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ABSTRACT: Deformation-induced phase transitions and superstructure formation in poly(ethylene
terephthalate) (PET) were studied by means of in-situ synchrotron small-angle X-ray scattering (SAXS)
and wide-angle X-ray diffraction (WAXD) as well as Raman spectroscopy. The deformation conditions
involved uniaxial stretching of quenched PET films at a temperature just below its glass transition
temperature (T,), where a notable “plastic deformation” stage was observed. WAXD results indicated
that the initial sample contained a “slush” structure (amorphous + nematic), whereby deformation induced
oriented amorphous, nematic, smectic (C and quasi-A), and stable triclinic crystalline phases. SAXS results
indicated that the fibrillar superstructure was formed upon the formation of oriented slush. In-situ Raman
spectroscopic data revealed the orientation information on ethylene glycol and benzene ring as well as
the gauche—trans transition in deformation of PET chains, which are in good agreement with X-ray results.
A mechanism for deformation-induced phase transitions and for hierarchical structure formation has
been proposed to correlate the structural information with the mechanical properties.

1. Introduction

The recent simulation work by Frenkel et al.! indi-
cated that the isotropic—nematic transition occurs when
the aspect ratio of the mesogenic molecule (L/D, where
L represents the length and D represents the diameter)
is in the range of 3—4. In view of poly(ethylene tereph-
thalate) (PET), its persistence length is about 1.33 nm,
and the average molecular diameter is about 0.66 nm
based on the experimental work by Imai et al. 2 This
suggests that the aspect ratio of the PET mesogenic unit
is around 2, which falls short of being a liquid crystalline
polymer. However, the existence of mesomorphic phases
has been well documented in oriented PET samples.
Bonart was the first to report the formation of nematic
and smectic phases during the tensile stretching of PET
using the conventional X-ray diffraction method.3*
Recently, with the use of high-intensity synchrotron
X-rays, more detailed features of mesomorphic phases
in oriented PET have been revealed by different re-
search groups. For example, Windle et al. reported the
formation of a transient smectic phase in oriented fibers
made of random PET and PEN (polyethylene naphtha-
lene-2,6-dicarboxylate) copolymers.>® Asano et al. re-
ported the appearance of smectic order at 60 °C having
a spacing of 1.07 nm during the annealing of cold-drawn
amorphous PET films.” Blundell and co-workers ob-
served the smectic A structure during the fast extension
of PET. They proposed that the smectic structure is a
precursor of the crystalline structure based on the
simultaneous appearance of the triclinic crystalline peak
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and disappearance of the smectic peak.®8~12 Hsiao and
co-workers reported the smectic C phase during the
deformation of amorphous PET film below the glass
transition temperature (Ty) at 50 °C.!3 They observed
that the mesophase developed immediately upon the
neck formation. As the mesophase contained a sharp
meridional peak 001’ (d = 1.032 nm), which was smaller
than the monomer length in the typical triclinic unit
cell (¢ = 1.075 nm), they concluded that the chains in
the mesophase formed an inclined smectic C structure.

Thus, PET may be considered as a “marginal” liquid
crystalline polymer. Its mesomorphic transitions are not
obvious in the unoriented (isotropic) state but are
distinct in the oriented state. In a way, the kinetic
pathways of the phase transition in PET may be too long
to be observed under the isotropic conditions, while the
deformation process can overcome the kinetics barrier
and reveal all possible transitions. It is conceivable that
the varying mesomorphic phases reported in the earlier
studies are simply due to the different experimental
conditions involved, where all mesomorphic structures
(e.g., oriented amorphous, nematic, smectic C, and
quasi-smectic A) can be induced by stretching. In the
present study, our first objective was to construct a
deformation-induced phase transition mechanism for
PET, using an amorphous sample as the starting phase
at a suitable temperature where all the reported me-
somorphic phases can coexist.

The second objective of this study was to correlate the
phase transition with the superstructure formation in
PET under uniaxial deformation, which was prompted
by two recent studies. Asano et al. observed that the
smectic A structure (observed by WAXD, with the
characteristic meridional d spacing = 1.07 nm) was
related to the occurrence of lamellar layer structure
having a 10 nm repeat spacing (by SAXS) during the
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annealing of cold drawn PET film.” Mahendrasingam
et al. reported that there was a strong relationship
between the smectic mesophase (WAXD) and the fibril-
lar superstructure associated with the equatorial scatter
(SAXS).1* It is clear that there is a distinct correlation
between the superstructure formation (e.g., fibril and
lamellae) and the phase transition; however, the cor-
relation is not completely clear at the current state, but
it can be resolved by the use of combined in-situ SAXS
and WAXD techniques.

Finally, the present study was conducted to under-
stand the mechanical properties and the structure/
mesophase relationships. Recently, our group has in-
vestigated the mechanism of structural formation and
its relationship with the stress—strain curves in amor-
phous PET above its Ty (90 °C).1%16 Results indicated
that the structural development can be categorized into
three zones, designated I, II, and III. In zone I, the
oriented mesophase is induced by strain, where the
applied load remains about constant (this is typically
termed the “plastic deformation” stage in PET). In zone
II, crystallization is initiated from the oriented me-
sophase through nucleation and growth, where the load
starts to increase marking the beginning of the strain-
hardening region. In zone III, the stable crystal growth
process is facilitated by strain-induced orientation until
the breaking of the sample, where the ratio between
load and strain remains about constant. We are par-
ticularly interested in the process of plastic deformation,
in which the strain increases without any significant
increase in stress. It has been argued that displace-
ments of atoms related to slip and yielding require “free
volume”, which increases in tension, making it easier
for polymers to yield under tensile stresses.!” It is
conceivable that the yield plateau is closely related to
the phase transition and the structure formation.

To address the above issues, we have carried out in-
situ SAXS and WAXD measurements in PET samples
under tensile deformation. The sample temperature was
kept at 70 °C, below its T}, to reveal all mesomorphic
phases by reducing the rates of phase transitions and
to maintain a notable “plastic deformation” stage. On
the basis of our previous studies, we noticed that if the
deformation temperature was high (e.g., above T at 90
°C), no smectic phase could be observed;!516 while if the
deformation temperature was low (below T, at 50 °C),
the “plastic deformation” stage was relatively narrow.13
In addition, we have adopted in-situ Raman spectros-
copy measurements to obtain molecular information on
PET chains during deformation, which complemented
the results from WAXD and SAXS studies.

2. Experimental Section

2.1. Samples Preparation. The PET sample (in the pellet
form) was specially prepared by Toray Co. Ltd. in Japan for
this study. The weight-average molecular weight (My,) of this
PET sample was 35 000 g/mol, and the polydispersity was
around 2.0. Minimum amounts of antimony (the catalysis for
polymerization) and phosphate (the additive to enhance the
heat durability) were used to prepare this sample. Thus, the
sample could be viewed as pure polymer that would not
decompose under high molding temperatures. No other addi-
tives for copolymerization and plasticization were used. The
PET sample was dried in a vacuum oven at 150 °C for 6 h
and was subsequently crystallized at 120 °C for 3 h in air.
The sample was subsequently molded into dog-bone-shaped
samples (see Figure 1) at 270 °C followed by rapid quenching
with ice water (0 °C). The length of the dog-bone sample that
can be drawn was 25 mm including the taper part, with 6 mm
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Figure 1. Sample of dog-bone-shaped (left) and experimental
setup of heating and drawing chamber for in-situ SAXS/WAXD
study (right).

in width and 1 mm thickness. A small notch was incorporated
at the central point of the dog-bone sample in order to initiate
and stabilize the onset of necking. The final weight-average
molecular weight (M,,) of the molded samples was about 25 000
g/mol. The decrease in the molecular weight was due to the
process of hydrolysis in the atmosphere during molding instead
of thermal decomposition. The molded samples were com-
pletely amorphous, having no detectable crystallinity (by X-ray
and DSC).

2.2. Experimental Procedures. The experimental setup
for the in-situ drawing study is shown in Figure 1. The sample
was mounted in an environmental chamber, which was heated
by dry hot nitrogen, for the deformation studies with X-ray
and Raman. The dog-bone sample was equilibrated in the
chamber for 3 min after being heated to the desirable tem-
perature (70 °C), before subjecting the sample to any tensile
deformation. The chosen deformation rate was 20%/min. The
deformation process was continued until the sample broke. The
load—strain curve was recorded simultaneously during the
collection of the WAXD, SAXS, and Raman signals. Another
sample of the same molecular weight was also used to collect
X-ray and Raman data in a heat chamber at 70 °C without
deformation for 40 min, which was used as a referenced state;
i.e., the averaged WAXD image was used as the reference for
the amorphous phase. No crystallization was observed in the
samples before and after the thermal treatments at 70 °C.

2.3. Synchrotron X-ray Measurements. Synchrotron
X-ray measurements were carried out at the X3A2 Beamline
in the National Synchrotron Light Source (NSLS), Brookhaven
National Laboratory (BNL). The wavelength of this beamline
was 1.54 A. A three-pinhole collimator system was used to
reduce the beam size to 0.6 mm in diameter.’® A modified
Instron 4410 was used in the stretching study, which allowed
symmetrical stretching, where the focused X-ray beam always
illuminated the same position on the film during deformation.
The engineering deformation rate (i.e., the cross-head speed)
was kept constant at 5 mm/min (i.e., 20% strain/min), and the
sample temperature was maintained at 70 °C. (The true strain
was not always the same as the applied strain because of
sample necking.) The collection time for 2D WAXD image was
20 s, and that for 2D SAXS was 60 s using a CCD X-ray
detector (MAR). The sample-to-detector distance was 118 mm
for WAXD and 1407 mm for SAXS. The diffraction angle in
WAXD was calibrated by using a polypropylene standard and
an Al,O3 standard (from the National Institute of Standards
and Technology, NIST). The scattering angle in SAXS was
calibrated by an AgBe standard. The high intensity of syn-
chrotron X-rays made it possible to collect the WAXD and
SAXS patterns during stretching in real time without holding.

2.4. Raman Measurements. Polarized Raman spectra
were recorded in real time by a Renishaw RM series 1000B.
The spectrometer was controlled by the WIiRE software
provided by Renishaw, and the collected data were analyzed
by the Grams32 software (Galactic Industries Corp.). The laser
(wavelength 785 nm) was introduced into the spectrometer via
optical fibers. The remote probe, consisting of a cylindrical



Macromolecules, Vol. 38, No. 1, 2005

Poly(ethylene terephthalate) 93

200

150

100

Intensity (a.u.)

[41]
o

2 Theta (Degree)

Figure 2. Example separation of Fraser-corrected 2D WAXD pattern (collected at 25% strain) into isotropic and oriented fractions
(top). Linear intensity profiles taken from the equatorial scans of separated isotropic and oriented patterns (bottom).

head, condensed eyeglass, polarizer, and optical fiber, was used
to illuminate the sample. This probe unit was mounted on an
XY stage, which was controlled remotely by using stepping
motors so that the focal point of the laser could remain at the
same position on the sample. The reflected signals were
transmitted back to the spectrometer by the eyeglass, analyzer,
and optical fiber. The data collection time for each spectrum
was 1 min, and the spectrum range was 500—2000 cm™'.

Samples for in-situ Raman measurement, prepared under
the exactly the same conditions as for X-ray measurements,
were carefully mounted in the environmental chamber of the
modified Instron 4410 apparatus (Figure 1). The deformation
rate and the sample temperature for the Raman study were
the same as for the X-ray study, which were 5 mm/min (.e.,
20% strain/min) and 70 °C, respectively. A silicon wafer was
used as the standard sample to calibrate the wavenumber as
well as to adjust the resolution, scan number, and laser power.

2.5. WAXD Data Analysis. All two-dimensional (2D)
WAXD patterns were corrected by the Fraser method' to
compensate the detection by a flat-plat detector (Mar CCD).
The Fraser corrected image was then separated into two
parts: isotropic (unoriented) and anisotropic (oriented) frac-
tions, using an image analysis method described elsewhere.?
The example separation procedure for a WAXD pattern
collected at the initial stage of deformation (applied strain =
25%) is illustrated in Figure 2. The amount of the oriented
fraction was assumed to be proportional to the total area from
the separated anisotropic pattern, whereas the amount of the
isotropic fraction was assumed to be proportional to the
separated isotropic pattern.

At higher strains, the WAXD image can exhibit a pair of
(001") reflections on the meridian, indicating the presence of
the smectic phase. The fraction of the smectic phase was
estimated by the following procedure. The integrated diffrac-
tion intensity profile was obtained from the Fraser corrected
2D WAXD image with meridional extrapolation into the
“missing region” using a Legendre expansion.'® The area of
the fitted (001') peak from the 1D profile was used to determine
the mass fraction of the smectic phase (i.e., the (001') area

divided by the total diffraction intensity profile). The mass
fraction of the oriented slush (amorphous + nematic) was
obtained by subtracting the smectic fraction from the total
oriented mesomorphic fraction determined above. The d spac-
ing of the smectic phase was also estimated by the deconvo-
luted (001') peak from the 1D profile.

The crystalline sizes along different directions were deter-
mined directly from the equatorial and meridional slices of the
2D WAXD pattern (without Fraser correction). In the WAXD
image collected at high strains, three crystalline peaks ((010),
(=110), (100)) and one slush background peak were identified
in the equatorial profile; one (001') smectic peak, one (103)
crystalline peak, and two slush peaks (oriented and unori-
ented) were identified in the meridional profile. Each peak was
fitted by a mixed function of Gaussian and Lorentzian (eq 1)
by use of a peak-fitting program (Grams 32 software).

fux = (1 — M)(Gaussian) + M(Lorentzian) (1)

where M is the weight fraction of the Lorentzian function.

The position and the full width at half-height (fwhh) of the
fitted crystalline peak were used to determine the d spacing
(using the Bragg’s law) and the crystal size (using the Scherrer
equation), respectively. The Scherrer equation can be ex-
pressed as follows??

D, = KM(By5 cos 6) 2)

where Dj;; represents the apparent lateral crystallite size of
the hkl reflection plane, 1/ is the fwhh of the diffraction peak
hkl in radians, the shape factor K is set at 0.9 for polymer
systems, 4 is the X-ray wavelength, and 0 is half of the
diffraction angle. We recognize that there is the possibility of
lattice distortion due to the broadening of the line width,
leading to an underestimation of the crystal size. However,
this possibility could not be estimated due to the lack of
suitable higher order reflections for evaluation. According to
Salem,?1?2 the contribution of the lattice distortion is likely to
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Figure 3. Example of peak deconvolution of the Raman data collected during deformation at an applied strain of 220%.

be small. Strictly speaking, the analysis by inverse integral
peak width should be used to determine the crystalline size.
However, the Scherrer equation is used in this study to
estimate crystal size since it has been widely used in many
previous studies.

2.6. Raman Data Analysis. The trans and gauche con-
former change and molecular orientation in PET chains during
deformation were extracted from the Raman spectroscopic
data. The Grams 32 software was again used to deconvolute
all vibrational peaks in the spectrum. Each peak was fitted
by a mixed function of Gaussian and Lorentzian as shown in
eq 1. Typical peak fitting results (e.g., trans and gauche
conformational peaks and the benzene peak) of the Raman
spectrum measured during deformation of a PET dog-bone
sample is given in Figure 3.

2.6.1. Trans—Gauche Content. In Figure 3, the peak at
998 cm ™! is assigned as the trans conformation of the ethylene
glycol (EG) fragment either in the isotropic, mesomorphic, or
crystalline regions, where the peak at 886 cm™! is assigned as
the vibration of the gauche conformer of the same fragment.?3-27
For quantitative purpose, the band at 702 cm™! can be
considered as an internal reference band.?*=?> As the technique
involving polarization?®—32 was used in this study, the total
amount of each peak can be estimated by the following
formula:?°

Aparallel(v) =1 parallel(V)/ I parallel(ref V)
Avertical(v) =1 Vertical(v)/ I Velrtical(ref V)

A(V) = Aparallel(v) + 2Avertical(v) (3)

where Inaranel(v) and Iierica(v) represent the peak areas at
wavenumbers v ecm™! taken by polarized laser light parallel
and vertical to the tensile direction, respectively (paranel(v) and
Liertical(v) are often termed the ZZ and ZX spectra, where Z
represents the stretching axis, ZZ indicates that both polarizer
and analyzer are parallel to the stretching axis, and ZX
indicates that the polarizer is set parallel to the stretching
axis and the analyzer is set perpendicular to the stretching).
After the values of A(v) at 998 and 886 ¢cm™! at each strain
were calculated, they were fitted to the following expression
using the least-squares method?6:2”

D1A(998) + p,A(886) = 1 4)

where p; and p; represent the fitting coefficients, which were
estimated to be 0.311 and 0.321, respectively.

2.6.2. Molecular Orientation. One important aspect of the
polarized Raman spectroscopy is that using this technique it
is possible to extract the orientation of each molecular segment
including benzene ring, ethylene glycol, and so forth. The
orientation of the segment can be estimated by dichroic
function (DF) as expressed as follows:?°

DF(V) = (Aparallel(v) - Avertical(V))/(Aparallel(v) + 2Avertical(v))
(5)

In this study, the DF values for two peaks at 998 and 1616
cm~! were estimated, which represent the orientation of the
trans glycol conformer and the benzene frame, respectively.
Strictly speaking, five spectra are necessary to determine five
unknowns, which would consist of three Raman tensor com-
ponents as well as two orientation components Py and Py (or
second- and fourth-rank order parameters ([P2(cos 0)Cand [Py-
(cos 6)D. For example, Lesco et al. have measured all five
spectra to determine the orientation of the 1616 cm™! peak,3?
and Yang et al. have also done a similar analysis for the 998
cm™! peak.?4?®> However, for simplicity, we have carried out
the analysis using only two spectra (Iparanel(v) and Ivertical(v)).
As both 998 and 1616 cm™! peaks have very strong anisotropy
under polarization measurements, the trend of the change in
orientation for each component estimated using the simplified
method is sufficient to compare with the X-ray results.

3. Results and Discussion

From our earlier deformation study of an amorphous
PET film below and above T, (at 50 and 90 °C,
respectively)1?1516 and the cursory evaluation of 2D
WAXD images through both face-on and edge-on direc-
tions in the present study, we observed that the
structure developed from the deformed amorphous
sample had a cylindrical symmetry. This assumption
significantly simplified the data analysis schemes.

3.1. Deformation-Induced “Phases” in PET. As
the purpose of this study was to elucidate the phase
transition in PET, induced by uniaxial deformation, the
term “phase” was used not from the thermodynamic
standpoint but from the structure standpoint based on
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WAXD observations. The assigned “phases” in this
study are as follows.

(1) “Isotropic Slush”. The reason we choose the word
“slush” to describe the initial structure of unoriented
quenched PET sample is because we do not know
whether the initial sample is completely amorphous,
nematic, or having mixed amorphous/nematic phases.
Although the nematic phase in PET has never been fully
verified, its likely existence in the quenched sample has
been clearly pointed out by Geil et al. in a TEM study.3+
On the basis of this consideration as well as the
structure transition results to be presented later, we feel
it is more reasonable to assign the initial sample with
an isotropic “slush” structure, containing both isotropic
amorphous and nematic phases rather than a pure
isotropic amorphous phase. The scattering features from
the isotropic amorphous phase, the nematic phase
without preferred domain orientation, and the slush
phases are similar, all exhibiting an isotropic scattering
halo in the 2D WAXD image.

(2) “Oriented Slush”. Upon deformation, the 2D
WAXD pattern exhibited two broad scattering peaks on
the equator centered on the origin. No other diffraction
peak was observed. This scattering feature could be
attributed to the oriented shish structure, consisting of
oriented amorphous phase and nematic phase with
preferred domain orientation. As shown in Figure 2, the
equatorial intensity profile from the anisotropic fraction
exhibited a narrower peak with the center located at a
higher angle than that of the isotropic fraction. Thus,
the oriented structure (concentrated on the equator)
should contain higher density and more homogeneous
arrangement than the isotropic structure.

(3) “Oriented Smectic Phase”. The unique scattering
feature of the oriented smectic phase is the presence of
(001") reflection peak on the meridian, which corre-
sponds to a ca. 1 nm layered structure.

(4) “Oriented Crystalline Phase”. Upon crystallization,
the 2D WAXD pattern exhibits multiple reflections
typical of a PET triclinic unit cell. The cell parameters,
however, are functions of the deformation strain.

3.2. Categorization of Structure Evolution in the
Stress—Strain Curve. On the basis of our prior in-
situ WAXD study,!51¢ the load and strain curve mea-
sured at 70 °C can be divided into four zones (I-IV) to
facilitate the discussion. These zones can be categorized
on the basis of the characteristics of the deformation-
induced phases. Figure 4 shows the load—strain (applied
stress—strain) curve in conjunction with selected WAXD
images that have been corrected by the Fraser method
(i.e., these images are illustrated in undistorted recipro-
cal space).!3

In zone I (0—55%), the sample was found to deform
homogeneously prior to the yield point (15% strain). But
before the yield point, there was no orientation in
WAXD (this was also confirmed in the edge-on view).
Only at strains above 15%, necking was observed and
scattering orientation in WAXD was seen. Usually, if
the PET sample is stretched near room temperature
(even at 50 °C13), distinct neck formation occurs. How-
ever, the neck formation at 70 °C was found to be
zonelike rather than linelike. The length of the neck
zone was 3—4 mm. The necking was started near the
center of the sample, where a small notch was initially
implemented. The majority of zone I thus corresponded
to the initiation of a “neck zone” near the illuminating
point. (The neck formation lasted until 200% of applied
strain, whereas the applied stress began to develop at
about 130% strain.) As the initial sample thickness was
less than 1 mm, the uncertainty of the true strain
determined in the neck zone was relatively large
(£10%). With the assistance of a sample monitoring
devise using video camera, we estimated that the
applied strain from 15 to 55% corresponded to a true
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strain range from 15 to 200% and that the applied strain
ratio of 20% strain/min corresponded to the true strain
ratio of 90—95% strain/min. In view of the large
uncertainty in the true stress—strain relationship, only
applied stress—strain relationships will be discussed
hereafter.

In Figure 4, a singular equatorial scattering peak
appeared after the yield point in zone I, where no other
scattering feature occurred. This scattering feature can
be attributed to the formation of oriented slush (a
mixture of oriented amorphous and nematic phases).
Zone I thus represents the transformation from the
isotropic slush to the oriented slush by deformation. At
strains above 55%, a distinct (001') peak on the meridian
appeared in WAXD (Figure 4), which is the character-
istics of the oriented smectic phase in PET and marks
the beginning of zone II (applied strain 55—200%). The
increase of the (001') intensity indicates that the
population of the smectic phase increases in zone II. In
zone III (applied strain 200—370%), the applied stress
developed nearly linearly with applied strain. Stain
hardening was found to occur in both zones III and IV
until the sample broke. In zone III, the equatorial (010)
reflection appeared, which is indicative of the occurrence
of the triclinic crystalline phase. Thus, the main feature
in zone III is the transition of oriented crystalline phase
from the oriented smectic phase. The final stage is zone
IV (applied strain 370—500%), where the development
of oriented crystalline phase becomes dominant but at
a relatively slower rate. The detailed relationships
among the phase transitions, superstructure formation
(determined by SAXS), and mechanical response in each
zone are described as follows.

3.3. Zone I: Induction of Oriented Slush and
Formation of Fibrillar Superstructure. The major
scattering feature in this zone is the appearance of
singular oriented scattering peak on each side of the
equator, where the intensity and orientation of the
scattering peak all increase with applied strain (Figure
4). The linear intensity profiles taken along the equator
and the meridian are illustrated in parts A and B of
Figure 5, respectively, and the azimuthal intensity
profiles integrated from s = 1—4 are illustrated in
Figure 5C (azimuthal angle = 0° represents the me-
ridional axis, azimuthal angle = 90° represents the
equatorial axis).

In Figure 5A,B, it is seen that in zone I the position
of the equatorial scattering peak remains about constant
and its integrated intensity increases with strain,
whereas the position of the meridional scattering peak
is shifted to a lower scattering angle and its integrated
intensity decreases with strain. Judging by the shape
of the original peak (i.e., the initial curves of the
equatorial profile or the meridional profile at 0% strain,
which are the same) and the change of the curve shape
with applied strain (Figure 5A,B), the lower-angle
scattering portion appeared to remain constant under
deformation, while the higher-angle portion changed
strongly with applied strain in the meridian profile. At
higher strains, the high-angle portion aggregates near
the equator, which was primarily responsible for the
total scattering changes in zone I. In Figure 5C, the
azimuthal profiles in zone I illustrate an increase in
molecular orientation with applied strain.

As stated earlier, we do not know whether the initial
PET sample was completely amorphous or had mixed
amorphous and nematic phases. The existence of the
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Figure 5. Linear diffraction intensity collected from (A)
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profiles (integrated from s = 1 to s = 4 nm™1) of the 2D WAXD
images illustrated in Figure 4.

nematic phase in quenched PET, although never di-
rectly verified, has been frequently cited. For example,
in addition to the work by Geil et al.,3%36:37 the recent
simulation study carried out by Taiko et al. indicated
that the weak dipole—dipole interactions in PET, mak-
ing the coexistence of amorphous and nematic phases
likely.?® Kimura et al. demonstrated the magnetic
orientation in PET chains, which is consistent with the
characteristics of liquid crystalline polymer.3? The ori-
ented nematic structure in PET has also been suggested
in some deformation studies. Asano et al. compared the
WAXD data and the density (1.37 g/ecm3) of the cold
drawn PET sample and concluded that a significant
fraction of molecules is aligned nearly parallel to the
draw direction. They assumed these molecules adopted
a nematic structure.” With WAXD and SAXS measure-
ments, Fukao et al. proposed a kinetic model from
nematic to smectic phases in PET.3> On the basis of
these studies as well as our own observations, we also
postulate the possible existence of nematic phase in
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Figure 6. Selected SAXS images during the collection of
load—strain curve at 70 °C.

quenched PET sample. It is conceivable that the high-
angle portion of the WAXD profile in the initial sample
composed of a nematic dominant structure because it
would have higher density. This hypothesis is certainly
consistent with the linear intensity profiles, extracted
from the equatorial scans of unoriented and oriented
fractions of slightly deformed PET (strain = 25%) in
Figure 2. In this figure, the intensity profile from the
anisotropic fraction exhibited a narrow peak with its
center located at a larger angle (21.2°) than that from
the isotropic fraction. Thus, the oriented fraction should
have a denser and more homogeneous molecular struc-
ture, such as the nematic phase, than the isotropic
fraction, such as the amorphous phase. We assumed
that the initially unoriented and oriented “slush” struc-
ture contained both amorphous and nematic phases.

Figure 6 shows selected SAXS images collected during
in-situ deformation at 70 °C at various strain levels.
Although only two images were shown in zone I (includ-
ing the first image from the original sample), it was
interesting to note that a strong equatorial streak
appeared immediately after the yield point. (The second
SAXS image corresponds to the accumulation during
20—40% applied strain.) The streak image was drasti-
cally different from the SAXS image of the undeformed
sample, where only diffuse scattering was seen. The
equatorial steak may be attributed to two possibilities:
(1) the formation of microvoids (crazes)*%*! and (2) the
formation of fibrillar superstructure.*2~% Judging by the
relatively weak scattered intensity (the void scattering
usually gives strong intensity) and the transparent
appearance of the deformed sample (observed by the
sample monitoring camera), we conclude that this
equatorial streak in SAXS is mainly due to the forma-
tion of fibrillar superstructure, which have been ob-
served in both solid polymers under extensional
strains*~*6 and molten samples under shear.*’*® The
length of the fibrillar superstructure was found to be
in the range of several hundred nanometers, and the
diameter is in the range of tens of nanometers by using
the method developed by Grubb et al.4243 On the basis
of the simultaneous appearance of the oriented slush
(in large fraction, which will be discussed next) and the
formation of fibrillar superstructure, we speculate that
these two events probably take place in a coupled
manner; i.e., the superstructure of the oriented slush
is fibrillar-like.
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Figure 7. Mass fractions of isotropic and oriented fractions
extracted from 2D WAXD patterns during uniaxial deforma-
tion.

To quantify the phase behavior, the mass fractions
of unoriented and oriented slush were estimated by
using the analytical procedures outlined in the Experi-
mental Section. Results are shown in Figure 7. In this
figure, the following “phases” were assumed in each
fraction: (1) isotropic fraction containing amorphous
and nematic phases; (2) oriented fraction containing
amorphous, nematic, smectic, and crystal phases. In
zone I, the oriented fraction did not include the smectic
phase and was found to increase quite substantially
with applied strain. (However, it reaches a plateau value
at about 55% strain.) The formation of the oriented
fraction was directly related to the disappearance of the
isotropic fraction.

In zone I, the relationship between the structure and
the mechanical behavior is quite interesting. The sample
was found to deform quite homogeneously before the
yield point (15% strain). However, no orientation in
WAXD and no scattering feature in SAXS were seen in
this stage. Upon further deformation, the load decreases
from the yield point and reach a lower plateau value.
The yield stress thus reflects the energy necessary to
overcome the initial formation of oriented slush from
isotropic slush and is probably related to the energy
barrier for the orientation of nematic domain in the
slush.

3.4. Zone II: Transition from Oriented Slush to
Oriented Smectic Phase in Fibrillar Superstruc-
ture. Zone II is dominated by two features: (1) the
appearance of a large “plastic deformation” stage, where
the applied load is the lowest but is about constant, and
(2) the appearance of oriented slush (nematic)—smectic
transition (Figures 5B and 8). The two processes are
necessarily related to each other.

From the microscopic perspective, the process of
plastic deformation can be described as follows. When
the engineering stress, normalized with the initial cross-
sectional area, is plotted against the engineering strain,
an elastic limit is reached. At strains above the elastic
limit (typically at a very low strain), permanent defor-
mations remain even after complete unloading. Typical
polymer solids usually show a large yield plateau at
high engineering strains. The simplest approximation
for this yield plateau in the theory of plasticity is an
“ideal” plastic behavior, in which the strain increases
without any increase in stress. Beyond the yield plateau,
strain hardening occurs, where the material stiffens
resulting from increased modulus. The basic expressions
to describe the plastic flow are similar to the equations
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Figure 8. Mass fractions of the smectic phase by WAXD
during deformation at 70 °C.

to describe the flow of a viscous fluid.4*~%! Yielding and
plastic deformation is essentially a viscous flow process
satisfying kinetic relationships similar to liquids. Like
flow of incompressible liquids, plastic flow usually takes
place with constant volume. Thus, the deformation
associated with the yield plateau is considered as a
plastic flow. However, it should be noted that time is
not a necessary parameter to represent plastic flow,
while time is essential to characterize viscous flow.

In zone II, if we assume that the change of the sample
density in PET is relatively small during deformation,
then the stress at the neck zone should remain about
constant since the corresponding applied load and the
cross-section area are nearly unchanged. (The stress of
the unnecked part was estimated to be 22 MPa, whereas
that of the necked part was estimated to be 21 MPa in
this zone.) This condition will meet the requirement of
plastic deformation. It is interesting to note that al-
though the total mass fraction of the oriented me-
sophase (the oriented slush plus the oriented smectic
phase) remains about constant during the plastic de-
formation stage (Figure 7), the mass fraction of the
smectic phase is found to increase in zone II (Figure 8).
This suggests that the conversion of oriented slush
(nematic) to smectic phase is not related to the applied
stress gradients but may be attributed to the annealing
effect at 70 °C. In other words, the plastic deformation
is probably mainly due to the orientation “flow’ of the
slush phase, where the nematic—smectic transition is
due to the annealing effect.

On the basis of the intensity of the (001') reflection,
the mass fraction of the oriented smectic phase was
estimated, and the results are shown in Figure 8. It was
seen that the mass fraction of smectic phase increased
almost linearly with applied strain in zone II, whereas
the total oriented fraction remained about constant
(Figure 7). This suggests that the transition from
oriented slush (nematic) to smectic phase occurs mainly
in the oriented slush domain, i.e., within the fibrillar
superstructure. The fibrillar structure is found to be
stable in zone II (Figure 6), as indicated by the persis-
tent appearance of the equatorial streak feature in
SAXS. In Figure 6, the first SAXS image collected in
zone II exhibited a stronger equatorial streak pattern
than the rest of the images in zone II. This is because
the first image included some scattering contribution
from the structure in zone I. The rest images in zone II
showed very similar equatorial streak pattern with
relatively weaker intensity. Asano et al. reported that
the nematic structure is the precursor of smectic
structure, and our data support this hypothesis.”
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Figure 9. Change of d spacing of (001') peak by WAXD during
uniaxial deformation at 70 °C.
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Figure 10. Change of gauche and ¢rans fractions during
uniaxial deformation by Raman spectroscopy.

The nature of the smectic phase can be characterized
by the change of d spacing for the (001') reflection, which
is shown in Figure 9. It is found that in zone II the d
spacing of (001') reflection remains about constant (1.06
nm) at applied strains less than 130%, but it increases
rapidly to 1.065 nm afterward. The range of the
observed d spacings in zone II is always less than 1.075
nm, which is the length of the c-axis in the triclinic unit
cell.’2 In addition, the onset of the d spacing increase
coincides with the rise of the applied load. These results
imply the transformation from an oriented smectic C
structure 12 to an oriented smectic A-like structure (we
termed this quasi-smectic A or g-A in order to be in
accord with the published notion of the smectic A phase
in PET7-12) induced by stress, since the tilt angle in the
smectic phase is decreased to a minimum value. The
1.06 nm d spacing observed in the early stage of zone
II indicates that the molecular tilting angle in the
smectic layer is approximately 9.6°; the 1.065 nm d
spacing indicates that the molecular tilt angle in the
smectic layer is approximately 7.8°. It is conceivable
that the mechanical energy of uniaxial deformation
(applies stress) of sample was consumed to extend the
molecules in the smectic layer.

Figures 10 and 11 represent the changes of gauche
and trans fractions of the ethylene glycol (EG) fragment
(either in the isotropic slush, oriented slush, oriented
smectic phase, or oriented crystalline regions) as well
as the orientation of gauche, trans conformers and
benzene ring of PET chains during uniaxial deforma-
tion, respectively. In Figure 10, it is seen that in zones
I and II the overall gauche fraction of the EG fragment
rapidly decreases (80% to 54%) while the overall trans
fraction of the EG fragment increases (20% to 46%).
Overall, these results are very similar to the recent
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benzene ring during uniaxial deformation by Raman spectros-

copy.

studies by Rodroguez-Cabello et al.,2>26 who used the
Fourier transform Raman technique to follow the in-
situ structural change (¢rans/gauche conformation ra-
tio) of bulk PET under uniaxial deformation at different
temperatures (room temperature up to 170 °C) as well
as the study by Shen et al.,?? who investigated the
structural change of PET film by FT-IR during uniaxial
deformation (at 67 and 88 °C), respectively. Shen et al.
additionally observed that the population of #¢rans
conformer decreased in the preyielding region and then
increased continuously after yielding at 67 °C. Unfor-
tunately, we did not have enough experimental data to
identify the behavior in the preyielding region (at zone
D. On the basis of the combined WAXD and Raman
results, we conclude that the majority of the gauche to
trans conformational changes (in the C—C bond of the
ethylene glycol fragments) occurs during the strain-
induced isotropic slush to oriented slush transition,
where no crystallization takes place.

In zone I, the orientations of both trans-EG fragment
and benzene ring are found to increase dramatically (in
Figure 11), while the orientation of the gauche fragment
is quite negligible; where in zone II, the orientations of
these three fragments remain about constant. These
results are again consistent with our conclusion on the
isotropic slush to oriented slush transformation in zone
I. Thus, the oriented slush primarily consist of oriented
benzene rings and ¢rans-EG fragments, whereas the
remaining isotropic phase mainly contains gauche-EG
fragments with a low degree of orientation.

3.5. Zone III: Transition from Smectic to Tri-
clinic Crystalline Phase and Formation of Lamel-
lar Structure in Fibrils. In Figure 4, the triclinic
crystalline structure with characteristic WAXD reflec-
tions was found to occur in zone III, where the oriented
fraction increased and the unoriented fraction decreased
with strain (Figure 7). Despite the apparent changes
between the fractions of isotropic slush and oriented
slush, we do not believe that the crystallization process
occurs as a result of direct isotropic—crystalline transi-
tion. Instead, we suggest that the crystallization process
takes place as a result of the smectic—crystalline
transition, while events of transformations from isotro-
pic slush-oriented slush and smectic C-quasi smectic A
phases as well as transition between nematic—smectic
phases also occur simultaneously. This conclusion was
derived on the basis of the observations of abrupt
changes in mass fraction and in d spacing of the smectic
phase (Figures 8 and 9) upon the formation of crystal-
line phase. For example, in Figure 8, the rapid decrease
in the mass fraction smectic phase in zone III is
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consistent with the smectic—crystalline transition. This
indicates that the smectic phase is the precursor phase
for crystallization, which has been recently pointed out
by several groups.’-13:14

We speculate that the structure transition between
the smectic and crystalline phases may follow the
following pathway. As the smectic C chains become
elongated and aligned along the stretching direction
(forming a quasi-smectic A structure), benzene mol-
ecules can slide, which may initiate the crystallization
process. This hypothesis was based on our recent
observation during uniaxial deformation of amorphous
PET above its Ty (90 °C) using synchrotron WAXD.1®
Results from this study indicated that the benzene
molecules stacked more orthogonal to each other at the
initial stage of crystal formation. With the increase in
strain, the benzene molecules could slip past each other
due to the shearing motion and eventually settled into
a stable triclinic structure.’®1® In contrast, vertical
stacking of benzene ring is quite unstable energetically,
and this may be the reason why benzene rings slide
relative to each other in triclinic unit cell. It is conceiv-
able that a quasi smectic A structure may have such
instability, and enthalpic stabilization such as displace-
ment of benzene ring may be the driving force for the
sliding motion, which induces the phase transition. The
abrupt decrease in the d spacing of the (001') reflection
in the smectic phase at the onset of crystallization is
another interesting phenomenon. It is conceivable that
the crystallization process probably alleviates a great
deal of local stress in the strained smectic phase
surrounding the crystalline domains, which converts the
remaining “quasi-smectic A (q-A)” structure back to the
stable smectic C structure. (The total mass fraction of
the smectic phase is decreased because of the smectic—
crystal transition.)

The crystallization process can be followed by moni-
toring the changes of crystalline reflections in WAXD.
Figures 12 and 13 illustrate the changes in crystalline
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in WAXD.

size and in d spacing of (100) and (010) reflections,
respectively. It is seen that both crystalline sizes (based
on (100) and (010) reflections) decrease with strain in
zone III. There are two possibilities for this behavior:
(1) the initial crystals are broken down by the increase
in strain, or (2) the subsequently formed crystals are
with smaller sizes. Judging by the results in Figure 13,
where the d spacings of both (100) and (010) reflections
are also found to decrease with strain, i.e., the crystal-
line structure becomes more perfect, we conclude that
the latter (2) possibility is more likely. This suggests
that the initially formed crystals are in larger sizes
(although the crystalline perfection is lower), whereas
the crystals formed at a later stage are smaller in size
due to the volume constraint. The process of crystal
perfection is probably a function of annealing time
instead of a function of strain. In Figure 12, it is found
that the crystalline size associated with the (010)
reflection is larger than that of the (100) reflection,
which is consistent with our earlier reports showing the
preferred arrangement of benzene sheet structure in
PET during strain-induced crystallization.1516

Raman results show the continuous conversion from
gauche to trans conformation (Figure 10) in zone III.
We believe that such changes are probably due to the
continuous transformation from isotropic slush to ori-
ented slush, induced by strain, instead of the smectic—
crystalline transition (Figure 7). In Figure 11, it is
interesting to note that the orientations of gauche, trans
and benzene ring fragments all increase with strain in
zone III. This observation is consistent with the notion
that the formation of crystallites, even they are rela-
tively imperfect, produces an effective three-dimensional
network which significantly enhances the molecular
orientation of all phases and thus the mechanical
properties. (The applied load—strain curve appears to
be linear with a positive slope.)
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The corresponding SAXS images collected in zone III
exhibit extra scattering features on the meridian (Figure
6). The meridional scattering, showing a maximum
value that corresponds to a long spacing around 100 nm,
reflects the emergence of a very loosely arranged layered
lamellar structure. The observed scattering maximum
is quite different from the typical SAXS peak observed
in fully crystallized PET samples, which usually exhibits
a long period of lamellar structure around 10 nm. The
SAXS patterns collected at 70 °C during deformation
and from a fully crystallized PET sample—annealed at
70 °C for 30 min at the relaxation state—are shown in
Figure 14. It is seen that the maximum scattering in
SAXS during deformation is near the beam stop (or the
resolution of our SAXS instrument), but the scattering
pattern has sufficient scattering contrast. As the ap-
pearance of the meridional scattering maximum in
SAXS coincides with the event of crystallization in
WAXD, we conclude that crystallization generates a
loosely arranged layered structure, probably within the
fibrillar superstructure based on the persistent feature
of the equatorial streak in SAXS. It is interesting to note
that this 100 nm long spacing remains about constant
during the deformation process in zones III and IV,
which indicates the persistence of the lamellar layered
structure.

3.6. Zone IV: Stabilization of Crystal Structure
and Morphology. The structure, morphology, and
property relationship in zone IV during deformation of
PET, perhaps, has been most studied and best under-
stood. It is evident that as strain-induced crystallization
proceeds beyond a critical point (at the end of zone III),
the strain-induced crystallites become perfected and
grow into a stable network of lamellae, which can
further advance the development of crystallites and the
promotion of chain orientation. However, the process of
crystallization in zone IV seems to be at a relatively
slower rate, which is seen in the slower changes of
crystalline sizes for both (100) and (010) reflections
(Figure 12) as well as of gauche—trans transition and
orientation of the gauche, trans and benzene ring
fragments (Figures 10 and 11). Nevertheless, the pro-
cess of crystalline perfection is found to take place
continuously, which is seen by reductions in d spacings
of (100) and (010) reflections (Figure 13). It is conceiv-
able that the crystal perfection process is due to the
annealing effect (at 70 °C) rather than the strain effect.

One interesting behavior in zone IV is the persistent
appearance of scattering feature in SAXS patterns,
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Figure 15. Strain-induced “phase” diagram of PET during
deformation at 70 °C.

indicating the existences of a fibrillar superstructure as
well as a loosely stacked crystalline lamellar structure
(with a long period around 100 nm). On the basis of
combined results from WAXD, SAXS, and Raman, we
propose that the layered structure is formed within the
fibril superstructure. As the length of the fibril is around
several hundred nanometers, only several layers of
crystalline lamellae are formed in the fibril, where the
average width of the crystal layer is about several
nanometers (as in Figure 12).

3.7. Strain-Induced Phase Transitions and Hi-
erarchical Structural Development Pathways. The
strain-induced phase transition “diagram” for a quenched
PET sample during deformation at 70 °C is given in
Figure 15. We note that this diagram is explained from
a “dynamic” perspective rather than from a thermody-
namic perspective. The mass fraction of each phase (the
fraction unit was not given in Figure 15 because the
estimate of the smectic phase was not precise, but the
total fraction was 1) was derived from the WAXD data,
which would change depending on the temperature and
deformation rate. (The effect of deformation rate will
be discussed elsewhere.) In Figure 15, contrary to the
classical concept of strain-induced isotropic—crystal
transition in PET, we argue that two phase transforma-
tions (isotropic slush-oriented slush and smectic C-
quasi-smectic A) and two phase transitions (nematic—
smectic and smectic—crystal) occur sequentially. It is
interesting to see that the fraction of oriented slush is
the largest throughout the deformation, and multiple
phases (amorphous, nematic, smectic, and crystalline)
coexist at high strains. The strain-induced oriented
slush is probably dominated by presence of the oriented
nematic phase, which preexists in the initial quenched
sample.

Using data from Figure 15 as well as results from
SAXS/Raman, we propose the following hierarchical
structural development pathways and its relationship
with the phase transformation and transition. The
schematic diagrams for the pathways in different zones
(I, I1, and III) are illustrated in Figure 16A—C, respec-
tively. The representative SAXS/WAXD patterns with
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mesogenic unit in PET with an aspect ratio of 2.

major scattering/diffraction features are also included
in these diagrams. The major events in each zone during
deformation are summarized below.

Zone I. We assume that the initial sample consists of
isotropic slush with both amorphous and nematic
components. Upon deformation, some isotropic amor-
phous chains are bound to be stretched, forming ori-
ented amorphous phase; some unoriented nematic phase
will be aligned, forming oriented nematic phase. The
distinction between the oriented amorphous phase and
the oriented nematic phase of PET chains having
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marginal mesogenic unit will be very small, even though
they differ each other from the range of ordering. The
aggregation of oriented amorphous and oriented nemat-
ic phases seems to be in a corporative manner, resulting
in a fibrillar-like superstructure (the length of the fibril
is several hundred nanometers) at high strains. The
yield point of the load—strain curve coincides with the
first detection of the isotropic slush to oriented slush
transformation. At the end of zone I, the oriented slush
becomes the dominant component in the sample (its
mass fraction is over 50%), while the applied load
reaches a low plateau level.

Zone II. Within the fibrillar superstructure, the
oriented slush—smectic C transition is observed. The
formation of the smectic phase becomes the precursor
for stress-induced crystallization. As the density con-
trast between the oriented slush and the smectic phase
is low, no meridional scattering feature in SAXS is seen.
During the “plastic deformation” stage, the oriented
slush—smectic transition is detected, which can be
attributed to the annealing process at 70 °C under
tension. With the increase in strain, the tilt angle of
the smectic C layer decreases, forming a structure
similar to the quasi-smectic A phase. The transforma-
tion between the smectic C to quasi-smectic A phase
appears to increase the applied load, marking the stage
of strain hardening.

Zone III. Triclinic crystalline phase is formed from
the strained quasi-smectic A phase by chain sliding. The
formation of triclinic crystalline phase in the fibrillar
superstructure leads to a crystalline lamellar structure
with a long period of about 100 nm. SAXS can detect
the lamellar structure because of the improved density
contrast between the oriented crystalline phase and the
surrounding oriented slush. Upon the formation of
crystalline phase, the remaining smectic phase converts
back into the stable smectic C structure, probably due
to the relaxation of local stresses. The initial structure
of the crystalline phase is relatively imperfect, which
is dominated by the preferred arrangement of benzene
sheet formation. The network of the imperfect crystal-
lites enhances the mechanical properties and generates
a near linear load—strain relationship.

4. Conclusion

The relationships between phase transition and hi-
erarchical structural formation during uniaxial stretch-
ing of an amorphous PET sample were studied by means
of in-situ WAXD, SAXS, and Raman techniques. A
series of strain-induced phase transformations/transi-
tions were observed by WAXD, including isotropic slush
(i.e., the mixture of amorphous and nematic phases) to
oriented slush, oriented slush to smectic C, smectic C
to quasi-smectic A, and quasi-smectic A to triclinic
crystalline phases, each can be used to characterize a
unique stage of structure development during deforma-
tion of PET at 70 °C (zones I-III). The corresponding
mechanical performance has a strong relationship with
these phase transformation and transition processes.
For example, the yield point is related to the onset of
the isotropic slush to oriented slush transformation, the
“plastic deformation” zone is related to the transforma-
tion of oriented mesophase, the onset of the stress
increase is related to the smectic C-quasi-smectic A
transformation, and the strain-hardening process is
dominated by the smectic—triclinic crystalline transi-
tion. SAXS results indicate the formation of the fibrillar
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superstructure is largely due to the transformation of
isotropic slush to oriented slush without a true phase
transition. A loosely stacked lamellar structure with a
long period of 100 nm occurs within the fibrillar
structure, probably initiated by the oriented slush—
smectic transition, but only become visible (by SAXS)
after the smectic—crystalline transition. A strain-
induced “phase” transition diagram and the possible
pathways for the hierarchical structural development
during deformation have been proposed in this study.
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