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Abstract

This work concerns the changes in structural order, which occur when amorphous polyethylene terephthalate (PET) is crystallised by
drawing and then subsequent annealing. Real time wide angle X-ray fibre diffraction is used to obtain information about the microstructural
changes taking place during drawing and subsequent annealing. The diffraction patterns obtained proved the existence of a liquid crystalline
transient mesophase prior to crystallisation. The development of both the mesophase and the crystalline structure are also studied using
small angle X-ray scattering during annealing of uniaxially drawn samples held at constant strain. These experiments proved the absence
of any microstructure associated with the mesophase and that significant microstructural changes take place only when crystallisation starts

to occur.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Uniaxially deformed fibres and films of PET produced
under normal processing conditions contain three-dimensional
ordered crystalline phase in which the polymer chain axis is
closely aligned with the principal deformation axis. Bonart
[1,2] was the first to report the occurrence of paracrystalline
structure. He observed that the structure of PET varied during
the drawing treatment from a totally amorphous to a nematic
and finally a smectic state. Comparatively recently, Keller
underlined the thermodynamic grounds for mesophases being
favoured in an intermediate step in the crystallisation of poly-
mers [3]. In unoriented PET, Imai et al. [4] have presented
evidence from SAXS that density fluctuations develop via
a spinodal process. They interpreted these as being precursors
to the crystal nucleation process. In a series of papers Welsh
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et al. [5,6] announced the observation of a liquid crystalline
transient smectic mesophase in drawn quenched samples and
during drawing of PET, PEN and their copolymers. Asano
et al. [7,8] reported that during annealing of oriented amor-
phous PET an initial nematic type order is transformed into
a smectic order before triclinic crystals are formed. Mahendra-
sigam et al. [9,10] studied the effect of draw ratio on strain in-
duced crystallisation of PET at fast draw rates and have also
recently reported diffraction evidence of mesophase diffrac-
tion in PET while being rapidly deformed. Blundell et al.
[11] described the development and decay of the mesophase
during drawing of the 50% PET/PEN copolymer. Jackeways
et al. [12] and Carr et al. [13] also reported the presence of
the mesophase in PEN fibres. Also some authors attempted
to model the structure of the PET mesophase. Auriemma
et al. [14,15] through a series of experimental and modelling
studies, concluded that a model of isolated chains could qual-
itatively account for the observed mesophase pattern with
monomer units in random minimum energy conformations.
Nicholson et al. [16] found that the energy minima for the
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CO—0O—C—C dihedral angles in PET are close to 80°. They
also suggested that there are two stable conformations of
PET and that one of them might be responsible for the appear-
ance of the mesophase reflection.

In the study by Welsh et al. [5,6] WAXS and SAXS diffrac-
tion patterns were reported for a series of crystalline PET/PEN
random copolymers. However, in all the previous reports no
detailed SAXS/WAXS studies have been performed to account
for the presence of microstructure associated with the appear-
ance of the mesophase. A series of WAXS and SAXS experi-
ments performed under exactly the same conditions will be
used to shed more light on the development of microstructure
during annealing of oriented PET samples.

2. Experimental
2.1. Sample preparation

Amorphous PET films of 500 pm initial thickness were
used. The intrinsic viscosity of PET was 0.9, as given by the
supplier, ICI. The molecular weight of the polymer was found
to be about 82,000 g/mol, which was calculated using Kuhn—
Mark—Houwink equation [17]:

[n] = kM (1)

The constants for PET are o = 0.695 and k = 5.2 x 10~* ml/g
[18].

Fig. 1. X-ray fibre diffraction patterns of PET taken at different temperatures, as indicated in the figure. The sample was drawn at 40 °C to a draw ratio of
approximately 3.5 and at a draw rate of about 0.037 mm s~ It was continuously heated to 90 °C, held at 90 °C for approximately 8 min and then continuously
heated again to 120 °C. The arrows indicate the mesophase reflection at its maximum intensity at 83 °C.
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2.2. WAXS and SAXS analysis

The WAXS diffraction experiments were performed at the
European Synchrotron Radiation Facility (ESRF), Grenoble,
France, using beam line ID1 (wavelength of the X-ray beam
is 1 A). The SAXS experiments were performed in the syn-
chrotron radiation source (SRS), Daresbury, UK using beam
line 16.1 (wavelength of the X-ray beam is 1.41 A). Detailed
information on both beam lines can be found in www.esrf.fr
and www.srs.ac.uk, respectively. The experiments used a
purpose-designed X-ray diffraction camera constructed at the
University of Keele [19].

Rectangular samples, 10 mm wide, were clamped inside the
camera at 40 °C and drawn at approximately 0.037 mm/min to
a draw ratio of 3.6. The sample was then heated gradually
to 130°C. The WAXS diffraction patterns were obtained
during the heating process. A single frame of resolution
768 x 576 pixels was taken using a Photonics Science CCD
detector, with a sensitive area 92 mm x 69 mm and effective
pixel area of 120 pm x 120 um. The sample to detector distance
was as small as 6 cm. At this sample to detector distance, a
d-spacing between ~ 15 A and ~1.5 A can be recorded. Each
diffraction pattern was recorded with an exposure time of 10 s
once the sample reached the set point. After each diffraction pat-
tern has been taken the sample was left to equilibrate at this tem-
perature for 120 s, then another diffraction pattern was recorded.
The sample to detector distance was calibrated using silicon
powder that gives a sharp 100 ring at a d-value of 3.135 A.

SAXS diffraction patterns were obtained using a rapid
detector at a resolution of 512 x 512 pixels. Each SAXS frame
was collected for 180 s. A sample to detector distance of about
3.5m was used, allowing a ¢ range from 0.093 nm~' to
1.16 nm ™! (674—54 A) to be accessed. The data was cali-
brated using wet rat tail collagen.

Data was corrected for air scatter by subtracting an empty
camera data file, taken under the same conditions, from the
experimental data. A simple manual method was used to deter-
mine the local draw ratio, which was done by measuring the
separation of marker lines on either side of the point on the
sample on which the X-ray beam impinges. Manual measure-
ments of the draw ratio for each data frame were taken from
a video camera, which also serves as a record of the general
behaviour of the sample during the draw.

3. Results
3.1. WAXS

Amorphous PET samples were drawn at approximately
0.037 mm/s to a draw ratio of 3.6 at 40 °C. The sample was
then removed from the tensile machine and divided into two
parts vertically in the direction of the draw. One strand was
then returned to the tensile machine and re-clamped under
stress. It was then gradually heated from room temperature
to 90 °C, held at this temperature for approximately 8 min
and then heated to 130 °C. One WAXS diffraction pattern
was taken every 5 °C for 10s.

Fig. 1 shows the two-dimensional diffraction patterns of
PET sample drawn at 40 °C. It is clear that uniaxially drawing
the sample at this temperature leads to the formation of an ori-
ented amorphous structure. The main equatorial feature of the
pattern at this temperature is a diffuse peak within the amor-
phous halo at about 4.17 A. The pattern also shows a sharp
meridional reflection at 10.42 A and broader high angle merid-
ional reflections at 5.57 A, 3.54 A and 2.08 A. By increasing
the temperature gradually the intensity of the low angle merid-
ional reflection, mesophase reflection, increases gradually till
it reaches a maximum intensity at 83 °C. At this temperature
the equatorial reflections are still diffuse and do not show
any signs of splitting due to crystallinity. When the tempera-
ture reaches 90 °C the intensity of the low angle meridional re-
flection starts to decrease while the equatorial reflections start
to split indicating that the sample is starting to crystallise. The
gradual increase of temperature leads to the gradual decrease
in the intensity of the mesophase reflection and the formation
of well-defined sharp equatorial peaks. This can be seen more
clearly in Fig. 2, which shows meridional and equatorial scans
taken at each temperature as shown in Fig. 1.
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Fig. 2. (a) Meridional and (b) equatorial scans of the two dimensinal diffrac-
tion patterns shown in Fig. 1, showing the mesophase development and the
onset of crystallinity at 83 °C. The arrow in figure (a) points at the maximum
mesophase intensity and in figure (b) shows the first beginning of
crystallisation.
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The sample was held at 90 °C for about 8 min; during that
time a diffraction pattern was taken every minute. It is clear
from Figs. 3 and 4 that holding the sample at this temperature
also leads to a gradual decrease in intensity of the mesophase
reflection with the development of the crystalline equatorial
peaks. The amount of the mesophase and crystalline com-
ponent are actually related to the integrated area under the
reflection, but because the Gaussian half-width of the reflec-
tions underwent very little change during the course of the
experiment, a semi-quantitative study can be completed by
simply considering the peak intensities. This approach has
also been proved successful in previous studies on PET [20].

Fig. 5 shows the development of the mesophase meridional
reflection and the 010 reflection (as an estimate of crystallin-
ity) intensities as a function of both temperature and time. It
is clear from Fig. 5a that the amount of the intensity of the
mesophase reflection reaches maximum at 83 °C, after this
temperature intensity decreases again and crystalline peaks
start to appear. It is also clear from Fig. 5b that at 90 °C the
crystallinity increases with time while the mesophase shows
an opposite behaviour.

The increase of order with the development of the interme-
diate smectic-A structure prior to the formation of the triclinic

crystals has also been monitored by measuring P, as described
by Lovell and Mitchel [21]. Azimuthal scans were taken at ap-
proximately 3.54 A, which corresponds to a maximum in the
equatorial scan [10,11]. The development of P, with respect
to temperature and time is shown in Fig. 6. Fig. 6a clearly
shows the increase in the value of P, with temperature, reach-
ing a maximum at 66 °C and then it starts to decrease gradu-
ally from 83 °C until 120 °C.

On the other hand when P, is monitored as a function of
time as the sample is annealed at constant temperature as
shown in Fig. 6b it is clear that the value of the orientation
parameter is nearly constant and does not change with time.
It only decreases slightly with prolonged annealing at that
temperature. The behaviour of P, with temperature and time
is discussed in more detail below. The percentage crystallinity
attained at the end of this experiment has been measured as
described by Blundell [22], and was found to be 28.6%.

3.2. SAXS
A rectangular PET sample having an intrinsic viscosity

(IV) of 0.9 was drawn as explained above. The sample was
kept under constant strain with its ends fixed to prevent

Fig. 3. X-ray fibre diffraction patterns of PET held at 90 °C for about 8 min. Diffraction patterns are taken at 60 s intervals as indicated in the figure.
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Fig. 4. (a) Meridional and (b) equatorial scans taken in the two-dimensional
diffraction patterns represented in Fig. 3. This figure shows the gradual
decrease in intensity of the mesophase reflection and the gradual splitting of
the equatorial peaks in PET.

thermal shrinkage and SAXS patterns were taken at different
temperatures as shown in Fig. 7. It is clear from the figure
that before drawing there are no significant features in these
SAXS patterns, and this is an indication of the uniform elec-
tron density in the unoriented amorphous PET films. After
drawing the scattering around the beam stop is changed
from the circular to elliptical (oval or lemon) shape, with the
minor axis of the ellipse parallel to the tensile axis. This indi-
cates scattering from long thin structures, in this case the poly-
mer chains, aligned approximately parallel to the draw
direction. This is characteristic of small angle fibre diffraction,
which has been observed earlier for PET [6] and is a well-
known feature of fibre diffraction observed for various poly-
mer systems [23,24]. The SAXS patterns remained unchanged
until the temperature reached 90 °C, where a faint four point
diffraction pattern could be observed. The intensity of the
four point pattern increased gradually with increasing temper-
ature. This indicates the gradual increase in the lateral and
longitudinal packing of the crystals. This can also be observed
in the WAXS diffraction patterns obtained between 80 °C
and 120 °C.
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Fig. 5. (a) Represents the development of the mesophase reflection and crys-
tallinity as a function of temperature and (b) the development of the meso-
phase and crystallinity as a function of time for the same PET sample kept
at 90 °C for about 8 min.

When the temperature reached 110 °C the sample was kept
at this temperature for about an hour to observe any changes
that might take place at a temperature above the T, of PET.
At this temperature it is clear that the shape of the scattering
intensity changed from a four point pattern to two broad me-
ridional peaks forming a two bar pattern where some of the
intensity is concentrated away from the edge of the bars, i.e.
concentrated on the meridian. When the temperature reached
130 °C the two bar pattern changed to a mwo point pattern,
and by increasing the temperature further the two point pattern
moved towards lower ¢ values.

The main characteristics of two-dimensional SAXS pat-
terns were discussed in the literature [25] and specific interest
was given to the interpretation of the SAXS patterns obtained
for oriented crystalline PET before [8,26]. Two bar and four
point patterns are characteristic of scattering from a periodic
arrangement of high and low electron density regions i.e. crys-
talline and amorphous regions, respectively, in this case, along
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Fig. 6. (a) The development of order in PET sample as a function of tem-
perature and (b) as a function of time for the same sample kept at 90 °C for
approximately 8 min. The order is represented here by the order parameter
value P, as explained in the text.

the length of fibrils oriented parallel to the fibre axis as shown
in Fig. 8a. The lateral width of the bars varies inversely with
the width of the scattering units. Four point patterns can
result from a system in which amorphous and crystalline
regions alternate laterally as well as axially forming a
macro-lattice, Fig. 8b, or from one in which boundaries be-
tween the crystalline and the amorphous regions are sloping,
Fig. 8c [27,28].

Fu et al. [29,30] investigated the possibility that four point
patterns from PET fibres arise from the tilt of the c-axis
from the fibre axis causing the crystalline surface to be
inclined to the fibre direction. This idea was rejected as
a much larger tilt than the two or so degrees by which PET
unit cells tilt from the fibre axis would be needed to account
for the observed lateral separation of the peaks in the four
point patterns. Rule et al. [26] successfully modelled two
bar SAXS patterns as quite disordered macro-lattices, made
up of fibrils consisting of fairly periodic arrangements of crys-
tallites, separated by amorphous regions. A frequent problem

with the interpretation of SAXS is that many different possible
arrangements of amorphous and crystalline material may give
rise to similar SAXS patterns.

The data obtained in Fig. 7 shows that there is no signifi-
cant SAXS scattering associated with the appearance of the
mesophase. In the previous section it was clear that the smec-
tic-A mesophase in PET appears at the end of the draw. These
samples were drawn under the same conditions as explained
here. The amount of the mesophase was seen to increase grad-
ually with increasing temperature, reaching a maximum at
75 °C and then decreases gradually, where triclinic crystals
start to appear at 80 °C. The four point pattern was only obvi-
ous at 85 °C, i.e. after crystallisation started and there was no
evidence for any significant scattering at lower temperatures.
This is consistent with results obtained earlier [6,8] where
significant SAXS patterns were reported only for oriented
annealed PET.

By integrating the two-dimensional SAXS patterns, a sig-
nificant peak can only be seen at temperatures in excess of
or equal to 110 °C, Fig. 9. The long period (LP) has been
obtained at different temperatures from the SAXS patterns
by measuring the distance between the peaks on either sides
of the equator and applying Bragg’s law to half this distance.
Fig. 10 shows the variation of the long period, represented as
21/LP, with temperature. The value of the LP varies signi-
ficantly at different temperatures from 0.57 nm ! (110 A) at
110 °C down to 0.6 nm ™! (104 A) at 150 °C and then increas-
ing again to 0.54 nm™' (115 A) at 230 °C.

It would be inappropriate here to consider the change in the
LP as a general trend because the sample was annealed at
110 °C for about an hour. This might change the arrangement
or the alternation of the amorphous and crystalline regions
causing the observed variation in the LP.

To judge more accurately the effect of annealing on the LP,
another PET sample was drawn under exactly the same condi-
tions. Fig. 11 shows selected two-dimensional SAXS images
taken at different temperatures. Again the fibre streaking is
very obvious for the sample drawn at 40 °C. A very faint
four point pattern only appears at 80 °C, the intensity of the
four point pattern then increases gradually with increasing
temperature up to 230 °C where the four point pattern is trans-
formed into a two bar pattern with the intensity still concen-
trated at the edges of the bars.

It is clear from Fig. 12 that a distinct long period does not
appear except at temperatures in excess of or equal to 120 °C.
The long period increases gradually with increasing tem-
perature from 0.79 nm~ ' (~79 A) at 120 °C to 0.52 nm™"
(~121 A) at 230 °C as shown in Fig. 13. The increase in
LP with increasing temperature can be associated with the
relaxation of the polymer chains that takes place at higher
temperatures. This relaxation would also lead to a more or-
dered arrangement of the crystalline and amorphous regions
with greater orientation in the direction of the draw. This
might cause the change of the four point pattern to a two
bar pattern at higher temperatures.

The observations made in these two experiments on PET
contradict the suggestions made by Asano et al. [8], on
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Fig. 7. Two-dimensional diffraction patterns of PET, 0.9 IV, taken at different temperatures as indicated in the figure. The sample has been drawn at room tem-
perature to a draw ratio of approximately 3.5 and then heated gradually till 200 °C. The diffraction pattern at room temperature (RT) is undrawn and that at 40 °C is

already drawn.

samples drawn under approximately the same conditions,
that a two bar SAXS pattern (with maximum intensity con-
centrated at the centre of the bars rather than the edges) is
associated with the appearance of the mesophase. However,
they did not report any SAXS results that confirm this sugges-
tion. They only reported a reflection starting to appear near
the beam stop in a MAXS (middle angle X-ray scattering)
experiment at 70 °C that they interpreted as the start of
appearance of a layered structure prior to crystallisation. But
it must be stated here that these experiments were not

performed in real time and the samples were quenched drawn
to a draw ratio of 3.8, annealed at each desired temperature for
10*s and then the diffraction pattern of each sample was
collected.

However, these experiments still confirm the observation of
Asano et al. [8] that the four point pattern only appears when
the triclinic crystals are observed in the WAXS experiments.
The results for PET, so far, show that the four point pattern
is transformed into a two bar pattern and then a two point
pattern which will be discussed below.
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Fig. 8. (a) Schematic diagram of a polymer fibril in which amorphous (white)
and crystalline (grey) regions alternate with a fairly regular long period (LP);
(b) and (c) possible arrangements of crystalline and amorphous regions which
could give rise to a four point pattern. The lamellar thicknesses in this figure
and in Fig. 14 are not drawn to scale and are not to be compared with each
other.

4. Discussion
4.1. WAXS

The results so far indicate the presence of an intermediate
liquid crystalline phase acting as a precursor to crystallisation.
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Fig. 9. One-dimensional diffraction profiles of PET, 0.9 IV, obtained by
integrating two-dimensional diffraction patterns shown in Fig. 7.
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Fig. 10. The change in long period (LP), with increasing temperature for PET
(0.9 IV) as obtained from Fig. 9.

The structural arrangement of the mesophase can be described
as a smectic-A. We suggest that the step at which the meso-
phase is formed is the crystallisation-determining step that de-
termines the degree of crystallinity at the end of the annealing
or the drawing experiment. In fact only these ordered “seg-
ments” or ‘“‘chains” present in the intermediate smectic-A
mesophase are those responsible for forming the crystals.

The amount of the mesophase formed also determines
the degree of orientation in the material. During crystallisa-
tion the amount of the mesophase degrades, transforming
into crystals without it losing its orientation. This transfor-
mation helps to relieve the stress exerted on the amorphous
regions by inducing tilt in PET [6]. This transformation also
causes the reduction of the amount of the oriented com-
ponent (mesophase) rather than the fall in the degree of
orientation of the component [11]. These results come in
good agreements with experiments done on PET during
drawing [31—33].

4.2. SAXS

Firstly, it is quite obvious that except for the fibre streaking
there is no feature that can be observed in SAXS patterns that
signifies the appearance of the mesophase as detected by the
WAXS discussed above. The fibre streaking has also been
observed earlier in PET fibres [34,35]. Secondly, only after
crystallisation starts and at temperatures greater than or equal
to T, of the polymer a significant four point pattern can be
detected. Thirdly, by increasing temperature this four point
pattern changes to a two bar pattern and then to a two point
pattern.

This change in the SAXS pattern can be explained accord-
ing to Rule et al. [26] and Rober et al. [36]. A schematic rep-
resentation of what might be going on during the process of
crystallisation is shown in Fig. 14. This suggests that no
SAXS pattern is observed prior to crystallisation i.e. only
when crystallites start to appear and are big enough to cause
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40 °C (undrawn) 40 °C (drawn) 60°C

80 °C 100 °C 120 °C

Fig. 11. Two-dimensional diffraction patterns of PET, 0.9 1V, taken at different temperatures as indicated in the figure. The sample has been drawn at 40 °C to
a draw ratio of approximately 3.5 and then heated gradually till 230 °C. The first diffraction pattern is taken at 40 °C for an undrawn sample and the second
one taken at the same temperature for a drawn sample.
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Fig. 12. One-dimensional diffraction profiles of PET, 0.9 IV, obtained by inte- Fig. 13. The change in long period (LP), with increasing temperature for PET
grating two-dimensional diffraction patterns shown in Fig. 11. (0.9 1IV) as obtained from Fig. 12.
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Fig. 14. A schematic representation of the transition between a four point pattern (A) to a two bar pattern (B) to a two point pattern (C) together with the changes
in the typical orientation of the polymer structures. The lamellar thicknesses in this figure and in Fig. 8 are not drawn to scale and are not to be compared with

each other.

an electron density change detectable by SAXS. During heat-
ing the crystals might tend to align readily in the direction
of the draw leading to the transformation from a four point
SAXS pattern to a two bar one. Further increase in tem-
perature would lead to the merging of the crystallites to
form large aggregates as shown in Fig. 14C and the two
bar SAXS pattern is transformed into a two point one. The
increase in size and the merging of the crystallites together
increases the intensity of the observed small angle diffraction
pattern. A similar correlation between WAXS and SAXS
diffraction patterns has also been discussed on PET samples
during drawing [37—39].

5. Conclusions

The results obtained herein indicate that there is a uniform
global change taking place over the entire sample during the
transition between the oriented amorphous and the oriented
crystalline states. The WAXS results discussed here indicate
the presence of an intermediate liquid crystalline phase prior
to crystallisation. The mesophase is classified as having
a smectic-A type order. We also suggest that the formation
of the mesophase is the crystallisation determining step based
on the results presented in this paper. This suggestion is also
supported by the behaviour of 50% PET/PEN random copoly-
mer and presented elsewhere [40]. These results show that the
unoriented polymer, where the ordered smectic-A mesophase
is not existent, does not crystallise at all upon annealing. It
is suggested that a specific experiment is to be designed to
monitor the actual fraction of the sample that is transforming
to the mesophase and then to the triclinic crystals.

The WAXS experiment did not immediately provide direct
evidence of global microstructural changes taking place during
annealing in order to determine the microstructural conse-
quences of the formation of the mesophase. However, the
SAXS from the mesophase while suggesting the presence of
fibrillar arrangement of polymer chains in the direction of
the draw, represented by the initial fibre streaking, gives no
evidence of density variation which would indicate the pres-
ence of any significant microstructure. On the other hand

once crystallisation commences on annealing above the glass
transition temperature, the SAXS shows very clear evidence
of the microstructure, which then develops.
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