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ABSTRACT: On the basis of a new finding reported in previous studies that the structural formation in the
induction period of crystallization involves a kind of phase separation of spinodal decomposition due to the
orientation fluctuations of polymer segments, we have investigated the structural change of poly(ethylene
terephthalate) (PET) from a structure size point of view using a small angle X-ray scattering (SAXS) technique
when it was crystallized at 80 or 5 °C above the glass transition temperature, T}, from a melt-quenched glass.
A spatial density correlation analysis of the SAXS intensities reveals that the size of the dense domains caused
by the density fluctuations in the induction period is fairly large compared with the lamellar thickness after
crystallization, indicating that these dense domains are not the embryos predicted by the classical nucleation
theory. Thus, the crystal nuclei are not formed until the dense domains grow to a certain critical size, 85
Ainthis case. The critical size of crystal nuclei appearing in the dense domains just after the induction period

is also determined to be 14 A.

Introduction

According to the crystal nucleation theory,! nucleation
is initiated by large-amplitude, localized fluctuations of
some order parameter such as density, leading to the
appearance of small dense regions. When these regions
are larger than some critical size, they will grow and
eventually crystallize. The transient time to the steady
state of nucleationis called the induction time. Inprevious
papers?3 we have investigated the structural formation
processes of poly(ethylene terephthalate) (PET) during
the induction period of crystallization using a small-angle
X-ray scattering (SAXS) technique and found the fol-
lowing results. The scattering maximum suggesting that
the formation of ordered domains appeared in the initial
stage of the induction period before crystallization, and
this ordering process could be divided into two stages.
The ordering process in the early stage conformed fairly
well to Cahn'’s linearlized theory,* and that in the late
stage could be described in terms of Furukawa'’s scaling
theory.’ Further, it was confirmed that the cause for such
phase separation is due to the orientation fluctuations of
the rodlike segments of PET molecules.® However, the
relationship between the density fluctuations in the
induction period and the crystal nucleation in the crystal-
lization stage has not been so far clarified. The purpose
of this paper is to investigate the evolution of the initial
density fluctuations to the lamellar crystals from a
structure size point of view. These structure sizes were
obtained from SAXS profiles; those for the induction
period were analyzed on the basis of the spatial density
correlation function for an isotropic system? and those for
the crystallization stage were analyzed using a one-
dimensional electron density correlation function® as-
suming the structure of stacking lamellar crystals. From
these results we discuss the ordering process of PET when
crystallized near the glass transition temperature.
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Experimental Section

PET having a number-average molecular weight, M, of 25 000
and a polydispersity M,/M, = 2.5 was used for this study. This
sample was purified to reduce the excess scattering from
impurities; it contains only 30 ppm phosphor and 30 ppm
germanium as additives. The glass transition temperature and
the melting temperature of the sample are 75 and 250 °C,
respectively. Then the PET pellets were melted at 290 °C for
2 min and immediately thereafter quenched in ice-water. The
density of the melt-quenched sample was 1.333 g/cm?, which
agrees with the value reported for the amorphous PET,? and no
crystalline diffraction peaks were observed in the wide-angie
X-ray scattering profiles for this sample.2 The SAXS measure-
ment were performed at the High-Intensity X-ray Laboratory of
Kyoto University.l? The essential features of this SAXS camera
are the fine-focus rotating-anode X-ray generator equipped with
RU-1000 (Rigaku Inc.) being operated at 3.5 kW, a Franks-type
point focusing camera having a focal spot of 0.5 mm in diameter
at the detector position, a two-dimensional position sensitive
detector, and an evacuated X-ray flight path to reduce the
background scattering. The in-situ time-resolved SAXS mea-
surements were performed for annealing process at 80 °C in a
SAXS temperature-controlled cell. The temperature of the
sample cell was raised from room temperature at a heating rate
of 20 °C/min and kept at 80 °C within an accuracy of £0.3 °C
after it reached this temperature. The time-resolved SAXS
patterns during the isothermal annealing process at 80 °C were
observed; each was recorded for 5 min with an interval of about
0.5 min. For additional information on the SAXS experiments,
refer to the previous paper.?

Data Analysis

The SAXS profiles obtained in the induction period
were analyzed based on the spatial density correlation
function for isotropic systems,” which is the average of the
product of two electron density fluctuations at distance
r, defined as

Y = (nrdnr)d Y/An) o 1)

where n(r1) and n(ry) are the local density fluctuations
from the average value at points r; and ry, a distance r
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Figurel. Time evolution of small-angle X-ray scattering (SAXS)
profiles when PET was annealed at 80 °C.
apart, and (%), is the mean square of the density

fluctuations. The v(r) function is given by the inverse
Fourier transform of the scattering intensity I(Q)

L@ ®iq
[1@e*dq

y(r) = (2)

where @ denotes the magnitude of the scattering vector
defined by Q = 47 sin 8/ A with 26 and X being the scattering
angle and the wavelength of the X-ray, respectively. To
calculate the 4 (r) function for the induction period, we
subtracted the intensity of the melt-quenched sample from
those of the annealed samples. The difference scattering
profiles show a single scattering maximum. We fit the
scattering profiles using spline function and then per-
formed inverse Fourier transformation to get the v(r)
function.

In order to analyze the SAXS profiles for the samples
in the crystallization stage, we adopted the method of one-
dimensional electron density correlation function vy,(r)
developed by Strobl et al.® In this model it is assumed
that a partially crystalline sample consists of an ensemble
of densely and isotropically packed stacks of parallel
lamellae; both the normal and lateral dimensions of these
stacks are large compared with the interlamellar distance.
In this case, the correlation function v;(r) is related to the
electron density distribution along a trajectory of the
normal to the lamellar surface in a stack. Thus, the v;(r)
function can be expressed by the scattering intensity 1(8)
as follows

o f0°°Q2I(Q) cos Qr dQ "
7,(r) = "
1 (@@ dq

To calculate v;(r) from the observed scattering intensity
using eq 3, we subtracted the intensity of the melt-
quenched sample from those of the crystallized samples,
taking into account of their crystallinity. After the
subtraction, we fit the scattering profiles using spline
functions and performed inverse Fourier transformation.

Experimental Results

According to the thermal analysis? of the annealing
process of PET at 80 °C, the initial stage until 120 min
corresponds to the induction period and then crystalliza-
tion starts. Figure 1 shows the time-resolved SAXS

Macromolecules, Vol. 27, No. 24, 1994

f ] arb.
T T T TIT
H
o
o
A
g

Y TTTThy

0. ety gaadainl Jovasdipyitbes
0 50 100 150 200 250 300 350
Annealing Time /min

Figure 2. Annealing time dependence of total integrated SAXS
intensity.
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Figure 3. Difference SAXS intensity profiles for the induction
period after subtraction of that of the melt-quenched sample.

profiles at 80 °C in double logarithmic expression. For
convenience, each curve is shifted along the intensity axis.
InFigure 1, the scattering profiles of the samples annealed
for 3, 23, 51, 75, and 115 min correspond to the induction
period, and those for 147, 187, 243, and 313 min correspond
tothe crystallization stage. From thesescattering profiles,
it is noticed that after annealing for 3 min the scattering
intensity in the @ range of 0.03-0.05 A-! increases with
annealing time during the induction period. After the
induction period, another new scattering peak assigned to
the usual long period appears near @ = 0.06 A-l, and
increases in intensity with time. In order to characterize
this structural formation process, we calculated the total
integrated intensity I;,, given by

L, = JTI@Q"dQ 4)

In Figure 2 we show the annealing time dependence of
Iiny. This figure shows that the annealing process can be
divided into three stages: (I) the annealing time until 30
min, where the integrated intensity increases exponentially
with annealing time, (II) from 30 to 120 min, where it
deviates from the initial exponential increase and levels
off, and (III) from 120 to 300 min, where it rises up again
with annealing time. Comparison of this profile with the
results of thermal analysis reveals that the initial two stages
until 120 min correspond to the induction period and the
final stage corresponds to the crystallization stage.

First we consider the behavior of the density fluctuations
during the induction period. Figure 3 shows the difference
scattering profiles for the induction period obtained by
subtracting the intensity of the melt-quenched sample
from those of the annealed samples. This figure makes
clear that the single scattering maximum appears at around
Q = 0.04 A-! immediately after the initiation of annealing.
As the annealing time increases, the maximum position
shifts toward smaller @ simultaneously with increase of
the maximum intensity.



Macromolecules, Vol. 27, No. 24, 1994

1.0
0.8

0.6

\

=

0.4

¥(r)

0.2

0.0

TTTTTTT I T[T T T T I T

g Y J VU T VNN S S S L AU S I W S

50 100 150 200 250
r / A

<

Figure 4. ~(r) function calculated from SAXS profile for the
3 min annealed sample at 80 °C.

In stage I, the scattering maximum position at @ = 0.04
A-1 does not move with annealing time. This scattering
behavior conforms to Cahn’s linearlized theory* predicting
that the wavelength of density fluctuations keeps a
constant value and the amplitude of the fluctuations
increases exponentially with annealing time. Here we
analyzed the scattering profiles using the spatial density
correlation function y(r). Figure 4 shows the calculated
~v(r) function for 3 min annealed sample. The mean dense
domain size is given by the value of the r axis intercept
to be 62 A.

In stage II, the scattering maximum position shifts
toward smaller @ with increase of the maximum intensity.
This behavior agrees with Furukawa’s scaling theory®
predicting that the amplitude of the density fluctuations
grows with annealing time while it keeps self-similarity.
Then the scattering profile can be scaled by the universal
structure function S(x) given by

2
Sy = 2 5)
2+ x
with
x=Q/Q,

where S(x) was normalized as S(1) = 1 and Qp, is the
wavenumber at the maximum intensity. Komura et al.!!
calculated the Fourier transform R(y) of S(x) given by

_ 1 pe gy, .8in(xy)
R() = =5 fo x S(x)————xy dx ®)

with the transformation of the variable from x to y = Qur.
The value of the numerical calculation gives the y axis
intercept of y; = 2.571. The value y; is related to the
mean dense domain size, Dy, by

D,=y,Q, " =2571Q" )

Figure 5 shows the time dependence of the dense domain
intheinduction period. Theinitial dense domainsinstage
II have the diameter of about 65 A, which agrees with the
size of the dense region formed in stage I. These clusters
grow with annealing time, obeying the power law D;(t) ~
tewith a = 0.25 as shown in a previous paper.! At the final
stage of the induction period, D; grows up to 85 A.
Upon entering stage IIl from the stage I1, crystallization
begins with formation of critical crystal nuclei, which grow
into the stacked lamellar structure to cause a long-period
scattering peak. In Figure 6 we show the time evolution
of the difference scattering intensity multiplied by the
Lorentzfactor Q2instage III. Here we analyzed scattering
profiles after 187 min because before this time it was very
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Figure 5. Annealing time dependence of the dense domain size
during the induction period.
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Figure6. Annealingtime evolution of difference SAXS intensity

in the crystallization stage where corrections for Lorentz factor
were performed.
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Figure7. v,(r) function calculated from difference SAXS profiles
for the 219 min annealed sample.

hard to separate the scattering intensities from the density
fluctuations in the induction period and lamellar crystals.
A single scattering maximum caused by stacked lamellar
crystals is seen in every profile; for the 187 min annealed
sample it appears at around Q = 0.07 A-. The maximum
intensity increases with annealing time, but its position
does not change. In order to estimate the characteristic
size of the lamellar structure, we analyzed the obtained
SAXS profiles, on the basis of the model of the one-
dimensional electron density correlation function v;(r).8
Figure 7 shows v;(r) for the 219 min annealed sample as
anexample. From this profile we can get the mean lamellar
thickness, D,, and the most probable long spacing, L., as
shown in the figure. Rememberingthe Babinet’s principle,
we cannot however assign the D, value thus obtained
directly to the crystal thickness because it does not deny
the alternative possibility that D, is attributed to the
thickness of the amorphous layer. We have therefore tried
to directly estimate the crystal thickness using a wide-
angle X-ray diffraction (WAXD) method. The WAXD
profile for the 313 min annealed sample is shown in Figure
8 as an example. Using a curve fitting technique, we
separated each diffraction peak and calculated the crys-
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Figure 8. Wide-angle X-ray scattering profile for the 313 min
annealed sample at 80 °C.

Table 1. Crystallite Size Evaluated from WAXD Peaks for
the 313 min Annealed Sample

hkl peak position (A-1) crystallite size (A)
010 1.24 22
110 1.59 24
100 1.81 22
011 1.18 32

tallite size by Scherrer’s equation. The obtained values
are in the range of 20-30 A as shown in Table 1. In order
to compare these values with the D, value obtained from
the SAXS analysis the crystallite size along the c-axis,
Dggy, is required. Unfortunately there existed no possible
reflections giving such crystal thickness directly. Further,
the low crystallinity (about 15%) of the sample did not
show a sufficient number of reflections to determine the
form ellipsoid of the crystallite. The only possible method
to estimate it roughly is to calculate from the crystallite
size Doy in the direction number to the inclined lattice
plane (011) using the simple relation

Dygy = Dyi; €08 xqi; (8)

where xoi1 is the angle between the (011) and (001) lattice
planes. The value estimated from eq 8 would provide the
upper limit if the long main axis of the for ellipsoid is
assumed to be in the direction near the normal of the
(011) plane. From the lattice parameters of the PET
crystal system (e = 4.56 A, 6 =594 4, ¢ =10754, a =
98.5°, 8 = 118°, v = 112°), we can calculate xo1; as 27°,
s0 Dy, becomes about 28 A. This value agrees virtually
with D, = 22 A, the value obtained from SAXS analysis.
Moreover, our value of D, is consistent with the result of
the annealing temperature dependence of the lamellar
thickness reported by Groeninckx et al.}213 Agsuming the
structural model for crystalline polymers in which lamellar
stacks giving the regular alternation of crystalline and
amorphous regions are densely packed in the sample, they
estimated the mean thickness of the crystalline lamellae
by combining the SAXS long period and the degree of
crystallinity of the sample determined from DSC data.
For a PET sample isothermally crystallized at 100 °C,
they obtained a mean crystalline thickness of 26 A from
the long period of 95 A and the degree of crysallinity of
27%. This crystalline thickness agrees nearly with our
value of D, = 22 A for the sample crystallized at 80 °C.
Although it is unknown whether or not the lamellar stack
model is valid even for the sample crystallized at 100 °C,
the crystalline thickness of 26 A may be considered to be
areasonable value because the lamellar thickness obtained
above changed continuously from 26 to 77 A as the
crystalline temperature T was increased from 100 to 245
°C and the electron micrographs of the samples crystallized
at T, > 186 °C showed the dense packing of lamellar stacks,
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Figure 9. Annealing time dependence of the lamellar thickness.

supporting the validity of the model. Then we attributed
the D, to the mean lamellar thickness. The annealing
time dependence of D, is plotted in Figure 9. In the
annealing time range of 187 to 250 min, D, appears to
increase exponentially with annealing time, and the
annealing time dependence of the lamellar thickness can
be expressed by

D, = D, exp(a(t - ty)) 9

where Dy is the initial lamellar thickness, « is the thickening
rate, and ¢ is the induction period. This dependence is
consistent with the lamellar thickening behavior of stacked,
folded chain crystals caused by annealing or isothermal
crystallization,'* and the values for Dy and « were 14 A
and 0.0034 min-l, respectively. After 250 min, the
thickening rate levels off.

Discussion

Our experimental results revealed that the crystalliza-
tion process is composed of the following two steps: (1)
the density fluctuations appears during the induction
period of crystallization, and (2) after the size of the density
fluctuations grows to a certain value, crystallization begins
and the stacked lamellae are formed. Considering that
the growth process of the density fluctuations is a
pretransitional phenomeron prior to the crystal nucleation,
we try to explain the polymer nucleation within a
framework of the classical nucleation theory.!® According
to this theory, the free energy for the nucleation is
determined by the balance of the surface energy and the
bulk energy of a crystallite. In the case of polymer
crystallization, this free energy of primary nucleation, AF,
is given by

AF = 2vac, + C\/V_alos - valAf 10)

where v is the number of segments having the cross
sectional area a and thickness [, o, and o, are end and
lateral surface energy, respectively, Af is the free energy
difference between the supercooled liquid and the crystal
per unit volume, and C is the shape coefficient of nucleus.
The thickness [* of a critical nucleus corresponding to a
saddle point in AF is given by

I* = 40, /Af (1)

Then the nucleation is initiated by large amplitude,
localized fluctuations of density, leading to the appearance
of smallnuclei. Ifthese nucleiaresmaller than the critical
size I*, they will disappear, while nuclei larger than [* will
go on growing. This transient time to the steady state of
nucleation is called the induction period, and nuclei smaller
than the critical size are called embryos. Although it might
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be considered that the density fluctuations observed in
the induction period are related to the embryo, the
observed size of the dense domains is much larger than
theinitial lamellar thickness. Thus, asis clear from Figures
5 and 8, the former is about 85 A at the final stage of the
induction period and the latter is 14 A. This means that
the dense domains in the induction period are not the
embryos predicted by the classical nucleation theory. What
is the nature of the density fluctuations in the induction
period of crystallization? In the following we will discuss
this problem.

The phenomenological kinetic equation for the first-
order phase transition is given by!¢

%=Ll a2

L = Ly(-iv)* (13)

_ (0 for nonconserved system
a —
{ 2 for conserved system

where S is the order parameter, L is phenomenological
kinetic coefficient, L is a constant, and A is the total free
energy. In the linearlized theory, the free energy can be
expressed by

2
AS) = f[%(j—é)SZ + x(VS)z] dv («>0) (14)

where f(S) is the local free energy density of a homogeneous
material and the second term corresponds to the free
energy to create the density gradient. Let Sq(t) be the
Fourier component of S(r,t), then the kinetic equation
becomes

8Sq
2
Io= LQ“{—(?—SQ) - 2xQ2} (16)

where I'g is the growth rate of the fluctuations having the
wavenumber @. For a nonconserved system (a = 0), the
I'q has a maximum at @ = 0. Then we cannot observe the
scattering maximum. On the other hand, for a conserved
system (o = 2), the fluctuations at § = 0 cannot grow
because of the conservation law, and for @ = 0, the growth
manner of the fluctuations depends on the value of (8%f/
dS2). When (3%/8S?) is positive, i.e., in the metastable
region, the fluctuations cannot grow but rather disappear.
When (3%//8S2) is negative, i.e., in the unstable region, the
fluctuations have a maximum growth rate at Qm = {(82%f/
352%)/211/2, Our SAXS measurements show that in the early
stage of the induction period the scattering maximum
appears at Qn = 0.04 A-! and increases in intensity
exponentially with annealing time. These behaviors of
scattering profiles agree well with the prediction of the
kinetics for the conserved system in the unstable region.
When the frozen amorphous structure is kept just above
the glass transition temperature, it is not in the metastable
state but in the unstable state, so that the kinetics of
structure formation in the induction period obeys the
spinodal decomposition. However, is the system really
conserved in the induction period of crystallization?
According to the density measurement,? the macroscopic
density of the sample doesn’t change from that of the
amorphous sample within experimental error (0.15%) in
the induction period of crystallization, and after the
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induction period the density begins to increase with
annealing time.

After the induction period, the stacked lamellar struc-
ture is formed and then the usual lamellar thickening
occurs with time.14 The important result is that the initial
lamellar thickness can be estimated as about 14 A. This
size is fairly small compared with the size of dense domains
observed in the induction period and very close to the
critical size for the orientational ordering predicted by
Doietal.l” Doietal. developed the kinetics of orientation
fluctuations of rodlike polymer which take into account
(1) excluded volume effect, (2) topological effect such as
entanglements, and (3) hydrodynamics, and they showed
that when the system satisfies a critical condition, spinodal
decomposition takes place, resulting in a phase transition
from isotropic to parallel ordered nematic phase. In a
previous paper,® we found using a depolarized light
scattering technique that the parallel ordering of polymer
chains actually occurs in the induction period of crystal-
lization of PET and this ordering process obeys Doi’s
kinetics well. In the case of the crystallization of PET,
the critical condition where the orientational ordering is
observed is that in which the length of the rodlike segments
exceeds 13.5 A. Then we considered that the rodlike
segments in the parallel ordered state make the initial
lamellar stem.

In connection with our observations of the spinodal
decomposition due to the orientation fluctuations of
polymer segments during the induction period of crystal-
lization from the isotropic PET glass, it may be noteworthy
to refer to interesting SAXS studies by Strobl et al.18
showing that if crystallization is conducted starting from
an oriented PET glass, density fluctuations appear all
over the sample and grow continuously in amplitude up
to the final stage given by the crystalline-amorphous layer
structure. They explained this phenomenon in terms of
the Cahn-Hilliard theory for spinodal decomposition
because the time evolution of the SAXS intensity I(Q) at
€ follows an exponential law. As a possible cause for this
phase separation, they considered conformational defects
such asentanglements, sharp folds, or chain torsions. Thus,
a process of defect clustering was assumed to involve
spinodal decomposition into two phases, defect-free
crystalline and defect-rich amorphous regions. Although
it is unknown if the Cahn—-Hilliard theory is valid for the
crystallization stage, because we observed the initial and
late stages of spinodal decomposition before crystallization,
their concept of the continuous spinodal crystallization
mode is very attractive and may be considered to be an
extension of our idea.

On the basis of the above discussion, we consider a
structural formation model in the crystallization of PET
below. When PET is annealed above the glass transition
temperature from the glassy state, the frozen gauche
conformations in the amorphous glassy state begin to
transform to the trans conformations. This conforma-
tional change leads to the increase of the apparent rod
length of the segment, which makes the parallel ordering
of the segments obey the spinodal decomposition kinetics
because the length of the rod segments exceeds the critical
condition. The parallel ordered domains with higher
density than that of the disordered region grow with
annealing time. When such parallel ordered dense
domains grow to a certain size, longitudinal adjustment
occurs, resulting in the more efficient packing of the
parallel oriented chains to form crystal nuclei. According
to our experimental results, the final size of the dense
domains in the induction period is 85 A and is several
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times larger than the initial lamellar thickness of 14 A,
which is very close to the critical rod length. Then it is
considered that the region required to achieve the parallel
packing of the chains is several times as large as the lamellar
thickness to be formed because the topological effects such
as entanglements obstruct the diffuse of polymer chains.
Once the lamellar crystals are formed, they grow, obeying
the usual lamellar thickening mechanism.
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