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ABSTRACT: Time-resolved small-angle X-ray scattering (SAXS) and differential scanning calorimetry
(DSC) analyses were used to study the isothermal crystallization and remelting of poly(ethylene
isophthalate-co-terephthalate)s containing 0-10 mol % isophthalate unit. For each of the polymers
considered, evidence of the formation of both primary and secondary crystals was found in the SAXS
pattern and its invariant Q, as well as in the DSC thermogram, which showed multiple melting
endotherms. The melting of secondary crystals was found to shift significantly toward the high-temperature
region with increasing crystallization time, indicating that the secondary crystals become thick and perfect
over time. The thickness of the lamellar crystals was found to be very sensitive to the crystallization
temperature, but no thickening was observed throughout the entire crystallization run, regardless of
composition. The formation of secondary crystals, which favorably occurs during the later stages of
crystallization, was found to cause a peak shift and an intensity increase in the SAXS pattern, a decrease
in the SAXS invariant Q, and a decrease in the thickness of the amorphous layers in the lamellar stacks
formed during primary crystallization. However, formation of secondary crystals was found not to be
properly accounted for in the determination of the lamellar thickness from the SAXS patterns. The present
results indicate that the secondary crystallization causes densification and shrinkage of the amorphous
layers and that the resulting secondary crystals have lower electron density than the primary crystals.
On the basis of the present results, we propose that secondary crystallization involves the formation of
short-range molecular order in the amorphous layers of the lamellar stacks as well as in the amorphous
regions between the lamellar stacks. This short-range ordered structure, which is likely a type of single
thin lamella, thin lamellae, or fringed micelle-like order, has a lower electron density than the lamellar
crystal formed by primary crystallization.

Introduction

Poly(ethylene terephthalate) (PET) is a representative
semicrystalline polymer that is widely used as an
engineering plastic material. Research into the mor-
phology of semicrystalline polymers has utilized crystal-
lization behavior as the key to understanding structure.
The primary crystallization of PET has been studied in
detail using various analytical techniques, including
differential scanning calorimetry (DSC), small- and
wide-angle X-ray scattering (SAXS and WAXS), small-
angle light scattering, electron diffraction, transmission
electron microscopy (TEM), atomic force microscopy
(AFM), and infrared and Raman spectroscopy.1-9 These
studies have generated an extensive body of data related
to the primary crystallization process.

Among the analytical techniques used to date, SAXS
has been widely employed to investigate the morphology
of PET after primary crystallization from the melt
because it is the only conventional technique capable
of probing the microstructure in real time. However,
mathematical modeling is required to extract morpho-
logical parameters related to the semicrystalline struc-
ture from SAXS data. In general, adopting the simplest
one-dimensional model consisting of alternating lamel-
lar crystalline and amorphous layers (the infinite stack

model), the SAXS data of PET have been analyzed by
their inverse-cosine Fourier transformation to one-
dimensional correlation function.5,6 This type of correla-
tion function analysis yields the first long period L as
well as the thickness of one layer l1 among the lamellar
crystal and amorphous layers, according to Babinet’s
reciprocity theorem. As a result of this ambiguity in the
SAXS analysis, the morphological assignments of l1 and
l2 () L - l1) have been controversial.5,6 Recently, this
issue was resolved by a comprehensive analysis of SAXS
data measured from PET and its random copolymers
containing isophthalate units,7 which indicated that the
smaller thickness, l1, corresponds to the lamellar crystal
thickness, dc, and that the larger thickness, l2, corre-
sponds to the amorphous layer thickness, da. This
conclusion was consistent with AFM studies.8

Another approach that has been widely used to
elucidate PET morphology has been to study the melting
behavior of isothermally crystallized PET using DSC.10-19

The resulting thermograms typically showed one to
three endotherms, depending on the thermal history
(i.e., crystallization temperature, crystallization time,
and heating rate) of the sample, and the assignment of
these endotherms remains a matter of controversy.10-19

Although the factors underlying the appearance of
multiple endotherms for PET are not fully understood,
the observation of multiple endotherms suggests that,
in the crystallization of PET, secondary crystallizations
take place in addition to the primary crystallization.
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The secondary crystallization behavior of PET has
been scrutinized using SAXS, DSC, and micros-
copy.4,5,18,20-23 As a result, three models have been
proposed that take into account the secondary crystal-
lization.18,20-23 The first model involves the insertion of
single lamella into the interlamellar region,20-22 the
second model involves the insertion of thin lamellar
stacks between the stacks of lamellar crystals formed
in the primary crystallization,18 and the third model
involves the formation of positive edge-on branched
lamellar stacks.23 However, there are still debated the
merits of these models for the secondary crystallization
of PET.

In contrast to PET, poly(ethylene isophthalate-co-
terephthalate) (PEIT), a copolymer of PET, has been
rarely studied by DSC4,24 or SAXS.25 Moreover, the one
SAXS study of PEIT examined the crystallization of
fiber-formed PEIT specimens rather than the crystal-
lization of PEIT from the melt.25

Therefore, to better understand the secondary crys-
tallization behavior of PET and its copolymer PEIT, we
conducted detailed SAXS and DSC studies on the
crystallization of the PET homopolymer and PEIT
copolymers containing 4.9 and 9.8 mol % isophthalate
(IPT) unit. In addition, we carried out a comprehensive
analysis of the SAXS and DSC data and proposed a new
structural model that can explain the crystallization of
PET and PEIT.

Experimental Section
Polymer Sample Preparation. PET homopolymer and

PEIT copolymers (chemical structures given in Figure 1) were
synthesized by bulk polycondensation of the respective mono-
mers, as described elsewhere;4 here, the PEIT copolymers
containing 4.9 and 9.8 mol % IPT unit are referred to as 5IPT
and 10IPT, respectively. Both 5IPT and 10IPT have been
previously studied to be random copolymers revealing single
glass transition temperature Tg as well as single melting point
Tm.4 The minor component IPT unit in these copolymers has
been known to play as a noncrystallizable unit.4,7 The weight-
average molecular weight Mw was 36 000 for PET, 37 000 for
5IPT, and 36 000 for 10IPT. The Tg and Tm were 76.1 and 258.6
°C for PET, 74.6 and 244.8 °C for 5IPT, and 73.5 and 234.2 °C
for 10IPT, respectively.4 The equilibrium melting temperature
Tm

o was 275.4 °C for PET, 266.5 °C for 5IPT, and 261.9 °C for
10IPT.4 The polymers were melt-molded under compression
in a nitrogen atmosphere and cooled to room temperature,
giving 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 measure-
ments.

Measurements. SAXS measurements were conducted at
the 4C1 SAXS beamline (BL)26 of the Pohang Accelerator
Laboratory at Pohang University of Science and Technology.

In the 4C1 BL, a light source from a bending magnet of the
PLS storage ring was focused by a toroidal silicon mirror
coated with platinum and monochromatized with a W/B4C
double multiplayer monochromator, giving an X-ray beam of
wavelength 1.608 Å. The X-ray beam size at the sample stage
was 0.6 × 0.6 mm.26 A one-dimensional silicon-photodiode
array detector (model X/PDA-2048, Princeton Instruments)
was employed. The distance between sample and detector was
1.0 m. The scattering angle was calibrated with linear
polyethylene and collagen (chicken tendon) standards. SAXS
measurements were carried out during isothermal crystalliza-
tion of the polymer samples over 170-240 °C and then
continued during subsequent remelting of the crystallized
samples with a heating rate of 3.0 °C/min. Each measurement
was collected for 10 s, with an average count per pixel of about
1200. In the measurements, a jumping hot stage consisting of
two independent chambers under a nitrogen atmosphere was
employed, and the temperatures of the chambers as well as
the polymer sample were individually controlled and moni-
tored by Eurotherm controllers with a K-type thermocouple.
Each sample 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 Tc. Each SAXS
intensity profile measured was normalized to the incident
X-ray beam intensity, which was monitored by an ionization
chamber placed in front of the sample and corrected further
for the background run.

The measured SAXS profile was nonlinear-least-squares
fitted with Porod’s law:27,28

where I(q) is the scattered intensity profile, Ib is the constant
scattering from density fluctuations, σ is related to the
interfacial thickness between the lamellar crystal and amor-
phous layer, and Kp is the Porod constant. Here, q is given by
q ) (4π/λ) sin θ, where λ is the wavelength of the X-ray source
and 2θ is the scattering angle. The SAXS profile was then
extrapolated to q ) 4 nm-1 and the determined Ib was
subtracted, after which the profile was corrected by multiply-
ing by q2, giving the Lorentz-corrected SAXS profile.

The Lorentz-corrected SAXS profile was inverse-cosine
Fourier transformed to a one-dimensional correlation function
γ1(z) in order to determine morphological parameters:29-31

where z is the direction normal to the layer faces in the stack.
The one layer thickness l1 in the lamellar crystal and amor-
phous layer stack was determined from the linear fit of the
first decay slope in the plot of γ1(z)/γ1(0) vs z. The long period
L was obtained from the first peak maximum (zmax) of the same
plot. The invariant Q was also determined from the Lorentz-
corrected SAXS profile by the following equation:20,27,29

In addition, DSC thermograms were measured using a Seiko
calorimeter calibrated with indium and tin standards. In the
DSC measurements, all polymer samples were first melted and
then jumped to the chosen crystallization temperature Tc, at
which they underwent isothermal crystallization, followed by
remelting at a heating rate of 3.0 °C/min, as described above
for SAXS measurements. All measurements were made under
a nitrogen atmosphere.

Results
Isothermal CrystallizationsSAXS Analysis. Fig-

ures 2 and 3 show typical time-resolved SAXS patterns
measured from PET and 5IPT polymers undergoing
isothermal crystallization at the chosen temperatures,

Figure 1. Chemical structures of poly(ethylene terephthalate)
(PET) and its copolymer, poly(ethylene isophthalate-co-tereph-
thalate) (PEIT).

lim
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respectively. As seen in the figures, the SAXS pattern
is not detected initially in all the crystallization cases
but develops with the structural evolution associated
with crystallization. With increasing crystallization time
the SAXS peak increases in intensity, and its maximum
shifts to the high q region, finally remaining unchanged
with further increase of the crystallization time.

The PEIT random copolymers 5IPT and 10IPT, which
exhibited melting temperatures lower than that of the
PET homopolymer, both always showed larger values
of L and l2 () L - l1) than those of the PET homopoly-
mer. On the basis of these results, we can make the
assignments l1 ) dc (lamellar crystal thickness) and l2
) da (interlamellar amorphous layer thickness). Figure
4 shows the variations in L, dc, and da as a function of
crystallization time and temperature for the PET ho-

mopolymer, and Figure 5 shows the corresponding data
for 5IPT. For both PET and 5IPT, the lamellar crystal
thickness dc varies very little with time for the crystal-
lization, indicating that no thickening occurred during
the isothermal crystallization. In contrast, both L and
da decreased during the isothermal crystallization over

Figure 2. Time-resolved SAXS patterns of PET polymer
measured during isothermal crystallization at 230 °C for 60
min.

Figure 3. Time-resolved SAXS patterns of 5IPT copolymer
measured during isothermal crystallization at 216 °C for 60
min.

Figure 4. Variations of morphological parameters (long
period L, amorphous layer thickness da, and lamellar crystal
thickness dc) with time obtained from the time-resolved SAXS
patterns measured during isothermal crystallization of PET
at various temperatures.

Figure 5. Variations of morphological parameters (long
period L, amorphous layer thickness da, and lamellar crystal
thickness dc) with time obtained from the time-resolved SAXS
patterns measured during isothermal crystallization of a PEIT
copolymer, 5IPT, at various temperatures.
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the temperature range considered. Similar trends were
observed in the variations of L, dc, and da for the 10IPT
copolymer (data not shown). Given that dc remained
almost constant during the crystallization process, the
reduction of L as crystallization proceeded can be seen
as originating from the decrease of da.

The change in the invariant Q with crystallization
time was determined from the SAXS patterns measured
during isothermal crystallization. A selection of the Q
values obtained from PET and 5IPT are presented in
Figure 6. In the results presented here, the value of Q
is normalized by its maximum value. 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
tQmax, after which it decreases slowly; here, tQmax is the
time at which the invariant Q reaches its maximum in
the crystallization. Similar Q variations are observed
for the 5IPT and 10PIT copolymers.

Remelting after Isothermal Crystallizations
DSC and SAXS Analysis. The DSC thermograms,
some of which are shown in Figures 7 and 8, were
measured during the heating at 3.0 °C/min after iso-
thermal crystallization for certain time. Both PET and
its copolymers reveal multiple melting peaks, regardless
of the crystallization conditions, as frequently observed
for PET.4,5,10-19

As shown in Figure 7a, the PET sample crystallized
at 230 °C displays two major melting peaks: one peak
in the high-temperature region with a very large heat
of melting and another peak in the low-temperature
region. In general, lamellar crystals formed by primary
crystallization are larger than those formed by second-
ary 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. However,
this melting endotherm may overlap either in part or
fully with the exothermic peak of the recrystallization
that can occur during heating.11-14 The melting peak
becomes more intense with increasing crystallization
time, whereas the peak position varies very little with
time. This behavior suggests that the crystals grow via
crystallization, but they thicken very little. The peak
in the low-temperature region is assigned to the melting

of the crystals formed by secondary crystallization. This
peak is initially very weak but increases in intensity
with time. Furthermore, the peak shifts substantially
to the high-temperature region with increasing crystal-
lization time. These results suggest that, at later times
in the isothermal crystallization, new crystals form in
a secondary process and undergo growth and thicken-
ing. Similar melting behavior is observed for the 5IPT
sample crystallized at 216 °C (see Figure 8a).

Different from the results presented above, the PET
sample crystallized at 219 °C shows three major melting
peaks (see Figure 7b). This sample exhibits two melting
peaks in the high-temperature region, rather than the
single melting peak seen for PET crystallized at 230 °C.
The peaks in the high-temperature region appear at
around 247 and 253 °C, which fall either side of the peak
due to the lamellar crystals formed by primary crystal-
lization at 230 °C. It is well-known that thinner lamellar
crystals form at lower crystallization temperatures and
that these crystals exhibit low melting points. We
therefore assign the peak at around 247 °C to the
melting of the lamellar crystals formed by the primary
crystallization, and the peak at around 253 °C is

Figure 6. Time dependence of invariant Q’s obtained from
SAXS patterns measured during isothermal crystallizations
of PET polymer and 5IPT copolymer at various temperatures.
The notation used indicates the polymer and its crystallization
temperature: for example, PET230 refers to PET crystallized
at 230 °C. The variation of Q with time at each crystallization
temperature was were normalized by its maximum value.

Figure 7. DSC thermograms of PET polymer crystallized
isothermally for 20-100 min at various temperatures. The
notation used indicates the polymer and its crystallization
temperature: for example, PET230 refers to PET polymer
crystallized at 230 °C. The heating rate used in the measure-
ments was 3.0 °C/min.

Figure 8. DSC thermograms of 5IPT polymer crystallized
isothermally for 20-100 min at various temperatures. The
notation used indicates the polymer and its crystallization
temperature: for example, 5IPT216 refers to 5IPT polymer
crystallized at 230 °C. The heating rate used in the measure-
ments was 3.0 °C/min.
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assigned to the melting of crystals that recrystallized
during the heating run. The melting point of the crystals
from the secondary crystallization, and its shift with
crystallization time, are also detected in this sample.
The PET sample crystallized at 208 °C shows similar
behavior to that described above (see Figure 7c), as do
the 5IPT and 10IPT samples crystallized over 190-210
°C (see Figure 8b,c).

From the DSC results presented above, we find that
the multiple melting endotherms in the isothermally
crystallized PET and its copolymers originate from the
melting of the crystals formed by primary and secondary
crystallization. In addition, it is noteworthy that the
melting point of the recrystallized crystals is observed
for PET, and its copolymers crystallized at relatively
high degrees of supercooling.

For crystals formed by primary crystallization at a
particular temperature, the melting endotherm peak

increases in intensity with increasing crystallization
time, whereas the position of its maximum (i.e., melting
point) does not vary with time. This behavior, which was
found for both the homopolymer and copolymers, sug-
gests that the size (i.e., crystal thickness) of crystals
formed by primary crystallization does not vary sub-
stantially with time during isothermal crystallization.
This is consistent with the SAXS results discussed in
the earlier section (see Figures 4 and 5).

In Figure 9, the melting points of the crystals formed
by secondary crystallization are plotted as a function
of crystallization time for a range of systems. The results
clearly show that longer crystallization times generate
secondary crystals with higher melting points. This
suggests that over time the crystals that are formed by
secondary crystallization become thick and perfect, and
their population increases. In addition, the rate of

Figure 9. Variation of Tm (the melting point of secondary
crystals) with crystallization time in PET polymer and its
copolymers (5IPT and 10IPT) crystallized isothermally at
various temperatures. Here, Tm was estimated from the peak
maximum of the melting in the lowest temperature region in
the DSC measurement. The notation used indicates the
polymer and its crystallization temperature: for example,
PET230 refers to PET polymer crystallized at 230 °C.

Figure 10. Time-resolved SAXS patterns of PET polymer
measured during subsequent heating at 3.0 °C/min after
isothermal crystallization at 230 °C for 60 min.

Figure 11. Time-resolved SAXS patterns of 5IPT polymer
measured during subsequent heating at 3.0 °C/min after
isothermal crystallization at 230 °C for 60 min.

Figure 12. Variation of amorphous layer thickness da and
lamellar crystal thickness dc with temperature estimated from
the SAXS patterns measured during subsequent heating at
3.0 °C/min after isothermal crystallization of PET polymer and
5IPT copolymer for 60 min at various temperatures. The
notation used indicates the polymer and its crystallization
temperature: for example, PET230 refers to PET polymer
crystallized at 230 °C.

4178 Lee et al. Macromolecules, Vol. 37, No. 11, 2004



increase of the melting point in the secondary crystals
is more rapid in the PET polymer than in the copoly-
mers. This suggests that the thickening and perfection-
ing of crystals formed by secondary crystallization, and
their population growth, take place more rapidly in the
PET polymer than in the copolymers. Consequently,
secondary crystallization causes specimens of PET and
its copolymers to undergo densification.

As discussed with the DSC results (Figures 7 and 8)
above, 60 min was found to be sufficient for both
primary and secondary crystallization to occur. To
further investigate the melting behavior of PET and its
copolymers, SAXS and DSC measurements were there-
fore conducted during the heating run at a rate of 3.0
°C/min after isothermal crystallization for 60 min at a
temperature in the range 190-230 °C.

Figures 10 and 11 show typical time-resolved SAXS
patterns of PET and 5IPT polymers measured during
remelting after isothermal crystallizations at 230 and
216 °C, respectively. As seen in the figures, with
increasing temperature the SAXS pattern weakens in
intensity and shifts its peak maximum to the low-q
region, finally disappearing. From these SAXS patterns
measured during the remelting of isothermally crystal-
lized PET and its copolymers, the morphological pa-
rameters have been extracted. Figure 12 presents the
temperature dependence of the lamellar crystal and
amorphous layer thicknesses for PET and 5IPT under
all of the crystallization conditions studied. During
heating runs of PET and its copolymers, their lamellar
crystal thickness dc very slowly increases with temper-
ature up to around 240 °C and thereafter turns to
increase rapidly. However, the amorphous layer thick-
ness da of PET always rapidly increases with temper-
ature, compared to the lamellar crystal thickness dc. In
the heating run of the copolymers, the amorphous layer
thickness da more rapidly increases with temperature
compared to that of PET. These temperature depend-
ences of the morphological parameters will be further
discussed below, with taking into consideration DSC
data of isothermally crystallized PET and its copoly-
mers. Figure 12 additionally shows the following inter-
esting features. For PET polymer, the temperature
dependence of da is independent of crystallization tem-
perature, within a small fluctuation level. A similar
trend is observed for 5IPT copolymer isothermally
crystallized at 193 and 206 °C. However, the variation
of da with temperature in 5IPT crystallized at 216 °C
deviates slightly from the behavior observed at the two
lower crystallization temperatures. The temperature
dependence of the lamellar crystal thickness dc, on the
other hand, shows the same basic behavior for all
crystallization temperatures and polymer compositions.

Figure 13 shows SAXS morphological parameters
plotted together with DSC thermograms, which were
measured during remelting of the isothermally crystal-
lized PET and 5IPT. As seen in the figure, in the heating
run, the value of dc varies very little with temperature
through the melting of the crystals formed by secondary
crystallization and continues to show little variation up
to the temperature of the peak maximum corresponding
to the melting of lamellar crystals formed during
primary crystallization. This behavior was observed
regardless of polymer composition and crystallization
temperature. At higher temperatures dc increases rap-
idly with increasing temperature through the meltings
of the crystals formed during primary crystallization

and the recrystallized crystals. The increase of dc with
temperature is particularly marked through the melting
of the crystals formed by recrystallization during the
heating run. This behavior is detected in samples
crystallized with high degrees of supercooling. In con-
trast, the value of da initially increases slowly with
temperature. With further increase of the temperature
the increase in da becomes steeper. This behavior is
observed regardless of polymer composition and crystal-
lization temperature. Actually, increase of da can be
caused by the thermal expansion and melting of thinner
lamellae (i.e., secondary crystals) between thicker lamel-
lae (i.e., primary crystals). Slower increase at lower
temperature is mainly from the former reason, and
faster increase can be from both reasons.

Remelting of Secondary CrystalssSAXS Analy-
sis. Figure 14 shows SAXS patterns measured at the
melting point of the secondary crystals in the heating
run after isothermal crystallization, which are compared
to those measured at t ) (tQmax + 100 s) and t ) 3600 s
in the crystallization run. In the results presented here,
tQmax is taken as the crossover time between primary and
secondary crystallization. In this scheme, primary crys-
tallization predominates up to this time, and thereafter
secondary crystallization occurs to a greater extent. As
shown in Figure 14a, for the PET crystallized at 230
°C, the SAXS pattern measured at t ) 3600 s appears
in the high-q region and with a low intensity in
comparison to that measured at t ) 500 s [) (tQmax +
100) s]. Taking the DSC result of Figure 13a into
account, the position shift to the high-q region and the
intensity reduction in the SAXS pattern due to the
longer crystallization are attributed to the formation of
secondary crystals. On the other hand, in the sub-
sequent heating run the SAXS pattern measured at 245
°C is exactly the same as that measured at t ) 500 s.
Taking the DSC result of Figure 13a into account, the
position shift to the low-q region and the intensity
increase in the SAXS pattern due to the subsequent
heating originate from the remelting of secondary
crystals formed during the crystallization run. Similar
results are observed for PET, and its copolymers crys-
tallized at other temperatures (see Figure 14b-d).
Overall, these SAXS measurements clearly demonstrate
that the formation of secondary crystals and their
melting cause a peak shift and an intensity change in
the SAXS pattern. These results highlight the power of
the SAXS technique as a tool for sensitively monitoring
secondary crystallization in PET and its copolymers.
Conclusively, these SAXS results indicate that both
secondary and primary crystals form during the crystal-
lization of PET and its copolymers and that, if the
crystallized polymer is heated, the secondary crystals
melt before the primary crystals.

Discussion

Here we consider three morphological models18,20-23

that were proposed for the morphological structure of
PET created by secondary crystallization in addition to
primary crystallization and then evaluate their validity
for the secondary crystallization of PET and its copoly-
mers investigated in the present study.

The single thin lamellar insertion model20-22 assumes
the following: (1) secondary crystallization generates
single thin lamellae in the amorphous layers of the
lamellar stacks formed during primary crystallization,
and (2) the thicknesses of the lamellar and amorphous
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layers in the lamellar stack formed during primary
crystallization remain constant throughout the second-
ary crystallization process. Thus, the overall crystallin-
ity should increase as the secondary crystallization
proceeds. The invariant Q of the SAXS profile always
increases throughout entire crystallization. The rate of
increase in the invariant Q depends on the population
of single thin lamellae. Because of the insertion of single
thin lamellae, the long period in the lamellar stacks
formed during primary crystallization decreases by 50%
as the secondary crystallization proceeds. The amor-
phous layer thickness in the lamellar stacks formed
during primary crystallization also decreases with time
by more than 50% during the secondary crystallization.
This reduction in the thickness of the amorphous layers,
and the consequent reduction in the long period, cause
the SAXS peak to shift substantially toward the high-q
region. In the model, the electron density of the single
thin lamellae formed during secondary crystallization
was not clearly described but generally considered
accountable enough to contribute to the SAXS pattern;
in the extreme case, single thin lamellae would have
the same electron density as the lamellar crystals
formed during primary crystallization.20-22 Thus, taking
the electron density into account, the lamellar layer
thickness would be expected to decrease somewhat if a
reasonably high population of single thin lamellae were

to form. This reduction in lamellar layer thickness
would make a positive contribution to the shift of the
SAXS peak to the high-q region.

The thin lamellar stack insertion model18 involves the
following assumptions: (1) the secondary crystallization
process involves the formation of thin lamellar stacks
among the lamellar stacks already formed during
primary crystallization, (2) the amorphous layer thick-
ness in the lamellar stacks formed during primary
crystallization is constant throughout the entire crystal-
lization process, (3) the amorphous layer thickness in
the thin lamellar stacks formed during secondary
crystallization is the same as that in the lamellar stacks
formed during primary crystallization, and (4) the
lamellar thickness in the lamellar stacks formed during
secondary crystallization is smaller than that of the
lamellar stacks formed during primary crystallization.
Thus, the overall lamellar thickness decreases with time
when secondary crystallization takes place, which means
that the thinning of the overall lamellar thickness
occurs throughout the entire crystallization process. In
addition, the formation of thin lamellar stacks should
cause the SAXS profile to broaden and shift to the
high-q region as crystallization proceeds. In the extreme
case that these thin lamellar stacks form in a reasonably
high population, the SAXS profile may appear to have
two peaks. Finally, the overall crystallinity increases

Figure 13. DSC thermograms, as well as variations of amorphous layer thickness da and lamellar crystal thickness dc with
temperature, measured during heating at 3.0 °C/min after isothermal crystallization of PET polymer and 5IPT copolymer for 60
min at various temperatures. The notation used indicates the polymer and its crystallization temperature: for example, PET230
refers to PET polymer crystallized at 230 °C.
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continuously due to the formation of the thin lamellar
stacks by secondary crystallization. Thus, the invariant
Q should always increase throughout the entire crystal-
lization process.

The positive edge-on branched lamellar stack model,23

on the other hand, assumes the following: (1) the
secondary crystallization process involves the formation
of secondary crystals along the edges of the lamellae
formed during primary crystallization, and (2) the
thicknesses of the lamellar and amorphous layers in the
lamellar stack formed during primary crystallization
remain constant throughout the secondary crystalliza-
tion process. Thus, the lamellar thickness apparently
increases with time when secondary crystallization
occurs, which causes an increase of optical retardation.23

On the contrary, the optical retardation on melting
decreases due to a reduction in the apparent lamellar
thickness at constant birefringence.23 The SAXS profile
would have two types of long period: one originates from
the stack of lamellae formed by primary crystallization
and the other from the secondary lamellar stacks
branched on edges of the lamellae formed by primary
crystallization. Further, both primary and secondary
lamellar crystal thicknesses would be detectable in the
SAXS analysis.23 Finally, the overall crystallinity in-
creases continuously due to the formation of the positive
edge-on branched lamellar stacks by secondary crystal-
lization. Thus, the invariant Q should always increase
throughout the entire crystallization process.

However, the SAXS profiles, Q variations, long peri-
ods, lamellar crystal thicknesses, amorphous layer
thicknesses, and DSC melting endotherms found in the
present study are quite different from those predicted
by the above three models.

First, the lamellar crystal thickness dc was found to
vary very little during the entire crystallization process,
even including the later stages of crystallization (see
Figures 4 and 5). This result is a significant departure
from those predicted by the thin lamellar stack insertion
model and the positive edge-on branched lamellar stack
model. In subsequent remelting after the isothermal
crystallization of PET and its copolymers, the lamellar
thickness dc also varies very little through the melting
of the secondary crystals and continues to show little
variation up to the temperature of the DSC endotherm
peak maximum corresponding to the melting of primary
lamellar crystals (see Figure 13). These results are
different from those predicted by the positive edge-on
branched lamellar stack model. These results suggest
that the secondary crystals in the isothermally crystal-
lized polymers are not properly accounted for in the
calculation of the lamellar thickness dc from the SAXS
patterns. This event only manifests when the secondary
crystals are of much lower density than the primary
lamellar crystals or when the secondary crystals are
much thinner than the primary lamellar crystals. In the
latter case, the thinner secondary crystals would only
weakly contribute to the lamellar thickness dc in the
SAXS patterns, even though their electron density is
the same as that of the primary lamellar crystals. As
described above, the single thin lamellar insertion model
predicts that the amorphous layer thickness in the
lamellar stacks formed during primary crystallization
will decrease by more than 50% during the secondary
crystallization. However, no such large decrease of the
amorphous layer thickness was observed during the
secondary crystallization, suggesting that the secondary
crystallization process in PET and its copolymers pro-
duces secondary crystals different from the single thin
lamellae that are assumed to form under the single thin
lamellar insertion model. Taking this into account, the
present dc results lead to the conclusion that, in the
isothermal crystallizations of PET and its copolymers,
the secondary crystals have relatively low electron
density compared to that of the primary crystals, and
hence the contribution of the secondary crystals to the
lamellar thickness dc determined from the SAXS pat-
tern is very small.

Second, in contrast to the behavior of the lamellar
crystal thickness dc, the amorphous layer thickness da
in PET and its copolymers was found to decrease during
primary crystallization (see Figures 4 and 5). Various
factors could potentially contribute to the observed
decrease in da during primary crystallization, including
(1) the distribution of da in the lamellar stacks and its
variation with time, (2) the number of lamellae in the
lamellar stacks and its effect on the SAXS profile, and
(3) relaxation of the polymer chains in the amorphous
layers. The amorphous layer thickness da further de-
creases during the secondary crystallization process, as
shown in Figures 4 and 5. In contrast, during the
subsequent remelting after the isothermal crystalliza-
tion of PET and its copolymers, the amorphous layer
thickness da increases during the melting of the second-
ary crystals and then increases more rapidly during the
melting of the primary lamellar crystals (see Figure 13).
Overall, the changes in da due to secondary crystalliza-
tion as well as those due to remelting of the secondary
crystals are less than 15% of the amorphous layer
thickness in the lamellar crystal stack formed during
primary crystallization; this finding is a significant

Figure 14. SAXS patterns measured during isothermal
crystallization and subsequent heating of PET and 5IPT
polymers: 0, measured at t ) (tQmax + 100 s) in the crystal-
lization of the polymer at the chosen temperature; O, measured
at t ) 3600 s in the crystallization of the polymer at the chosen
temperature; b, measured at a certain temperature (namely,
the melting temperature of secondarily crystallized crystals
or just above) on the subsequent heating run at 3.00 °C/min
after crystallizing for t ) 3600 s at the chosen temperature.
Here, tQmax is the time at which the invariant Q of the SAXS
pattern reaches its maximum in the crystallization.
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departure from the behavior predicted by the single thin
lamellar insertion model.

Third, the long period L in the SAXS pattern was
found to decrease during the entire crystallization (see
Figures 3 and 4). However, the decrease in L is less than
15% with respect to the value of L in the lamellar stacks
formed during primary crystallization (see Figures 3
and 4), which is much smaller than the large reduction
(50% reduction) predicted by the single thin lamellar
insertion model.

Fourth, the SAXS patterns do not show broadening
as crystallization progresses (see Figures 2 and 3), which
is a departure from the formation of two peaks or
broadening in the SAXS pattern predicted by the thin
lamellar stack insertion model and by the positive edge-
on branched lamellar stack model. The peak maximum
of the SAXS pattern was found to shift to the high-q
region (see Figures 2, 3, and 14), but the extent of this
peak shift was smaller than that predicted by the single
thin lamellar insertion model. In addition, the intensity
of the SAXS pattern clearly diminished during the
secondary crystallization (see Figure 14). This intensity
reduction in the SAXS pattern during secondary crys-
tallization is the opposite of the behavior predicted by
both the single thin lamellar insertion model and the
thin lamellar stack insertion model. Taking this result
into account, along with the behavior of dc and da
described above, the observed peak shift and intensity
reduction in the SAXS pattern during the crystallization
(Figures 2, 3, and 14) can be mainly attributed to the
reduction of the amorphous layer thickness da due to
the formation of secondary crystals that are different
both from the single thin lamellae described by the
single thin lamellar insertion model and from the thin
lamellar stacks described by the thin lamellar stack
insertion model.

Fifth, the single thin lamellar insertion model predicts
the following four-stage variation of the amorphous
layer thickness da during remelting of isothermally
crystallized samples: (1) da increases slowly before the
first melting endotherm [i.e., melting of single thin
lamellae (secondary crystals)]; (2) during melting of the
single thin lamellae, a steeper increase in da is expected;
(3) between the first (melting of single thin lamellae)
and second (remelting of primary lamellae) endotherms,
the rate of increase of da would be reduced because there
is only thermal expansion; and (4) da would be expected
to increase fastest during the melting of the primary
lamellae. However, this four-stage pattern was not
observed for the PET and its copolymers examined in
the present study (see Figure 13).

Sixth, the SAXS invariant Q, as seen in Figure 6, is
small and constant for an initial induction period and
then increases rapidly with time up to a maximum at
tQmax, after which it decreases slowly. The decrease in Q
during the later stages of crystallization (i.e., during
secondary crystallization) is the opposite of the behavior
predicted by the above three models. This finding
provides further evidence that the secondary crystals
formed in PET and its copolymers have a morphology
different from those assumed by the three models.

To understand the observed behavior of the invariant
Q, consider the relationship between the invariant Q
and the morphological parameters of the polymer
samples. For a pseudo-two-phase structure with a linear
density gradient of interface between the crystal and
amorphous layers, the invariant Q in eq 3 can be

expressed by the following equation:30-33

where K is a conversion constant between electron and
macroscopic densities, Rs is the volume fraction of
lamellar stacks within the total, irradiated sample
volume, æc and (1 - æc) are the volume fractions of the
crystalline and amorphous phases in the lamellar
stacks, respectively, σ is the thickness of interface
between the crystal and amorphous layers, Os is the
specific surface area of the phase boundary, and Fc and
Fa are the temperature-dependent electron densities of
the crystalline and amorphous phases, respectively.

The PET and its copolymer samples, which were
isothermally crystallized for 60 min over 170-240 °C,
reveal a heat of fusion (∆Hf) ranging from 32.7 to 53.1
J/g, depending on the composition and crystallization
temperature, in the heating run (see some DSC endo-
therms in Figures 7 and 8). The completely crystallized
PET homopolymer was reported to have a heat of fusion
of 117.6-140.3 J/g ()∆Hf°).2,3 Using these ∆Hf° values,
the bulk crystallinities (xc) of the polymer samples are
estimated to range from 23.3 to 45.1% from the mea-
sured ∆Hf values. The value of xc is directly related to
the æc in eq 4. During the crystallization, æc increases
by less than 50%. Taking this fact into account, the term
[æc(1 - æc)] in eq 4 does not decrease during crystal-
lization. Furthermore, the parameter Rs in eq 4 would
not decrease with time as crystallization progresses.
These facts suggest that the decrease of Q at times
greater than tQmax (i.e., during secondary crystallization)
results from the reduction of (Fc - Fa), the difference
between the electron densities of lamellar crystal layer
Fc and amorphous layer Fa. As the value of Fc would not
decrease with crystallization time, the decrease of the
(Fc - Fa) term is attributed to an increase in Fa, signifying
a densification of the amorphous layers via secondary
crystallization. This densification shrinks the amor-
phous layers, consequently reducing the amorphous
layer thickness da. Such a shrinking of the amorphous
layers was discussed above in regard to the variations
of the morphological parameters with crystallization
time, where it was found that da decreases but dc does
not vary during crystallization, regardless of the poly-
mer composition (see Figures 4 and 5).

Finally, the DSC study in the present work found that
longer crystallization times of PET as well as its
copolymers generate secondary crystals with higher
melting points (see Figures 7-9). These results indicate
that over time the crystals that are formed by secondary
crystallization become thick and perfect, and their
population increases. Neither the single thin lamellar
insertion model nor the thin lamellar stack insertion
model can explain these results.

In summary, both the single thin lamellar insertion
model and the thin lamellar stack insertion model are
inappropriate to explain the morphological structures
of PET and its copolymers crystallized from the melt in
the present study.

Taking into account all the results presented above,
we here propose a new structural model describing the
amorphous layers in a lamellar stack and the amor-
phous regions between lamellar stacks, which become
dense and shrink due to secondary crystallization. The
proposed model involves a short-range-ordered structure

Q ) KRs[æc(1 - æc) -
σOs

6 ](Fc - Fa)
2 (4)
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that has a lower electron density than the lamellar
crystals formed by primary crystallization. A schematic
picture of the structural model is shown in Figure 15.
The electron density (Fsros) of this short-range-ordered
structure is allowed to vary over the range:

where 〈F〉 ) æcFc + (1 - æc)Fa, æc and Fc are the volume
fraction and electron density of lamellar crystals, re-
spectively, and (1 - æc) and Fa are the volume fraction
and electron density of amorphous phases, in the
lamellar stack formed by primary crystallization before
the commencement of secondary crystallization. The
short-range-ordered structure can consist of single thin
lamella (see Figure 15c), thin lamellae, or fringed
micelle-like molecular order (see Figure 15d), which
must obey the electron density limit defined by eq 5.

A fringed micelle-like structure has been previously
proposed for secondary crystals formed during the
crystallizations of a poly(ether ether ketone)34,35 and
ethylene copolymers.36 However, in all these studies the
micelle-like morphology was suggested only on the basis
of observation of multiple endotherms in DSC measure-
ments, without any support from structural data.

Conclusions
The isothermal crystallization and remelting of PET

and its copolymers containing 4.9 and 9.8 mol % IPT

unit were investigated in detail using time-resolved
SAXS and DSC. The PET and its copolymers exhibited
several characteristic behaviors.

First, the formation of both primary and secondary
crystals was evident from the variation of the SAXS
pattern and invariant Q during the crystallization and
subsequent remelting and also from the multiple en-
dotherms exhibited by the isothermally crystallized
samples.

Second, the thickness dc of lamellar crystals (i.e.,
primary crystals) was very sensitive to the crystalliza-
tion temperature, indicating that the degree of super-
cooling is the major driving force determining the
thickness of lamellar crystals. However, no thickening
was observed during the isothermal crystallization of
any of the polymers considered. Instead, the lamellar
crystal underwent perfectioning and lateral growth
during the crystallization process, causing its melting
temperature to increase slightly.

Third, the secondary crystals, which favorably form
during the later stages of crystallization, become thick
and perfect over time, and their population increases,
causing the melting temperature of these crystals to
increase significantly.

Fourth, the secondary crystals in the isothermally
crystallized polymers are not properly accounted for in
the calculation of the lamellar thickness dc from the
SAXS patterns, indicating that the secondary crystals
have much lower electron density than the primary
crystals.

Fifth, the formation of secondary crystals causes the
peaks in the SAXS pattern to shift to higher q and an
intensity reduction in the SAXS pattern with no broad-
ening, whereas the melting of secondary crystals causes
a peak shift to lower q and an intensity increase in the
SAXS pattern with no broadening. These results indi-
cate that the amorphous layers in the lamellar stack
formed during primary crystallization shrink (i.e., in-
crease in density) during secondary crystallization and
then become less dense on melting of the secondary
crystals.

Sixth, the amorphous layer thickness da decreases
during the overall crystallization (i.e., primary and
secondary crystallization). Several factors potentially
contribute to the decrease in da during the primary
crystallization, including (1) the da distribution in
lamellar stacks and its variation with time, (2) the
number of lamellae in the lamellar stacks and its effect
on the SAXS profile, and (3) relaxation of polymer
chains in the amorphous layers. On the other hand, the
decrease in da during the secondary crystallization can
be attributed to the formation of secondary crystals and
their thickening and perfectioning in the amorphous
layers in the lamellar stacks formed during primary
crystallization and in the amorphous regions between
the lamellar stacks.

Finally, the SAXS invariant Q is small and constant
for an initial induction period and then increases rapidly
with time up to a maximum at tQmax, after which it
decreases slowly. The decrease in Q during the later
stages of crystallization (i.e., during secondary crystal-
lization) originates from the reduction of (Fc - Fa), the
difference between the electron densities of the lamellar
crystal layer Fc and the amorphous layer Fa. The
decrease of (Fc - Fa) is attributed to an increase in Fa,
signifying a densification of the amorphous layer via
secondary crystallization.

Figure 15. (a) Schematic electron density profile of a lamellar
crystal stack along the direction normal to the lamellar crystal
plane, which is formed by primary crystallization. (b) Electron
density profile (solid line) of a lamellar crystal stack along the
direction normal to the lamellar crystal plane, which is formed
by secondary crystallization after primary crystallization:
here, the broken line is the electron density profile of a primary
lamellar crystal stack, which is same with that in (a). (c and
d) Schematic pictures of single thin lamella and fringed
micelle-like structure formed possibly in the amorphous layer
by secondary crystallization, respectively. Such single thin
lamella and fringed micelle-like structure also are possibly
formed in amorphous regions between primary lamellar crystal
stacks. Here, electron densities (Fsros) of both single thin lamella
and fringed micelle-like structure should be limited to the
range defined by eq 5.

Fa < Fsros < |〈F〉 - Fa| + 〈F〉 (5)
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Considering all these results, we propose a new
structural model capable of describing the behavior of
the amorphous layers in the lamellar stacks and the
amorphous regions between the lamellar stacks in PET
and its copolymers as they undergo secondary crystal-
lization. The proposed model involves a short-range-
ordered structure that has a lower electron density than
the lamellar crystals formed by primary crystallization.
The short-range-ordered structure may consist of single
thin lamella, thin lamellae, or fringed micelle-like
molecular order, which must obey the electron density
limit outlined in the main text.
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