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Abstract

Tensile drawing experiments on poly(ethylene terephthalate) (PET) have shown that there is no significant strain-induced crystallisation
until draw ratios around 2.3. The actual onset of strain-induced crystallisation depends on the deformation rate, and it occurs at lower draw
ratios for higher draw rates. The development of strain-induced crystallisation has a significant impact on the relaxation behaviour of PET.
Online birefringence measurements, during the relaxation of PET drawn to different draw ratios showed that: (a) at low draw ratios, the
orientation relaxes over long periods of time and Fourier transform infrared (FTIR) spectroscopy showed that the overall orientation falls
after relaxation; (b) at higher draw ratios, when significant strain-induced crystallisation has occurred, the orientation decreases over short
times, of the order of 10 s and remains constant thereafter. This behaviour is probably due to the crystallites that lock in the extension of the
chains in the amorphous material. Post relaxation FTIR measurements showed that the orientation increases due to annealing effect.
Differential scanning calorimetry (DSC) showed that there is an increase in the crystalline fraction after relaxation for all draw ratios,
which is probably due to the conversion of oriented amorphous material (trans conformers) into the crystalline phase.q 2000 Elsevier
Science Ltd. All rights reserved.
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1. Introduction

Poly(ethylene terephthalate) (PET) is a semi-crystalline
polymer of considerable commercial importance that, when
oriented, has a variety of applications in film, fibre or bottle
form. Orientation can be produced using many techniques,
including tensile drawing, roll drawing, blow moulding and
solid state extrusion [1–5]. The level of orientation obtained
from these techniques is reduced by relaxation, the recovery
that occurs when the deforming force is removed. Recovery
has been attributed to motions of the polymer chains in the
amorphous regions [6], which reduces the extension of the
chains. The oriented chains tend to the isotropic state
because this is the most energetically favourable state.
Efforts to maximise the orientation produced during proces-
sing would benefit from a more detailed understanding of
the relaxation mechanisms.

Roll drawing has been of great interest to this group. The
relationship between the major processing parameters and

the resulting oriented material structure and properties were
studied [7,8]. It was shown that orientation could be
increased by increasing the roll speed, or by reducing the
roll gap. A feature of the process, which was observed but
not examined in detail, was the significant loss of orientation
due to relaxation. It is a major factor because the deforming
force is totally removed as the film leaves the roll, which
allows essentially free relaxation. The recovery process was
not examined directly, during roll drawing, because stress
and orientation measurements are difficult to obtain in this
situation. While orientation measurements are theoretically
possible, such measurements close to the rolls, where the
majority of the recovery occurs, are technically difficult to
achieve. For this reason, it was decided that the deformation
and relaxation processes should be examined in a simpler
situation. The effectiveness of applying tension to the
oriented film, after the final roll, in reducing recovery is
investigated in a separate paper [9].

Under tensile drawing conditions, it is relatively simple to
make stress and orientation measurements, during both the
drawing and relaxation. In this study, the relaxation beha-
viour was studied for samples held at constant length, while
maintained at the drawing temperature. To examine the
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effects of relaxation on the final oriented material, two sets
of samples were produced. After drawing, some samples
were quenched rapidly to minimise relaxation; these
samples are called ‘as-drawn’. The second set of samples,
on which the online measurements were made, were
allowed to relax for 30 min; these samples are called
‘relaxed’. The orientation was measured by birefringence
and Fourier transform infrared spectroscopy. A comparison
between the structure and the orientation of the as-drawn
and relaxed samples was made, and differences discussed.

2. Experimental details

The polymer studied was Du Pont Selar PT 7086 PET, an
extrusion grade without nucleating agent. The manufacturer
quotes an intrinsic viscosity (IV) of 1.0. The molecular
weight characteristics, obtained using gel permeation chro-
matography (GPC) relative to polystyrene standards, are
Mn � 28;000 andMw � 54;600: Amorphous sheets were
produced by compressing dried PET granules in a hot
press, at 2808C, then quenching the melt by immersion in
water. The samples were oriented by drawing, at 808C, on
an Instron tensile testing machine.

As-drawn samples:cooled below the glass transition
temperature (Tg) as soon as the extension was completed.
Relaxed samples:the drawing temperature was main-
tained for 30 min, while leaving the samples at constant
length, before cooling belowTg.

A spectrographic technique was used to measure the bire-
fringence both on-line and off-line. The sample is placed
between parallel polarisers, so that the light from a multi-
wavelength source passes through the polarisers and the
sample. A diffraction grating is used to disperse the spec-
trum of the transmitted light across a photodiode array. The
intensity versus wavelength data, stored on a computer
connected to the photodiode array, is used to calculate the
retardation (retardation (G )� sample thickness (d) ×
birefringence (Dn)). All the measurements presented here
were performed real-time upon draw or relaxation at
constant length at 808C. A more detailed description of
the technique can be found elsewhere [10,11].

The crystalline fraction of the samples was measured
using a Perkin–Elmer DSC 7 differential scanning calori-
meter, scanning at 208C/min. In calculating the crystalline
fraction, the enthalpy of melting (DHm), for fully crystal-
lised PET, was assumed to be 140 J/g [12]. To take into
account crystallisation during the scan, the area of the crys-
tallisation exotherm was subtracted from the area of the
melting endotherm.

Infrared dichroism measurements were made using front
surface reflectance Fourier transform infrared (FTIR) spec-
troscopy. The spectra were obtained from a Nicolet 170SX
spectrometer, with a resolution of 4 cm21, at a low angle of
incidence in the specular (external) reflection mode. Spectra

were measured in two orthogonal directions, parallel and
perpendicular to the draw direction, without changing the
sample position. To improve the spectra quality, the back
surface of the samples was scratched to reduce the back
surface reflections. The Kramers–Kronig transformation
was performed, with the Spectra Calc Softwaree, using a
MacLaurins series algorithm to perform the integration. The
spectra were normalised by examining the 1410 cm21 peak,
which is insensitive to orientation and crystallinity [13].

The scope of this paper does not require a detailed discus-
sion of the molecular motions responsible for the PET IR
bands; a considerable body of literature deals directly with
this subject [14–19]. Structural factor spectra, which are the
spectra that would be observed if the oriented samples were
actually isotropic, were obtained from the FTIR scans using
the following equation:

f0 � fk 1 2f'

3

� �
�1�

where the symbolsf k and f' refer to the polarisability
functions, which is more representative than the absorben-
cies [20], with the polarisation directions parallel and
perpendicular to the draw direction, respectively. Orienta-
tion functionskP2�cosu�l were calculated, from the polari-
sability function spectra, using the following equation [20]:

kP2�cosu�l � D 2 1
D 1 2

× 2
3 cos2 a 2 1

�2�

whereD is the dichroic ratio. The dichroic ratio for a given
band is defined as the ratio of the peak areas obtained with
the polarisation parallel and perpendicular to the draw direc-
tion �Ak=A'�: For the bands examined in these experiments
a equals: 218 for the 1340 cm21 band, 208 for the 1020 cm21

band and 908 for the 730 cm21 band. The orientations’ func-
tions defined here are with respect to the drawing axis.

Orientation functions were also calculated using a second
technique, which uses band heights in the reflectance spec-
tra. The 1330–1240 and 1730 cm21 reflectance bands show
parallel and perpendicular dichroism, respectively. Cole et
al. [20] have shown that this dichroism can be related to the
overall orientation:

fc;J � RJ 2 1:12
0:6571 0:528RJ

�3�

whereRJ is the ratio of the heights of the reflectance peaks at
1243 and 1717 cm21, for a spectrum measured in theJ-
direction andfc;J is the orientation function of the chain
axis with respect to theJ-direction. Using Eq. (3), Cole et
al. [20] were able to calculate overall orientation functions,
with respect to the measurement directions, in uniaxially or
biaxially oriented samples.

3. Results and discussion

In order to consider the effect of crystallinity on the PET
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relaxation behaviour, birefringence was monitored at two
different draw ratios,l � 2:0 and 3.6. Atl � 2:0; there is
significant orientation, but almost no strain-induced crystal-
lisation; these samples are essentially amorphous. Atl �
3:6 (the highest draw ratio obtainable on the birefringence
rig), there is significant orientation and crystallisation.

True stress–strain curves, from the drawing of PET at
808C, are shown in Fig. 1. In these tests, amorphous PET
samples were drawn tol � 3:6 at different initial strain
rates. At low rates, there is no peak in the true stress, and
a rubber-like behaviour is observed. At high rates, there is a
peak in the true stress, which corresponds to the onset of
necking. The magnitude of the stress peak also increases
with the rate. Over the remainder of the true stress–strain
curves, the true stress increases with strain rate, particularly
above a draw ratio of 2.5 (when crystallinity starts to
develop). This is in agreement with previous work on PET
[21–23].

Stress relaxation curves, obtained after drawing tol �
3:5 at 808C, are shown in Fig. 2. The true stress is plotted
against the logarithm of the relaxation time. All the samples,
independent of draw rate, show three regions to these
curves. The true stress decreases continually, but the rate
of decrease is greatest at times below 1 s. This is probably
due to the rapid recovery of a viscous contribution to the
drawing stress, which has been observed by several workers
[24–26]. The magnitude of the initial fall in stress also
increases with draw rate, which is indicative of viscous
behaviour. At times between 1 and 10 s, the true stress
decreases at a significantly lower rate and, at longer times,
the rate again increases. The curves are not linear, which
means that the relaxation is not caused by a single rate
activated process. Atl � 2:0; the stress relaxation curves
were essentially the same as atl � 3:6; so they are not
shown here.

Fig. 3 shows the DSC scans from as-drawn and relaxed
PET samples drawn at 808C and 0.007 s21 to l � 2:0 and
3.6. The melting endotherms, at 2508C, is larger at the
higher draw ratio, indicating a higher crystalline fraction.
At both draw ratios, the relaxation produces an increase in
the crystallinity as explained below. The DSC scans show
an exotherm at 90–1208C that corresponds to the crystal-
lisation of oriented amorphous material. This is less signifi-
cant at the higher draw ratio because more of the oriented
material is crystallised during drawing. At the higher draw
ratio, the crystallisation occurs at a lower temperature
because the energy, required for crystallisation, decreases
as the chains become more oriented. These features have all
been reported in previous works [27–30]. Relaxation lowers
the crystallisation temperature and decreases the magnitude
of crystallisation exotherm. This suggests that oriented
amorphous material was converted into crystalline material
during the relaxation.

In Fig. 4, the crystalline fraction, as determined by DSC,
is plotted against draw ratio, for PET drawn at 808C and an
initial strain rate of 0.007 s21. This shows that crystallinity
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Fig. 1. True stress (MPa)–strain curves from drawing amorphous PET at
808C at different initial strain rates as indicated (values are in s21) to
l � 3:6:

Fig. 2. Stress relaxation curves of samples drawn at 808C at different initial
strain rates as indicated (values are in s21) to l � 3:6:

Fig. 3. DSC scans for as-drawn and relaxed PET samples drawn at 808C and
0.007 s21 to l � 2:0 and 3.6.



increases at a higher rate for draw ratios above 2.3. This is in
line with previous works [21–24,26–30], showing that
significant strain-induced crystallisation occurs only at
draw ratios above 2.3. This also agrees with the stress beha-
viour, described above.

Fig. 5 shows the online birefringence measurements
made during the drawing of amorphous PET at 808C tol �
3:6: For all strain rates, the birefringence increases with
draw ratio. For draw ratios above 2.0, there is a greater
increase in the gradient, which is probably due to the
onset of strain-induced crystallisation. This gradient
increase moves to lower draw ratios as the strain rate
increases which suggests that strain-induced crystallisation
occurs at lower draw ratios.

The online birefringence measurements made during
stress relaxation, atl � 3:6; are shown in Fig. 6. The bire-

fringence initially decreases, for times up to 30 s but, at
longer times, it becomes constant, although the stress
continues to decrease. It is believed that some of the
oriented amorphous chains can crystallise during the initial
relaxation period but, at longer times, the birefringence
remains constant because the crystallisation, significant at
l � 3:6; inhibits further relaxation. The crystallites anchor
the amorphous chains in place, reducing the freedom of the
chains to move, and so reducing the effects of the relaxation.
Online birefringence data, from the relaxation atl � 2:0; is
shown in Fig. 7. For all the drawing rates, the birefringence
decreases almost linearly with the logarithm of time. No
plateau is seen at longer times due to the low level of
strain-induced crystallisation atl � 2:0 as discussed above.

Fig. 8 shows the dependence of the orientation functions
of three specific vibrations calculated from the polarisability
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Fig. 4. Draw ratio dependence of crystalline fraction for as-drawn PET drawn at 808C and 0.007 s21.

Fig. 5. Birefringence measured online during the drawing of amorphous PET at 808C and at different strain rates as indicated.



function spectra on the draw ratio. The orientation functions
of the 1340 and 1020 cm21 bands increases with the
draw ratio, but that for the 730 cm21 band decreases.
It has been shown [14] that the 1340 cm21 band corre-
sponds to wagging of the CH2 units in thetrans confor-
mation; the increase in this orientation function
indicates greater orientation oftrans units in the draw
direction. The 1020 and 730 cm21 bands have both been
assigned to motions of the hydrogen atoms on the benzene
ring [14], in-plane and out-of-plane motions, respectively.
During drawing, the polymer chains and, therefore, the
planes of the benzene rings were oriented towards the
draw direction. The 1020 cm21 orientation function
increases because the in-plane motions, responsible for the
band, are also aligned with the draw direction; the 730 cm21

orientation function decreases because the out-of-plane
direction is increasingly oriented perpendicular to the
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Fig. 6. Birefringence measured online during stress relaxation of PET
drawn at 808C and different strain rates tol � 3:6:

Fig. 7. Birefringence measured online during stress relaxation of PET
drawn at 808C and different strain rates tol � 2:0:

Fig. 8. Draw ratio dependence of orientation functions using three different
bands as indicated, calculated from polarisability function spectra for as-
drawn PET drawn at 808C and 0.007 s21.

Fig. 10. Draw ratio dependence of the orientation functions in the machine
direction using the 1340 cm21 calculated from the reflectance spectra, Eq.
(2), for as-drawn and relaxed PET drawn at 808C and 0.007 s21.

Fig. 9. Draw ratio dependence of the orientation functions using the
1340 cm21 calculated from the reflection spectra, Eq. (2), for as-drawn
PET drawn at 808C and 0.007 s21.



draw direction. Up to a draw ratio of 1.5, the changes in the
orientation functions are small but, then, the orientation
increases more rapidly.

Orientation functions were also calculated using the ratio
of the 1330–1240 and 1729 cm21 bands [20], because the
orientation functions for the three axial directions can be
obtained easily. The draw ratio dependencies of these orien-
tation functions, representative of the chain axis orientation,
obtained from the samples of as-drawn PET, are shown in
Fig. 9. The orientation increases in the draw direction but
decreases in the transverse and normal directions. These
samples were drawn uniaxially, so the orientation functions
for the transverse and normal directions are expected to
decrease by the same amount; which is observed given the
scatter in the experimental data. The changes in orientation
are small up tol � 2:0 but, then, the change is more rapid.
This behaviour is similar to that observed in online birefrin-
gence measurements.

In Fig. 10, the draw ratio dependence of orientation is
shown for as-drawn and relaxed samples, where the orienta-
tion functions correspond to orientation in the draw direc-
tion (from the 1340 cm21). At low draw ratios, the
orientation function is higher for the as-drawn samples,
because no or little relaxation occurred yet as compared to
the relaxed samples, whereas the driving force towards the
isotropic state is larger during relaxation. At high draw
ratios, however, the strain-induced crystallites hinder the
relaxation that can occur during the 30 min period when
the samples are left at 808C and, in addition, even if there
is some loss of orientation in the amorphous regions, the
increased orientation in the crystalline regions led to an
increase in the orientation function.

Finally, Fig. 11 shows the difference spectrum between
the structural factor spectra of as-drawn samples with draw
ratios of 3.6 and 2.0 (the polarisability function atl � 2:0 is
subtracted from that atl � 3:6�: The minimum in the differ-
ence spectrum seen for the 1290 cm1 band, which is mainly

due to motions in the amorphous regions, shows that there is
a lower amorphous content at the higher draw ratio. The
peak at 1720 cm21 and the minimum at 1735 cm21 also
show that there is a higher amorphous content for the
draw ratio of 2.0. The difference between the structural
spectra for relaxed samples with draw ratios of 3.6 and
2.0 shows similar behaviour.

4. Conclusions

This work has shown that the relaxation of PET depends
strongly on the final draw ratio reached. At high draw ratios,
the birefringence does not decrease smoothly as occurs at
low draw ratios, but becomes constant after a short time.
This behaviour is due to the presence of strain-induced
crystallisation. Significant strain-induced crystallisation
occurs at draw ratios of about 2–2.3, but this also depends
on the deformation rate. As the deformation rate is
increased, crystallisation is seen at lower draw ratios. The
crystallisation changes the relaxation behaviour because the
crystallites lock the oriented chains in the drawn direction,
which inhibits the conformational changes that are
responsible for the relaxation.
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