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Abstract

Time-resolved small-angle X-ray scattering (SAXS) measurements were carried out for PET and its copolymers undergoing isothermal
crystallization. Wide-angle X-ray diffraction and differential scanning calorimetric measurements were also performed. Our data analysis of
the SAXS results for PET and the copolymers clearly demonstrate that the one layer thickness /; (derived directly from the correlation
functions of the measured SAXS profiles) is the lamellar crystal thickness d., not the amorphous layer thickness d,. The observed d, values
are found to be always smaller than d,, regardless of polymer composition. d_ is highly dependent on the crystallization temperature, showing
that the degree of supercooling is the major factor determining the thickness of lamellar crystals. No thickening, however, occurs in
isothermal crystallizations. The kinked isophthalate units in the copolymer are found to be mostly excluded from the lamellar crystals during
the crystallization process, leading to an increase of the amorphous layer thickness. Moreover, the kinked, rigid nature of the isophthalate unit
was found to restrict crystal growth along the chain axis of the copolymers and also to lower their crystallinity. Unlike d.., d, decreases with
crystallization time, causing a reduction of the long period in the lamellar stack. This drop in d, is interpreted in this paper by taking into
account several factors that could influence crystallization behavior: the d, distribution in the lamellar stacks and its variation with time, the
number of lamellae in the lamellar stacks and their effect on the SAXS profile, and the relaxation of polymer chains in the amorphous layers.
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1. Introduction

The physical properties of a polymer depend primarily
on its morphological structure. However, the morphological
structures of polymers are generally very complicated,
because of their long chain lengths and many possible
conformations. The morphological structure is thus sensi-
tive to the conditions under which the polymer is processed,
for example the quenching regime used in its crystallization.
The ultimate properties of a polymeric system, therefore,
correlate directly with the manner in which it is processed.
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The relationship between processing conditions, morpho-
logical structure and polymer properties has been exten-
sively studied over the past few decades.

Research into semi-crystalline polymers has utilized
their crystallization behavior as the key to understanding
their morphological structures. A typical semi-crystalline
polymer is poly(ethylene terephthalate) (PET), which is
widely used as an engineering plastic material. The
crystallization of PET has been extensively investigated
by various analytical techniques [1—17]. In particular, the
small-angle X-ray scattering (SAXS) method has been
widely employed to investigate the morphological structure
of PET crystallized from melt [1,8—10,18-31]. It was
concluded from these SAXS studies that the long period
always decreases with increasing crystallization time [1,
8-10,18-31]. Similar SAXS results have been reported for
poly(ether ether ketone)s [1,19-25] and poly(aryl ether
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ether ketone)s [26]. These SAXS results are quite different
from those observed for other common semi-crystalline
polymers such as polyethylene, which undergo lamella
thickening [32,33]. Much research effort has been put into
explaining these differences, resulting in the proposal of
several models of morphological structure that have been
widely debated [1,8—10,18-25,27-31]. The conflicts
between these models have mainly arisen over different
interpretations of the correlation functions calculated from
the observed SAXS patterns. More research into the data
analysis of SAXS studies of the crystallization of PET is
needed in order to determine the morphological parameters
correctly.

Unlike PET, poly(ethylene isophthalate-co-terephthal-
ate) (PEIT), which is a copolymer based on PET, has been
rarely studied [7,15—17]. Hachiboshi et al. [7] investigated
the crystallization of PEIT fiber specimens using SAXS and
proposed that kinked isophthalate (IPT) units include into
the lamellar crystals. However, they studied the crystal-
lization of fiber-formed PEIT specimens rather than the
crystallization of PEIT from melt. In fact, in the fiber
formation process the polymer chains are preferentially
aligned along the fiber drawing direction, moving favorably
into lateral ordering, so kinked IPT units are more likely to
be included into the resultant crystals. Such molecular
crystallization in drawn fibers may be significantly different
from crystallization from melt. The question remains
whether kinked IPT units in PEIT include into or exclude
from crystals formed by crystallization from melt.

To address the main two questions outlined above, in the
present work we synthesized PET and PEIT copolymers
containing 4.9-9.8 mol% IPT units and studied their
crystallization. We conducted time-resolved SAXS
measurements during the isothermal crystallization of PET
samples and extended this procedure to the isothermal
crystallization of PEIT copolymers. In addition, wide-angle
X-ray diffraction (WAXD) and differential scanning
calorimetry (DSC) measurements were performed on
these samples.

2. Experimental
2.1. Polymerization and sample preparation

PET was synthesized from ethylene glycol and dimethyl
terephthalate by bulk polycondensation, as described else-
where [15—17]. Using the same synthetic method, poly
(ethylene isophthalate-co-terephthalate) copolymers with
various compositions were prepared from ethylene glycol,
dimethyl terephthalate, and dimethyl isophthalate (see Fig. 1)
[7]. From the PET homopolymer and its copolymers,
three samples rich in ethylene terephthalate units were
chosen for study. These samples, referred to as PET, 5IPT,
and 10IPT, have the following characteristics. The iso-
phthalate unit content was determined by proton nuclear
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Fig. 1. Synthetic scheme and chemical structure of poly(ethylene
isophthalate-co-terephthalate)s.

magnetic resonance spectroscopy to be 4.9 mol% for 5IPT
and 9.8 mol% for 10IPT. The molecular weight My, was
determined by viscometry [7] to be 36,000 for PET, 37,000
for 5IPT, and 36,000 for 10IPT. The polymers were melt-
molded under compression in a nitrogen atmosphere and
cooled to room temperature, producing 2-mm thick sheets.
These polymer sheets were cut either into disks of diameter
4 mm for use in X-ray scattering measurements, or into tiny
pieces for use in DSC measurements.

2.2. Time-resolved SAXS measurements and data analysis

SAXS measurements were conducted at the 4C1 beam-
line (BL) of the Pohang Light Source (PLS) facility with
2.5 GeV power at the Pohang University of Science and
Technology. X-ray beams from a bending magnet of the
PLS storage ring were focused by a toroidal silicon mirror
coated with platinum [34,35]. The 4C1 BL was equipped
with a W/B,4C double multiplayer monochromator [35]. The
wavelength and size of the monochromatized X-ray beam
were 1.608 A and 0.6 X 0.6 mm, respectively. SAXS
patterns were measured using a 1-dimensional silicon-
photodiode array detector (Model X/PDA-2048, Princeton
Instruments) consisting of 2048 pixels. A jumping hot-stage
consisting of two independent chambers was employed.
Each specimen was first melted for 5 min in the top chamber
and then quickly jumped to the bottom chamber, which was
held at the chosen crystallization temperature (7). The
PET, 5IPT and 10IPT specimens were melted at 285, 275
and 265 °C, respectively. The temperature of each chamber
was controlled by a Eurotherm controller with a K-type
thermocouple. The specimen chambers had N, blowing-
holes to protect the polymer samples from thermal oxidation
at high temperatures. To correctly monitor the sample
temperature, a third Eurotherm controller was used that had
a K-type thin-wire thermocouple in direct contact with the
specimen. The distance between sample and detector was
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1.0 m. Scattering angle was calibrated with a collagen
standard prepared from chicken tendon. SAXS measure-
ments were carried out during isothermal crystallization of
the polymer samples at various temperatures in the range
170-240 °C, and the final crystallized samples were
immediately quenched to ice water temperature for the
WAXD and DSC measurements. Each measurement was
collected for 10 s, with an average count per pixel of about
1200. Each SAXS intensity profile was normalized to the
incident X-ray beam intensity (monitored by an ionization
chamber placed in front of the sample), and corrected
further using a background run. Representative SAXS
intensity profiles measured during crystallization at 230 and
216 °C are shown in Fig. 2a and b, respectively.

The measured SAXS intensity profiles were Lorentz-
corrected as follows. Each measured SAXS profile was non-
linear-least-square fitted with Porod’s law [36,37]:

K
lim I(q) = I + —2e 77 (1)
g—oo q

where I(g) is the scattered intensity profile, I, the constant
scattering from density fluctuations, o is related to the
interfacial thickness between the lamellar crystal and
amorphous layer, and K, is the Porod constant. ¢ is given
by g = (4@/A)sin 6, where A is the wavelength of the X-ray
source and 26 is the scattering angle. The SAXS profile was
then extrapolated to ¢ = 4 nm ™', corrected by subtraction
of the value determined for /,, and then by multiplying by ¢,
giving the Lorentz-corrected SAXS profile.
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The corrected SAXS profile was then inverse-cosine-
Fourier-transformed to a one-dimensional correlation func-
tion 7y, (z) [38—40]:

Y1) = JO ¢*1(g)cos(gz)dg 2)

where z is the axis normal to the layer faces in the stack. The
correlation function analysis can provide several morpho-
logical parameters, namely the long period L as well as the
one layer thickness /; (either the lamellar crystal layer
thickness d, or the amorphous layer thickness d,) according
to Babinet’s reciprocity.

2.3. WAXD measurements

WAXD measurements were carried out at room
temperature in transmission mode on the samples quenched
to ice water temperature after the isothermal SAXS
measurements had been completed. WAXD was performed
using a Rigaku vertical diffractometer (Model RINT-2500)
with a rotating anode X-ray generator and a Ni filter. The
Cu Ko radiation source was operated at 4 kW. A divergence
slit of 0.5° was employed, together with a scattering slit of
0.5° and a receiving slit of 0.15 mm. All measurements were
carried out in the 6/20 mode. The 26 scan data were
collected at 0.02° intervals over the range 3—60° with a scan
speed of 0.1°(26)/min. The diffraction peaks in each WAXD
pattern were separated and fitted with Voight functions on a
single baseline using a peak-fitting program (Peakfit, Jandel
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Fig. 2. (a) Time-resolved SAXS patterns of PET polymer measured during isothermal crystallization at 230 °C for 60 min. (b) Time-resolved SAXS patterns of
SIPT copolymer measured during isothermal crystallization at 216 °C for 60 min.



2512 B. Lee et al. / Polymer 44 (2003) 2509-2518

Scientific). The coherence length (i.e. mean crystallite
dimension perpendicular to a given diffraction plane) of the
separated diffraction peaks was estimated using the Scherrer
equation [41,42].

2.4. DSC measurements

DSC measurements were carried out as follows. One
series of measurements were carried out for the samples
quenched to ice water temperature after isothermal SAXS
measurements had been completed at the chosen values of
T,. A heating rate of 3.0 °C/min was employed. The other
series of measurements were performed during isothermal
crystallization of the polymer samples at various tempera-
tures in the range 170-240°C for 60 min and then
continued during subsequent re-melting of the crystallized
samples with a heating rate of 3.0 °C/min. All measure-
ments were conducted in a nitrogen atmosphere using a
Seiko calorimeter calibrated with indium and tin standards.

3. Results and discussion
3.1. SAXS analysis

PET, 5IPT and 10IPT have been previously determined
to have equilibrium melting temperatures 7o, of 275.4,
266.5 and 261.9 °C, respectively [15-17]. In addition, both
copolymers have been determined to be random copolymers
[15-17]. For PET, 5IPT and 10IPT, time-resolved SAXS
measurements were conducted during their isothermal
crystallizations from the melt over a temperature range of
170-240 °C. Fig. 2 shows typical SAXS patterns for PET
and S5IPT polymers undergoing isothermal crystallization at
the chosen temperatures. In all cases, no SAXS pattern is
detected initially, but develops with the structural evolution
associated with crystallization. With increasing crystal-
lization time the SAXS peak increases in intensity and its
maximum shifts to the high g region, finally remaining
unchanged with further increase of the crystallization time.

Fig. 3 shows a typical correlation function vy, (z) obtained
from the Lorentz-corrected SAXS intensity profile of a PET
sample crystallized at 210 °C. As shown in the figure, the
one layer thickness /; in the lamellar crystal and amorphous
layer stack is estimated from the linear fit of the first decay
slope in the plot of y;(z)/v;(0) versus z, according to the
correlation function analysis described elsewhere [38—40].
The long period L is obtained from the first peak maximum
(zmax) Of the same plot; the other layer thickness I, (= L — [;)
can be obtained from L and /,. This correlation function
analysis was extended to all measured SAXS intensity
profiles after Lorentz correction, providing [, and L
databases. In the present study, /; was found to be always
shorter than /,, regardless of polymer composition. /; can be
assigned to either the lamellar crystal thickness or to the
amorphous layer thickness of the lamellar stacks formed in
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Fig. 3. Correlation function y(z) obtained from the SAXS intensity profile
of PET homopolymer crystallized at 210 °C: L is the long period; /; is the
one layer thickness of the lamellar and amorphous layer stack. z is the axis
normal to the plane of a lamellar stack.

the polymer samples, according to Babinet’s reciprocity.
In the present study [; is larger for PET than for the
copolymers crystallized at the same degree of supercooling
AT (= T2 —T,). On the other hand, the value of [, is
smaller for PET than for the copolymers. In the present
study as well as in our previous DSC results [15-17], PET
exhibits a higher crystal melting temperature than the
copolymers when they are crystallized at the same degree of
supercooling, indicating that the lamellar crystals formed in
the PET sample are thicker and more perfect than those
formed in the copolymer samples. Based on the combined
results of the correlation function analysis and of the DSC
measurements, we clearly assign the value determined for [;
as corresponding to the lamellar crystal layer thickness d,
and /, as corresponding to the amorphous layer thickness d,.
These layer thickness assignments are in contradiction to
those derived from previous SAXS analyses of PET [8,31,
43-45].

Fig. 4 shows the time dependence of the morphological
parameters (the long period L, the amorphous layer
thickness d, and the lamellar crystal thickness d..) obtained
from the correlation function analysis of the SAXS patterns
measured during isothermal crystallization of the PET
homopolymer and of the SIPT copolymer at various
temperatures. As shown in the figure, for both PET and its
copolymer the long period L was found to decrease during
isothermal crystallization over the temperature range
considered. A similar trend was observed in the L variation
measured for the crystallization of the 10IPT copolymer.
Moreover, similar trends in L have been reported previously
for the crystallization of PET [8,31,43—-45].

Unlike the long period, the lamellar crystal thickness d,.
varies very little with time during the crystallization of PET,
indicating that no thickening occurs during the isothermal
crystallization [see Fig. 4(a)). A similar trend is observed for
the crystallization of the copolymers, as shown in Fig. 4(b)
for 5IPT.

Furthermore, d, varies little with the isophthalate unit
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Fig. 4. Variation of morphological parameters (the long period L, the amorphous layer thickness d,, and the lamellar crystal thickness d.) with time, obtained
from the time-resolved SAXS patterns obtained during isothermal crystallization at various temperatures: (a) PET homopolymer; (b) SIPT copolymer.
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Fig. 5. Variations of amorphous layer thickness d, and lamellar crystal
thickness d. with crystallization temperature in PET polymer and its
copolymers (SIPT and 10IPT). For each polymer, the morphological
parameters were obtained from the SAXS pattern measured at t=
(tg,.. T 100s), where 1, is the time at which the invariant Q of the
SAXS pattern reaches its maximum during crystallization.

content of PET and its copolymers crystallized at the same
temperature, as shown in Fig. 5. Here, the d. and d,
variations were measured for PET and its copolymers (S5IPT
and 10IPT) crystallized at the chosen values of T, for the
time (7o, ) required for the invariant Q to reach a maximum
(see Fig. 8; the invariant Q is discussed in a later section). d,
exhibits values in the range 38-58 A, depending on T.
These d, values correspond to the dimensions of 4 to 6
ethylene terephthalate units in an extended chain. For the
5IPT and 10IPT copolymers which have My =
36,000-37,000, adjacent isophthalate units are on average
separated by 26 to 38 ethylene terephthalate units. This
interdistance on the copolymer chain is sufficient to form
lamellar crystals with d, = 38-58 A, excluding kinked
isophthalate units. One might imagine that kinked iso-
phthalate units are included in crystal formation in the early
stages of crystallization and then excluded from the
crystal at a later stage. If this were the case, the exclusion
process would cause an increase in the density of the
lamellar crystal and a decrease in the density of the
amorphous layer, leading to a large density difference
between these layers. This density difference should cause
an increase in the SAXS intensity profile and in the
invariant in the later stages of crystallization. However,
the SAXS results produced in this study show no such
behavior. We therefore conclude that during the crystal-
lization lamellar crystals form and grow laterally without
thickening, and that isophthalate units are mostly
excluded during this process.
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Similar results have been reported for poly(ethylene-co-
oxydiethylene terephthalate) by Fakirov and coworkers
[11-14]. They also conclude that the oxydiethylene
terephthalate units are excluded from the lamellar crystals
formed during crystallization. However, they estimated the
crystal thickness d.. incorrectly, taking the value of d_ to be
the product of the long period L with the bulk volume
crystallinity x, rather than with the relative volume fraction
of lamellae ¢..

The question still remains as to why the homopolymer
and the copolymers form lamellar crystals with almost the
same value of d. when crystallized at the same crystal-
lization temperature. Note that the copolymers have lower
T2 than the PET homopolymer [15—17]. Thus, if only the
degree of supercooling is taken into account, one might
expect the copolymers to produce thicker lamellar crystals
than the homopolymer. However, this behavior was not
observed. Instead, as is described in Section 3.2, the
measured WAXD patterns indicate that growth along the
chain direction is very restricted compared to growth along
the lateral direction. It is likely that growing lateral planes of
lamellae have a chance to grasp the sequence composed of
crystallizable unit, but this situation does not apply in the
chain direction because the randomly distributed kinked and
relatively rigid isophthalate units restrict ordering.

In contrast, as shown in Fig. 5, d, increases with
increasing isophthalate unit content, even though the
samples with different isophthalate unit content crystallize
at the same temperature. In addition, the difference between
the d, values of PET and of its copolymers becomes large at
higher isothermal crystallization temperatures. The increase
in the thickness of the amorphous layers leads to a reduction
in the crystallinity; in fact, the reduction of overall
crystallinity in the PET due to the incorporated IPT units
is evident in the DSC results reported previously [15—-17].
This increase of d, in the copolymer may be due to the
exclusion of kinked isophthalate units from the lamellar
crystals into the amorphous region.

Furthermore, d, decreases with time during isothermal
crystallization, regardless of polymer composition, as seen
in Fig. 4. d, decreases more rapidly with time in the PET
homopolymer than in the copolymers for systems crystal-
lizing at the same degree of supercooling. There are two
major factors that could account for the decrease in d,
during crystallization. The first possible factor is the
distribution of the values of d, and its variation with time.
The number of lamellae increases with time during stack
building, which reduces the standard deviation in the value
of d, and narrows its distribution. This has the effect of
shifting the peak maximum of the SAXS profile into the
high g region, as has been pointed out by Vignaud and
Schultz [46]. The second possible factor is the relaxation of
the polymer chains in the amorphous layers. When the
lamellar stacks form, the polymer chains in the amorphous
layers may be in a strained state. These strained polymer
chains relax with time, leading to a reduction in d,. These

considerations collectively lead to the conclusion that the
decrease of the long period L during crystallization should
be attributed to the reduction of the amorphous layer
thickness d, with crystallization time.

3.2. WAXD analysis

WAXD measurements were performed on samples
quenched to ice water temperature after isothermal crystal-
lization at 220 °C for 60 min. The measured WAXD
patterns are shown in Fig. 6a.

It has been previously reported that the volume of the
crystal lattice unit cell is 212.5 A3 for the crystals of PET
homopolymer and 288.4 A3 for those of poly(ethylene
isophthalate) (PEI) homopolymer [6,7]. If the kinked
isophthalate units in the copolymers were cocrystallized
with terephthalate units, the copolymer lamellar crystal
would be expected to have a lower density than the PET
lamellar crystal. Such a change in the crystal density would
cause a shift in the X-ray diffraction peaks to either the low-
or high-angle region, depending on the number of
cocrystallized isophthalate units. The change in the crystal
lattice constant (which directly relates to the shift of the
diffraction peak) due to the incorporation of kinked IPT
units can be estimated by the following equation:

a = fegiaper + (1 — fpen)aper 3)

where a is the lattice constant of the cocrystal, apg;
(=520 ;\) is the lattice constant of the PEI crystal [7],
appr (= 4.56 A) is the lattice constant of the PET crystal
[6], and f is the fraction of IPT units in the PET crystal
lattice.

For example, the formation of cocrystal containing
5 mol% IPT units would cause a shift in the (100) diffraction
peak of around 0.2° toward the low angle region. However,
as seen in Fig. 6a, such a shift of the diffraction peak is not
detected for either the SIPT or 10IPT copolymer samples.
Rather, the positions of all diffraction peaks in the
copolymers match those in the PET homopolymer,
indicating there are no peak shifts in the copolymers.
These results collectively indicate that the densities of the
crystal lattice units in the copolymers are nearly the same as
the density of these units in PET. This result might be
attributed to the crystallization process of the copolymers,
whose kinked isophthalate units are unlikely to include into
the lamellar crystals.

The PEIT copolymers investigated in the present study
contain only 4.9 and 9.8 mol% IPT units, respectively, as a
minor component. Thus, it might be assumed that kinked
IPT units in the copolymer include into the lamellar crystals
as simple defects at a relatively low level, rather than as
cocrystal components, causing the broadening of diffraction
peaks without any substantial shift in their position. As seen
in Fig. 6a, such a peak broadening is not detected in the
diffraction peaks of the SIPT and 10IPT copolymers. It is
found instead that the full width at half maximum (FWHM)
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Fig. 6. (a) WAXD patterns for the samples quenched after isothermal
crystallization at 220 °C for 60 min. (b) Coherence lengths determined from
the diffraction peaks in (a).

of each diffraction peak of the copolymers is comparable to
or narrower than that of the corresponding diffraction peak
of PET.

The WAXD peaks in Fig. 6a were further analyzed to
obtain structural information about the lamellar crystal
dimension (i.e. the coherence length) in the direction normal
to the individual diffraction plane. The coherence length L,
of a diffraction plane was determined from the full width at
half peak maximum by using the Scherrer formula. The
estimated values of L, are plotted together in Fig. 6b as a
function of polymer composition. As seen in Fig. 6b, L¢0,
[i.e. the coherence length of the (010) diffraction plane]
increases as the IPT content in the polymer increases. A
similar trend is observed for the variation of Lo with
polymer composition. We presume that the estimated value
for L. can be mainly attributed to the lamellar crystal size
along the direction normal to the chosen diffraction plane.
With this assumption, these results indicate that the lamellar
crystal size in the lateral directions (x- and y-axis) is the
largest for the lamellar crystals of the 10IPT copolymer,
intermediate for those of 5IPT, and smallest for those of
PET. Such formation of larger crystals in the copolymers
might be attributed to their lesser degree of supercooling
compared to that of the PET sample. At lower degrees of
supercooling, the copolymer chains have more mobility and
indeed undergo crystal growth more favorably, although
their crystallization rates are slower. Ly(jo9) and Lgg0) give
information on the lamellar crystal dimensions in the lateral
x- and y-directions, respectively, whereas Lqj,, provides

information on the lamellar crystal thickness. Unlike the
L(100) and L1y variations, Ly, decreases very little with
increasing polymer IPT content, as seen in Fig. 6b. One
might expect that the copolymers would produce thicker
lamellar crystals due to their lesser degree of supercooling,
because the crystallization of a polymer is generally
primarily controlled by the degree of supercooling.
However, our result is contrary to this expectation. The
observed result might be due to significant restriction of
crystal growth along the direction of lamellar crystal
thickness (i.e. the chain axis) by IPT units in the
copolymers. More specifically, crystal growth along the
chain axis in the copolymer is restricted by kinked IPT units
in the copolymer that were excluded from the lamellar
crystals formed during crystallization. If IPT units in the
copolymers are included in the lamellar crystals as defects,
their fraction may be very small.

3.3. DSC and SAXS invariant Q analysis

Fig. 7 shows typical DSC thermograms obtained from
the re-melting of samples of PET and its copolymers after
crystallization for 60 min at the chosen temperatures. Both
PET and its copolymers reveal more than one melting peak,
regardless of the crystallization conditions. Such multiple
melting behavior has been frequently reported for PET [2,3,
8-10,15-17]. As shown in Fig. 7, the PET sample
crystallized at 230 °C reveals two melting peaks: one strong
peak in the high temperature region with a very large heat of
melting, and another weak peak in the low temperature
region. In general, lamellar crystals formed by primary
crystallization are larger than those formed by secondary
crystallization, causing them to melt in the high temperature
region. Thus, the peak in the high temperature region can be
assigned to the melting of crystals formed by primary
crystallization while the peak in the low temperature region
is assigned to the melting of the crystals formed by
secondary crystallization. Similar melting behavior is
observed for the SIPT and 10IPT samples crystallized at
208 °C, as seen in Fig. 7.

Bulk volume crystallinities (x.) of PET and its copolye-
sters were determined from the heats of fusion (AH;)
obtained from the melting endotherms in the DSC
measurements, using the AH; of the fully crystallized PET
homopolymer (117.6J/g) [15-17,47]. The determined
values of x. relate directly to the invariant Qs of the
SAXS intensity profiles measured from the crystallized
samples as well as to the difference between the electron
densities of the crystalline and non-crystalline regions (p, —
p.) [8,22,24,36-40,48]:

0 = x.(1 = x)(p. = p,)° 4)

Eq. (4) was derived under the assumption that the samples
have ideally sharp interfaces between the crystalline and
non-crystalline phases and that the electron densities of all
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Fig. 7. DSC thermograms of PET and its copolymers (SIPT and 10IPT)
measured during remelting after isothermal crystallization for 60 min at the
chosen temperatures. The notation used indicates the polymer and its
crystallization temperature: for example, PET230 refers to PET polymer
crystallized at 230 °C. A heating rate of 3.0 K/min was employed.

the amorphous regions located in the interlamellar and
interstack regions are the same. Therefore, Q in Eq. (4) is
the invariant of the SAXS intensity profile for a sample
composed of lamellar stacks with such ideally sharp
interfaces.

In fact, a lamellar stack with ideally sharp interfaces is
only a rough approximation to a real lamellar stack, in
which all interfaces have a density gradient. However, Eq.
(4) is a powerful practical tool for characterizing the density
difference (p. — p,) between the lamellar and amorphous
layers in a crystallized sample which is composed of
lamellar stacks. For each SAXS profile measured in this
study, the invariant Q of the lamellar stacks with a sharp
interface was thus estimated by extrapolating the linear fit of

° PET208
4 ©° PET218 J

s PET230 P R
= 4 a sIPT193 S L
IS e siPT206 . < & f
s ] = 5IPT216 e f
E | Doa !
S I |
~ . AA.. f
o N |

t(s)

Fig. 8. Time dependence of the invariant Qs obtained from SAXS profiles
measured during isothermal crystallizations of PET polymer and 5IPT
copolymer at the chosen temperatures. For a sample being crystallized at a
chosen temperature, the value of Q was normalized by its maximum value.
The notation used indicates the polymer and its crystallization temperature:
for example, PET230 refers to PET crystallized at 230 °C.

the first decay slope in the plot of y(z) versus z to z =0,
according to a method reported previously [38-40,48].
Some of the determined variations of Q with crystallization
time are shown in Fig. 8. In the results presented here, the
value of Q is normalized by its maximum value (Q,,.,) in
order to clearly show its variation with crystallization time.
As seen in Fig. 8, for PET the value of Q is small and
constant for an initial induction period then increases
rapidly with time up to a maximum at #yp . Similar
variations of Q with time are observed for the copolymers.
In all cases the invariant Q reaches its maximum before
¢t = 60 min.

Adopting Eq. (4), the (p. — p,) term was estimated from
the x. and Q measured from samples isothermally crystal-
lized for r = 60 min at the chosen temperatures. The (p, —
p,) terms estimated for each polymer system are plotted in
Fig. 9 as a function of crystallization temperature 7. Fig. 9
clearly shows that the electron density difference (p, — p,)
is larger in the copolymers than in the PET homopolymer
over the range of T, considered. This indicates that kinked
IPT units in the copolymer are positioned mostly in the
amorphous layer region rather than in the crystal region.
The electron density difference also shows a tendency to
become larger at higher values of T,, regardless of
polymer composition. This may result from the following
two factors: first, slower crystallization at higher tem-
peratures enables more effective exclusion of IPT units
from the crystal region; second, the thermal expansivity is
larger in the amorphous region than in the crystal region,
and increasing the temperature may cause the thermal
expansivity difference between the two regions to
increase. Furthermore, the thermal expansivity difference
may be larger in the copolymer than the homopolymer.
This is evident in the d. and d, dependencies of T,
shown in Fig. 5.

230
= PET
O 5IPT
A 10IPT

220 A
210 A
200 A
190 -

-ra)z (a.u.)

180

O 170 A

(

160
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170 180 190 200 210 220 230
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Fig. 9. Electron density difference between crystalline and amorphous
regions calculated using Eq. (4) for PET homopolymer and its copolymers
(SIPT and 10IPT). The values of x, were measured by DSC from the
samples isothermally crystallized for 60 min at the chosen temperatures.
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4. Conclusion

The determination of morphological parameters, in
particular the lamellar crystal and amorphous layer
thicknesses (d. and d,) in crystallized PET polymer and
its copolymers, was successfully carried out by one-
dimensional correlation function analysis of the SAXS
profiles measured during crystallization. The comprehen-
sive analysis in this study clearly demonstrated that the one
layer thickness [; derived from the correlation function
analysis is the lamellar crystal thickness d.. rather than the
amorphous layer thickness d, in the lamellar stack. The d,
was found to be always smaller than d,, regardless of
polymer composition.

The crystal thickness d. is highly dependent on the
crystallization temperature, showing that the degree of
supercooling is the major factor determining the thick-
ness of lamellar crystals. d. in PET is larger than in the
copolymers, depending on crystallization conditions.
However, no thickening occurs during the isothermal
crystallizations, regardless of composition. Instead, the
lamellar crystal undergoes perfectioning and lateral
growth during the crystallization process, causing its
melting temperature to shift to the high temperature
region.

For the copolymers, the kinked isophthalate units are
mostly excluded from the lamellar crystals into the
amorphous layers during the crystallization process. This
exclusion leads to an increase in the amorphous layer
thickness; the values of d, in the copolymers are larger
than d, in PET, depending on crystallization conditions.
However, PET and copolymer systems crystallized at the
same temperature form lamellar crystals with a similar
thickness, although the copolymers are more likely to
form thicker lamellar crystals due to their lesser degree
of supercooling. This result might be due to the
restriction of crystallization along the chain axis by the
isophthalate units which have a kinked nature with some
rigidity. The presence of isophthalate units lowers both
the crystallization rate and crystallinity of the resultant
polymer specimen.

In isothermal crystallizations the amorphous layer
thickness d, decreases with time, regardless of polymer
composition. This decrease in d, causes the reduction of the
long period L during crystallization. The reasons for this
decrease in d, have been considered, taking into account
several factors possibly influencing the crystallization
process: (i) d, distribution in lamellar stacks and its
variation with time, (ii) the number of lamellae in lamellar
stacks and its effect on SAXS profiles, and (iii) relaxation of
polymer chains in the amorphous layers.
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