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Abstract. The ordering process and glass transition of poly(ethylene terephtha-
late) (PET) in oriented glassy states have been investigated using real time X-ray
scattering experiment with synchrotron radiation sources and (temperature modu-
lated) differential scanning calorimetry. The time evolution of the X-ray scattering
patterns observed during the isothermal annealing process could well be reproduced
using the kinetics of structure formation from the nematic-like structure to the
crystal-like structure by way of the smectic structure. During the heating process a
corresponding change in X-ray scattering patterns was observed and a continuous
structural change from the oriented glassy state to the crystalline state through the
smectic-like structure was confirmed. This structural change is accompanied with a
continuous increase in the glass transition temperature, which is elucidated using
differential scanning calorimetry.

6.1 Introduction

Many recent experiments have shown that a dynamical change occurs prior
to the formation of usual crystalline order during crystallization process [1-4].
The dynamical change has been discussed in relation to the structure forma-
tion in the early stage of polymer crystallization. Such dynamical change is
believed to be essential for understanding the mechanism of polymer crystal-
lization. In our previous work, we investigated the dynamics of the a-process,
segmental motion of a polymer chain, especially in the early stage of crystal-
lization of poly(ethylene terephthalate) (PET) using the simultaneous time-
resolved measurements of small-angle X-ray scattering (SAXS), wide-angle
X-ray scattering (WAXS) and dielectric relaxation spectroscopy (DRS) [3,4].
In Fig. 6.1, the results obtained with the three different methods are shown
for isothermal crystallization at 97.5°C from quenched glassy states. We have
found that the dynamics of the a-process changes drastically before the for-
mation of crystalline structure starts. Figure 6.1(a) shows that at isothermal
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Fig. 6.1. (a) Time evolution of the dielectric strength of the a-process (o) and the
o’-process (/). The sum of dielectric strengths of the two processes is also plotted
with the symbol e. (b) Time evolution of peak intensity of Bragg reflections (011 +
010) (IB, o) and intensity of amorphous halo (Ia, A) (c) Time evolution of peak
intensity of SAXS profile I¢?vs.q. All data are obtained during the crystallization
process at 97.5°C. The arrows indicate the two different characteristic times (7qyn
and Teryst)

process, the strength of the a-process decreases with increasing annealing
time, while a new relaxation process (a’-process) appears and its strength
increases with time. Figures 6.1(b) and (c) show time evolution of scattering
intensities associated with the structure formation over the region of WAXS
and SAXS, respectively. Comparing the time scale of structure formation,
Teryst, With that of change in dynamics, Tqyn, we have found that there are
two different time scales that are associated with polymer crystallization. This
result suggests that the ordering process of polymers cannot be described by
only one order parameter, i.e., density, but another order parameter must
be required. The candidate of the second order parameter is proposed to be
orientational order parameter or conformational order parameter of polymer
chains [5].

Oriented PET in the glassy states is a useful system when investigating
the effect of orientational order on polymer crystallization mechanism. The
crystallization rate of PET is slow enough for time-resolved measurements to
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be performed, and PET films can well be uniaxially drawn by cold drawing
at room temperature. Recent X-ray measurements on oriented PET have re-
vealed that a smectic structure appears between totally amorphous states,
such as melt and glass, and triclinic crystalline states during the isothermal
annealing process below the glass transition temperature or the uniaxially
drawing process of PET melts [6-12]. The existence of an intermediate struc-
ture such as the smectic structure can be regarded as a result coming from the
change in orientational order of polymer chains by cold drawing, because the
smectic structure cannot be observed during the crystallization process from
unoriented amorphous states of PET. A similar smectic ordering induced by
shear deformation is observed also in isotactic polypropylene [13].

Our previous work [3,4] showed that there is a drastic change in dynamics
of the segmental motion during the crystallization process. From this result
we can expect that the glass transition behavior changes during the order-
ing process from the oriented glassy states. Such information may be very
important for understanding the mechanism of the ordering process of these
systems. The glass transition in confined geometry such as in crystalline states
has been paid much attention in recent years [14].

In this paper, we investigated the ordering process from oriented glassy
states of PET during isothermal annealing process on the basis of the measure-
ments on time evolution of scattering intensities of a reflection charactering
the smectic structure and also those of a 4-point pattern in the SAXS region.
Using a simple kinetic model, we analyze the observed time evolution of the
scattering intensities and discuss the kinetics of the formation and decay of
the smectic structure during the isothermal annealing process from the ori-
ented glassy states of PET [15]. We also investigated the ordering process
during the heating process. For this purpose, we investigated not only X-ray
scattering patterns, but also thermal properties of oriented and unoriented
glassy states of PET after annealing treatment using differential scanning
calorimetry (DSC) and temperature modulated DSC (TMDSC).

6.2 Experiments

Original PET samples are kindly supplied by Toray, Co. Ltd. The as-received
PET is unoriented amorphous films with thickness of 0.2 mm. Oriented glassy
states of PET are obtained by drawing the original samples at room tempera-
ture. The drawing rate and the final draw ratio are controlled to be 4 mm/min
and about 4, respectively.

In order to check the degree of chain orientation and overall diffraction pat-
tern of the drawn PET, wide-angle X-ray diffraction photographs were taken
for the drawn PET after annealing at 70°C for one hour in an oil bath. For
this purpose, we used monochromatic CuK,, X-ray from a conventional rotat-
ing anode type of X-ray generator with graphite monochrometer. A vacuum
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camera was used in order to improve the signal-to-noise ratio. An imaging
plate was also used as a recording media.

For time-resolved X-ray measurements, the oriented glassy states of PET
were mounted on the sample holder. The sample holder can be moved quickly
from the room temperature side to the higher temperature side which is sur-
rounded by a Cu heater block in a vacuum chamber. After a temperature
jump from room temperature to an annealing (crystallization) temperature,
change in the X-ray scattering pattern with time was measured during the
isothermal annealing process. Annealing temperature was controlled to be a
temperature between 63.6°C and 76.3°C. For real-time X-ray measurements
during the heating process, the sample was mounted onto a hot-stage (LK-
600PM, Linkam). Under N» flow, the measurements were done during the
heating process at the rate of 10 K/min.

X-ray measurements for ¢ < 7.5 nm~! (SAXS and intermediate angle X-
ray scattering regions) were performed on RIKEN Beamline I (BL45XU) at
SPring8, while those for ¢ < 30nm~—! (WAXS) were done on BL40B2. Here,
q is the scattering vector and is defined as ¢ = 4wsinf/\, where 20 is the
scattering angle. The wavelength of X-rays, A, is 0.10 nm and 0.8265 nm for
BL45XU and BL40B2, respectively. The detector used in our measurements
was a combination of X-ray image intensifier and CCD camera. The camera
lengths were 682 mm and 142.5 mm for the measurements on BL45XU and
BL40B2, respectively. The obtained scattering data were corrected in order
to remove the variation in intensities of incident X-rays and the contribution
of background scattering.

For DSC and TMDSC measurements we used commercial instruments
DSC10A (Rigaku) and MDSC2920 (TA Instrument), respectively. A segment
of the film (~1.2mg) was cut from the cold-drawn PET film and put into an
aluminum pan with an aluminum lid. For the DSC measurements, the heating
rate was 20K/min. As an annealing treatment, the sample was heated up to
an annealing temperature T, (T, = 65 — 215°C) at the rate of 20K/min
and then cooled down to room temperature at 1K/min. After this annealing
process, the DSC measurements were done. For TMDSC measurements, the
heating rate was 1 K/min and the period and amplitude of the temperature
modulation were 30 sec and 0.5K, respectively.

6.3 Structural Change at Isothermal Annealing Process

6.3.1 X-ray Diffraction Patterns

Wide-angle X-ray diffraction patterns taken on a flat IP are shown in Fig. 6.2
in order to see the overall diffraction pattern of oriented PET. The sample in
Fig. 6.2 was annealed at 70°C for one hour. The polymer chains are highly
oriented along the draw axis. There are intense broad scattering areas on the
equator and sharper streak-like scattering on the meridian. In particular, on
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Fig. 6.2. Diffraction patterns in the WAXS region of oriented PET. This sample
was annealed at 70°C for one hour. The picture (a) is the same as the picture (b)
except the full scale in intensity. The arrow shows the 001’ reflection

the meridian there is a very sharp diffraction spot near the beam center. We
will refer to this reflection as the 001’ reflection. The existence of the 001’
reflection in the diffraction patterns of the oriented PET was reported by
Bonart in 1966 [16]. The lattice spacing corresponding to the 001’ reflection
was 1.03 nm in the present measurements. In the literature, it is reported that
the lattice spacing ranges from 1.02 nm to 1.07 nm depending on the condi-
tions of drawing [6,8]. The lattice spacing corresponds to the repeating unit
of PET monomers along the chain axis. The existence of the 001’ reflection on
the meridian suggests that PET chains are aligned parallel to each other, and
that there is a domain, within which the atomic positions along the chain axis
are the same among the neighboring chains. This structure can be regarded
as the one similar to the smectic structure of liquid crystals.

As shown in Fig. 6.2(b), we can see four relatively sharp spots just below
and just above the equator, in addition to the intense diffuse spots. This sug-
gests that crystalline order is already formed in part at 70°C, below the glass
transition temperature of the bulk sample, although the crystalline structure
is accompanied by a large degree of disorder.

Figure 6.3 shows time evolution of X-ray scattering patterns of oriented
glassy states of PET, observed after the temperature jump from room temper-
ature to 71.2°C using X-ray source from the synchrotron radiation at SPring
8. The draw axis (the z-axis) is shown as an arrow in the figure. The upper row
shows the scattering patterns for the ¢-range of ¢ < 7.5 nm~!, and the lower
one shows the scattering pattern of the SAXS region of the same scattering
patterns as the upper one. The isotropic rings in X-ray scattering patterns are
contributions from the scattering from the Kapton films used for the windows
of X-ray path. The upper row of figures shows that there is a weak and sharp
diffraction spot around ¢, =~ 6.1 nm™! on the meridian, where ¢, is the z-
component of the scattering vector. This reflection is the 001’ reflection. The
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Fig. 6.3. Time evolution of X-ray diffraction patterns of a drawn PET sample
annealed at 71.2°C. Diffraction patterns at 0, 20, 59, 409 and 2809 sec are shown.
Patterns on the upper line are those for ¢ < 7.5 nm™!, and those on the lower line
are for ¢ < 3.6 nm™'. The arrow shows the direction of the draw axis (the z-axis).

line width along the direction perpendicular to the meridian can be regarded
as a measure of the lateral size of the smectic domain.

The intensity of the reflection 001’ increases with time, reaching a maxi-
mum at 59sec, and then it begins to decrease gradually with time. The present
result shows that the fraction of the smectic structure increases and then de-
creases with time.

In the lower diffraction pattern in Fig. 6.3, we find that there is almost no
SAXS intensity in the beginning of the annealing. However, as time elapses,
the intensity increases appreciably in the SAXS region and finally shows a
typical 4-point pattern of SAXS. The existence of the 4-point pattern sug-
gests that there is a tilted lamellar structure that is typical of higher order
structure of triclinic crystalline PET. In the temperature range around this
annealing temperature, 71.2°C,; a wide-angle X-ray diffraction measurement
revealed that there are very few sharp reflections on the equator, as shown
in Fig. 6.2(b). Therefore, the polymer chains in this tilted lamellar structure
have a highly disordered (crystalline) structure. Because this highly disor-
dered structure is expected to change into the perfect triclinic structure, we
call this structure a pre-crystalline structure. According to Asano’s model [6],
this tilted lamellar structure is formed by tilting PET chains from the draw
direction. Here, we can regard the intensity of the 4-point patterns of SAXS as
a measure of the fraction of the tilted lamellar structure or the pre-crystalline
structures.
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6.3.2 Integrated Intensity as a Function of Annealing Time

In Fig. 6.4, we show the time evolution of the integrated intensities of the 001’
reflection and the 4-point patterns at various annealing temperatures. The in-
tegrated intensities of the 001’ reflection and the 4-point patterns of SAXS
were evaluated from the one-dimensional profile of the scattering intensity
at ¢, ~ 6.9 nm~! and ¢, ~ 0.5 nm~!, respectively. The contributions from
the background and the parasite scattering were subtracted before evaluat-
ing the integrated intensities. In Fig. 6.4 it is shown that the intensity of the
001’ reflection has a maximum at a time that depends on the annealing tem-
perature. On the other hand, the intensity of the 4-point patterns increases
monotonically with time during the isothermal annealing process. From this
result, it is found that the fraction of the pre-crystalline structure increases
monotonically with time, while the fraction of the smectic structure increases
and then decreases with time.

The X-ray diffraction patterns of as-drawn PET samples have a weak 001’
reflection on the meridian. This implies that the initial state of oriented PET
is a mixture of the nematic structure and the smectic structure, and also that
two ordering processes coexist during the isothermal annealing process on
PET. (Polymer chains in the nematic structure have a preferred orientation
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Fig. 6.4. Time evolution of integrated intensity of the 001’ reflection (o) and the
4-point patterns of SAXS (A) at various annealing temperatures (63.6°C-76.3°C)
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along the draw axis and are randomly aligned along any direction normal to
the draw axis.) One is the ordering process from the nematic structure to
the smectic structure, and the other is the ordering process from the smectic
structure to the pre-crystalline structure. The kinetics of the two ordering
processes compete.

It should be noted here that the intensity of the 001’ reflection does not
seem to decay to zero, but to a finite value, depending on annealing temper-
ature.

6.3.3 Kinetic Model Analysis
Kinetic Model

In order to reproduce the observed time dependence of the intensity of the
001’ reflection and the 4-point pattern, we here introduce a kinetic model for
the structure formation of PET from the oriented glassy states. In the model,
we adopt the following assumptions.

1) The present polymeric system is divided into ng equivalent partial re-
gions. There are only three different states for a partial region, that is, nematic
structure, smectic structure and pre-crystalline structure. Every partial region
takes one of the three states. The number of the nematic regions, smectic
regions and pre-crystalline regions at time ¢ are denoted by n,(t), ns(t), and
n(t), respectively.

2) The intensity of the 001’ reflection at time ¢, Ino1/(¢), is proportional to
the number of smectic regions at time ¢, while the integrated intensity of the
4-point pattern in the SAXS regions, Isaxs(t), is proportional to the number
of the pre-crystalline regions. Here, the following relations are satisfied:

I()Ol/(t) =C- ns(t) (61)
Isaxs(t) = C-ny(t)

where C and C are the constants.

If we assume that the kinetic process from the nematic structure to the
smectic structure and from the smectic structure to the pre-crystalline struc-
ture are given by the rate constants k,s and kg, respectively, the following
coupled equations are obtained:

dn,, ~

s (O — Fu(t)ne (6.4)
dt

d?’lt =

P kst (t)ns - (6.5)

It should be noted that the kinetic process from the nematic structure di-
rectly to the pre-crystalline structure without passing the smectic structure
is prohibited for simplicity in this model.
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Furthermore, it is assumed that the rate constants /;:m and l~cst depend not
only on temperature but also on time and are given by the following equations:

kps(t) = kO ot~ ! (6.6)
kst (t) = k9,867 (6.7)

where k¥, and kY, are constants, and o and 3 are exponents of the power-law
with respect to time.

The solution of the above kinetic equations is as follows on condition that
Ny + ns + N = ng (constant):

M () = nOeFnet” (6.8)
na(t) = —n0 kst
t
e knt’ [(1 + ﬁk’gt/ sﬁ_le_k?lssa"’kgtsﬁds) nd + ng} (6.9)
0
t
) = o -7 [(1 ok, [ 35‘1e—’fﬁssa+k2ts‘*ds> "l + nS] ,
0
(6.10)

where nf and n? are the numbers of the nematic and smectic regions at t = 0,
respectively.

In case of k%, — oo, there is no difference between nematic structure and
the smectic structure. As a result, the kinetic process can be regarded as the
process between the two structures (the nematic, or smectic structure, and
the pre-crystalline structures), and approximate expressions for n,,(t), ns(t)
and n(t) can be obtained from Eqgs. (6.8)-(6.10) as follows:

np(t) = 0 (6.11)
ns(t) ~ e 5t (n0 4 n) (6.12)
ne(t) = ng — e ket (n® +n?). (6.13)

The time evolution expressed by Eq. (6.13) is the same as that given by the
Avrami equation [17]. This means that the present kinetic model naturally
includes the time evolution expressed by the Avrami equation, although the
existence of the intermediate state between the initial structure and the final
one is taken into account.

In the above procedure, we develop the kinetic model on the assumption
that all regions should be in the pre-crystalline structure in the final stage of
the kinetic process. However, this assumption is clearly oversimplified. It is
more likely that some nematic regions and smectic regions do not transform
to any other structures, and that there are still unoriented regions which
remain unchanged during the annealing process. Because the existence of the
unchanged smectic affects the intensity of the 001’ reflection, the contribution
of the number of the unchanged smectic regions, ng°, is taken into account by
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replacing ng(t) with ng(t)+nS° in Eq. (1). Thus, we use the following equation
instead of Eq. (1),

IOOll(t) =C- (ns(t) + ngo) . (614)

In order to reproduce the observed intensity of the 001’ reflection and the
4-point pattern in the SAXS region, we performed a nonlinear least square
fit by using Egs. (2), (6.8)—(6.10), and (14). The solid and dotted curves in
Fig. 6.4 were obtained by the above fitting procedure. In Fig. 6.4, it is found
that the time evolution of the intensities of both the 001’ reflection and the
4-point pattern in the SAXS region can be well reproduced simultaneously
by the present kinetic model. In the next sections, we will discuss the several
parameters obtained by the fitting.

Characteristic Time

The times characterizing the kinetic processes from the nematic structure
to the smectic structure, 7,5, and from the smectic structure to the pre-
crystalline structure, 75, can be defined in the following way:

1 1/«
= ()
L\ VA
Tst — - .
(%)

By using the fitting parameters «, 3, kO, and kY, at various temperatures, we
obtained the temperature dependence of 7,,; and 74, as shown in Fig. 6.5. In
this figure, it is found that the functional form of 7,,; and 75 with respect to
temperature can be expressed by the Arrhenius type of the activation process,
although the temperature range investigated here was restricted. According
to the Arrhenius law, the characteristic times 7,5 and 74 can be given by the
following equations:

o = TO ex AUnS Tst — TO ex AUSt
ns — Ing P T ) st = Tt €XP T 3

where 70, and 70, are constants, AU, and AU are the activation energy
from the nematic structure to the smectic structure and from the smectic
structure to the pre-crystalline structure, respectively. From the slope of the
straight line in Fig. 6.5, the values of the activation energies can be evaluated
as follows:

AU = (14.0 £ 2.5) keal/mol (6.15)
AUg = (21.9 £ 4.3) keal/mol (6.16)
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Fig. 6.5. Arrhenius plot of the characteristic times of the transition from ne-
matic structure to smectic structure, 7,s, and the one from smectic structure to
pre-crystalline structure, 7s:

According to the results by dielectric and mechanical relaxation measurements
on PET in [18], we can estimate the averaged activation energy for the a- and
[-relaxation processes as follows:

AU, ~ 137 kecal/mol , (6.17)
AUg ~ 15 kecal/mol , (6.18)

where AU, and AUpg are the activation energies for the a- and (-relaxation
processes, respectively.

Comparing AU,s and AU, with AU, and AUg, we find that the val-
ues of AU, s and AU, are much smaller than the activation energy of the
a-relaxation process, but they are in relatively good agreement with the ac-
tivation energy of the B-relaxation process. The structural changes discussed
in this paper occur below the glass transition temperature of the bulk sam-
ple, and hence it is expected that the a-relaxation process, segmental motion,
is prohibited and has no appreciable contribution to the structural change
below the glass transition temperature. The observed values of AU, and
AUy supports this expectation. Furthermore, the (-relaxation process, i.e.,
the local mode relaxation process, may be a microscopic origin for the struc-
tural changes from the nematic structure to the smectic structure and from
the smectic structure to the pre-crystalline structure, although the detailed
mechanism is still to be elucidated. Real time relaxation measurements during
the structural changes are highly desired for this purpose.
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Exponent of the Kinetic Equation

The exponents a and 3 which determine the kinetics of the structural change
of oriented PET are shown in Fig. 6.6. The values of o and (8 are obtained
by the fitting procedure mentioned above. In Fig. 6.6, it is found that the
exponent « for the kinetics from the nematic structure to the smectic structure
decreases from 2.3 to 1 with decreasing temperature within the temperature
range investigated here. In the case of the Avrami law [17], the crystalline
fraction ¢, is given by
de(t) ~ 1 —exp(=It7)

where [ is the nucleation rate, and d is the exponent. The exponent d is equal
to 2 if the mechanism of structural change can be described by a 2-dimensional
heterogeneous nucleation and growth. Hence, a possible mechanism for the
structural change from the nematic structure to the smectic structure that
is consistent with the observed exponent a may be as follows. In a nematic
domain, there are smectic regions as heterogeneous nuclei. During the isother-
mal annealing process, these smectic regions grow two-dimensionally along the
direction perpendicular to the chain axis. At a lower temperature, this lateral
growth of the smectic domain is hindered, and as a result, the effective dimen-
sionality of the lateral growth is decreased. Analysis of the overall behavior
of the diffraction profile along the direction perpendicular to the meridian
as a diffuse scattering according to the procedure similar to that shown in
Refs. [19,20] will reveal the nature of the growth of the smectic domain.

As for the structural change from the smectic structure to the pre-
crystalline structure, the exponent § is about 0.5 and is almost indepen-
dent of temperature. The value of the exponent 3(=0.5) reminds us of the
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Fig. 6.6. Temperature dependence of the exponent « and 3 for the transition from
the nematic structure to the smectic structure, «, and the one from the smectic
structure to the pre-crystalline structure, 3
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stretched exponential-type of relaxation functions, ¢(t) = exp(—(t/7)%xww)
(0 < Bxww < 1) [21]. This function can often be observed in disordered mate-
rials and is known as anomalous (slow) relaxation [22]. Hence, this structural
formation process is not described by the growth of the pre-crystalline do-
main, but a slower diffusion process should be taken into account. According
to this diffusion picture, it is conjectured that a virtual particle diffuses in the
real space as a diffusant, and the site through which the particle passes has
to change its structure into the pre-crystalline structure if the site belongs to
the region of the smectic structure.

6.4 Structural and Thermal Change During
the Heating Process

6.4.1 X-ray Scattering Patterns During the Heating Process

In the previous section, the structural change during the isothermal anneal-
ing process has been discussed. A similar but larger structural change can
be expected during the heating process from room temperature to melting
temperature. Figure 6.7 shows the change in the scattering patterns around
the position of the 001’ reflection on the meridian observed during the heat-
ing process from 33°C to 180°C at the rate of 5K/min. At 33°C there is
the sharp 001’ reflection on the meridian. The intensity of the 001’ reflec-
tion increases with increasing temperature up to 71°C, and then it begins to
decrease. At 100°C the intensities of two off-meridional positions located sym-
metrically with respect to the meridian are stronger than those around them
and two weak spots can be recoginzed. At 180°C the intensities of the spots
are enhanced. The two spots correspond to the 001 reflections of the triclinic
crystal structure of PET. This result suggests that a continuous structural
change from the nematic-like structure to the crystalline structure through
the smectic-like structure occurs during the heating process, which is consis-
tent with the results observed during the isothermal annealing process.

We also performed real-time WAXS measurements during the heating
process of oriented glassy states of PET, in order to investigate the detailed
properties of the continuous structural change. Before WAXS measurements,
the samples were annealed at T,. As an example, in Fig. 6.8, we show the
intensity profile along the equator at various temperatures during the heating
process at the rate of 10 K/min in the case of T,=125°C. Figure 6.8(a) shows
that the scattering profile does not change below T, while Fig. 6.8(b) shows
that the intensities of the Bragg reflections such as 010, 110, and 100 increase
with increasing temperature above T,. From this result, it is found that the
ordered structures formed through the annealing procedure before the X-ray
scattering measurements are fixed up to the annealing temperature T,, and a
further ordering process occurs only if the temperature proceeds T,.
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Fig. 6.7. The temperature change in diffraction patterns around the 001’ reflection
observed during the heating process from 33°C to 180°C at the rate of 5 K/min.
The 001’ reflection of the smectic structure changes into two 001 reflections of the
triclinic crystalline structure of PET with increasing temperature

6.4.2 Thermal Properties of Oriented PET
DSC Measurements

The X-ray scattering measurements revealed that the ordering process in ori-
ented glassy states of PET are generated by a continuous structural change.
Here, we will show the corresponding thermal properties observed by DSC.
For the DSC measurements, we used the samples of oriented glassy PET that
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Fig. 6.8. X-ray scattering profile along the equator as a function of the scattering
vector at various temperatures during the heating process in oriented glassy states of
PET annealed at T5,. Here, T, = 125°C and the heating rate is 10K/min. The upper
figure shows the results for temperatures between 50 and 120°C, and the lower one
shows those for temperatures above T, (= 125°C)

were drawn at room temperature in the same way as in the X-ray measure-
ments. Figure 6.9 shows DSC thermograms (a) for the unoriented glassy states
of PET and (b) for the oriented glassy states of PET without any annealing
before measurements. In the case of the unoriented sample, we can observe
three typical contributions; the first one is due to the glass transition around
76°C, the second one is due to the crystallization at 145°C, and the third one
is due to the melting transition. The exothermic peak temperature for crys-
tallization strongly depends on the heating rate. On the other hand, the DSC
thermogram of the oriented sample has two essential differences from that of
the unoriented samples. 1) There appears to be no appreciable exothermic
signal due to crystallization. 2) There is an anomalous change in the total
heat flow at a temperature T} just below the glass transition temperature Ty,
of the unoriented samples. (T, = 76°C for unoriented PET and T, = 63°C
for non-annealed oriented PET.) A step-like increase in the exothermic total
heat flow is observed at T;. If this change were attributed to the change in
heat capacity, the heat capacity would show a step-like decrease at Té



112 K. Fukao et al.

0.4
0.2}
0 L
-0.2
-0.4
-0.6 | T
0.8 |
-1.0 | (a) unoriented

1.2 1 1 1
0 50 100 150 200 250 300
Temperature (C)

crystallization

Total Heat Flow (a.u.)

melting

0.03
0.02
0.01

Endothermic

-0.01 f T
-0.02 +

-0.03 +  (b) oriented
-0.04

Total Heat Flow (a.u.)

melting

0 50 100 150 200 250 300
Temperature (C)

Fig. 6.9. Temperature change in the total heat flow observed during the heating
process at 20K/min (a) for the unoriented glassy states of PET and (b) for the
oriented glassy states of PET without any annealing. The negative direction of the
total heat flow corresponds to the endothermic heat flow

Figure 6.10 shows DSC thermograms of the oriented PET for various an-
nealing temperatures T,. The samples were annealed at T, before the DSC
measurements. The measurements were done during the heating process at
the rate of 20 K/min. The melting temperature is almost independent of Ty,
while the position of the anomaly at Tg’ shifts to a higher temperature side
with increasing T,. The value of T} is by about 10K larger than the cor-
responding value of Tj,. This result implies that the ordered structure that
was formed through the annealing procedure before the DSC measurements
is fixed at temperatures below T, during the heating process. However, if the
temperature increases over Ty, the ordering process restarts at Tg’(> T,) to
form a more ordered structure.

As shown in Fig. 6.8, the X-ray scattering patterns show that during the
heating process from room temperature, no structural change was observed
below Té, while an ordering process occurs above Té. In this sense, some
mobility should be activated at Té so that the ordering process starts in a
similar way as the segmental motions are activated at T, in the case of the
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Fig. 6.10. Temperature change in the total heat flow observed during the heating
process for the oriented glassy states of PET after annealing at T,. The numbers
shown near each curve are annealing temperatures T,. The arrows show the position
of the ‘glass transition temperature’ T}, for the oriented PET

unoriented PET. Therefore, we can regard the temperature T, as the glass
transition temperature of the oriented glassy states of PET after the annealing
at T,. However, the observed step-like increase in the exothermic total heat
flow at Tg’ appears to be totally different from that observed at Ty of the
unoriented sample. We try to interpret the observed DSC thermogram around
T, in the following way: the glass transition occurs at Ty in the case of the
oriented sample and at the same time an ordering process starts. The glass
transition induces an endothermic heat flow, while the ordering induces an
exothermic heat flow. Hence, both contributions can compete, and as a result
the observed DSC thermogram around Té can be obtained. As shown in the
next section, TMDSC measurements support this interpretation.

Temperature Modulated DSC Measurements

The DSC measurements in the previous section revealed anomalous change
in the total heat flow at Tg/ where the structural change restarts. We also
performed TMDSC measurements in order to investigate the physical origin
of the anomalous change at Tg’. In Fig. 6.11, it is found that there is a crossover
region where the reversing heat flow changes gradually to a lower value. This
region ranges from 80°C to 130°C. The slope of the region above 130°C is
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Fig. 6.11. Temperature change in the total and reversing heat flow observed for
the oriented PET annealed at T,,=125°C. The curve (a) corresponds to that of the

reversing heat flow (RHF) and the curve (b) does to that of the total heat flow
(THF).

larger than that below 80°C. Because there should be no contributions from
the heat of crystallization, the heat capacity increases in the crossover region
and it decreases with increasing temperatures above 130°C. Therefore, we can
interpret the temperature dependence of reversing heat flow as follows. The
decrease in reversing heat flow between 80°C and 130°C is mainly due to the
glass transition because the heat capacity of glassy states is smaller than that
of liquid states. On the other hand, the gradual increase in reversing heat
flow above 130°C is mainly due to a continuous crystallization that causes
the oriented PET to become more ordered structure.

In Fig. 6.11, it is also found that there are two regions where the total
heat flow shows anomalous behavior, one is around 70°C and the other is be-
tween 110°C and 130°C. The latter one corresponds to the anomalous change
in total heat flow observed at Ty in Fig. 6.10. It can be expected that the
observed upper shift of total heat flow at Tg/ is mainly due to the heat of
crystallization. The position of this anomaly in Fig. 6.11 is different from that
in Fig. 6.10. This may be due to the difference in heating rate (20K/min for
DSC measurements in Fig. 6.10 and 1K/min for TMDSC measurements in
Fig. 6.11.)

Comparing the temperature dependence of the total and reversing heat
flow, we can safely regard the temperature Té where the total heat flow ex-
hibits an upper shift as the glass transition temperature of the unoriented
glassy states of PET. On the other hand, the anomalous change in total heat
flow at 70°C in Fig. 6.11, there is no corresponding change in reversing heat
flow. This change may be related to some ordering process that has no appre-
ciable contributions to reversing heat flow.
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It should be noted that the temperature 7 where the step-like increase in
total heat flow occurs in Fig. 6.10 increases with increasing T,. This implies
that the glass transition temperature of the oriented glassy states of PET
increases as the structural order increases during the heating process.

6.5 Concluding Remarks

We investigated the structure formation during the isothermal crystallization
(annealing) process from the oriented glassy states of PET using real-time X-
ray scattering and thermal measurements. The results obtained are as follows:

1. During the isothermal annealing process at 63.6-76.3°C, the intensity of
the 001’ reflection from the smectic structure has the maximum at a time,
while the intensity of the 4-point pattern in the SAXS region increases
monotonically with time.

2. Time dependence of the 001’ reflection and the 4-point pattern in the
SAXS region can be reproduced by a kinetic model assuming that the
fraction of the nematic structure changes into the pre-crystalline structure
by way of the smectic structure. A corresponding continuous ordering
process could be observed during the heating process.

3. The glass transition temperature of the oriented glassy states increases
with increasing degree of ordering.

Although the investigation in this paper mainly concentrated on the time
evolution of the 001’ reflection and the 4-point pattern in the SAXS region,
the measurements of the time dependence of overall diffraction patterns in the
WAXS region will be required in order to elucidate the microscopic mechanism
of the structure formation in oriented PET. In particular, real-time measure-
ment of the intensity distribution of the meridional reflections of higher order
will reveal the detailed mechanism of the structure formation. Real-time relax-
ation measurements such as dielectric relaxation spectroscopy are also desired
for this purpose.

As for the thermal properties, it was revealed that the glass transition
temperature of the unoriented glassy states of PET increases extraordinarily
with increasing structural order. Recently, it has been reported that there is
a rigid amorphous fraction in some polymers [23,24]. It can be expected that
the glass transition temperature of such rigid amorphous fraction is larger
than that of usual mobile amorphous fraction, and that it strongly depends
on the degree of the ordering.
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