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1. Introduction. Recently, several research groups
have investigated the role of the mesophase in crystal-
lization of oriented poly(ethylene terephthalate) (PET).
For example, Windle and co-workers studied the forma-
tion of a transient smectic phase in the fiber of random
PET and PEN (polyethylene naphthalene-2,6-dicarboxy-
late) copolymers.! Blundell and co-workers investigated
the in situ structural development of PET films during
fast-drawing using synchrotron X-ray techniques.? Asano
and co-workers reported the appearance of a mesophase
during isothermal annealing of cold drawn PET.3 Hsiao
and co-workers studied the deformation and subsequent
crystallization of amorphous PET film during stretching
below the glass transition temperature (Tg) also using
synchrotron X-rays.* All these groups reported that the
deformation-induced mesomorphic structure in PET is
a precursor for crystallization. These findings are
somewhat consistent with the recent hypothesis pro-
posed by Strobl.> He proposed that the initial step in
crystallization is the creation of a mesomorphic layer
that spontaneously thickens to a critical value, where
it solidifies through a cooperative structural transition.
The transition produces a granular crystalline layer,
which transforms in the last step into homogeneous
lamellar crystallites. However, we believe that the
detailed mechanism in orientation-induced crystalliza-
tion of PET may be different from the Strobl’s model.
The current study (deformation above Tg) was carried
out as a continuing effort to understand this difference
and the exact role of the mesophase in the crystalliza-
tion of oriented PET.

Deformation studies of amorphous PET above its Ty
are relatively rare because of the experimental difficul-
ties at high temperatures.»267 The typical study dealing
with this subject was usually carried out in two steps
(we termed this step-quenching process): (1) deforma-
tion at high temperatures and (2) subsequent quenching
to preserve the structure in the deformed sample for
characterization. Using this technique, Salem studied
the relationship between the structure formation and
the property development in PET and proposed a two-
stage mechanism: (1) the initial stage involves the
development of stress increase and fast crystallization;
(2) the second stage involves a dramatic increase of
stress (strain-hardening) and moderate crystallinity
increase.® Gorlier et al. also investigated the deforma-
tion process of PET above Ty using a similar technique,
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but they classified the relationships between the struc-
tural formation and the property development in three
stages.” In the first stage, molecular orientation occurs
due to strong molecular interactions. In the second
stage, nuclei appear as a result of molecular orientation.
(At a given level of strain, the number of nuclei is fixed,
which forms a network structure that can induce strain
hardening.) In the last stage, crystallization develops
through the growth process.

There are clearly some inconsistencies in the under-
standing of the relationship between structure and
mechanical properties in the deformation-induced crys-
tallization of PET above Ty, in addition to the missing
role of the mesophase. These form the basis for this
study. As we are concerned that during the step-
guenching process some additional changes in structure
and morphology are inevitable, an in situ study of the
structural formation of amorphous PET during uniaxial
deformation above Ty (90 °C) was carried out using
synchrotron wide-angle X-ray diffraction (WAXD). We
have paid special attention to the relationship between
the load—strain curve and the formation of the meso-
morphic structure. On the basis of our results, a new
three-zone mechanism was proposed.

2. Experimental Section. Sample Preparation.
The PET sample was an experimental material pre-
pared by Toray Co., Ltd. Minimum amounts of catalyst
for polycondensation and of phosphate compound for
heat durability were included. No other additives were
used. The sample was dried in a vacuum oven at 150
°C for 6 h after first being annealed at 120 °C for 3 h,
and then was molded into a dumbbell-shape at 270 °C
followed by rapid quenching with ice water. The molded
sample dimensions were 25 mm in length, 6 mm in
width, and 1 mm in thickness. The final molecular
weight (M,,) of the molded sample was about 25 000
g/mol and the polydispersity (My/M;) was about 2.0. The
molded sample was completely amorphous without
detectable crystallinity by X-ray and DSC.

Synchrotron Measurements. Synchrotron X-ray
measurements were performed at the X3A2 Beamline
in the National Synchrotron Light Source (NSLS),
Brookhaven National Laboratory (BNL). The wave-
length was 1.54 A. A three-pinhole collimator system
was used to reduce the beam diameter to 0.6 mm.8 A
modified Instron 4410 was used, which contained a
symmetrical stretching unit enabling the focused beam
to illuminate the same position of the sample during
deformation. Two-dimensional WAXD patterns were
accumulated for periods of 20 s (per 6.7% strain) using
a MAR CCD X-ray detector (MAR USA). The sample-
to-detector distance was 114 mm. The diffraction angle
was calibrated by using a polypropylene standard and
an Al,O; standard from the National Institute of
Standards and Technology (NIST). During the deforma-
tion measurements, the sample was mounted carefully
in the environmental chamber of the Instron apparatus,
which was heated by a dry hot nitrogen flow. The sam-
ple was kept in the heated chamber for 3 min for equi-
librium after reaching 90 °C, before the engagement of
tensile deformation. The deformation process was con-
tinued until the sample broke (deformation rate was
20% strain/min). Because the sample had a dumbbell
shape, there was a slight deviation between the local
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Figure 1. A. Load—strain relationship and selected WAXD patterns collected during stretching. Each image was taken at the
average strain indicated by the arrows. B. Equatorial and meridional intensity profiles extracted from selected 2D WAXD patterns.
Key: (left) equatorial scans from no. 3, no. 4, and no. 9; (right) meridional scans from no. 1, no. 3, no. 4, and no. 9.

strain and the total strain. This small deviation does
not affect the basic understanding of the relationship
between structure and mechanical property during the
deformation of PET in this study.

3. Results and Discussion. The load—strain curve
and selected WAXD patterns through the face-on direc-
tion taken during uniaxial deformation of PET at 90 °C
are shown in Figure 1A. The arrows indicate the aver-
age strain value where each WAXD image was taken.

In the conventional view, the determination of the
strain-hardening point on the load—strain curve is made
by the interception of two extrapolated lines: one fitting
the load—strain curve in the low strain region excluding
the initial load increase at strain less than 50%, and
the other fitting the load—strain curve in the high strain
region (Figure 1A). This approach is not consistent with
the structure evolution observed by the in situ WAXD
patterns. For one thing, there was no abrupt phase
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Figure 2. A. Mass fractions of oriented crystalline phase, oriented mesophase and unoriented amorphous phase extracted from
the two linear intensity profiles.'! B. Peak fitting of equatorial (left) and meridional (right) intensity profiles extracted from the

2D WAXD pattern of no. 9.

transition at the strain-hardening point (the crystal-
lization occurred much earlier than the strain-harden-
ing point). A more proper way to correlate the structure
and the strain-hardening behavior is by using the
definition of a “strain-hardening zone,” which starts
from the final deviation point of the fitted line in the
low strain region and ends with the first deviation point
of the fitted line in the high strain region (Figure 1A).
Thus, the load—strain curve can be divided into three
different zones: 1, the zone prior to the strain-hardening
zone; 11, the strain-hardening zone; and 111, the zone
after the strain-hardening zone. Each zone has its
unique feature in the structural development.

Zone |. Development of Mesophase (Precursor
to Crystallization) before Strain-Hardening. In
zone |, three WAXD images (nos. 1—3) were collected.
The no. 1 pattern, taken before deformation, showed
only an amorphous ring, confirming the randomly
oriented initial structure. Upon deformation, a small
increase in load was seen. This load remained at a
constant level (8 N) in the remainder of zone | until the
onset of the strain-hardening zone 11 (ca. 140% strain)
was reached. The region of constant load is often
referred to as the “plastic deformation” region. The no.
3 image exhibited a weak but distinct anisotropic
pattern with no detectable crystalline reflections, rep-
resenting the oriented mesomorphic pattern. The me-
sophase structure has a degree of packing order that is

between the crystalline phase and the amorphous
phase. On the basis of the no. 3 image alone, we cannot
determine the exact type of mesophase (e.g., nematic
or smectic) in the deformed sample. In the plastic
deformation region, although the applied load stays
about constant, the corresponding stress is increased
rapidly due to the decrease of the cross-section area.
This led to increases in both the degree as well as the
fraction of oriented chains. The increasing molecular
orientation in the plastic deformation of PET has been
reported by several groups before using IR® and Ra-
man? techniques and was also confirmed by Gorlier et
al.” and Blundell et al.?® using X-ray methods. The
fractions of the oriented mesophase as well as the
oriented crystalline phase and random amorphous
phase were estimated using a method!! similar to the
2D analytical technique published earlier,* which is
illustrated in Figure 2A. It is seen that in zone I, only
oriented mesophase was developed, which increased
with strain. The initial increase of the load in zone |
represents the force needed to overcome the activation
energy for polymer flow.12 We speculate that the defor-
mation-induced oriented mesophase has resulted from
the orientation of chains with longer relaxation times
(e.g., chains with higher molecular weight'® and/or
branched chains with strong local interactions) and the
oriented molecules are segregated into distinct domains.
In Figure 1B, the position of the amorphous peak in the
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Figure 3. Schematic WAXD pattern illustrating the peaks of (003) and (—103) (left) and the displacement angles of diffraction

peaks (003) and (—103) during deformation at 90 °C (right).

meridian was found to shift toward a smaller angle and
the corresponding intensity was decreased, suggesting
that the isotropic chains in the strained sample are more
densely packed than the isotropic chains in the un-
strained sample. We believe that the morphology of the
deformed sample consists of an assembly of heteroge-
neous phases (mesomorphic and amorphous) instead of
a homogeneous phase. Asano recently showed that the
smectic phase formed a long-range layered structure
using the SAXS technique.® We have also carried out
extensive SAXS measurements during the formation of
the mesophase, which will be a subject for discussion
elsewhere.

At the end of zone I, the mesophase was found to
decrease upon the initiation of crystallization, which
supports the hypothesis that the mesophase acts as a
precursor for crystallization even above Tg. Recently, we
have reported that the smectic C structure behaved as
a precursor for crystallization during deformation of
PET below T4 based on the observation that the
intensity of (001') peak on the meridian decreased as
the triclinic crystal structure developed.23 In this study,
we could not detect the existence of (001'), and thus the
nematic structure might be dominant in the strain-
induced mesophase above T4. However, in the context
of this work, we cannot exclude the existence of smectic
C prior to crystallization. It is conceivable that the
fraction of the smectic C structure was too small to be
detected by WAXD since the total amount of the
mesophase was relatively small to start with in this
zone. The minimum concentration of the mesophase at
which crystallization was induced under the chosen
experimental conditions (90 °C, deformation rate = 20%
strain/min) was about 20%. A similar mesophase be-
havior reported in the recent studies of high-speed
spinning of PET! also supports this conclusion.

Zone ll. Crystalline Perfection in the Strain-
Hardening Zone. The strain-hardening zone is defined
as the region between 140% and 380% strain; the
corresponding images in Figure 1A are from no. 4 to
no. 7. The no. 4 image showed a clear indication of
crystallization, which coincided with the initiation of
strain hardening. This was also reported in the studies
of Gorlier et al.” and Salem.® A closer examination of
the crystalline structure developed in this region re-
vealed some new insights into the process of deforma-
tion-induced crystallization in PET.

Figure 3 shows that the displacements of two reflec-
tions (—103) and (003) change continuously with the

applied strain. The displacement was defined as the
azimuthal angle between the peak position and the
meridional axis after correcting the effects of the
curvature of the Ewald sphere using the Fraser’s
method.4* It was found that the displacement of the
(—103) peak decreased, while that of the (003) peak
increased with strain. The changes in the azimuthal
displacements of these reflections can be attributed to
the deformation and/or the rotation of the PET unit cell.
The effect of the unit cell rotation can be evaluated as
follows. If the molecule axis (i.e., the crystallographic ¢
axis) is tilted with respect to the fiber axis (which is
actually known to occur in some samples of PET), while
both crystallographic a* and b* axes remain perpen-
dicular to the c axis, then as a consequence of the tilt,
either the (h0O0) or the (0k0) and most likely the mixed
(hkO) reflections on the equator should split up and show
a bimodal azimuthal distribution. This feature was not
seen in the WAXD patterns; thus, the effect of unit cell
rotation must be very small. As a result, we have
neglected the unit cell rotation as a possible source for
the changes of the (—103) and (003) azimuthal displace-
ments.

Concerning the unit cell deformation, the triclinic
PET unit cell offers six adjustable lattice parameters.
Our strategy to analyze the unit cell deformation was
as follows. The majority of the parameters were kept
constant at their ideal values in the stable crystalline
PET structure. In addition, the changes of unit cell
angles by shearing deformation were assumed to be
more prompt to occur than the changes of unit cell
dimensions by deforming crystalline chains. We found
that a good description of the azimuthal changes in
(—103) and (003) could be obtained by keeping a, b, c,
and y constant (a = 4.56 A, b = 5.94 A, ¢ = 10.75 A,
and y = 112 °)!5 and using o and 3 as variables. This
approach gave us two variables to solve with two
observable quantities. This approach is acceptable in
this study because we are not too concerned with the
precise determination of the deformed lattice constants,
rather, we are looking for clues of the molecular mech-
anisms taking place during the process of strain-induced
crystallization. In other words, while the actual values
of a, b, ¢, and y may vary slightly during stretching,
the changes in a and  are the most dominant param-
eters in zone I1. The changes of o and $ are shown in
Figure 4. It was seen that the  angle increased while
the o angle decreased in zone I1. The f shift represented
the sliding of the (100) plane or the benzene ring in the
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Figure 4. Changes of a and 8 angles in the unit cell during deformation (left) and the schematic diagram of PET triclinic unit

cell structure calculated by Cerius 2 (lattice parameters: a = 4.56
well as the molecular diagrams representing the o and S shifts.

unit cell. The initial value of 5 (105°) was between 90°
and the equilibrium value (118°) in the triclinic struc-
ture, suggesting that the benzene molecules stacked
more perpendicularly to each other at the initial stage
of crystal formation. With the increase in strain, the
benzene molecules slipped past each other probably due
to the shearing motion and eventually settled into a
stable triclinic structure as typically reported in the
literature.16

Upon the initiation of crystallization, the applied load
increased immediately. The load increase can be at-
tributed to the formation of a three-dimensional (3D)
network of imperfect crystallites, immersed in a con-
tinuous matrix containing random amorphous phase
and oriented mesophase. The greater the concentration
of the crystallites became, the larger the load developed.
The crystal registration along the benzene sheet, which
was indicative of the (010) peak, appeared to form first,
whereas the growth along the benzene stacking direc-
tion appeared to develop later (see Figure 1B). During
this zone, several processes seemed to proceed simul-
taneously with increasing strain: the crystal growth
along all three directions, the crystal perfection and the
crystal orientation. The crystal perfection process can
be primarily followed by the changes of two unit cell
angles (a and p) in the triclinic structure as discussed
earlier. Finally, the end of zone Il can be marked by
the stabilization of the crystal structure and concentra-
tion, where the load is found to be linearly proportional
to strain afterward.

Zone lll. Stable Crystallization Development
after the Strain-Hardening Zone. Zone 111 is defined
as a region between 380% and 580% strain (the sample
breaking point). In Figure 2A, both fractions of crystal-
line and mesophase increased and that of amorphous
decreased with strain in this zone. It is thought that
the mesophase was continuously developed from the
isotropic amorphous phase and was converted into the
stable crystalline structure by strain. In Figure 4, the
changes in unit cell parameters a and  were found to
be very small in zone 111, suggesting that the crystal
perfection process was largely completed in zone II. In
other words, relatively few changes were seen in the
crystalline structures developed in zone 111, although
notable increases in the fractions of crystalline phase

A b=594A ¢c=10.75 A a=985° =118°, y = 112°%) as

and mesophase (Figure 2A) were observed. These re-
sults are somewhat different from the earlier studies
by other research groups. For example, Gorlier et al.
reported that the 3D crystalline growth started at the
onset of the linear stress development, which coincided
with the appearance of the (—103) peak indicating the
ordering along the tensile axis.” Our result indicated
that the 3D crystalline growth started at the beginning
of zone Il. After the perfection of the 3D crystalline
structures, stable crystalline growth occurred in zone
I11. Salem reported that the crystallization process,
estimated by the density measurement, slowed at the
onset of the linear stress development.® In contrast, our
study indicated that the mass fraction of the crystalline
phase was found to increase almost linearly in zone 111
(Figure 2A). Perhaps the difference was due to their
inclusion of the mesophase as part of the crystalline
phase in the calculation.

The characteristics of zone 11l involve the linear
relationship between the load and the strain until the
break point is encountered. In this zone, the crystalline
structure appears to be stable with increasing strain,
having good crystallographic registrations typical of the
PET triclinic unit cell. The increase in the load can be
attributed to the simultaneous increases in both crystal-
line and mesomorphic fractions, which are probably
initiated from the 3D crystalline network of stable
structures developed at the end of zone Il. Again, we
speculate that the mesophase was induced by the
orientation of the chains connected between the adjacent
crystallites, while further crystallization took place in
the mesophase. Although the overall crystal fraction
was found to increase with strain, the presence of
increasing mesophase fraction indicated that not all the
oriented mesomorphic chain can be converted into the
crystalline phase at the chosen temperature.

4. Conclusion. An in situ study of structural devel-
opment in amorphous poly(ethylene terephthalate) un-
der uniaxial deformation above Ty (90 °C) was carried
out using synchrotron WAXD. The results showed
several new insights into this subject. The load—strain
curve can be divided into three zones (I, Il, 1) with
each zone having a unique structure and property
relationship. Zone | represents the development of
mesophase (a precursor for crystallization), where a
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constant load with strain can be seen. Zone 11 represents
the strain-hardening region, which is marked by the
development of a three-dimensional network of imper-
fect crystallites and mesomorphic chains. Zone 111
represents the further formation of mesophase and the
growth of a stable crystal phase, which is characteristic
of a constant load—strain ratio.
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