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Abstract

Amorphous polyethylene terephthalate film has been uniaxially drawn below and above the glass transition temperature, T, and the effect
of temperature, strain rate and extent of elongation on the development of crystallinity investigated by differential scanning calorimetry
(DSC). The isothermal crystallization time dependence was analysed using the Avrami equation and the mechanism derived was in good
agreement with the morphology observed by SEM. Nucleation and growth changed with the degree of strain and there was a change from
isotropic spherulites growing uniformly in all directions from randomly oriented nuclei to elliptical spherulites originating from row nuclei
and an increased growth rate. The effect of initial orientation on crystallization rate and its dependence on temperature were quantitatively
described by Ziabicki’s equation.

Changes in molecular orientation on drawing have been measured by polarized FT-IR spectroscopy, based on the ratio of the trans to
gauche conformers of CH, group in glycol segments. A combination of polarized FT-IR spectroscopy and DSC enabled the degree of
orientation in the crystalline and non-crystalline phases to be determined separately. Results indicated that orientation and the strain-induced
crystallization increased with increasing draw ratio and elongation, but decreased with increasing temperature in the range of 75-85°C due to
the relaxation of molecular chains segments. Relaxation of chain segments mainly occurred in non-crystalline region. © 2001 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

Poly(ethylene terephthalate) (PET) is a commercially
important engineering polymer whose physical and
mechanical properties vary widely with degree of crystal-
linity, thermal history and orientation. Amorphous PET is of
limited commercial significance because of its lower
mechanical properties, higher gas permeation rates and
lower dimensional stability and sensitivity to physical
ageing. However, orientation and crystallization can change
the internal morphology of PET and significantly improve
these properties.

PET exhibits strain-induced crystallization at a certain
orientation level [1-3] and detailed studies been undertaken
on the drawing behaviour of PET over the temperature
range 20-80°C [4-5]. It was shown that the increase in
modulus was due to changes in conformation of the
molecular chains, which were extended into the frans
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conformation irrespective of the degree of crystallinity.
However, the deformability of PET was affected by the
level of strain-induced crystallization [6] and the strength
and tensile modulus by the draw ratio. Although there have
been some controversy about the effect of orientation and
crystallization on properties, it have been confirmed that
temperature, strain rate, elongation and molecular weight
are the most important variables, which alter the final
mechanical and physical properties of PET [7-11].
Although, there have been numerous experimental
studies and modelling on strain-induced crystallization of
PET [12-20], most of them have been concerned with the
change in crystallization of oriented amorphous PET on
annealing, or in super-cooled oriented melts but none have
monitored the development of crystallinity during deforma-
tion nor quantitatively described the effect of the degree of
orientation on melt crystallization rates. In previous studies,
strain-induced crystallinity has often been measured from
density measurement [9,10,21,22]. However, the observed
density is not a direct measure of crystallinity but includes a
contribution from the degree of chain orientation within the
amorphous phase on deformation [10]. Density overestimates
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the level of crystallinity of oriented samples [23]. Light
scattering has also been used to characterize spherulite
size and shape while morphological changes [9,14,24] and
structural models have been derived from small- and wide-
angle X-ray diffraction, birefringence studies and aniso-
tropy measured by IR spectroscopy but dissimilar models
have been proposed for the structures present in the same
polymer system, all based on the same information.

Direct examination of the internal structure of the
oriented crystalline polymer sample is necessary to
elucidate morphology, but this has been hampered by the
lack of the suitable techniques for sample preparation.
Although chemical etching is usually employed in preparing
samples for SEM investigation, a suitable chemical regent
and etching conditions are very crucial for a particular
polymer system.

In addition to its use in following changes in the degree of
crystallinity, WAXS has been applied to measuring orienta-
tion of the crystalline phase, and birefringence to measure
the overall orientation of crystalline and amorphous regions
[9,10,25]. It is not possible to measure the degree of orienta-
tion and conformation change of the two independently due
to the large differences in the degree of order between the
two regions and competing effects of molecular orientation,
relaxation and crystallization. Havens et al. [26] found using
multiple pulse dipolar decoupling techniques that three
domains, i.e. crystalline, oriented meso- and amorphous
phases were present in an oriented sample each with very
different chain segment mobilities. On investigating the
drawing behaviour of semicrystalline PET, Dargent [27]
confirmed the coexistence of a completely disordered
amorphous and an ordered mesomorphic phase by compar-
ing DSC, wide-angle X-ray diffraction and birefringence
analysis of the samples. Neither birefringence nor X-ray
diffraction measurements gave any information on the
structural or conformation changes occurring on drawing.
These techniques could only detect the intermediate
non-crystalline phase, which occurs simultaneously with
strain-induced orientation and crystallization [28,29].

Various IR spectroscopic techniques have the ability to
measure the degree of orientation and examine structural
changes associated with the drawing of PET [30,31], but
the complex tilting of the specimen is required to obtain
transmission values in the sample thickness. In addition,
thin film samples (<0.02 mm) are necessary because of
the strong absorption of most molecular bands. Attenuated
total reflection (ATR) has been used to measure surface
orientation of PET [32,33], but differences between surface
and bulk were observed, presumably due to inhomogeneity
on the surface. Another limitation of this analytical techni-
que has been the uncertainty of the contact between the
sample and the high refractive index crystal, which would
reduce the reproducibility of results. There is no sample—
crystal contact problem or thickness limitation with
polarized external specular reflection spectroscopy [34].
However, in order to obtain reproducibility during the

hot-drawing of PET at 80°C, Ajji et al. [29] emphasized
that a correlation between surface and bulk was necessary,
since the physical state of the surface was different from the
bulk when surface irregularities were present. Specular
reflection techniques have been well established to measur-
ing orientation and obtaining structural information for
uniaxially drawn PET [35—-37] and a quantitative correction
for the surface inhomogeneities in the overall orientation
function has been made. Finally, good correlation has
been obtained between modulus, crystallinity and the degree
of orientation.

Difficulties have arisen in understanding the changes that
accompany the drawing of a polymer between the compet-
ing mechanisms of orientation, crystallization and molecu-
lar relaxation and the dependence of these on temperature,
strain and strain rate. Although, there have been several
analyses of molecular chain relaxation in drawn PET
[38—41] in order to get a thorough understanding of the
overall behaviour, a more in-depth investigation is required.
In this study, alternative methods have been used to measure
orientation in the crystalline and non-crystalline phases
separately, the degree of crystallinity and conformation of
molecular chain segments during drawing. The effect of
temperature, strain and strain rate on the development
of crystallinity, molecular orientation, and relaxation have
been extensively explored during the drawing of amorphous
PET film.

2. Experimental

Commercial PET was obtained from ICI. The viscosity
average molecular weight was 16.0 kg mol ' and polydis-
persity 2.2. PET was dried in vacuo at 100°C for 24 h and
then compression moulded at 290°C in a heat press into
plaques that were quenched into ice water. Rectangular
specimens (1 cm in width, 3.2 cm in length, 1.5-2.0 mm
in thickness) were cut directly from these.

Commercial PET film, 13 pm thick, was obtained from
Goodfellows. These were stress relieved by melted between
metal plates and quenched in ice water to produce
amorphous film of thickness 13—-20 pm.

Samples were stretched uniaxially at several different
temperatures, above and below the 7,, on the Minimat
extensometer equipped with an environmental chamber.
Extension rates of 2—10 mm min~' were performed at
preset temperatures. The initial separation between the
two jaws was 1 cm. To avoid shrinkage and freeze orienta-
tion following drawing, samples were held under load and
cooled to room temperature.

The weight fraction crystallinity was determined using a
Perkin—Elmer differential scanning calorimeter, model
DSC-2 at a scan rate of 20 K min~' under nitrogen. High
purity indium (99.999%) was used to calibrate the thermal
response of the calorimeter. The spherulitic texture of the
specimen was examined using a scanning electron
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Fig. 1. DSC traces of PET drawn to A =3 at different temperatures

compared with an undrawn amorphous sample at 20 K min~".

microscope, Model Jeol 5410 and S-4000. Potassium
hydroxide/methanol solution and n-propylamine were used
to etch the surface of the specimens. All specimens were
coated with gold and a silver paint adhesive to make good
electrical contact between the specimens and the metal
sample holder. This was required to reduce charging-up
effects on exposure of the specimens to the electron beam.

FT-IR spectra were measured using a Nicolet Magna-IR
760 ESP spectrophotometer. All spectra were recorded at a
resolution of 4 cm ™ 'and total of 256 scans were accumu-
lated for each and along with background. Polarization of
the IR beam was produced using a zinc selenide wire grid
polarizer from Nicolet Ins. Spectra were recorded with the
plane of polarization both parallel and perpendicular to the
drawn direction. Peak heights were measured by using ‘peak
height tool’ of the ‘Omnic’ software.

3. Results and discussions
3.1. Strain-induced crystallization

It was not possible to follow the development of crystal-
linity during drawing, and so the strain-induced crystalliza-
tion was investigated by monitoring the post-crystallization.
Rectangular PET specimens were drawn to a draw ratio,
A =3.0 using a strain rate of 3.3 X 107 s™" at different
temperatures above and below T, and then quenched to
ambient temperature. The subsequent DSC scans, as well
as that of an amorphous undrawn PET, are all shown in Fig.
1. PET samples drawn below T, exhibited less residual
crystallization on subsequent heating. While those drawn
above T, were largely amorphous. Typically, PET extended
to 200% at 90°C, the subsequent crystallization exotherm
observed in DSC was similar to that of the amorphous,
undrawn PET. Some orientation remained within the speci-
men upon drawing, since the crystallization exotherm
occurred at a lower temperature than in the undrawn sample.

In other words, drawing above T, produced some orientation
but no crystallization, drawing to the same extent below T,
produced some crystallinity represented by the presence of
little or no crystallization exotherm on subsequent heating.
Others [42,43] have observed similar effects and have
assumed that the glass retains on drawing below 7, most
of the molecular orientation while above T, the molecular
segments have sufficient mobility to relax. It have been
found that the half-life for PET crystallization on drawn at
90°C at strain rate 10 s~ ' to A = 4 is of the order of tens of
seconds [44], while the relaxation time of molecular chain
segments at this temperature is of the order of 10> s [45].
Furthermore, if the temperature of drawing is sufficiently
high, i.e. above 90°C and the strain rate is low enough,
ie. <1s™'[42], ‘flowing drawing’ occurs and crystalliza-
tion is not accelerated. Qian et al. [46] have suggested that in
such hot-drawn amorphous PET, the macromolecular chains
are apparently oriented to a large extent in the global sense,
while the local segments have random orientation due to a
much faster relaxation rate of chain segments compared
with global macromolecular chains. Fig. 1 reflects this
trend, in that the crystallization extent with drawing
temperatures at a given strain rate, 3.3X10 s ' A
separated study on cold- and hot-drawing was made.

Cold-drawing was carried out at 60°C at a strain rate of
3.3x107* s~ !, Subsequent DSC traces are shown in Fig. 2.
In contrast with the amorphous undrawn specimens, crystal-
linity developed rapidly at a strain A = 2 such that only a
small amount of residual crystallinity was found on
subsequent heating. No further crystallinity developed
above a strain of 2 and the strain-induced crystallization
was complete within 5 min. Similar investigations have
been made by Nobbs [25], Gilli et al. [47] and Goschel
[48] who reported that chain segments in the frans confor-
mation crystallize below T.

Thin films were hot-drawn at 75°C at strain rates of
33%x107% and 17X 10*s™" to various strains and sub-
sequently heated in the DSC. The exotherms corresponding

04 T T T T T
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Fig. 2. DSC scans at 20 K min~' on PET samples after cold-drawing at
60°C at strain rate 3.3 X 10~ s~ to different draw ratios.
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Fig. 3. DSC scans of PET at 20 K min " after hot-drawing at 75°C at strain
rate 3.3 X 107 s to different ratios.

to the subsequent crystallization of the drawn sample gradu-
ally decreased with increase in draw ratio as can be seen
from Figs. 3 and 4. The development of crystallization
depended on draw ratio, see Fig. 5, in that samples drawn
to A = 2.5 at strain rate 3.3 X 10 > s ' and A = 1.5 at strain
rate 17X 107° s~ were amorphous [49] but crystallinity
developed on stretching beyond these draw ratios. Even
lower strain rates delayed the development of crystallization
but similar levels of crystallization were eventually
achieved. Salem [43] has reported that reducing the strain
rate increased the time available for molecular relaxation to
occur and a higher draw ratio was required to attain a degree
of orientation at which crystallization can occur. These
results are in good agreement with those of Salem’s carried
out at relatively higher temperatures (83—132°C). They also
correlated with Ajji’s results at 80°C on PET [35,37].
Drawing was also carried out at 85°C at a strain rate of
17%x1073 s_l, see Fig. 6, and up to A = 3, the measured
glass transition temperature for drawn PET was constant
at the same value as that of the undrawn sample. Above A =

Relative heat flow
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Fig. 4. DSC scans of PET at 20 K min " after hot-drawing at 75°C at strain
rate 17 X 10~ s to different ratios.
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Fig. 5. The development of crystallinity on drawing at 75°C with different
strain rates.

3, the crystallization exotherm shifted to lower temperatures
and the peak area decreased. The induction time for the
post-crystallization became shorter and the extent of
strain-induced crystallization during prior drawing
increased. However, strain-induced crystallinity developed
very slowly at this temperature, as can be seen from the
development of crystallinity with time at constant tempera-
ture for variously oriented samples. As also can be seen in
Fig. 7, drawing at this temperature produced a slow devel-
opment of crystallinity and at A = 7, only 15% crystallinity
was reached. This was very much less than the degree of
crystallinity that undrawn PET can achieve (about 32%).
This result suggests that the molecular segments have
greater mobility and orientation will be inhibited by relaxa-
tion at temperature above T, especially at low strain rates.
Therefore, increasing temperature shifts the onset of crystal-
lization to higher draw ratio.

In conclusion, the onset of crystallization on drawing
PET depends on the temperature as well as strain rate in
that higher temperatures not only enhance the rate of
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Fig. 6. DSC scans of PET at 20Kmin~' after hot-drawing at

17 x 107% s 'at 85°C to different ratios.
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Fig. 7. Development of crystallinity for PET drawing at 85°C and strain rate
17x107°s™".

molecule relaxation, but also increases the rate of crystal-
lization at the same level of orientation. Thus, when the time
available for molecule relaxation is shorter, at higher strain
rates, orientation induces crystallization. Furthermore, once
crystalline regions are established, segmental relaxation
slows down since the crystallites act as entanglements and
temperature and strain rate effects on strain-induced crystal-
lization become increasing complex.

3.1.1. Strain-induced isothermal crystallization

PET specimens were drawn to different draw ratios at
85°C, and then crystallized isothermally at 117°C. The
crystallization exotherms are shown in Fig. 8. It is evident
that with the increase in draw ratio, the overall crystalliza-
tion shifted to shorter time.

The isothermal crystallization rates were analysed using
the Avrami equation [51,52] relating the fractional crystal-
linity, X, to time, ¢, by a composite rate constant, Z, and the
exponent, n, i.e.

1 — X, = exp(—Z") (1)
-0.924 T T T T y T g T —]
: A=1, o+ A=2
-0.94 4 . =3, « =4 -
- A=5, - A=T
> ‘
S 0964- .
© 1.
2 .
S 098] ™
2
©
T -1.00
4
-1.024 -
: : : —
0 500 1000 1500 2000 2500

Time /s

Fig. 8. PET crystallization at 117°C after drawing at 85°C to different
extents and comparison with undrawn sample.

The values of n is characteristic of the crystallization
mechanism for polymer [53]. n was determined from the
slope of the linear plot of log[—In(1 — X,)] against log ¢,
X, having been determined from the fractional area of the
exotherm from ¢ = 0 to t. In Z was determined by extrapola-
tion of the plot to = 1.

The values of n and Z together with half-life for the
crystallization are listed in Table 1. It is clear that the
Avrami index for amorphous, isotropic PET (A=1) is
2.5 %0.2, consistent with growth and impingement of
spherulites crystals from heterogeneous nuclei. In compar-
ison, the value of n for oriented PET decreased progres-
sively from 2.5 to 1.6 with the increasing draw ratio
consistent with a change in mechanism of crystallization.
The crystallization half-life decreased with draw ratio
indicating that increased draw ratios lead to faster crystal-
lization rates.

To date, there is no completely successful model to
describe strain-induced crystallization kinetics. Empiri-
cally, Ziabicki [54] has shown for the case of uniaxial
deformation, the effect of orientation on crystallization
rate in terms of the half-lives, i.e.

1 1 2 3

hp(f)  tip0) s+ B+ ) @
tin(fy), t1p(0) represent the half-life for strain-induced
crystallization and crystallization that with no orientation,
respectively. f; is the average Herman factor, and A and B
the empirical coefficients. For small degrees of orientations,
the higher terms in the equation can be neglected and

1 1 2

hp(fa)  6p0) exp@fe) ®)
A plot of In[1/t,(f,)] against fa2 was linear over a limited
range of f; values as can be seen from Fig. 9, and deviations
occurred at high orientation and above 5% crystallinity,
presumably due to ignoring the higher terms in the
exponential, i.e. the coefficient B and even higher terms.
But it was also due to the formation of the crystal network
reducing the molecular chain mobility.

The coefficient A describes the sensitivity of crystalliza-
tion rate to the orientation factor, f, and its value increased
almost linearly with increasing temperature, over the
limited range investigated, see Fig. 10. From a thermody-
namic point of view, the free energy of formation of the
critical nuclei for crystal growth rate and nucleation in an
oriented melt incorporates an additional term for the entropy
decrease of the oriented over that of the unoriented melt, i.e.

—AS, = 1/2NR(A* + 2/A — 3) 4)

for uniaxial elongation [53].
The free energy difference between the oriented and
unoriented melt on crystallization is

AG, = —TAS, = 1/2NRT(\* + 2/A — 3) 6))

The linear increase of the sensitivity of the crystallization
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Table 1
Parameters for PET drawn at 85°C and crystallized at 117°C
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Drawn ratio, A

1 2 3 4 5 7
Avrami index, n = 0.1 2.5 2.1 2.0 1.6 1.7 1.5
Rate constant, Z 7.02 38.0 65.3 195 284 389
(x10™* min™")
Half-life, ¢, (min) 15.3 11.9 10.3 8.17 7.37 6.82

half-lives to the orientation factor, f,, with temperature is
consistent with Eq. (5).

3.1.2. Changes in crystalline morphology

Heat treatment of the drawn specimens above T,
produced symmetrical spherulites, while those drawn
below T, produced elliptical spherulites with the long axes
perpendicular to drawing direction, see Fig. 1la and b,
respectively, and are consistent with similar observations
made by others [53,54]. This change in spherulitic texture
also corresponded with a decrease in the value of the
Avrami exponent, n, with degree of orientation. The texture
of material drawn uniaxially at 60°C to A = 3 at a strain rate
of 17x 107 s with a measured crystallinity 29% can be
seen in Fig. 12a. After chemical etching, there are strip-like
structures aligning more and less perpendicular to the draw
direction. For comparison, undrawn amorphous material
crystallized at 140°C, and etched under the same conditions,
see Fig. 12b, does not show this alignment.

Similarly Stein et al. [14], who studied the development
of light scattering patterns on drawing PET at 80°C
observed rod-like superstructure with the rods oriented
perpendicular to the stretching direction existing at low
elongation (40—80%). At higher elongations (115—-175%),
ellipsoidal spherulites with their long axes perpendicular to
the stretching direction appeared. They have considered that

the ellipses grew from oriented rod nuclei normal to the
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Fig. 9. In[1/t,5(f,)] against fa2 at different temperatures.

drawing direction. It would appear that in essence these
rods are the same as the texture observed above. Both
chain-extended [56], and shish-kebabs [57,58] structures
have been postulated.

3.2. Orientation study

Since the development of crystallinity on drawing results
as a compromise between orientation and relaxation and is
affected by temperature, strain rate and the strain. The
degree of orientation of the samples as well molecular
conformation was measured on uniaxially drawing.

For the uniaxially drawn specimens, a single dichroic
ratio was defined as

(6)

where A is the absorbance of the IR band with parallel and
perpendicular crossed polarizers. The dichroic method can
be related quantitatively to certain orientation functions
characteristic of the average orientation of the structure
unit within the polymer sample, e.g. the Herman orientation
function:

(Pu(cos B)) = 2] 2

D-|-2>< @

3cosa — 1

where « is the angle between the transition dipole moment
vector of a particular vibration mode and the chain axis.
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Fig. 10. The temperature dependence of the parameter A.
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15 kV x 2,000

Fig. 11. (a) Spherulites of PET after annealing at 140°C for 0.5 h and KOH
etching. (b) Deformed spherulites of PET formed by drawing to 50% exten-
sion followed by annealing at 140°C for 0.5 h and etching with KOH/
methanol solution.

In the IR absorption spectrum of PET, the following
assignments were adopted: the absorption band at
973 cm~ ! was assigned to be due to the CH, vibration
mode of the trans conformers, for which the angle o =
34° [59], the absorption band at 896 cm ! to CH, vibration
of the gauche conformers [5] but « is unknown. Similarly,
the absorption band at 1340 cm ™' has been assigned to CH,
wagging mode of the glycol segments in the trans confor-
mer [35] and the angle o = 21° [60]. The absorption band at
1337 cm ™! corresponds to CH, wagging modes of the glycol
segments in gauche conformation [61,62] but « is not
known. The 1020 cm ™" absorption band has been attributed
to the in-plane bending of C—H bands of the benzene ring
[60,63,64]. Since the band is not directly related to trans or
gauche conformers, so the orientation of this band is repre-
sentative of the overall orientation, a = 20° [43,46]. The
730 cm ™! absorption band is due to the out-of-plane bend-
ing of the benzene ring C—H band, is representative of the

X
43
A

W

o~

15 kV x 10,000

Fig. 12. (a) Microstructure of PET after drawing at 60°C to 200% elonga-
tion and n-propylamine etching. (b) Microstructure of PET after annealing
at 140°C for 0.5 h and n-propylamine etching.

overall orientation and « = 90° [61,62]. Similarly, the
absorption bands at 749 and 1410cm ™' are associated
with benzene ring vibration.

Although there are numerous IR absorption bands that
exhibit dichroism in PET beside those mentioned, the
bands at 973, 1340 and 1370 cm ™' are strongly dichroic.
Hence, they are usually used to follow changes in orienta-
tion, especially at low draw ratios, since most other peaks
have dichroic ratios too close to unity to be measured
precisely. Additionally, they do not absorb too strongly
and by controlling the thickness to less than 20 pwm, satura-
tion of the absorption bands can be avoided.

From Fig. 13, the changes in the IR spectra with polar-
ization angle can be seen in samples drawn to 200% at strain
rate 3.3 107*s~' at 75°C. On changing the polarization
angle at interval of 30°, maximum and minimum
absorbances were obtained at 0 and 90°, respectively.
Absorption bands, at 973, 896, 1340 and 1337 cm L, in
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Fig. 13. Variations of IR absorbance with polarized light angle relative to
draw direction.

particular, changed their intensity markedly. Following Eq.
(6), the ratio of absorbance at 0 and 90° was used to define
the dichroic ratio, but only at the highest draw ratios, i.e.
A > 5, the absorbances of the bands at 795 and 1410 cm ™'
exhibited any slight change with polarized beam angle.
Based on this, the IR absorption intensities were normalized
to these bands. Two pairs of bands at 973 and 896 cm ' and
1340 and 1337 cm ™' were used to determine the degree of
orientation and conformation changes on drawing from the
Herman orientation function. It is clear from Fig. 14 that the
concentration of the frans conformers, represented by
the bands at 973 and 1340 cm™' were much larger than
those of the gauche conformers, represented by bands 896
and 1337 cm ™', Comparing Fig. 14 with Fig. 5, it can be
seen that crystallization started immediately on drawing.
This is at variance with the conclusions of LeBourvellec
et al. [S0] who observed a time lag between the onset of
orientation and the beginning of crystallization at higher
temperatures where molecular chain relaxations occur
more quickly. Since the orientation of the gauche confor-
mer, represented by the bands at 896 and 1371 cm™' was
small. It contributed little to the overall orientation of the
molecular chains, such that it could be neglected.

It is generally considered that two phases, i.e. crystalline
and amorphous, exist in semicrystalline polymers [65], but
it has been considered that three phases, i.e. crystalline
which is composed entirely of trans conformer, amorphous
containing a mixture of trans and gauche conformers, and a
mesophase which is also composed of trans conformers
only exist in strain-induced crystallized polymers
[42,43,66]. The problem remains, however, in that the spec-
tra of the trans isomer in the crystalline phase, amorphous
phase and mesophase are sufficiently similar as not to be
resolved directly by the presently available experimental
techniques or by theory. Because of the uncertainties of
the mesophase, this study preferred to adopt a two-phase
model of crystalline and non-crystalline phases, the latter
being the summation of the disoriented amorphous phase
and the ordered mesophase. The fraction of crystallinity can

be determined by DSC, as shown in Fig. 5. From the overall
content of trans conformers measured by transmission IR
spectroscopy, the frans content in the crystalline and
non-crystalline phases can be determined separately.

Quantitative analysis of the IR spectrum was based on the
application of the Beer—Lambert law, i.e.

I
A= 10g10<70) = &cl ®)

where A is the absorbance, I, the intensity of the incident
infrared radiation, / the infrared radiation transmitted
through the sample, & the molar absorption coefficient, ¢
the concentration of an absorbing species and / the thickness
of the sample.

Accordingly,
Ag73 = &973¢,] 9
Agogs = E396C,l (10)
Ag9s5 = &795¢0l (11)

where the subscript refers to the wave number of the

Herman orientation function

Draw ratio, A
f973
. ‘f1340
c
K]
B
2o
=]
S
5
5o.
E D1371
I' XDSQG
1 2 3 4 5 8
Draw ratio, A

Fig. 14. Changes in the orientation degree of various absorption bands with
draw ratios: (a) 75°C and strain rate 17 X 107> s7'; (b) 75°C and strain rate
33x107° s\
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absorbance band, ¢, and ¢, the mole concentrations of trans
and gauche conformers, respectively, and ¢, the total molar
concentration of bulk PET.

Ag73 _ 973 (i) — x 513 (12)
Az9s  &795 \ ¢ " &0
A
896 _ £896 (ﬂ) —x, £396 (13)
Aq9s €795 \ Co €795
Assuming
€795 €795
P1= — and Pr= —
€973 €896
then
A A
973 €195 _ X, = ( 973 )P1 (14)
Aq95 €973 Aqos
and
A A
896 €195 _ v _ ( 973 )P2 (15)
A795 €396 Aqgs
Furthermore,
A A
X, +X,=1=p -8 4p,~ 8 (16)
Aqos Aqos
Similarly, assuming
_ f110 and g = £1410
€1340 €1371
then
A A
X, +X,=1=q 1340 & 1371 (17)
Ataro Als10

where A is the absorbance of the band with no orientation
[67], obtained from A = 1/3(A + 2A,). Here A, A, are
absorbances parallel and perpendicular to the drawn
direction for each absorption band, respectively.

'%, 1410 / A0.1371
T T T T T T T T T
7
6 = :p=024,p=15 - x B
:q,=0.50, q,=8.2
&
18
-
&
1%
T T T T T T T T T
0 1 2 3 4 5 6 7 8 9

Ao.on ! Ao, e

Fig. 15. Determination of the parameters p;, p, and ¢, ¢, for PET drawn at
75°C at strain rate 17 X 105",

Egs. (16) and (17) can be modified to

Aq9s Ag73
— =p1— 1t (18)
Agos Agos
and
A A

o _ o Aso (19)
Az Ay

The values of p;, p, and ¢q;, g, depended on the bands used.
The values of the terms

» Aor3 and  py Agos
| 2om3 4896
A79s Azos
and also
Alz40 A
q— and y—
Aj410 Ao

represented the trans and gauche conformer concentration,
respectively. At 75°C and a strain rate of 17 X 10~ s, the
values of py, p, and ¢, g, for each pair of bands are shown in
Fig. 15. Similar analysis was carried out on samples drawn
under different conditions of temperature and strain rate and
for each pair of bands p,, p, and ¢, g, separately determined
from this the fraction of each isomer was calculated, see
Figs. 16 and 17. Clearly, there was an equilibrium distribu-
tion of trans and gauche conformers in the initial amor-
phous PET (A = 1) and the fraction of frans conformers
was 0.10 = 0.01, although different pairs of bands were
used. The results were similar and consistent with the litera-
ture values measured by IR specular reflection technique
[63].

Usually, an overall orientation, averaged over both amor-
phous and crystalline phases, can be determined directly
from optical birefringence measurements [5,60]. In princi-
ple, certain infrared bands, such as 1020 and 730 cm™! can
also be used to determine the overall orientation. Unfortu-
nately, both of these bands are too strongly absorbing and

gauche conformers

Isomer fraction

trans conformers

T T T T T T T T T 1
10 15 20 25 30 35 40 45 50 55 60 65 7.0
Drawratio, A

Fig. 16. Changes of the isomer fraction with draw ratio for PET drawing at
75°C (calculation based on bands at 973, 896 and 795 cm ).
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gauche conformer

Isomer fraction

trans conformer

LN DL DL DN BN DL DL DL DA LA DR L |
10 15 20 25 30 25 40 45 50 55 60 65 7.0
Draw ratio, A

Fig. 17. Changes of the isomer fraction with draw ratio for PET drawing at
75°C (calculation based on bands at 1340, 1371 and 1410 cm ™).

are easily saturated even at low draw ratio. Alternatively,
the overall orientation can be calculated from [34,36]

f overall — ﬁranthrans + f gauchex gauche (20)
or,
foverall = fcrystXcryst + fnon—crystXnon-cryst (21 )

where f denotes the orientation function and X the weight
fraction of the phase being considered. In this way, the
overall orientation and the contribution of the crystalline
and non-crystalline phases to the overall orientation can
be separated, as shown in Figs. 18 and 19. In addition, the
fraction of frans conformers in the crystalline and non-
crystalline phases could be measured, as shown in Fig. 20.
Similar results were obtained using the different absorption
bands to an error of 3%, suggesting that the transmission IR
technique using a polarizer was precise for characterizing
polymer orientation.

It can be seen in Fig. 20 that in the PET film stretched at
75°C at a strain rate of 17 X 107° s_l, the trans conformers

0.6

0.5

overall
e o
w £

Contribution to f
=3
N

0.1

0.0

. . 1 . . .
1 2 3 4 5 6

Draw ratio, A

Fig. 18. The orientation contribution of the crystalline and non-crystalline
phases to the overall orientation for PET film drawn at 75°C and strain rate
17x1073s7! (calculation based on bands at 973, 896 and 795 cmfl).

0.6
0.5 4 s :overall

e : crystalline phase

* : non-crystalline phase
0.4 4

owerall

o
w
1

Contribution to f
o
N

1 2 3 4 5 6
Draw ratio, A

Fig. 19. The orientation contribution of the crystalline and non-crystalline
phases to the overall orientation for PET film drawn at 75°C and strain rate
17x1073s7! (calculation based on bands at 1340, 1371 and 1410 cm ™).

in the amorphous phase disappeared first by the production of
crystallinity regions, as indicated by the overall decrease of the
fraction of trans conformers in the non-crystalline phase. With
increasing draw ratio, more and more of the gauche confor-
mers convert to frans, part of which is in that crystalline and
part in the non-crystalline phase. The crystallinity develops
rapidly between A of 2—4 and approaches saturation at A = 4.
Beyond A = 4, the trans content of the non-crystalline phase
increases continuously with the content of frans conformers in
the crystalline phase constant with further drawing.
Similarly, on uniaxially drawing at the strain rate of
3.3%x107° sfl, the orientation contribution of the crystalline
and non-crystalline phases to the overall orientation of PET
was obtained, as shown in Fig. 21. In addition, the frans
contents in crystalline and non-crystalline phases are shown
in Fig. 22. Compared with Fig. 20, it can be seen that the
strain rate had no obvious effect on the orientation of the
non-crystalline phase initially up to A = 4, no matter which
strain rate was used, ie. 17X 107 or 33x10%s7 L,

¥
1 © :fromDSC

30~ = :ir.basedonbandsat973cm’
O :ir. based on bands at 1340 cny

crystalline phase

N
33
1

Trans content ( % )
o
1

Draw ratio, A

Fig. 20. Distribution of trans conformers in crystalline and non-crystalline
phases of PET drawn at 75°C and strain rate 17 X 107> s ™",
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| e : cystalline phase
_ * :non-crystalline phase
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Draw ratio, A

Fig. 21. Orientation contribution of the crystalline and non-crystalline
phases to the overall orientation for PET film drawn at 75°C and strain
rate 3.3 X 1073 s 7! (calculation based on bands at 973, 896 and 795 cm ™ Y).

Beyond A = 4 and drawing at 17X 10 s ™' led to a rapid
increase in the trans contents of the non-crystalline phase,
possibly due to the development of a mesophase with
increasing draw ratio. Whereas, drawing at a strain rate of
3.3% 107 s~ ! gave no obvious change in the frans contents
of the non-crystalline up to A = 6. While the frans contents
in the crystalline phase appeared to increase sigmoidally
with the increasing draw ratio, it eventually reached satura-
tion, as did drawing at 17 X 107 s ! but at a slower rate, as
previously shown in Fig. 5. This implies that drawing at this
strain rate gave sufficient time for the oriented molecular
chain segments in non-crystalline phase to relax almost
completely, only part of the oriented molecular chain
segments became stabilized on attaining crystal structures.

3.3. Relaxation of orientation

Initial investigations on relaxation were carried out by

35—
30 o :fron DSC
8 :ir.based on bandsat973cm’ crystalline phase
] a :ir based on bands a 1340cmi’
25

Trans content (% )
2

non-crystalline
b —

5 =]

non-crystalline
0
5 T T T T T T T ¥ T ¥ T T 1

1 2 3 4 5 6 7
Draw ratio, A

Fig. 22. Distribution of trans conformers in crystalline and non-crystalline
phases of PET drawn at 75°C, strain rate 3.3 X 1073s7h

annealing at 75°C sample drawn at 17X 10 s~ to A =
2.5. On annealing, the absorbances of the bands at 896,
973, 1340 and 1371 cm™! changed, see Fig. 23. After
5 min, the orientation function for the bands at 973 cm ™'
reduced from 0.12 (without annealing) to 0.10, and
1340 cm ™! from 0.11 to 0.10. It would appear that orienta-
tion was reduced by stress relaxation.

4. Conclusions

Our studies have focused on the effects of three main
parameters, i.e. elongation, strain rate and temperature on
orientation, relaxation and crystallization in PET. It was
found that:

1. At the same temperature, the strain-induced crystalliza-
tion rate is much faster than thermally induced one and
uniaxially drawing results in crystallization below T,
which never happens in the absence of stress. This has
been attributed to the entropy of extension, which lowers
the free energies for nucleation and crystal growth and
hence increases the driving force for crystallization.
Avrami analysis indicates thermally induced crystalliza-
tion and strain-induced crystallization have different
nucleation and growth mechanisms, which is in consis-
tent with the morphology change from spherulites to
ellipsoids, finally with increasing orientation degree to
that of extended chain crystals, and ‘shish-kebab’

1.0 T T T T T T T
(a): un-annealed
p—
08 fF a0°
Q
2 o6
g
3 0.4
0.2
0.0 B . L 1 L I .
800 900 1000 1100 1200 1300 1400
Wavenumber / cm™
1.0 T T T 3's T T
(b): annealed for 5 min. ;
: 0°
0.8 -
------- 90°
§ 06|
E]
=
g 0.4 -
0.2
0.0 & ! 1 1 1 i L '
800 900 1000 1100 1200 1300 1400

Wavenumber/cm”

Fig. 23. Polarizability function spectra from PET film drawn at 75°C and
strain rate 17 X 107° s~ !(without and with further annealing).
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structure with row nucleation of folded crystals. The
effect of initial orientation on crystallization kinetics
can be approximately described by Ziabicki empirical
equation.

2. Increasing elongation invariably leads to increased levels
of orientation and crystallinity. When uniaxially drawing
starts, molecular chain segments begin to align in the
drawing direction. Firstly, orientation happens and with
the increase of orientation, the mobility of molecular
chains progressively increase. Further increasing elonga-
tion gives rise to three competing processes, i.e. the
orientation degree in the non-crystalline region continues
to increase, possibly due to the development of ‘meso-
phase’; the oriented molecular chain segments develop
into crystalline regions and the orientated molecular
chain segments relax due to the increased mobility.
However, once crystals form, the mobility of molecular
chain and segments in the non-crystalline region begins
to decrease as crystals can act as cross-links for the non-
crystalline matrix and hinder the relaxation of chain
segments. Slight crystallinity reduces the relaxation rate
of molecular chain segments markedly.

3. Strain rate affects the orientation and the relaxation
significantly, especially in hot-drawing in that higher
strain rate enables less time for the relaxation of
molecular chain segments, thus promotes orientation
and crystallization. Lower strain rate supplies more
time for the relaxation of molecular chain segments.
Although at higher temperature (e.g. >90°C) and
relatively lower strain rate (e.g. <l s_l), when the
whole molecular chains of PET exhibit great elongation,
the orientation degree of chain segments keeps very low
because the relaxation of chain segments proceed more
quickly than the whole molecular chains.

4. At a given strain rate and elongation, the increase of
temperature causes a decrease in the degree of orientation
and crystallinity. This suggests that increasing tempera-
ture reduces the effectiveness of stress in orienting the
chain and increasing the developing the crystallization,
as it increases the relaxation rate of molecular chain
segments by increasing the mobility of chain segments.
Essentially, the onset and development of crystallinity
for drawing under a given condition and the final orienta-
tion degree attained in a sample depend on the relative
rates of relaxation time of molecular chain segments and
crystallization half time.
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