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Abstract

The light scattering from the spherulites of polyethylene terephthalate grown near the glass transition temperature has been investigated.
The Hv scattering profiles can be reproduced by the sum of the ideal spherulite scattering with the distribution of spherulite radius and the
isotropic scattering from randomly oriented crystallites. The ratio of optical anisotropies in the isotropic scattering to the ideal spherulite
scattering is obtained by the method established to eliminate the effects of the number density of spherulites and the coefficient depending on
the experimental conditions. It is found that the anisotropy ratio is almost independent of the crystallization time and of temperature above
106 °C, while it is larger at a crystallization temperature of 103 °C. The spherulitic structure is discussed in terms of the anisotropy

ratio. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Light scattering is a suitable method for investigating the
internal structure of a polymer spherulite, since it gives the
information of the structure in the scale of the order of pm.
This method is also applied to the analyses of the spherulitic
structure formation in the early stage of crystallization [1-3].
In these studies, however, the analyses were made in terms of
the integrated intensity and the peak position of scattering
profile, but no detailed analysis of scattering profile was made.
In polyethylene terephthalate (PET), the changes in structure
and dynamics are reported before the crystalline structure is
formed at temperatures near the glass transition temperature 7,
[1,4—6]. In order to investigate the early stage of spherulite
formation process, the profile of light scattering intensity must
be examined in detail. In this study, the scattering intensity
profiles are carefully analysed in the growth process of
spherulite near T, focusing on the Hv scattering, which will be
served as a basis of the examination of the structure in the early
stage of spherulite formation.

The light scattering profiles have been studied for many
years. What is called a four-leaf clover scattering pattern
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typically observed on Hv scattering from spherulites was
qualitatively explained by the ideal spherulite model [7], and
the observed intensities of Hv light scattering from the
spherulites of isotactic polystyrene (iPS) and isotactic
polypropylene (iPP) were quantitatively reproduced by the
sum of the intensity of the ideal spherulite and that of
crystallites oriented randomly (isotropic scattering) [8,9]; the
latter is independent of the azimuthal scattering angle and
supposed to originate from an orientation correlation between
crystallites. Since the observed absolute scattered intensities
depend on the experimental conditions such as the sample
thickness and its distribution, the surface conditions of the
sample, etc., it is difficult, depending on the material, to
compare the results obtained under the different conditions. In
this paper, firstly the Hv scattering patterns are quantitatively
reproduced based on Keijzers’ combination model [8], taking
account of the distribution of spherulite radius. Secondly the
method is presented to obtain the ratio of the optical anisotropy
of spherulite to that of crystallite attributable to the isotropic
scattering, and the change in spherulitic structure with
crystallization temperature and time is discussed.

2. Experimental section

The material used was PET kindly supplied by Toyobo
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Fig. 1. The intensity profile of the ideal spherulite at 7, = 106 °C and
t. = 3890 s. The broken line is given by Eq. (1) which has the same peak
intensity as the observed one. The solid line is obtained from Eq. (2) with
Rinax = 2.6 pm.

Co. Ltd (M, =5.97x10%, M,/M, =251). The film
specimens about 30 wm thick were prepared by pressing
the pellets between cover glasses at 310 °C for 3 min and
then quenched in an ice—water bath to obtain an amorphous
specimen (T, of this material is about 75 °C). The melt-
quenched specimen was quickly inserted into a hot chamber
kept at a desired crystallization temperature 7. and the
isothermal crystallization at 7, was investigated by time-
resolved light scattering. The range of T, studied is from 103
to 123 °C. A light source was a polarized He—Ne laser of
632.8 nm wavelength and the diameter of the beam is
0.8 mm. The scattered light passed through an analyser was
projected onto a screen, and the two-dimensional scattered
intensity was measured by a CCD camera. The linearity
between the scattered light intensity and the observed one
has been confirmed within the measured range of the
intensity.

3. Results and discussion

The Hv light scattering pattern from PET spherulites
shows a four-leaf-clover pattern which is typical in the light
scattering of polymer spherulites. The intensity of Hv
scattering from the ideal spherulite gea(q, 1) is given by
Ref. [7]

3\? .
Fgea(g 1) = Cnvz(ﬁ) [(a, — @)cos Osin 2

X (4 sin U — U cos U — 3SiU)]%, (1)
where ¢ is the magnitude of a scattering vector, w, the
azimuthal angle, C, the constant coefficient depending on

the experimental conditions, n, the number of spherulites, 6,
a polar scattering angle, v, the volume of a spherulite, o, and

oy, the polarizability along the radial direction and along the
tangential direction, respectively, U = (4wR/\)sin(6/2) =
qR, SiU = f g (sin x/x)dx, R, the radius of a spherulite, and
A, the wavelength of the incident light. The azimuthal angle
dependence of observed intensity can be expressed by the
sum of the intensity proportional to sin®2u and that
independent of w. Since I;geq(g, o = 0°) = 0, the scattering
intensity at u = 0° is attributable to that from the randomly
oriented crystallites (isotropic scattering), and the intensity
component proportional to sin> 2 to that from the spheres
with the radial symmetry of polarizabilities (spherulite
scattering component) [8,9]. The dependence of the
spherulite scattering component on the scattering vector at
T, = 106 °C and . = 3890 s is shown in Fig. 1. The optical
microscopy could not clearly reveal the individual spheru-
lites because of their small size and three-dimensional
overlapping of the spherulites in the field of view, though
the rough estimate of the spherulite density was possible.
From the beam size and the sample thickness, the number of
spherulites irradiated by the laser beam is estimated to be of
the order of 10°. In Fig. 1, the calculated result for the ideal
spherulite model by Eq. (1) fitted at the peak position and
the peak value is shown by the broken line; the observed
intensity is larger than the calculated one at high g. This
discrepancy can be interpreted by the distribution of radii
for PET spherulites. When the distribution of radii is
constant between 0 and the maximum radius R.y, the g-
dependence of the scattering intensity is given by

Cn(Aa)® JR ) ( 3
—_— Vv

2
Ligear(q> s Rinax) = Roa 0 ﬁ) [C052 0sin2u

X (4sin U — U cos U — 3SiU)]*dR, )

where Aa = o, — «; is the anisotropy in polarizability of
spheres (spherulite anisotropy). The result by Eq. (2) is
shown by the solid line in Fig. 1; agreement with the
experimental result is satisfactory. Since the intensity of
scattering from a spherulite is proportional to R, the
contribution from large spherulites dominates the g-
dependence of scattering intensity. Although the assumed
radius distribution approximately corresponds to the
homogeneous nucleation, domination of large spherulites
contribution to the intensity suggests that further examin-
ation will be necessary regarding whether the homogeneous
nucleation is the case under the present crystallization
conditions. In this way, the value of R,,.x can be obtained by
fitting the g-dependence of the observed spherulite intensity
component by Eq. (2). Fig. 2 shows the crystallization time
t. dependence of R,.x. The radius of the spherulite linearly
increases with crystallization time in the early stage of
growth process, and the apparent growth rate gradually
decreases by the impingement of spherulites. It should be
noted that in the case of polyethylene difference between the
observed scattering intensity and the calculated result at
high ¢ is so large that it cannot be attributable to the
distribution of spherulite radius. In this case, the phase
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Fig. 2. The crystallization time dependence of the maximum radius R.x
(O) and the peak intensity of spherulite scattering (@) at 7. = 106 °C.

coherence between the isotropic scattering and the scatter-
ing from the ideal spherulite is suggested [10].

In the ideal spherulite model, the parameter characteriz-
ing the structure of spherulite is the anisotropy of spherulite
A, which will be examined as follows. The peak intensity
of the scattering profile, Ifggal, is obtained from Eq. (2) as

I(P)

ideal

o[ 4m\?
=9.53% 10 3(%) Cn(Aa)’ RS, 3)

where the factor 9.53 X 102 appears from the peak value in
the integral in Eq. (2). The crystallization time dependence
of I»(p)1 is shown in Fig. 2. Fig. 3 shows the crystalliza-

idea

tion time dependence of Ii(ge)al/anax, which is proportional to

C(Aa)*n. When the spherulite anisotropy A« remains
unchanged with crystallization time, I /RS, is pro-
portional to the number of spherulites n: Fig. 3 shows the

number of spherulites increases up to 3500 s at T, = 106 °C.
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Fig. 3. The crystallization time dependence of Ifgga]/Rﬁm at T, = 106 °C.
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Fig. 4. The intensity profile of the isotropic scattering at 7, = 106 °C and
t. = 3890 s. The solid line is fitted by Eq. (4) with @ = 0.54 pm.

Since the spherulites become dense and overlap each other
in the prolonged crystallization time, the decrease in
Ii(ggal/R?nax at large 7. will be partly due to multiple scattering.

Next the isotropic scattering is analysed. The scattering
intensity at w = 0° can be caused by truncation by
impingement of spherulites [11]. However, since the
isotropic scattering is observed from the early stage of
crystallization, the truncation from a spherical shape by
impingement of spherulite is not the origin of the isotropic
scattering in the present case. When the arrangement of
spherulites is random and the number of spherulites is very
large, the interference among spherulites is negligible [12].
Thus the isotropic scattering is considered to originate from
the orientation correlation between crystallites in a spheru-
lite [8,9]. In this case the size and the number of the objects
that give the isotropic scattering are identical to those of the
spherulites. We assume that crystallites have a cylindrical
symmetry and can be described by two polarizabilities, q
in the principal direction and «, perpendicular to this
direction. The anisotropy 6 is defined by 6 = o) — « . Fig.
4 shows the intensity profile of the isotropic scattering
component at T, = 106 °C and ¢, = 3890 (open circles),
which is found to be well fitted by the square of Lorentz
function (see below). When the exponential decay in the
orientation correlation is assumed [8,9,13] and the corre-
lation length is much shorter than the radius of the
spherulites, the isotropic scattering intensity is given by

2 3 3
[= 32 Cns R’a , @
45 (1 + (ag)*)

where a is the correlation length [14]. The observed
isotropic intensity Iis,(q) is fitted by Eq. (4) with
a=0.54 um (Fig. 4, the solid line). The dependence of
the correlation length a on the spherulite radius Ry.x is
shown in Fig. 5 for several crystallization temperatures.
Since the distribution of radii of spherulites is taken into
account in the spherulite scattering intensity, the isotropic
scattering intensity in this condition is calculated. As
reported on iPS spherulites, we consider the case that the
correlation length is proportional to radius of the spherulite,
that is a = kR, where k is a proportional constant (k = 1/6 in
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Fig. 5. The relation between the correlation length a and the maximum
spherulite radius R, at 7, = 103 (O), 106 (A), 116 (O) and 123 °C ().

the case of iPS) [9]. When spherulites have the above size
distribution and the correlation length of the spherulite with
spherulite radius R, a(R), is proportional to R, by averaging
in terms of the spherulite radius, the intensity of isotropic
scattering is given by
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Fig. 6. The crystallization time dependence of I, (0)/R}a® at
T. =106 °C.

besides R.x and a. In the above analyses we obtained
Cn(Aa)? and Cnd? separately. The coefficient C depends on
the condition of the measurement such as the sample
thickness, but C is common for the scatterings from the ideal
spherulite and the isotropic scattering. From Egs. (3) and (6)

2 2 4 4 2 2

(g, i = 0°) = =2 CONR i Imaxd 1D 10%“6]6;15;??1(] +) ;:zn:xsq(zl)Jr Cinax AN s 5

where ap,, = kR.x 1s the correlation length of the largest the anisotropy ratio is given by

spherulite. This result numerically shows that the distri-

bution of the radii of spherulites hardly changes the intensity 5 Lo (RS,

profile and Eq. (5) is well approximated by Eq. (4) by ‘E‘ =4/0.110 X ‘1@73. (7
replacing a by 0.87a - ideal?

In the case of PET, Fig. 5 shows that the correlation
length a deduced from Eq. (4) monotonically increases with
Riax, but the linear relation between a and R,,,x is only
approximate. In the further analyses in this study, however,
when we calculate the scattering intensity of spherulites
with the distribution of spherulite radius, the proportionality
between the correlation length a(R) and the spherulite
radius R is assumed for convenience. Then in Eq. (5) apax 1S
substituted with @/0.870 and the intensity of the isotropic
scattering at g — 0, [;5,(0), is given by

I, (0) = 1.52Cn8%a’R2 .. (6)

The value of Ii;,(0) is obtained by extrapolating from the
observed intensity, and Cnd? can be obtained from
L (0)/R3 @’ Fig. 6 shows I,,(0)/R2a’ as a function of
t., whose crystallization time development is similar to that
of the scattering from the ideal spherulite (Fig. 3).

The scattering patterns can be reproduced by Egs. (2) and
(4) with parameters R,,x and a in the range of 7, and 7.
studied. The parameters used to characterize a spherulite are
the anisotropy of spherulite A« and that of crystallites &

This equation is valid not only for the spherulites with the
distribution of the radii, but also for those without
distribution and in the case a is proportional to R if the
numerical factor is properly modified.

Fig. 7 shows \/0.110 X (7,50 (0)R3,)/(IT,
tion of R, at several crystallization temperatures. Here the
anisotropy ratio is plotted against R,,,x rather than 7. since
the former variable is more suitable when we examine the
change in spherulite structure with the growth of spheru-
lites. From the figure, the following features can be found:
(a) At each T, the anisotropy ratio is nearly constant or
slightly increases with the spherulite radius, hence with
crystallization time. (b) The anisotropy of crystallite & is
larger than that of the spherulite A« by three to four times.
(c) The anisotropy ratio is almost independent of crystal-
lization temperature above 7, = 106 °C, while the value at
T, = 103 °C is larger than that at other 7.’s.

The result (a) indicates that the structure of spherulites is
determined by the crystallization conditions, and the
annealing effects during growth is not pronounced, except
for the development of the correlation length a. The

@) as a func-
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Fig. 7. The dependence of \/ 0.110 X (f;5(0)R2 4, /(I®) a®) on the spherulite

i

radius R, at 7, = 103 (O), 106 (A), 116 (O) and 123 °C ().

intensity of the Hv scattering of the spherulite crystallized at
103 °C is weaker and less anisotropy is observed under the
crossed polarized optical microscope, compared with other
crystallization temperatures. This suggests that the differ-
ence in anisotropy ratio between crystallization tempera-
tures (result (c)) can be attributable to the decrease in Aa
rather than the increase in & at T, = 103 °C. These results
indicate that less ordered spherulites are formed at crystal-
lization temperatures near T,. The crystallite and the
spherulite are aggregates of single crystals. In particular,
the origin, the structure and the spatial distribution of
crystallites are yet unclarified. The anisotropies of these
aggregates should be calculated from the polarizability
tensor of single crystal by some orientational averages.
Keijzers et al. referred the ideal spherulite scattering to the
spherulitic crystallites formed at the primary crystallization,
and the isotropic scattering to the randomly oriented
crystallites formed at the secondary crystallization [8].
The constancy of the anisotropy ratio with 7. and 7 in our
results, however, suggests that the two anisotropies
originate from same crystallites [9,15]: a spherulite is an
aggregate of crystallites which have the orientation
correlation and have ideal spherulitic symmetry on average.
Since the crystallite is considered a much smaller entity than
the spherulite, the result (b) is consistent with this
consideration and will give important information about
the structure of the crystallites and the spherulites. On the
other hand, when the same crystallites give the ideal

spherulite scattering and the isotropic scattering, the
interference between these two scattering amplitudes should
be examined more carefully. The scattering intensity of a
two-dimensional spherulite which consists of crystallites
which give both the ideal spherulite scattering and the
isotropic scattering has been calculated [16]. However, the
intensity predicted by this model at u = 0° is much smaller
than that observed in the experiment. It is necessary to carry
out the calculation in three dimension in order to compare
the results. A structure model will be required compatible
with the combination model and with the crystallite
fluctuation model, and detailed analyses on Vv scattering
combined with the present Hv scattering will elucidate these
issues more clearly.
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