
elsewhere.

3. Experiments

3.1. Material/specimen description

The material used in the experiments is nearly amorphous
isotropic PET, with molecular weight�Mw � 49 700: The
PET was in sheet form and was supplied by Eastman
Kodak Company. The material sheets, whose average thick-
ness is 2.09 mm, appear optically clear, implying a low
crystallinity content. DSC measurements of the as-received
material indicated a residual crystallinity content of about
10%. WAXD scans did not reveal any crystalline peaks
indicating a purely amorphous material. There is typically
some level of discrepancy between DSC and WAXD
measurements of crystallinity. The WAXD data more
distinctly detects the presence of crystallinity; however,
the DSC scans serve to provide a relative comparison for
differences in percentage crystallinity after different
amounts of strain.

Uniaxial and plane strain compression tests were
conducted in order to explore the mechanical behavior of
the material. Compression tests were chosen over tension
tests because it is relatively easy to achieve a controlled
homogeneous deformation in compression with very small
variations in specimen temperature. In previous compres-
sion tests on thermoplastics conducted by Arruda and Boyce
[18] test specimens were machined from bulk and the tests
were conducted using Teflon sheets as a lubricant between
the specimen and the compression platen surface, which
proved to provide excellent conditions for obtaining homo-
geneous deformations thereby resulting in accurate true
stress vs. true strain data. In the work by Zaroulis and
Boyce [15], PET sheets of similar dimensions (t1.73 mm
thickness) were used. It was found that the relatively small
thickness of the specimens posed a problem of specimen
size, particularly when considering that the material was
compressed to a true compressive strain of21.75, which
causes a height reduction of the order of 85%. Zaroulis and
Boyce found that an initial height to diameter ratio of 0.5 or
larger gave repeatable results. In order to provide a test
specimen of reasonable height, a stack of three disks was
needed to make one uniaxial compression specimen. To
achieve the 0.5 initial height to diameter ratio, disks of
12.38 mm diameter were machined from the PET sheets.
Also, to eliminate the possibility of slippage between the
disks for the duration of the experiment, the two disk–disk
interfaces were roughened with coarse grid sand article. To
reduce the amount of friction between the disk-compression
platen interfaces, Teflon sheets and a common lubricant,

WD40, were used. In order to avoid the possibility of
WD40 coming between the disks, the WD40 was only
sprayed between the Teflon sheets and the compression
platens.

Plane strain compression specimens were machined in a
similar manner. Each plane strain compression specimen
consisted of a stack of three squares. The squares were
machined from the PET sheets with sides measuring
9.55 mm. The initial height to width ratio for these speci-
mens were approximately 0.65. The plane strain compres-
sion specimens were found to give nearly homogeneous
deformations to a final true strain of21.6.

3.2. Description of mechanical tests

Uniaxial and plane strain compression tests over a range
of strain rates and temperatures were conducted in order to
measure the stress vs. strain behavior of PET. The tempera-
ture range spans from 908C to 1058C where the glass transi-
tion temperature,Tg, is approximately 798C. The strain rate
range spans from the slow isothermal rate of20.005 s21 to
the fast nearly adiabatic rate of22.0 s21.

The mechanical tests were performed on an Instron 1350
servohydraulic machine using a Pentium computer running
LabVIEW, a common data acquisition and control software
package. The tests were performed in the strain control mode
with a 2620-824 Instron extensometer in order to eliminate
the Instron load train compliance errors and obtain the best
accuracy in the measurement of deformation at high levels of
true strain. Following Hasan and Boyce [19], for the duration
of each experiment, logarithmic strain was monitored as a
function of time and fed back to the controller in order to alter
the actuator displacement rate to provide constant strain rate
conditions. Due to the strong rate dependence of various
aspects of the material behavior, constant strain rate condi-
tions are desirable. For example, a nominal rate of 1 s21 at the
beginning of a tensile stretch test is reduced to an actual rate
of 0.25 s21 at a stretch ratio of 4.

For the elevated temperature experiments, a radiant
furnace was used to bring the sample to the desired experi-
mental temperature. The time required for the environment
of the furnace to reach thermal equilibrium was between 15
and 20 min. There was concern that this “equilibrating
time” might induce crystallization in the specimens even
before compression. This was determined not to be the
case by conducting a DSC scan on a specimen that had
been heated in the furnace for the same time duration but
not deformed. In the uniaxial compression experiments, the
specimen temperature was monitored with four type-K ther-
mocouples. Two thermocouples were cemented to both the
top and bottom compression platen, with all four thermo-
couples spaced evenly about the circumference of the
platens 908 apart. In the plane strain compression experi-
ments, only one thermocouple was used, which was posi-
tioned inside the channel die fixture in contact with the
specimen. The fact that the lower actuator head gets cooled
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by the actuator fluid caused a temperature difference to
develop between the two compression platens that mani-
fested itself if the furnace was used for an extended period
of time. This temperature difference was allowed to be no
more than 28C above or below the target temperature, at
which point the testing was stopped and the upper actuator
head allowed to cool.

Owing to the range of the strain rates utilized in these
experiments, the actual duration of the experiments varied
from approximately 0.8 s for the22.0 s21 rate, to 400 s for
the20.005 s21 rate. The inelastic nature of the deformation
results in heat dissipation that may or may not produce a
temperature rise in the specimen during the test, depending
on the strain rate and the experimental temperature of the
test. Obviously, the faster the rate of the experiment, the less
time for heat transfer, thus the more important the heating
effects. Also, the higher the temperature, the smaller the
value of the plastic work input to the sample, and hence
the lower the temperature rise owing to deformation. In
this work, an experiment is classified as isothermal, thermo-
mechanically coupled, or adiabatic by comparing the dura-
tion of the loading part of the experiment,texp, to the time
required for the conduction of heat out of the specimen,tcond.
The first order analysis used to determine this classification
is given in the appendix.

Table 1 shows the heat transfer calculations for both
uniaxial and plane strain compression experiments. It can
be seen that the experimental time is much longer than the
conduction time for the20.005 and20.01 s21 rates, hence
the heat transfer conditions during those experiments are
expected to be isothermal. Similarly, as the experimental
time is about as long as the conduction time for the
20.05,20.1 and20.5 s21 rates, the heat transfer conditions
during those experiments are expected to be thermomecha-
nically coupled. Lastly, as the experimental time is much
shorter than the conduction time for the21.5 s21 strain rate
and faster strain rates, the heat transfer conditions during
these experiments are expected to be essentially adiabatic.

The temperature rise of the specimen for both the uniaxial
and plane strain case for a fully adiabatic strain rate is a
function of the strain. This temperature rise can be estimated
by two methods using the true stress and true strain

measured by the mechanical testing machine. The first
method considers the entire work to be dissipative:

DT1 � 1
rcp

Z1f

0
s1 d1: �1�

The second method considers the orientation hardening to
be stored energy [2] and is a function of the initial yield
stress,sy0; and strain:

DT2 � 1
rcp

Z1f

0
sy01 d1 �2�

wherer andcp are the density of amorphous PET and the
specific heat capacity, respectively, as given earlier. For these
two methods, in uniaxial compression at 908C, the approxi-
mate temperature rise owing to adiabatic heating is 78C for
the first method and 1.58C for the second method. It is also
important to note that the exothermic nature of the crystal-
lization that may be occurring with strain is also not taken
into account. An increase in crystallinity from 5% to 31%
would result in a temperature rise of about 148C and may
occur over a very narrow range in strain. Therefore, under
coupled and adiabatic conditions, the increase in temperature
plays a role in the observed mechanical response.

3.3. Description of DSC measurements

DSC was used to monitor the rate of change of specimen
enthalpy as a function of increasing temperature at a given
heating rate. Following [21], DSC scans were performed at a
rate of 108C min21. DSC specimens with masses ranging
from 3 to 10 mg were cut from the center of the deformed
specimens using an Buehler Isomet low speed saw. Care
was taken not to impart additional deformation to the speci-
mens as they were cut.

DSC thermograms were taken on the as-received material
as well as on the specimens deformed at different strain
states, strain rates and temperatures in order to assess the
effects of deformation conditions on crystallization. For all
DSC thermograms, the strain level referenced for each
thermogram refers to the applied strain in the corresponding
mechanical compression test. Data are presented in terms of
the cold crystallization temperature,Tcc, and the percentage
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Table 1
Comparison of heat transfer conditions at different strain rates for uniaxial and plane strain compression experiments

Strain rate Uniaxial Plane strain

_1 �s21� texp=tcond Heat transfer condition texp=tcond Heat transfer condition

20.005 40.7 Isothermal 32.5 Isothermal
20.01 20.3 Isothermal 16 Isothermal
20.05 4.1 Coupled 3.25 Coupled
20.1 2.0 Coupled 1.63 Coupled
20.5 0.41 Coupled 0.33 Coupled
21.0 0.20 Coupled 0.16 Coupled
21.5 0.13 Adiabatic 0.11 Adiabatic
22.0 0.10 Adiabatic 0.08 Adiabatic



crystallinity. Based on a two-phase (crystalline–amor-
phous) peak area method [22], the weight percent crystal-
linity of the material can be estimated. The weight percent
crystallinity, pcr, is given by:

pcr � DHm 2 DHcc

DHf
�3�

whereDHcc is the enthalpy released during cold crystalliza-
tion, DHm is the enthalpy required for melting andDHf is
the enthalpy of fusion of PET crystals, taken to be equal to
120 J g21 [15]. Eq. (3) gives an initial crystallinity for the
as-received material of about 10%. This value for the crys-
tallinity is inconsistent with the WAXD scan of the as-
received material, which will be shown later. In the
WAXD scan, there were no crystalline peaks, indicating
no crystallinity in the as-received material.

3.4. Description of wide angle X-ray diffraction
measurements

WAXD was used to analyze the structure and morphol-
ogy developed in the specimens owing to deformation. A
Rigaku RU200 185 mm CuKa rotating anode diffract-
ometer was used to perform the X-ray diffraction measure-
ments. Equatorial scans were conducted in the range 2u �
108–508 with intensity data collected every 0.18 for a period
of 1 s. As the deformation of the uniaxial compression

specimens is axially symmetric, only two X-ray scans
were performed on these specimens, whereas three scans
were performed on the plane strain compression specimens,
as shown in Fig. 1. For uniaxial compression specimens the
first scan was conducted in transmission, with the X-ray
beam positioned perpendicular to the plane of the specimen
(flow direction, FD), and the second scan in reflection, with
the X-ray beam positioned at a glancing angle to the plane of
the specimen (load direction, LD). For the plane strain
compression specimens, the first scan was conducted in
transmission, with the X-ray beam positioned perpendicular
to the plane of the specimen and the specimen positioned in
order to sample the constrained direction (CD). The second
scan was also in transmission, with the X-ray beam also
perpendicular to the plane of the specimen but with the
specimen positioned in order to sample the FD. The third
scan was performed in reflection, with the X-ray beam posi-
tioned at a glancing angle to the plane of the specimen in
order to sample the LD. For all WAXD measurements, the
strain level referenced for each scan refers to the applied
strain in the corresponding mechanical compression test.

4. Experimental results

Results from the mechanical tests, the DSC measure-
ments, and the WAXD measurements are presented here.
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Fig. 1. Schematics of uniaxial compression and plane strain compression illustrating load, flow, and constrained directions.
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Fig. 2. True stress–strain behavior in uniaxial compression at 908C at different strain rates.

Fig. 3. True stress–strain behavior in uniaxial compression at 1008C at different strain rates.



Effects of strain rate, temperature and strain state are
discussed separately for the uniaxial and plane strain
mechanical tests. Cold crystallization phenomena and
percent crystallinity are discussed for the DSC measure-
ments. Evolution of crystallinity, size and number of crys-
tallites are explored for the WAXD measurements.

4.1. Results from mechanical tests

Uniaxial compression and plane strain compression tests
were conducted at temperatures of 908C–1058C and strain

rates of20.005 to22.0 s21. Several tests were conducted at
each testing condition to verify repeatability. The results of
these tests are plotted in terms of true stress vs. true strain.
The true strain,e , is defined as the natural logarithm of the
current height,h, to the initial height,h0, given as follows:

1 � ln�h=h0�: �4�
The true stress is the ratio of the current force to the current
area:

s � F=A �5�
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Fig. 4. True stress–strain behavior in uniaxial compression at 1058C at different strain rates.

Fig. 5. Schematic of stress–strain behavior labelling significant features.
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Fig. 6. True stress–strain behavior in uniaxial compression at 908C, 1008C, and 1058C at 20.1/s.

Fig. 7. True stress–strain behavior in uniaxial compression at 908C, 1008C, and 1058C at 21.0/s.



where the current area is calculated using the measured
current height and assuming incompressibility of inelastic
deformation.

4.1.1. Uniaxial compression tests
Figs. 2–4 show the uniaxial compression loading–

unloading curves at different strain rates at a temperature
of 908C, 1008C, and 1058C, respectively. The uniaxial
compression tests were conducted to a final strain of22.0.

As previously mentioned, the glass transition tempera-
ture, Tg, for this material is about 798C as determined by
DSC. Therefore, at these test temperatures of 908C, 1008C,
and 1058C, the material is well into the rubbery region.
However, the strain rate and temperature dependent nature
of the material is not characteristic of classical rubbery
behavior. The stress–strain behavior exhibits four charac-
teristic features as shown in the schematic of Fig. 5: a rela-
tively stiff initial response, followed by a rollover to a yield
or flow-like behavior, followed by a gradual increase in
stress with strain which is termed the initial strain hardening
response, followed by a dramatic increase in stress with
strain at large strains.

The strain rate dependence of the mechanical behavior
can be seen in Figs. 2–4. At all three deformation tempera-
tures, the flow stress increases with increasing strain rate.
The initial strain hardening slope increases as the strain rate
is increased and the strain at which dramatic hardening
occurs decreases with increasing strain rate. Also, as seen

in Figs. 2–4, the amount of strain hardening increases with
increasing strain rate when the rates are isothermal, but as
the tests become more adiabatic the strain hardening slope
decreases at large strains. Therefore, at a given deformation
temperature, the amount of strain hardening increases as the
strain rate increases for isothermal tests. But as the tests
become more adiabatic and there is less heat conducted
out of the specimen to the platens, the apparent amount of
strain hardening decreases owing to the simultaneous occur-
rence of thermal softening. These findings prove to be
consistent with the first order analysis presented earlier.
When comparing Fig. 2 with Figs. 3 and 4, it can be seen
that adiabatic heating has more of an effect at deformation
temperatures of 908C than at 1008C and 1058C. This is as
expected as the adiabatic softening contribution decreases
with increasing deformation temperatures.

In this “rubbery” regime, the “yield” or flow stress is only
on the order of 1 MPa. The most distinct difference between
the rapid rates (22.0, 21.5, 21.0, 20.5, 20.1, and
20.05 s21) and the slow rates (20.01 and20.005 s21)
occurs in the strain hardening behavior. The behavior at
the high strain rates exhibits large strain hardening suggest-
ing the presence of strain-induced crystallization or at least
more effective molecular orientation. The decrease in hard-
ening slope with decrease in strain rate suggests a molecular
relaxation process. These results are consistent with the
experimental observations of Chandran and Jabarin [10].

Figs. 6 and 7 show uniaxial compression in the rubbery
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Fig. 8. True stress–strain behavior in plane strain compression at 908C at different strain rates.
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Fig. 10. True stress–strain behavior in uniaxial and plane strain compression at 908C and different strain rates.

Fig. 9. True stress–strain behavior in plane strain compression at 908C and 1008C at 21.0/s.



region, 908C, 1008C and 1058C at strain rates of20.1 and
21.0 s21, respectively. It can be seen that as the deforma-
tion temperature increases the overall stress level decreases.
Also, as the deformation temperature increases the amount
of recovery upon unloading decreases, which was also the
case with final unloaded specimens.

Figs. 6 and 7 show that all aspects of the stress–strain
behavior depend on temperature. The initial flow stress
decreases with increasing temperature; the strain at which
the dramatic increase in hardening occurs increases with
increasing temperature; the initial strain hardening slope
decreases as the temperature is increased.

4.1.2. Plane strain compression tests
Fig. 8 shows the plane strain compression loading–

unloading curves at different strain rates at a temperature
of 908C to a final strain of21.6. The plane strain flow stress
increases with increasing strain rate; the initial strain hard-
ening slope increases as the strain rate is increased; the
strain at which dramatic hardening occurs decreases with
increasing strain rate.

Fig. 9 shows the plane strain compression at 908C and
1008C at a strain rate of21.0 s21. The flow stress decreases
with increasing temperature; the initial strain hardening
slope decreases as the temperature is increased; the onset
of dramatic strain hardening occurs at a larger strain as the
temperature increases. It is also evident that as the deforma-

tion temperature increases, the strain level at which the
unloading portion of the curves reaches zero stress
decreases. This is a measure of the recovery of the specimen
after loading and unloading. Therefore, as the deformation
temperature increases, the amount of recovery upon unload-
ing decreases.

4.1.3. Effects of state of strain
Figs. 10 and 11 show a direct comparison between uniax-

ial and plane strain compression in the rubbery region for
strain rates of21.0, 20.1, and20.01 s21 at deformation
temperatures of 908C and 1008C, respectively. It can be
observed that for the same deformation conditions of
temperature and strain rate, the plane strain compression
stress is always greater than the uniaxial compression stress
at any given strain. The initial flow stress in plane strain
compression is higher than that in uniaxial compression
owing to the plane strain constraint and can be simply
explained in terms of a Mises yield criterion. It is also
apparent from the figures that the strain hardening in
plane strain is much more severe than in uniaxial compres-
sion. This is attributed to the difference in evolution in
molecular orientation with strain for different states of strain
and is also observed in polymers that remain amorphous
with deformation. These results were also found by Arruda
et al. [2] for poly(methylmethacrylate) and polycarbonate.
Uniaxial compression produces an equi-biaxial state of
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Fig. 11. True stress–strain behavior in uniaxial and plane strain compression at 1008C and different strain rates.



molecular orientation whereas plane strain compression
produces a three-dimensional orientation that is dominated
by molecular alignment in the FD. In the case of PET, this
difference in strain hardening may also be attributable in
part to strain-induced crystallization. The effects of defor-
mation on the degree of crystallinity are evident from the
DSC and WAXD measurements discussed in the following
section.

The compression test results, more specifically the strain

rate and temperature dependent behavior, obtained in this
investigation are all consistent with basic trends of the
mechanical behavior of PET as found by previous investi-
gators in tensile tests such as Misra and Stein [6], Jabarin
and coworkers [9,10], and Buckley et al. [11].

4.2. Results from differential scanning calorimetry
measurements

DSC thermograms were taken on specimens in the as-
received condition as well on specimens that had been
loaded and unloaded in uniaxial and plane strain compres-
sion at different strain rates, to different final strains and at
different temperatures. Table 2 summarizes the data calcu-
lated from the DSC thermograms taken on the as-received
specimen and the uniaxial compression specimens by giving
the onset of the cold crystallization exotherm,Tcc; and the
weight percent crystallinity,pcr:

Table 3 summarizes the data calculated from the DSC
thermograms taken for the plane strain compression
mechanical test specimens.

The glass transition temperatureTg of the as-received
material, at a heating rate of 108C min21, was observed at
approximately 798C. As the temperature is increased
beyondTg the material begins to crystallize in the DSC
pan, where the onset of the cold crystallization exotherm,
Tcc, was observed at 1378C at this heating rate and the area
of cold crystallization,Acc, was observed to be229 J g21.
As the temperature increases, the crystals begin to melt at
the onset of the melting endotherm,Tm, observed at 2518C.
The melting continues through the melting endotherm,
reaching a peak maximum at 2588C and having an area,
Am, of 41 J g21.

4.2.1. DSC trends in uniaxial compression
Table 2 shows the DSC results for various strain rates to a

final strain of22.0 at deformation temperatures of 908C,
1008C, and 1058C. At a deformation temperature of 908C,
the different strain rates do not seem to have much of an
effect on the percent crystallinity. The percent crystallinity
is approximately 30% for all strain rates. This is not the case
for deformation temperatures of 1008C and 1058C. At 1008C
the crystallinity content increases with increasing strain rate
and at 1058C the crystallinity content increases from 14% to
30% as the strain rate is increased by just one order of
magnitude. This correlates with the stress–strain curves
presented earlier in Figs. 2–4. Examination of the stress–
strain curves in uniaxial compression at a deformation
temperature of 908C shown in Fig. 2 shows that, at all strain
rates, the curves exhibit strong strain hardening. Also, the
percent crystallinity at a strain rate of21.0 s21 exhibit
strong strain hardening. Also, the percent crystallinity at a
strain rate of21.0 s21 is less than the crystallinities at strain
rates of20.005 and20.1 s21 owing to the adiabatic heating
effect. This is evident in the stress–strain curve in Fig. 2.
The curve for21.0 s21 shows a decrease in the amount of

P.G. Llana, M.C. Boyce / Polymer 40 (1999) 6729–6751 6741

Table 2
Uniaxial compression data reduced from DSC thermograms

Mechanical test conditions Tcc �8C� pcr �%�

As-received PET 137 10
Uniaxial, 908C, _1 �
0:0005 s21

; 1f � 22:0
104 31

Uniaxial, 908C, _1 �
0:1 s21

; 1f � 22:0
97 33

Uniaxial, 908C, _1 �
20:1 s21

; 1f � 22:0
100 27

Uniaxial, 1008C, _1 �
0:005 s21

; 1f � 22:0
124 11

Uniaxial, 1008C, _1 �
0:1 s21

; 1f � 22:0
104 26

Uniaxial, 1008C, _1 �
1:0 s21

; 1f � 22:0
117 37

Uniaxial, 1058C, _1 �
0:01 s21

; 1f � 22:0
109 14

Uniaxial, 1058C, _1 �
0:1 s21

; 1f � 22:0
98 30

Uniaxial, 1058C, _1 �
1:0 s21

; 1f � 22:0
108 36

Uniaxial, 1058C, _1 �
2:0 s21

; 1f � 22:0
108 37

Table 3
Plane strain compression data reduced from DSC thermograms

Mechanical test conditions Tcc �8C� pcr �%�

Plane strain, 908C, _1 �
20:01 s21

; 1f � 21:6
95 36

Plane strain, 908C, _1 �
20:1 s21

; 1f � 21:0
107 37

Plane strain, 908C, _1 �
20:1 s21

; 1f � 21:2
108 38

Plane strain, 908C, _1 �
20:1 s21

; 1f � 21:4
103 35

Plane strain, 908C, _1 �
20:1 s21

; 1f � 21:6
98 36

Plane strain, 908C, _1 �
21:0 s21

; 1f � 21:6
100 38

Plane strain, 908C, _1 �
20:2 s21

; 1f � 21:6
102 41

Plane strain, 1008C, _1 �
20:01 s21

; 1f � 21:6
100 38

Plane strain, 1008C, _1 �
20:1 s21

; 1f � 21:6
104 40

Plane strain, 1008C, _1 �
21:0 s21

; 1f � 21:6
116 40

Plane strain, 1008C, _1 �
22:0 s21

; 1f � 21:6
119 41



strain hardening, thus manifesting itself as having lower
percent crystallinity in the DSC thermogram. Fig. 3 shows
the stress–strain curves that pertain to the DSC results for
uniaxial compression performed at 1008C. At this tempera-
ture the crystallinity content increases for each increase in
strain rate. This correlates to the strain hardening behavior
in the stress–strain curves in Fig. 3. One can see an increase
in the strain hardening slope as the strain rate increases from
20.005 to20.1 s21 and finally to21.0 s21. This manifests
itself in the gradual increase in percent crystallinities at
these strain rates. Fig. 4 shows the stress–strain curves
that pertain to the DSC results for uniaxial compression
performed at 1058C. At this temperature the crystallinity
content is 14% for20.01 s21, which is not much greater
than the as-received crystallinity of 10%. For the strain rate
of 20.1 s21, the crystallinity jumps to 30%, then for the
strain rates of21.0 and 22.0 s21 the crystallinities are
about the same at 36% and 37%, respectively. Again, this
can be correlated to the slope of the strain hardening portion
of the stress–strain curves which can be seen in Fig. 4. At a
strain rate of20.01 s21 it can be seen that the curve does not
exhibit the upturn that signals the level of strain hardening
that is apparent in the curves at faster strain rates. Also, the
fact that the stress–strain curves at strain rates of22.0 and
21.0 s21 are parallel explains why they have about the same
percent crystallinity of 36% and 37%, respectively. The
slope of the stress–strain curve at20.1 s21 is less than the

slopes of the curves at22.0 and21.0 s21, thus the percent
crystallinity is lower.

In all of the DSC scans performed on the specimens
deformed at 908C, 1008C, and 1058C it is evident that the
cold crystallization temperature decreases, as was also
found by Zaroulis and Boyce [15].

4.2.2. DSC trends in plane strain compression
Table 3 shows the DSC results of the plane strain speci-

mens deformed to a final strain of21.6 at strain rates of
20.01,20.1, 21.0, and22.0 s21 at deformation tempera-
tures of 908C and 1008C, respectively. It can be seen from
these DSC results that the crystallinity content increased
from the straining at all temperatures and that the increase
in crystallinity as the strain rate is increased is very slight.
Referring back to the stress–strain data, all curves showed
the dramatic increase in strain hardening. It can be
concluded that plane strain compression performed in the
rubbery region to a final strain of21.6 results in a large
amount of strain-induced crystallization and that this crys-
tallization increases very slightly as the strain rate increases
and as the deformation temperature increases.

In order to determine if this large amount of strain-
induced crystallization is dependent on the final strain
imparted, an additional set of mechanical experiments
were conducted. Fig. 12 shows the stress–strain curves for
plane strain compression experiments performed at 908C to
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Fig. 12. True stress–strain behavior in plane strain compression at 908C and20.01/s showing loading and unloading to different strains.



different levels of final strain of21.0,21.2,21.4 and21.6.
Table 3 shows the DSC results of these experiments. It can
be seen that even at a strain level as low as21.0 the strain-
induced crystallinity content is still about 37%. There is still
ambiguity as to whether crystallization took place during

straining or during the cool down period (i.e. an annealing
effect). But, it is still observed that the strain-induced crys-
tallization of PET occurs at a level of imparted strain lower
than 21.0 in plane strain compression, where the stretch
state for an imparted strain of21.0 is l1 � 0:37; l2 �
2:72; and l3 � 1:0: This is consistent with the tensile
stretching results of Misra and Stein [6], and Jabarin [9].
Misra and Stein stretched strips of amorphous PET above
the glass transition temperature and found that strain-
induced crystallization only occurred if the samples were
stretched past 80% elongation. This is equivalent to 0.6 true
strain. Jabarin stretched strips of PET to a final nominal
strain of 1.1 at three different strain rates and found that
the strain-induced crystallization occurs when samples are
stretched to amounts below the strain hardening region of
the force-extension curve.

4.3. Results from wide angle X-ray diffraction
measurements

WAXD scans were taken on a specimen in the as-
received condition as well as specimens that had been
loaded and unloaded in uniaxial and plane strain compres-
sion at different strain rates, final strains and temperatures.
Measurements were made in various deformation directions
where the directions were defined earlier in Fig. 1. The
WAXD scans enable the assessment of the nature and
evolution of the texture, and thus the crystallinity, through
comparison and analysis of the peaks corresponding to crys-
tallographic planes.

The crystal structure of PET has a triclinic unit cell shown
in Fig. 13 [23]. Fig. 14 shows the triclinic unit cell structure
with the crystallographic diffracting planes. The unit cell
parameters area � 0.45 nm,b � 0.59 nm,c � 10.7 nm,
a � 1008, b � 1188 and g � 1128 [24]. For PET, the
diffraction peaks at 2u � 178, 268, and 438 are identified
with the crystallographic planes (0 1 0), (1 0 0), and, respec-
tively. The other diffraction peaks that might be of interest
in PET at 2u � 168, 218, and 238 are identified with the
crystallographic planes�0 �1 0�; �1 �1 1�; and� �1 1 0�; respec-
tively.

The WAXD scan of an isotropic semi-crystalline PET in
Fig. 15 [23] reveals a number of crystalline reflections. The
PET specimen had been annealed at 1908C in order to crys-
tallize the material. In Bellare et al. [23], the semi-crystal-
line PET was then highly textured via plane strain
compression at 1908C. The WAXD scans of this fully
textured semi-crystalline PET scanned perpendicular to
the CD, FD, and LD directions are shown in Fig. 16 [23].
The scans in Fig. 16 reveal increased diffracted intensity of
the (1 0 0), (0 1 0), and� �1 0 5� planes in the three respective
directions relative to the other crystal reflections. The LD
scan indicates that the (1 0 0) plane is lying perpendicular to
the LD, the CD scan indicates that the (0 1 0) plane is lying
perpendicular to the constrained direction, and the FD scan
indicates that the� �1 0 5� plane is lying perpendicular to the
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Fig. 13. Triclinic crystal structure of PET [23].

Fig. 14. PET triclinic unit cell structure with crystallographic slip planes.



FD. Figs. 15 and 16 will serve as a reference to the WAXD
scans performed in this investigation.

Fig. 17 shows the WAXD scan of the isotropic as-
received material showing only broad maxima as is charac-

teristic of amorphous solids [25]. In Fig. 17, note that the
scan in the FD is a scaled version of the scan in the LD
because the FD scan is performed in reflection whereas the
LD scan in performed is transmission.
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Fig. 15. WAXD scan of isotropic semi-crystalline PET [23].

Fig. 16. WAXD scan of semi-crystalline PET as textured by plane strain compression [12].



4.3.1. WAXD results in uniaxial compression
Fig. 18 shows the WAXD scans performed on specimens

uniaxially compressed at 1008C to a final strain of22.0 at
strain rates of20.005,20.1, and21.0 s21. As expected, the
WAXD scans in any FD for specimens deformed in uniaxial
compression were the same, therefore, only one WAXD
scan in the FD is shown. In the figure, the evolution of the
texture with increasing strain rate can be seen. The peaks
become more defined and apparent, evolving from the
amorphous oriented pattern at20.005 s21 to the peaks
signifying crystallinity at 21.0 s21. The deformation at
1008C results in the (1 0 0) planes of the crystals lying
perpendicular to the LD, and the (0 1 0) planes of the crys-
tals lying parallel to the LD. Fig. 19 schematically depicts
how the crystals are oriented in a uniaxially compressed
specimen that has undergone crystallization. The (1 0 0)
planes of the crystals are oriented perpendicular to the
LD, and the (0 1 0) and� �1 0 5� planes are oriented randomly
perpendicular to the FD. The development of this crystal-
lographic texture is consistent with the development of
molecular orientation in uniaxial compression. During
uniaxial compression, a biaxial state of molecular orienta-
tion develops in the plane with increasing strain where the
molecular chains align with the FD. The alignment of chains
in the FD leads to the preferential crystallization where the
crystal chain axis lies in the plane as shown in Fig. 19.
Increased intensity of the prominent reflections is observed

in specimens deformed at higher strain rates. This leads to
the conclusion that the crystallinity increases as the strain
rate increases. This is the same conclusion reached from the
DSC results of the same specimens shown in Table 2 and is
also consistent with the observed rate dependence of strain
hardening at 1008C shown in Fig. 11.

4.3.2. WAXD results in plane strain compression
In Fig. 20 the WAXD scans of specimens deformed in

plane strain compression at 908C to a final strain of21.6 at
strain rates of20.01,20.1, and21.0 s21 are shown in the
constrained, flow, and LDs, respectively. These WAXD
scans show several prominent peaks clearly indicating the
presence of crystallinity. The WAXD scans in Fig. 20 show
a prominent (1 0 0) peak in the LD, a prominent (0 1 0) peak
in the constrained direction (CD), and a prominent� �1 0 5�
peak in the FD. While this preferential crystallographic
texture differs from that observed in specimens deformed
by uniaxial compression, it is consistent with the manner in
which molecular orientation develops under plane strain
compression loading conditions where the molecular chains
preferentially align in the FD. In the CD curve in Fig. 20, the
(0 1 0) crystallographic reflection is very prominent, indi-
cating that the (0 1 0) plane of the crystals is oriented
perpendicular to the constrained direction. In the FD
curve, the� �1 0 5� crystallographic reflection is prominent,
indicating that the� �1 0 5� plane of the crystals is oriented
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Fig. 17. WAXD scan of the as-received PET.



perpendicular to the FD. In the LD curve, the (1 0 0) crystal-
lographic reflection is very prominent, indicating that the
(1 0 0) plane of the crystals is oriented perpendicular to the
LD. The crystallization in the preferential texture is shown
in Fig. 21. The deformation results in the (1 0 0) plane lying
perpendicular to the LD and parallel to the compression
platens (making the aromatic ring in the plane of the
sheet), the (0 1 0) plane lying perpendicular to the
constrained direction and parallel to the walls of the channel
die, and the� �1 0 5� plane lying perpendicular to the FD and
perpendicular to both the compression platens and the chan-
nel walls thus showing the chain direction of the crystals to
be in the FD. The crystalline peaks become more defined
and apparent as the strain rate is increased. The increase in

strain rate results in more diffraction from crystallographic
planes thereby increasing the intensity of these reflections.
Thus Fig. 20 shows that the percentage crystallinity
increases with increasing strain rate. This increase in crys-
tallinity with increasing strain rate agrees with the DSC
results shown in Table 3, although the WAXD scans show
this increase in crystallinity more dramatically.

Fig. 22 shows the WAXD scans of specimens deformed
in plane strain compression at 908C at a strain rate of
20.1 s21 to final strains of21.0, 21.2, 21.4, and21.6.
As can be seen in the figure, the crystalline peaks become
more defined and apparent as the strain is increased. The
development of texture found in Fig. 20 for increasing strain
rates also applies in this figure for increasing levels of final
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Fig. 18. WAXD scans of PET deformed in uniaxial compression to a strain of22.0 at 1008C at different rates.



strain. The deformations result in the (1 0 0) plane of the
crystals lying perpendicular to the LD, the (0 1 0) plane of
the crystals lying perpendicular to the constrained direction,
and the� �1 0 5� plane of the crystals lying perpendicular to
the FD. The increase in final strain level results in more
diffraction from crystallographic planes thereby increasing
the intensity of these reflections. Therefore, the crystallinity
increases with increasing levels of final strain. This increase
in crystallinity does not agree with the DSC results shown in
Table 3. The discrepancy between the DSC results in Table
3 and their WAXD counterparts in Figs. 20 and 22 is most
likely because of the difficulty in deciphering the cold crys-
tallization area at high crystallinity content in the DSC
scans. These cold crystallization peaks are very small and
blend with the glass transition endothermic overshoot,
making it difficult to measure their areas.

Fig. 23 shows the WAXD scans of specimens deformed
in plane strain compression at a strain rate of20.1 s21 to a
final strain of21.6 at deformation temperatures of 908C and
1008C. The scans show that the same basic crystallographic
texture develops at both temperatures, however there are
clear differences with respect to specific aspects of the
texture. The specimens deformed at 908C and 1008C exhibit
well-defined peaks for both the (0 1 0) and� �1 1 0� crystal-
lographic reflections in the CD scans indicating that these
planes in the crystals are oriented perpendicular to the
constrained direction and that there is more diffraction

from these planes as the deformation temperature is
increased. In the LD scan, the (1 0 0) peak becomes more
defined as the deformation temperature is increased, indicat-
ing that the (1 0 0) plane is oriented perpendicular to the LD
and that there is more diffraction from this plane as the
deformation temperature is increased. According to the
DSC results for these specimens shown in Table 3, the
crystallinities at these temperatures are 36% at 908C and
40% for 1008C. This agrees with the WAXD scans with
show that the peaks are more defined at 1008C than at
908C. This trend is best observed in the LD scan.

A similar texture was observed in the WAXD scans of the
initially semi-crystalline PET which had been textured by
plane strain deformation shown earlier in Fig. 16. Although
the two textures of Figs. 16 and 20 are similar, they were
obtained by different processing routes. In Fig. 16, the mate-
rial began in an isotropic semi-crystalline state and was then
deformed. Therefore, the crystallographic texture had
evolved from one of randomly oriented crystals to one of
preferentially oriented crystals. Alternatively, in Fig. 20, the
material began in an isotropic amorphous state. The defor-
mation acted to preferentially orient the amorphous mole-
cular network which then led to the crystallization, where
the crystallization occurred in a preferential crystallo-
graphic orientation consistent with molecular orientation.
Also, the preferential texture produced in plane strain
compression shown in Fig. 20 is similar to the preferential
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Fig. 19. Orientation of the crystals in specimens deformed in uniaxial compression; crystals are oriented with the (1 0 0) planes perpendicular to theload
direction, and the (0 1 0) and�1 0 5� planes perpendicular to the page with their normals pointing in random directions parallel to the flow direction.



texture produced in plane strain tension reported by Salem
[14] indicating the importance of the stretch state in the
structure development as opposed to the stress state. This
conclusion had also been reached in the work of Guan et al.
[8] as discussed earlier in Section 2.

The greater degree of texture resulting from plane strain
compression than from uniaxial compression allowed the
crystallite widths to be calculated from the WAXD scans
in the three crystallographic directions for the plane strain
compression specimens. The crystallite width is measured
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Fig. 20. WAXD scans of PET deformed in plane strain compression to a strain of21.6 at 908C and different strain rates.



in a direction perpendicular to a particular set of reflecting
planes. The width of the diffraction peak increases as the
thickness of the crystallite decreases. The width of the crys-
tallite can be calculated with the Scherrer equation [25]:

w� 0:9l
BcosuB

�6�

wherel � 1.54 nm is the wavelength of the X-rays,B is the
full width at half peak maximum (also known as FWHM),
anduB is the Bragg angle. After WAXD scans were taken on
the plane strain specimens, JADE, a data analysis software
package for X-ray diffraction curves, was used to determine
B and uB. Using the values ofB and uB from JADE, the
crystallite widths could be calculated. In the WAXD scans
for the plane strain specimens, the (0 1 0) plane was most
evident in the CD scan, the� �1 0 5� plane was most evident in
the FD scan, and the (1 0 0) plane was most evident in the
LD scan, therefore the crystallite width corresponding to
each plane was calculated using the appropriate scan.
Before discussing the WAXD scans performed for this
investigation, it is important to review the reference scans
in Figs. 15 and 16 of isotropic semi-crystalline PET and
fully textured semi-crystalline PET, respectively. A rough
estimate of the crystallite widths was calculated from these
WAXD scans. For the isotropic case, the crystallite width is
about 12 nm in the (1 0 0) plane and also about 12 nm in the
(0 1 0) plane. The peak for the� �1 0 5� plane is barely
discernible to calculate a crystallite width. For the fully
textured case, the crystallite width is about 10 nm in the
(1 0 0) plane, about 15 nm in the (0 1 0) plane and about
13 nm in the� �1 0 5� plane.

Fig. 20 shows the crystallite widths as a function of strain
rate and scan direction, for specimens deformed at 908C to a
final strain of 21.6. For each of the scan directions, the
crystallite widths are about the same regardless of strain
rate. This shows that the increasing crystallinity with
increasing strain rate, as evidenced by the increasing peak
definition with increasing strain rate discussed earlier and by
the DSC results in Table 3, is because of an increase in the
number of crystallites rather than an increase in the size of
the crystallites.

Fig. 22 shows the crystallite widths as a function of final
strain level and scan direction for specimens deformed at
908C at a strain rate of20.1 s21. For each of the scan
directions, the crystallite widths are about the same regard-
less of strain level. This also shows that the increase in
crystallinity with increasing strain level, as evidenced by
the increasing peak definition with increasing strain level
discussed earlier, is also owing to an increase in the number
of crystallites rather than an increase in the size of the
crystallites.

Fig. 23 shows the crystallite widths as a function of defor-
mation temperature and scan direction for specimens
deformed at a strain rate of20.1 s21 to a final strain of
21.6. The figure shows that the crystallite widths for the
1008C specimens differ markedly from the crystallite widths
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Fig. 21. Orientation of the crystals in specimens deformed in plane strain
compression; crystals are oriented with the (1 0 0) planes perpendicular to
the load direction, the (0 1 0) planes perpendicular to the constrained direc-
tion, and the�1 0 5� perpendicular to the flow direction.

Fig. 22. WAXD scans of PET deformed in plane strain compression at 908C
and20.1/s to different strains.



for 908C specimens. It seems that at 1008C, the crystallite
widths are greater in the (0 1 0) and (1 0 0) planes, but
smaller in the� �1 0 5� plane when compared to 908C. This
seems to suggest that, well into the rubbery region, the
crystallite size changes as the deformation temperature is
increased and that this change is characterized by an
increase in the crystallite width in the (0 1 0) and (1 0 0)
planes but a decrease in the crystallite width in the� �1 0 5�
plane.

The crystallite widths found in Figs. 20, 22 and 23 are in
agreement with the range of crystallite widths found by
Salem [14] and Peszkin and Schultz [26]. Peszkin and
Schultz [26] found the crystallite widths in PET fibers that
had been annealed for different lengths of time at 1008C
under tension to be in the range of 3–5 nm. Salem [14]
found the crystallite widths in PET films that had been
stretched at 908C at different strain rates to be 2.3–3.0 nm
normal to the (1 0 0) planes and 2.8–4.0 nm normal to the
(0 1 0) planes.

5. Discussion and conclusions

The mechanical tests and the microstructural analyses
conducted by DSC and WAXD show that the mechanical
behavior and structural evolution of PET is a strong function
of deformation temperature, strain rate and strain state. The

following trends can be observed from the data shown in the
previous sections.

The stress–strain behavior of PET above the glass transi-
tion temperature exhibits four characteristic features: a rela-
tively stiff initial response, followed by a rollover to a yield
or flow-like behavior, followed by a gradual increase in
stress with strain which is termed the initial strain hardening
response, followed by a dramatic increase in stress with
strain at large strains. The stiff initial response was only
weakly dependent on strain rate, strain state and tempera-
ture. The stress at which the yield rollover occurred
increased with increasing strain rate and decreasing
temperature. The initial strain hardening slope increased
with increasing strain rate and decreasing temperature and
was greater in plane strain compression then in uniaxial
compression at the same level of strain. Dramatic strain
hardening occurred at smaller strain levels as the strain
rate was increased and the temperature was decreased and
the strain hardening was much more dramatic in plane strain
compression than in uniaxial compression reaching greater
overall stress levels.

DSC scans showed that the percent crystallinity increased
with increasing strain rate and increasing temperature in the
cases where heating effects were small. The DSC scans also
showed that the percent crystallinity developed under plane
strain compression was greater than that under uniaxial
compression. These results were consistent with the trends
found in the stress–strain curves, where the amount of
dramatic strain hardening was an indication of the degree
of crystallinity.

The WAXD scans showed the evolution of the texture
that results in both uniaxial compression and plane strain
compression. The WAXD scans were also consistent with
the stress–strain results and the DSC results by showing that
the degree of crystallinity increased with increasing strain
rate and that the degree of crystallinity resulting from plane
strain compression is more than that resulting from uniaxial
compression. The WAXD scans also demonstrated that
there is a difference in the resulting crystallographic textures
between uniaxial compression and plane strain compres-
sion. In plane strain compression, the crystals lie in all
three directions in the same orientation, whereas, in uniaxial
compression, the crystals lie in only one direction in the
same orientation, the LD, and lie randomly in the other
two directions. However, in both cases, the chain axis is
in the direction of flow.

The strain rate, strain state and temperature dependence
of the material behavior of PET play an integral role during
the processing of the material. It is important to investigate
and be able to predict the mechanical behavior of the mate-
rial in order to reduce cost and material waste. Therefore, it
is important that a constitutive model of the mechanical
behavior of the material be able to capture of the essence
of the strain rate, strain state and temperature dependencies.
In a separate paper, development of a constitutive model
which captures these dependencies is proposed.

P.G. Llana, M.C. Boyce / Polymer 40 (1999) 6729–67516750

Fig. 23. WAXD scans of PET deformed in plane strain compression to a
strain of21.6 at20.1/s and at 908C, 1008C.
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Appendix A

In the uniaxial compression experiments, the dominant
mode of heat transfer during the course of the experiments
is the conduction of heat from the uniaxially compressed
sample to the compression platens. Lethinst be the instanta-
neous height of the specimen during a compression experi-
ment. Then the characteristic length that controls the heat
transfer is the distance from the platen to the center of the
specimen, which is half the current specimen height,hchar�
hinst/2. Thus, the time required for heat to conduct out of the
sample,tcond, is given as:

tcond� �hchar=2�2
2k=rc

�A:1�

where k � 0.218 W mK21 is the thermal conductivity,
r � 1330 g cm23 is the density of amorphous PET, and
c � 1300 J kg21 K21 is the specific heat capacity.1 For a
constant strain rate test the loading time required to reach
the final strain,texp, can be calculated by dividing the final
strain,e f � 22.0 by the strain rate,_1 :
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