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Further evidence of spinodal decomposition during the induction period of polymer crystallization:
Time-resolved small-angle x-ray scattering prior to crystallization of poly„ethylene

naphthalate…

G. Matsuba, T. Kanaya, M. Saito, K. Kaji, and K. Nishida
Institute for Chemical Research, Kyoto University, Gokasho, Uji, Kyoto-fu 611-0011, Japan

~Received 19 April 2000!

Aiming to clarify spinodal decomposition of polymers in the induction period of crystallization, time-
resolved small-angle x-ray scattering measurements have been madein situ for poly~ethylene naphthalate!
while it was crystallized from the glass, or in the case of the so-called glass crystallization. It is confirmed for
this polymer that in the very beginning of the induction period a scattering peak appears at around 0.03 Å21

in scattering vectorq, which corresponds to a characteristic wavelength of 200 Å in density fluctuations, and
grows with time. Time evolution of this scattering peak is described by the kinetics of the spinodal decompo-
sition as previously reported for the glass crystallization of poly~ethylene terephthalate!.

PACS number~s!: 61.41.1e, 61.10.Eq, 68.75.1x
th
ed
in

tio
g
u

as
n
th
y

-
tly
l-

t t
gi
se
s
th
or

i
a-
e
d
m

e
d

r

for
d.,

EN
ra-
es.
as

elt-

re-

kin-

ade
ter
ents

eam
c-
s,
ergy

nt
an

of
he
po-

ing
in,
that
lso
aks

le
5 °C

27
In recent years, the structure formation of polymers in
induction period prior to crystal nucleation has receiv
much attention. Imai and co-workers discovered a surpris
phenomenon for the first time that a spinodal decomposi
type of density fluctuations, whose characteristic wavelen
is longer than the so-called long period, actually occurs d
ing the induction period of crystallization@1,2#. This new
finding was made by a small-angle x-ray scattering~SAXS!
technique for the case of poly~ethylene terephthalate! ~PET!,
which was crystallized from the glass just above the gl
transition temperature,Tg . Such a spinodal decompositio
can be understood based on the kinetic theory for
isotropic-to-nematic transition of polymer liquid crystals b
Doi and co-workers@3–6#; it is caused by parallel orienta
tional ordering of polymer rigid segments. Subsequen
Ezquerraet al. reported a similar result for the glass crysta
lization of poly~ether ketone ketone! ~PEKK! by means of
simultaneous real time wide-angle x-ray scattering~WAXS!,
SAXS, and dielectric spectroscopic techniques@7#.

Furthermore, we have also succeeded in showing tha
spinodal decomposition is triggered by the extension of ri
segments having crystalline conformation, which is cau
by the change of polymer chain segments from amorphou
crystalline conformation as temperature is lowered below
melt temperatureTm . Such experiments were carried out f
syndiotactic polystyrene~SPS! @8# and isotactic polystyrene
~IPS! @9# using Fourier transform–infrared~FT-IR! spectro-
scopic and depolarized light scattering~DPLS! techniques.
From a theoretical point of view, Olmstedet al. developed a
completely new approach for the spinodal decomposition
polymer crystallization@10#. They constructed a phase di
gram for polymer melts as functions of temperature and d
sity, pointing out that two types of phase separation, bino
and spinodal, occur depending on the crystallization te
perature.

The aim of this Rapid Communication is to confirm th
generality of spinodal decomposition in the induction perio
The density fluctuations in a glassy film of poly~ethylene
naphthalate! ~PEN! were in situ measured immediately afte
the temperature jump to a temperature aboveTg using a
PRE 621063-651X/2000/62~2!/1497~4!/$15.00
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time-resolved SAXS technique. The PEN sample used
this experiment, which was supplied from Toyobo Co. Lt
has a weight-average molecular weightMw567 000 and a
molecular distribution Mw /Mn52. An amorphous film
about 1 mm thick was prepared by quenching a molten P
film into ice-water after pressing for 3 min at a high tempe
ture 330 °C to remove the memory of the original sampl
In order to remove the effect of water, the specimen w
dried for 24 h under vacuum at room temperature. The m
ing temperatureTm and the glass transition temperatureTg of
this sample were determined to be 267 °C and 110 °C,
spectively, by differential scanning calorimetric~DSC! mea-
surements at an increasing rate of 5 °C/min using Per
Elmer DSC 7.

The melt-quenched samples were placed in a home-m
temperature-controlled cell for SAXS measurements. Af
the temperature jump the time-resolved SAXS measurem
were performed at a crystallization temperature (Tc
5155 °C). For the SAXS measurements, we used the b
line BL-10C in a synchrotron radiation facility, Photon Fa
tory at National Laboratory for High Energy Physic
Tsukuba, Japan. The storage ring was operated at an en
level of 1.7 GeV with a ring current 250 mA. The incide
x-ray intensity of wavelength 1.488 Å was monitored by
ionization chamber for the correction of a minor decrease
the primary beam intensity during the measurement. T
scattering intensity was detected with a one-dimensional
sition sensitive proportional counter~PSPC! having 512
channels, and the camera length was about 2 m.

Figure 1 shows the crystallization isothermf(t) of a
melt-quenched PEN film at 155 °C as a function of anneal
time t, which was measured by DSC. During the first 25 m
neither exotherm nor endotherm is observed, indicating
the so-called induction period is 25 min. Note that we a
confirmed from WAXS measurements that no Bragg pe
appear during the induction period.

Figure 2 shows time-resolved SAXS profiles in doub
logarithmic scales when the sample was annealed at 15
as a function of the length of scattering vector,q; for conve-
nience each curve is shifted along the intensity axis. After
R1497 ©2000 The American Physical Society
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min, a peak corresponding to the so-called long period
pears nearq50.042 Å21 ~about 150 Å in spacing! and in-
creases in intensity with time, while in the induction period
very broad peak does appear at aboutq50.03 Å21 and
grows up slightly with annealing time, though it is rath
hard to see in the logarithmic scales. This peak in the ind
tion period is the same as the peak previously reported in
glass crystallization of PET by Imai and co-workers@1,2#. In
order to analyze the scattering profiles in more detail,
subtracted the intensity of the melt-quenched sample f
those of the annealed samples; the results are shown in
3 and 4. Figure 3 shows the resulting difference scatte
intensity profiles in the induction period and just after crys
nucleation for the samples annealed for 2–32 min, show
that the scattering maximum clearly appears at arounq
50.03 Å21 immediately after annealing atTc5155 °C, al-
though the data points are rather scattered during the in
tion period ~25 min!. As the annealing time increases, t
maximum position shifts towards smallerq and the intensity
increases. Figure 4 shows those for 32–120 min corresp

FIG. 1. Annealing time dependence of crystallization isothe
at 155 °C for PEN after the temperature jump from the glassy st
The induction period is estimated at 25 min.

FIG. 2. Small angle x-ray scattering profiles of PEN as a fu
tion of annealing time for a melt-quenched glassy sample
samples annealed at 155 °C for 3, 10, 18, 27, 40, 60, 80, and
min. Each curve is shifted by a factor of 2.
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ing to the crystallization stage, where the so-called long
riod peak appears at aroundq50.04 Å21, and increases in
intensity with annealing time. Even after the beginning
crystallization the peak atq50.03 Å21, which appeared in
the induction period, continues to grow, increasing in inte
sity and shifting gradually to lowerq with annealing time.
However, the peak atq50.03 Å21 is observed as only a
shoulder of the long period peak atq50.04 Å21 in Fig. 4
because the peak does not shift largely compared with
case of PET and the intensities of the long period peak
much stronger than those of the peak atq50.03 Å21.

The time evolution of the position and intensity of th
peak appearing in aq-region smaller than the long perio
peak were analyzed in terms of the kinetics of the spino
decomposition as in the case of PET previously reported@2#.
First, we plot the maximum scattering intensityI m and the
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FIG. 3. Difference scattering intensity profiles of PEN durin
the induction period as a function of annealing time, when annea
at 155 °C for 2, 12 , 22, and 32 min. The first three curves
within the induction period of 25 min.

FIG. 4. Difference scattering intensity profiles of PEN in th
crystallization stage as a function of annealing time when anne
at 155 °C for 32, 52, 82, and 112 min.
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scattering peak positionqm as a function of time during the
induction period in Figs. 5 and 6, respectively. As seen fr
Fig. 5, before 10 min the maximum intensityI m increases
exponentially with annealing time, while the peak position
independent of annealing time as shown in Fig. 6. The f
tures before 10 min agree with the prediction of a Ca
Hilliard linearized theory@11,12# for the early stage of spin
odal decomposition. According to this theory, the tim
evolution of scattering intensityI (q,t) is given by

I ~q,t !5I 0 exp@R~q!t#, ~1!

where I 0 is the initial scattered intensity andR(q) is the
growth rate at a givenq. This characteristic wavelength o
density fluctuations is about 200 Å and the maximum grow
rateR(qm) is about 8.331024 s21. This value of the maxi-

FIG. 5. Annealing time dependence of the maximum intens
I m(q,t) during the induction period of crystallization. A solid lin
fitted with the observed points after 10 min showsI m;t1/2. A solid
line before 10 min in the inset indicatesI m;exp@R(q)t#.

FIG. 6. Annealing time dependence of the peak positionqm .
The two solid lines,qm50.033 Å21(;t0) and qm;t21/6, corre-
sponding to the early and late stages, respectively, are crosso
at around 7 min.
-
-

h

mum growth rate of PEN is a little bigger than that of PE
when crystallized at 80 °C@2#. In the late stage of spinoda
decomposition, it is well known that the amplitude of flu
tuations reaches an equilibrium value and the character
size of the domain grows keeping a self-similarity. The
characteristic features are explained by a Furukawa’s
namical scaling theory@13#, which predicts that the pea
positionqm and the maximum intensityI m can be described
using a single length parameter, cluster sizeR(t),

qm;R21~ t !}t2a, ~2!

I m;R3~ t !}tb. ~3!

As seen from Fig. 6, the time dependence ofqm after 10 min
obeys the power law of Eq.~2!. Furthermore, the time de
pendence of the maximum intensityI m can be also describe
by the power law of Eq.~3!, as is shown in Fig. 5. The
values of these exponentsa and b are 1/6 and 1/2, respec
tively. These values are in agreement with those estima
by Binder and Stauffer@14#. Naturally, the ratiob/a be-
comes the space dimension 3.0, being in good agreem
with Furukawa’s theory@13#. The universal scaling function
S̃(x) in three dimensions is given by

S̃~x!5
3x2

21x2
, ~4!

where x is defined asx5q@R(t)#5q/qm(t). The observed
intensity I (q,t) is related toS̃(x) through

S̃~x!;
S~q,t !

R3~ t !
;qm

3 ~ t !I ~q,t !. ~5!

Figure 7 shows the observedqm
3 (t)I (q,t) and the theoretica

scaling functionS̃(x). Although the observed data points a
considerably scattered, Fig. 7 shows a tendency that
structure development in the late stage can be describe

FIG. 7. Observed scaling structure functionS̃(x) for the late
stage calculated by Eq.~5! when the sample was annealed

155 °C. The solid curve indicates the theoreticalS̃(x) of Eq. ~4!.
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the Furukawa’s scaling theory@13#. These characteristic fea
tures in the late stage of PEN also coincide with those
PET crystallization.

In summary, when the amorphous PEN sample is
nealed aboveTg , a SAXS peak emerges at around 0.03 Å21

before crystal nucleation and grows with time. The grow
process of this density fluctuation is described by the kine
of a spinodal decomposition-type phase separation, as in
case of PET crystallization. In the early stage until 10 m
the density fluctuations have a characteristic wavelength,
Å, independent of annealing time and the intensity of
peak increases exponentially with annealing time. These
tures can be described by the Cahn-Hilliard linearized the
@11,12#. In the late stage between 10 and 25 min the cha
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teristic wavelength of the density fluctuations and its inte
sity increase with annealing time obeying the power law
These observations, as well as the evaluated values of e
nents, agree well with the predictions of the Furukawa’s sc
ing theory.

The experimental results obtained so far strongly supp
that the structure formation of PEN during the induction p
riod of the glass crystallization can be well described by
kinetics of spinodal decomposition, similar to the case of
glass crystallization of PET.

We thank I. Fujio from Mitsui Chem. Co. Ltd. for the us
of the high-power temperature controller and cell during
SAXS measurements in the Photon Factory at the Natio
Laboratory for High Energy Physics, Tsukuba.
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