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ABSTRACT: We investigated the isothermal crystallization of poly(ethylene terephthalate) by time-
resolved small-angle X-ray scattering (SAXS) using synchrotron radiation. At the early stage, the SAXS
intensity decreased monotonously with scattering angle (stage I). Then the SAXS profile showed a peak
and the peak position progressively moved to a wider angle with crystallization time (stage I1). Finally,
the peak intensity rapidly increased, keeping the peak angle constant (stage I11). The Guinier and the
correlation function analyses suggested that crystalline domains of several tens of nanometers in diameter
appear and they consist of the highly disordered lamellae (stage I). In stage Il, the crystalline domains
grow up to the larger domains in which stacking of lamellae is achieved by insertion of newly formed
lamellae between the preformed lamellae. Then they develop to yield the spherulites by attaining a

higher ordering of the lamellar stacks in stage III.

Introduction

The spherulite is a crystal aggregate with spherical
symmetry. Such aggregation arises by radial growth
of the crystal from a common center. The spherulitic
growth is believed to occur in two ways.12 In growth
mechanism A, a central nucleating entity initiates
crystal growth in all directions. In growth mechanism
B, the spherulite develops from one single crystal
through essentially unidirectional growth and the spheri-
cal shape is attained through continuous branching and
fanning via the intermediate stage of sheaves.?

In a previous paper,® we investigated the crystalliza-
tion mechanism in poly(ethylene terephthalate) (PET)
by time-resolved light scattering under Hy (cross-
polarized) and Vy (parallel-polarized) optical alignments
using a highly sensitive CCD (charge-coupled device)
camera system. The proposed mechanism was some-
what different from both mechanisms A and B: a highly
disordered crystalline domain (ca. 0.3 um) with low
crystallinity appears at early stages and it grows,
increasing the ordering and providing the spherical
symmetry at later stages. However, light scattering is
less informative for fine morphologies smaller than sub-
micrometer so that, for a better understanding of
morphology development at the nanometer level at the
early stages, one needs the time-resolved small-angle
X-ray scattering (SAXS) studies.

In this paper, we carried out the time-resolved SAXS
studies on the isothermal crystallization of PET for real-
time observation at the lamellar level. The results will
be combined with those by light scattering to discuss
the development of crystalline morphology ranging from
the lamellar level to a few micrometers.

Experimental Section

PET was supplied by Toyobo Co., Ltd. (My =6 x 103, M, =
3 x 10%). PET pellets were dried under vacuum (104 mmHg)
at 160 °C for 16 h to remove water before melt-pressing. The
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pellets were compression-molded between metal plates at 290
°C for 4 min. The molded specimen was quickly quenched in
a water bath to obtain an amorphous specimen. The specimen
was then cut into thin strips (7 mm x 5 mm x 1 mm) and
again dried under vacuum at room temperature for 24 h. Then
this specimen was used for time-resolved SAXS.

The melt-quenched amorphous specimen was placed in a
chamber set at room temperature and then transferred quickly
into a hot chamber set at a desired crystallization temperature
T.. The isothermal crystallization at T, was investigated by
the time-resolved SAXS. The X-ray beam was from synchro-
tron radiation; beam line BL-10C at National Laboratory for
High Energy Physics, Tsukuba, Japan (Photon Factory).*

The storage ring was operated at an energy level of 2.5 GeV
with the ring current of 250—300 mA. The SAXS employs a
point focusing optics with a double flat monochromator fol-
lowed by a bent cylindrical mirror. The incident beam
intensity of 0.1488 nm wavelength was monitored by an
ionization chamber for the correction of a minor decrease of
the primary beam intensity during the measurement. The
scattered intensity was detected with a one-dimensional
position sensitive proportional counter (PSPC) with 512 chan-
nels, and the distance between the sample and the PSPC was
about 2 m. The geometry was checked by a chicken tendon
collagen, which gives a set of sharp diffractions corresponding
to a Bragg spacing of 65.3 nm.

The scattering intensity, |, was corrected for background
scattering after a smoothing procedure. The smoothing of the
experimental scattering data was performed by a binomial
smooth. Then the scattering intensity by thermal fluctuations
was subtracted from the SAXS profile I(g) by evaluating the
slope of I1(g)g* versus g* plots® at wide scattering vectors d,
where q is (47/A) sin 6, A and 6 being the wavelength and
scattering angle, respectively. Inorder to obtain the invariant
Qsaxs (eq 1) and the correlation function of yi(r) (eq 2), the
value of the intercept of an 1(g)g* versus g* plot K was used to
extrapolate the intensity (=Kq™) to q = «, whereas Iq~1?2
versus g2 was used to extrapolate the intensity at a small g
region to g = 0. The correction for smearing effect by the finite
cross section of the incident beam was not necessary for the
optics of SAXS with point focusing.

Results and Discussion

Figure 1 shows the change in SAXS profile during
isothermal crystallization at T, = 110 °C. The time
evolution of the scattering profile can be divided into
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Figure 1. SAXS profiles at various crystallization times.
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Figure 2. Time variation of the invariant Qsaxs. tv, and ty,

are the onset times of light scattering invariants at Vy and
Hyv modes, respectively.

three stages as follows. Att=430—-630 s, the scattering
intensity decreases monotonously with q (stage |I).
Then, the scattering profile shows a peak at about q =
0.5 nm™1, and the peak position gradually shifts to
larger scattering vector with time (t = 1030—1780 s;
stage I1). The change is accompanied with an increase
in the intensity. Finally, the scattering intensity in-
creases with time, keeping the peak position constant
(t = 2390—3030s; stage 111).

To discuss the crystallization Kinetics, it is convenient
to employ the integrated scattering intensity, i.e., the
invariant Qsaxs defined by®

Qsaxs = [, 91(a) dg @)

The time variation of Qsaxs at T, = 110 °C is shown
in Figure 2. Qsaxs starts to increase gradually after a
short induction period, increases steeply at t = ty,, and
then levels off. The rapid increase after ty, may suggest
a change in the nature of structure development. Note
that ty, and ty, are the onset times of light scattering
invariants Qv, and Qu,, respectively.®> The details of
structural development will be discussed by analyzing
the SAXS profiles.

The monotonously decreasing profile at stage | sug-
gests that one could apply the Guinier plot for an
isolated domain system at very high dilution:”

I(9,t) O exp[(—R?/3)q°] )

where R is the radius of gyration, given by R = (3/5)Y2Rq4
for a spherical domain with radius Rq. Figure 3 shows
a typical Guinier plots, showing good straight lines, as
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Figure 4. Time variation of the radius of the isolated domain.

expected from eq 2. From the slope of the straight line,
one can calculate Rq. The results are shown as a
function of crystallization time in Figure 4. The domain
of about 20 nm in radius is formed and then grows
linearly with time. Regarding the nature of the domain,
one could discuss it in the light of structure analysis
for stage 11, at which the scattering peak appears.

As shown in Figure 1, a peak appears in the SAXS
profile at stages Il and Il1l. Several variables character-
izing the lamellar morphology can be estimated from
the correlation function y4(r), which is given by the
Fourier transform of the scattering intensity 1(g). The
normalized one-dimensional correlation function is given
by®

__ 1 e
7 =g J. @*1(9) cos(qr) dq 3)

where r is the coordinate along which the electron
density distribution is measured.

Figure 5 shows a typical example of estimated y4(r)
(t = 1990 s, stage Il). The long period L can be
determined from the position of the first maximum in
the correlation function. Another important parameter
is the lamellar thickness I.. The value of I may be
calculated from the baseline procedure,® when the first
minimum in correlation function has a flat bottom.
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Figure 5. One-dimensional correlation function. Crystal-
lization time = 1990 s (stage II).
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Figure 6. Interface distribution function.

However, the bottom in Figure 5 is not flat (as has been
observed in many cases, the nonflat bottom is caused
by the broad size distribution of the lamellae). Then,
one has to use another method. We employed the
interface distribution function g;(r) method, since this
is less affected by the superposition of the maxima or
minima caused by the broad distribution than the
relevant shape of the correlation function.® The function
01(r) is defined as the second derivative of y4(r):

9,(r) = y,(n)" (4)

Figure 6 is the gi(r) from y1(r) in Figure 5. A single
maximum is seen at stage Il. This maximum is ascribed
to the crystalline contribution.1® The I. is obtained from
the position of the first maximum. Note that the
estimated lamellar thickness (I ~ 2.3 nm) is ap-
proximately equal to that (2.6 nm) by Groeninckx et al.1?
The second peak is seen at stage IlIl. The absence of
the second peak at stage Il may be caused by the small

Macromolecules, Vol. 29, No. 22, 1996

16

IR ‘ O Long period

N

|

|
/é\ | [0 Lamellar thickness
s & |
—_ L I N ‘ O
- 8 | | ¢
s stage ~ stage | stage
A I ‘ 11 | 11

| |
[ e 4
0 L1 L 1 1

0 1000 2000 3000 4000 5000

Time /s

Figure 7. Time variation of the long period L and lamellar
thickness ..

population of lamellar stacks (small X, ; see later). The
time variation of I; and L is shown in Figure 7. I; is
constant throughout stages Il and 111, as demonstrated
in poly(aryl ether ether ketone).'2 On the other hand,
L decreases at stage Il and then remains constant at
stage III.

If one extrapolates the results in Figure 7 to stage I,
at which L and d cannot be experimentally defined, one
could discuss the structure at stage |I. At stage I, thin
lamellae with 2.6 nm thickness are expected to be
dispersed in a disordered state in a domain of 20 nm in
radius. That is, the lamellar stack has not formed at
stage | and several lamellae are arranged irregularly
with each other in the domain, as depicted at stage | of
Figure 10, in which a line represents a lamella.

At stage I, I; remains constant, whereas L decreases
with time, as shown in Figure 7. It suggests that new
lamellae are going to be inserted between the already
existing lamellae to establish a lamellar stack. The
insertion of lamellae will gradually turn out to be
parallel to each other to provide a periodicity which
renders SAXS peak.

Combining the SAXS results with the light scattering
results in a previous paper,® one can estimate the
volume fraction of lamellar stacks. Assuming that the
amorphous region outside the lamellar stacks does not
contribute to Qsaxs at the small angles, one can write®

Qsaxs = PsX Xo (1 — X )Ap® )

where ¢s is the volume fraction of the spherulite,
obtained by light scattering analysis,? X is the volume
fraction of lamellar stacks within the spherulites, Xc
is the degree of crystallinity within the lamellar stack,
and Ap (=p1—p2) is the difference in the electron density
between crystal and amorphous phases.

Using the values of ¢s in the previous paper,® the
values of X_ (arbitrary unit) were calculated. The
results are shown as a function of crystallization time
in Figure 8. One can see that X,_starts to increase very
gradually at stage |1, suggesting a slow process for the
establishment of the lamellar stacks. Note that, once
the stacks are formed, the growth is quite fast (at stage
1.

In Figure 9 are summarized the time variations of
the various crystalline parameters ranging from nan-
ometers to a few micrometers, obtained from SAXS and
light scattering studies. Note that the x-axis of Figure
9 is the radius of the domain at a very early stage
(Figure 4; stage 1) and, it turns out, the radius of the
spherulite at later stages (stages Il and Ill, by light
scattering). As shown in Figure 9, Vy light scattering
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Figure 8. Time variation of the volume fraction of the
lamellar stacks.
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Figure 9. Change in various crystalline parameters with
crystallization: the relative crystallinity in spherulite @, the
ordering parameter £71, the volume fraction of the lamellar
stacks X, the long period L, and the lamellar thickness I.. The
data of @ and £t are reproduced from ref 3.
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Figure 10. Schematic drawings for the evolution of PET
spherulite.

starts to increase at stage Il and then Hy light scatter-
ing follows at stage I11. The time lag (ty,—tw,) appears
at stage Il. It suggests that the isotropic domains
appear and their internal structure is still too disordered
to be detected as a definite Hy scattering. Remembering
the argument by SAXS that lamellar stacks develop in
stage Il, one can conclude that the domain at stage Il
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consists of the highly disordered lamellar stacks, as
depicted in stage Il of Figure 10.

When stage 11l starts, the four-leaf-clover pattern
characteristic of spherulites is observed in the Hy mode,
suggesting that the disordered domain at stage Il grows
to yield the spherulite with higher ordering, as shown
in stage 111 (top) of Figure 10.2 The ordering process to
yield the spherulite is justified by the time variation of
the order parameter, £ (by light scattering).® The
increase of both X and £7! implies that the lamellar
stacks grow, increasing their mutual ordering. On the
other hand, L and |; are kept constant at stages Il and
1. It suggests that, once the lamellar stack is estab-
lished, its internal structure never changes at later
stages. The schematic structure in lamellar scale is
drawn in stage 11l (bottom) of Figure 10. The lines in
the top and bottom drawings represent the lamellar
stacks and lamellae, respectively.

Conclusion

By time-resolved light scattering and time-resolved
SAXS using synchrotron radiation, it was shown that
the crystallization process of PET consists of three
stages as follows. In the early stage, the isolated
crystalline domains of several tens of nanometers in
diameter, which consist of highly disordered lamellae,
appear. Then they develop to yield larger domains of
several hundred nanometers in diameter, increasing in
size and forming lamellar stacks (stage I1). Finally, by
increasing the size and volume fraction of the lamellar
stacks and keeping the constant long period and lamel-
lae thickness, the isotropic domains grow to a spherulite
of about a few micrometers (stage I11). The structural
development through three stages is schematically
depicted in Figure 10.
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