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Abstract

The formation mechanism of non-banded polymer spherulites has been examined experimentally for isotactic poly(butene-1) grown from the
melt by optical, atomic force, and transmission electron microscopies associated with quenching and chemical etching. At the growth front of the
spherulites, the maximum width of lamellar crystals, A,,, showed a square-root dependence on the growth rate. The dependence suggests an
instability-driven branching. In terms of the correlation of lamellar orientation in the spherulites, an auto-correlation function has been deter-
mined from the image taken by polarizing optical microscopy. The correlation showed an exponential decay along the radial direction, and
the correlation length was in proportion to A,,. Those experimental evidences suggest that the structure is formed by the coupling of the branch-
ing instability and the random re-orientation of lamellar crystals on the occasion of branching in the non-banded spherulites of poly(butene-1).

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

When crystallized from the melt, polymer crystals develop
a higher-order structure of spherical aggregate called spherulite,
which consists of chain folded lamellar crystallites [1—3]. The
lamellar crystals undergo branching and non-crystallographic
re-orientation to fill in the three-dimensional space of the spher-
ulite. The mechanisms of branching and re-orientation of lamel-
lar crystals are therefore the most essential factors for the
formation of polymer spherulites, in general.

Concerned with the branching mechanism, Keith and Pad-
den proposed the formation of fibrous texture consisting of the
groups of lamellar crystals [4]. They postulated that the fibrous
texture was formed by an instability at the growth front in the
diffusion field of impurities interrupting crystallization. Exper-
imentally, utilizing chemical etching [5], the lamellar mor-
phology in spherulites has been examined by Bassett et al.
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[6—8]. They examined the width of individual lamellar crys-
tals, based upon the expectation that the width corresponds
to the characteristic length of the fibrous texture. The obtained
dependence of the width on molecular weight or on crystalli-
zation temperature was, however, not strong enough for their
interpretation of Keith and Padden’s model. So far, there is
no explanation for the branching mechanism confirmed by
firm experimental evidences.

In terms of the re-orientation of lamellar crystals on branch-
ing, polymer spherulites can be classified into two types, those
with and without concentric bands under polarizing optical
microscopy (POM): banded spherulite and non-banded spher-
ulite, respectively, as shown in Fig. 1. The characteristic fea-
ture of the banded spherulite is the periodic extinction
pattern under POM, whereas that of non-banded spherulites
is a patchy pattern of white and black areas thin and long in
shape along the radial direction. It is supposed that the differ-
ence of the patterns stems from the manner of re-orientation of
lamellar crystals on branching. In banded spherulites, the con-
centric pattern is developed due to the twisting correlation of
lamellar crystallites along the radial direction [9—13], where
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Fig. 1. Optical micrographs of (a) a banded spherulite of poly(vinylidene fluoride) and (b) a non-banded spherulite of poly(butene-1). The images were obtained by
the sum of two images of the same area differing in the angle of polarizer by 45° while keeping the condition of cross-nicols. Scale bars represent 100 pm.

the correlation will hold on the occasion of branching. For
non-banded spherulites, on the other hand, the direction of
re-orientation must be randomly chosen on branching. Here,
whereas the period of extinction bands can be easily measur-
able, the characteristic quantity of non-banded spherulites
has not been well defined.

In the present paper, in order to understand the formation
mechanism of the higher-order structure of polymer spheru-
lites, the mechanisms of branching and re-orientation of lamel-
lar crystals have been examined in non-banded spherulites.
Firstly, we discuss the branching mechanism on the basis of
the instability of growth front in a gradient field. The instabil-
ity proposed by Keith and Padden will be reviewed in a wider
class of fingering instability. Secondly, we define a persistence
length of random orientation of lamellar crystals in non-
banded spherulites. The persistence length characterizes the
patchy pattern of non-banded spherulites such as shown in
Fig. 1b. Experimentally, we examine the characteristic quanti-
ties such as the critical width of lamellar crystals at the growth
front and the persistence length of lamellar orientation in the
non-banded spherulites of isotactic poly(butene-1).

2. Modeling
2.1. Fingering instability

The most well-known instability of the growth front on
crystallization is of Mullins and Sekerka’s type in a diffusion
field [14,15]. Generally, the diffusion field can be that of
impurity or of temperature. The gradient of the diffusion field
is characterized by a diffusion length, 6 = D/V, defined by the
diffusion coefficient, D, divided by the growth rate, V. Due to
slow growth rate of polymer spherulites, it is known that the
thermal diffusion length is much larger than the size of ordi-
nary spherulite, and hence the effect of temperature gradient
is negligible on the morphological evolution of polymer spher-
ulites. On the other hand, synthetic polymers inevitably have

a molecular weight distribution and defects in chains, such
as irregularity of tacticity, chemical branches, and tight
entanglements. Actually, branched polyethylene shows the
cellulation of spherulites due to the segregation of branches
[16].

In the diffusion field with the compositional gradient at the
growth front, the portions of the interface sticking out from
neighboring area by fluctuations can grow faster because of
the composition preferable for the crystallization. On the other
hand, surface tension suppresses the growth of such protru-
sions. Then, the balance of those two effects determines the
critical wavelength, A,, for the growth of the instability lead-
ing to branching. Based on the modeling of Mullins and Se-
kerka [14,15], the length, A,,, depends on the mass diffusion
length as,

A € (’Y%) " (1)

where vy represents the surface tension, V is the growth rate of
the interface, and D is the mass diffusion coefficient. Such in-
stability of growing interface in a gradient field is generally
called fingering instability. For a lamellar crystal of finite
width, the critical length, 4,,, corresponds to the maximum lat-
eral width, beyond which the lamellar crystal undergoes
branching.

The following questions may be raised in terms of the fin-
gering instability of individual lamellar crystals. Firstly, for
thin lamellar crystals, it seems that the formation of gradient
field may not be probable if they are isolated in the bulk
melt. However, at the growth front of spherulites, there are
groups of lamellar crystals growing in parallel with each other.
The gradient field can then be spontaneously formed and sus-
tained by the stacks of those lamellar crystals. Each lamellar
crystal feels the gradient of the field and undergoes the finger-
ing instability on its own.
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Secondly, polymer crystallization is known to be controlled
by surface nucleation on the growth face [17] and not solely
limited by diffusion. In this sense, the present argument on
the morphological instability caused by the gradient field
may be confusing. However, Goldenfeld [18] has theoretically
suggested that the crystallization controlled both by the diffu-
sion and by the surface kinetics can sustain stationary growth
and undergo the morphological instability.

Our modeling for the formation of the higher-order struc-
ture of non-banded spherulites is based on the fingering insta-
bility, and is described as follows. On the occasion of
branching, the crystals re-orient at a small angle and grow in-
dependently from each other in the three-dimensional space
(Fig. 2). The non-crystallographic re-orientation is attributable
to the strain caused by chain folding at the upper and lower
surface regions of lamellar crystals [19] and to the pressure
from uncrystallized molecular portions of cilia confined be-
tween lamellae [7]. The direction of re-orientation is chosen
at random. Due to the independent growth of each lamellar
crystal with re-orientation, the crystal can grow in width as
well as in length. When the width reaches the critical width,
the crystal undergoes the instability-driven branching again.
In this way, the crystals sustain branching and re-orientation
repeatedly. This mechanism will provide the branching fre-
quency high enough to fill in the three-dimensional space of
the spherulite with the non-crystallographic branching by the
spontaneous re-orientation. In addition, a screw dislocation
will be generated between neighboring branches as the conse-
quence of the re-orientation on branching. The formation of
screw dislocations therefore does not have to surmount the for-
mation barrier with extremely large Burgers vector equal to
the lamellar thickness [20].

2.2. Persistence length

In order to characterize the higher-order structure of non-
banded spherulites, we examine auto-correlation functions of
the intensity profile taken by POM. The auto-correlation func-
tion is defined as,

g

Fig. 2. Schematic illustration of lamellar branching with small angle re-orien-
tation of the branches. Here, A, represents the critical width of fingering insta-
bility repeated at the distance, a, with the re-orientation angle, A6.
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where the angle brackets represent the statistical average, and
I, and I, are the intensities at the positions x and x + d, re-
spectively, displaced along the radial direction of a spherulite.
The correlation function examines the characteristic feature of
the patchy pattern seen in the non-banded spherulites along the
radial direction (Fig. 1b).

For an optically uniaxial crystal, such as hexagonal (Form 1
[21]) and tetragonal (Form 2 [22]) crystal modifications of poly-
(butene-1), the intensity taken by POM is expressed as [23],

(2)

d e o
[ =1I,sin’* 2u sinZM

(3)
where [ represents the intensity of incident light, d is the sam-
ple thickness, n, and 7. are the refractive indexes of ordinary
and extraordinary rays, respectively, A is the wavelength of in-
cident light, and p is the azimuthal angle between the axis of
polarizer and the projection of the optical axis of the crystal
onto the plane made by the axes of polarizer and analyzer.
Eq. (3) indicates that the sum of the images, I(u,6)+
I(pn+ 7/4,0), becomes independent of the azimuthal angle:

I'=1(w,0) +1(u+m/4,0) =1, sinZM 4)
where the two images are of the same area differing in the an-
gle of polarizer by 45° while keeping the condition of cross-
nicols. The images of the banded and non-banded spherulites
in Fig. 1 represent the results of this procedure. The Maltese
cross disappears in the images being independent of the azi-
muthal angle of the crystals with respect to the polarizer. In
the following, the correlation function of Eq. (2) is calculated
for the intensity of the sum, I, obtained by this manner.

In Eq. (4), the refractive index of extraordinary ray, 7., is
given as [23],

NoMe

(n2 sin® 6 + n2 cos? 6)

Nne =

i (5)

in terms of the refractive index along the optical axis of the
crystal, n., that of ordinary ray, n,, and the angle, 6, of the
optical axis with respect to the propagation direction of light.
Assuming small enough x = 7d(n. — n,)/A and n. — n,, the
square root of the intensity of Eq. (4) is approximated as,

d
1°%(6) 518»5%|nc — 1| sin* 4 (©)

The correlation function is then expressed as,

<Sin2 0, sin® (6, + 6d)> - <sin2 0x>2
(sin* ;) — (sin® 6X>2

(d)= = (cos 24,) (7)

under the assumption of no correlation between 6, and 6.
Here, 0, is the angle at the position, x, and ¢, is the difference
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of the angles at the distance, d, along the radial direction of
a spherulite.

For a spherulite in a film much thinner than its radius, the
angle of elevation or depression of the crystals is assumed to
be negligible except for the central portion of the spherulite.
The spherulite is then approximated as a two-dimensional
spherulite, in which the angle, u, corresponds to the azimuthal
angle of growth direction of the crystal, and 6 corresponds to
the rotation angle of the crystal around the growth direction.
The angle of rotation is supposed to undergo a discontinuous
re-orientation on the occasion of branching. It is assumed
that the direction of re-orientation is chosen at random around
the radial axis with the interval, a, between branching, as
shown in Fig. 2. The change in rotation angle is set at a small
constant angle, Af (Fig. 2). For this type of re-orientation, by
the analogy of random walk, the following relationship can be
obtained,

(67) =NAG, N:g (8)

where N is the number of the steps of branching. For <5fl>
small enough, the auto-correlation function, C(d), of Eq. (7)
is approximated as,

C(d)=1-2(8})=exp [—‘ﬂ (9)

L _
N a

(10)

where L is defined as the persistence length of the rotation an-
gle along the radial axis. This correlation length is similar to
that obtained by light scattering [24], but is specified in the di-
rection of the radial axis of a spherulite. It is noted that when
fluctuations are introduced in A, the persistence length is
inversely proportional to the mean square angle, (A§?).

The correlation function of Eq. (2) (and of Eq. (9)) is for
one dimension along the radial axis of a spherulite. The fol-
lowing correlation function of the two-dimensional POM
image of a spherulite well approximates the correlation func-
tion of Eq. (2), if the spherulite is large enough and the area is
far from the center of the spherulite:

2
> (neres, (1))
x oy

05\
(1) = (1)
where N, and N, are the number of pixels in the image along

the x (~radial direction of the spherulite) and y (~ tangential)
directions, respectively.

1
N,N,

In

C(d) (11)

3. Experimental
3.1. Sample preparation

Isotactic poly(butene-1), PB-1, (M,,=674,000, M,/
M, =4.7) was kindly supplied by Sun Allomer Ltd. With

PB-1, it was easy to grow large spherulites (~ 1 mm) required
for the assumption of two-dimensional spherulites and for the
calculation of the auto-correlation function of the images. The
films of 10—300 pm in thickness were prepared from the melt
pressed between glasses or from p-xylene solution by solution
casting. PB-1 films were melted at 160 °C and crystallized by
a temperature jump to the crystallization temperature. The
samples were then quenched into freezing acetone (—94 °C),
if it was necessary to stop the growth. When PB-1 is crystal-
lized from the melt, the metastable form, Form 2, is obtained
[21,22] and then transforms to the stable form, Form 1 [25].
The crystallized samples were kept at room temperature
more than a few days before examination in order to complete
most of the transformation.

3.2. Width of lamellar crystals

For the examination of the width of flat-on lamellar crys-
tals, PB-1 films of about 10 pm thick were crystallized. The
films were then chemically etched to reveal the flat-on lamel-
lar crystals on the free surface of the film: typical etchant con-
sisted of 10 or 50mg potassium permanganate, 6 ml
orthophosphoric acid and 4 ml concentrated sulfuric acid [5].
The etched surface was observed with an atomic force micro-
scope, AFM, (SPI3800 N, Seiko Instruments, Inc). Thick sam-
ples (200—300 um) were also prepared and cut with an
ultramicrotome (Ultra Cut, Leica) in order to examine the sec-
tion of the lamellar crystals on the cut surface by transmission
electron microscopy, TEM (JEOL100CX, JEOL Ltd.). As
shown in Fig. 3, the length of the section parallel to the bound-
ary of the spherulite corresponds to the width of the lamellar
crystals on the cut surface.

Spherulite

Free Surface

Cut Surface

Fig. 3. Schematic illustration of lamellar crystals in a spherulite. The flat-on
lamellar crystal on the top (free) surface corresponds to the images in Fig. 4
and the section of crystals on the side (cut) surface to the images in Fig. 5.
Length of the section on the cut surface corresponds to the width of lamellar
crystals, A, when the line section is parallel to the boundary of the spherulite.
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3.3. Persistence length

For the examination of the persistence length, films of
10 um thick were prepared. The images were taken with a po-
larizing optical microscope, POM, (BX51, Olympus Co Ltd.)
equipped with a monochromatic filter (IF550, Olympus Co
Ltd.). The intensities, / and 7, in Egs. (2) and (11) therefore
represent the brightness in the monochromatic mode. For the
crystallized film of 10 um thick, the optical retardation,
d(ne — n,), caused by the crystal birefringence was evaluated
to be at most 100 nm from the change in the interference color
with the insertion of a sensitive color plate. For the retardation,
the value of n, — n, will be much smaller than unity and the
value of x = 1d(n. — n,)/A is estimated to be less than 0.57
with A =550 nm. Then, the approximation of sin x=x em-
ployed in the derivation of Eq. (6) from Eq. (4) leads to the
numerical error of at most 5%, which was acceptable for the
calculation of the persistence length from the semi-logarithmic
plots of the correlation function of " (Fig. 8).

For the calculation of the two-dimensional auto-correlation
function, a rectangular area was chosen with the long axis in
parallel with the radial direction of a spherulite and with the
degree of arc from the center of spherulite within £15°.

This limitation was required for the one dimensional correla-
tion function (Eq. (2)) approximated by the auto-correlation
function of the image (Eq. (11)). The overall mean gradient
of the intensity profile in the area was corrected by subtracting
linear changes in both the x and y directions. While keeping
the sample at room temperature after crystallization for
a few days, the intensity of spherulites under POM became
stronger, but the morphology did not change and the persis-
tence length was kept unchanged.

4. Results and discussion
4.1. Width of lamellar crystals

Fig. 4 shows the AFM images of flat-on lamellar crystals at
the growth front of spherulites. It is clearly seen that the width
of the lamellar crystals becomes wider with increasing crystal-
lization temperatures. The measurement of the width was
sometimes not straightforward because of the stacking of
lamellar crystals on each other. In order to overcome the dif-
ficulty, the cut surface of spherulites was also examined
(Fig. 5). In Fig. 5, the dark thick lines represent the section
of lamellar crystals. We measured the width of lamellar

Fig. 4. AFM images (amplitude images) of the growth front of spherulites crystallized at (a) 86.5, (b) 91.5, (c) 96.5, and (d) 101.5 °C. Scale bars represent 2 pm.
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Fig. 5. TEM images of the replica of the cut surface of growth front of spherulites crystallized at (a) 86.5, (b) 91.5, (¢) 96.5, and (d) 101.5 °C. Scale bars represent 2 jum.

crystals parallel to the rim of spherulites and chose the largest
size from about 20 data at each crystallization temperature; the
maximum width, A;,, corresponds to the critical width of la-
mellar crystal just before branching due to instability, accord-
ing to our model.

Fig. 6 shows the semi-logarithmic plots against 1/TAT of
the width, A,,, and the growth rate, V, divided by the temper-
ature dependence of the diffusion coefficient, D. Here, AT rep-
resents the degree of supercooling with the melting point of
7% =130 °C for the crystal Form 2 [26]. The WLF equation
was utilized to estimate the temperature dependence of diffu-
sion coefficient [17],

1.5
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Fig. 6. Plots of 4, determined from AFM (A) and TEM (V¥ ), V (O) and V
(DIDo)”" (@), and L (M) against 1/TAT. The slopes of the fitted lines are 2.41
(Am from AEM), 2.01 (A, from TEM), —3.08 (V), —4.79 (V(D/Dy)" "), and
275 (L). V(DIDy)"" is divided by a constant, 10°.

D =D, eXp[_Ri(TL—]Tm)] (12)

with U =4120 cal/mol, To =T, —51.6°C, and the glass
transition temperature, T, = —24 °C [26].

The slopes of the fitted lines of the width, A, and of the
growth rate, V(DIDy)™", in Fig. 6 were 2.41 (4, from AFM),
2.01 (A, from TEM), and —4.79 (V(D/Dy)™"). The ratio be-
tween the slopes of A, and V(DIDo) " is close to 1:—2, as pre-
dicted from the fingering instability of Eq. (1) under the
assumption of negligible changes in other factors, such as sur-
face tension which actually has much weaker temperature de-
pendence than V and D. To confirm the relation of Eq. (1), the
measurement of the lamellar width at the growth front is es-
sential; crystals in the inner part of spherulites can continue
to grow in width after branching until the collision with other
lamellae. It is also noted that the slope of the growth rate, V, in
Fig. 6 is much smaller than that of V(DIDy)~". The difference
indicates the crucial contribution of D in the determination of
the critical width of instability in Eq. (1).

In the present modeling of the fingering instability, our dis-
cussion is based on the instability of Mullins-Sekerka’s type
with the gradient of a compositional field. We may also think
of another type of fingering instability similar to Saffman—
Taylor instability [27] caused by a pressure gradient in a viscous
fluid. For polymer crystallization, the pressure gradient is cre-
ated in the melt in front of the growth face by the density differ-
ence between the crystalline and amorphous states [28]. The
critical width, A, is then in proportion to the inverse of the
square root of the growth rate, V, and the viscosity of the fluid,
N Ay € [7/(Vn)]1/ 2. Due to the same temperature dependence
of D and " of WLF type, the instability by the pressure gradi-
ent predicts the same temperature dependence as that of the
compositional gradient determined by Egs. (1) and (12).
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Fig. 7. POM images processed as described in text. Crystallization tempera-
tures were (a) 86.5, (b) 91.5, (c) 96.5, and (d) 101.5 °C. The images are the
portions of spherulites, as indicated in (e). Scale bar represents 100 pm.

4.2. Persistence length

Fig. 7 shows the POM images of the spherulites. It is
clearly seen that the patchy texture becomes larger with in-
creasing crystallization temperatures. Fig. 8 shows the profile
of the auto-correlation function calculated from the POM
images by using Eq. (11). The profile shows an exponential
decay. The behavior suggests the random re-orientation of la-
mellar crystals along the radial direction in the non-banded
spherulites of PB-1. The persistence length of Eq. (9) is deter-
mined from the slope in the semi-logarithmic plots of Fig. 8.

The persistence length represents the correlation of lamellar
orientation along the radial direction of a spherulite. In the

c(d)

0.1

dum

Fig. 8. Auto-correlation function, C(d ), determined from the images in Fig. 7
of PB-1 spherulites crystallized at (a) 86.5 (thin), (b) 91.5 (dotted), (c) 96.5
(broken), and (d) 101.5 °C (thick line). The functions were calculated for
the areas longer than those shown in Fig. 7 by (a) 1, (b) 1.5, (c) 4, and (d)
7 times in the radial (horizontal) direction.

present modeling, the lamellar crystals are supposed to be
re-oriented on the occasion of branching. Then, the persistence
length can be interpreted in the following way on the basis of
the fingering instability. Firstly, as shown in Fig. 2, the dis-
tance between successive branches, a, will be proportional to
the critical width of lamellar crystals, A,,, with a geometrical
coefficient, g, determined by the axial ratio of growth rates,

a=ghin (13)

Then, the persistent length, L, in Eq. (10) is proportional to A,,,
as follows,

_ &Mn
INE

(14)

From Egs. (1) and (14), under the assumption of much weaker
dependencies of g and 46% on the growth condition, such as
crystallization temperature, than those of A, and D/V, we ex-
pect the proportional dependence of L on A, and the square-
root dependence on D/V, as follows,

1/2
Loc ), o <l—)> (15)
Vv

Experimentally, Fig. 6 shows the plots of the persistent length,
L, determined from the auto-correlation function in Fig. 8. By
comparing the slope of L with those of A, and V(D/Dy)~" in
Fig. 6, the ratio of the slopes of A, V(D/DO)_I, and L is found
to be close to 1:—2:1, as expected from Eq. (15). The depen-
dence suggests the random re-orientation of lamellar crystals
on the occasion of branching. Here, it is noted that, in a recent
work of Grandsy et al. [29], they have suggested the crucial
role of misorientation on branching for the formation of poly-
mer spherulites at temperatures much higher than the glass
transition temperature, T. > 1.2T,, while the misorientation
was supposed to be caused by a grain nucleation near T,
[30]. The re-orientation of the present modeling can be the
source of this type of misorientation on branching.

Based on the expression of Eq. (14), the absolute value of
the branching angle, Af, can be evaluated from the present ex-
perimental data, if the form factor, g, is available. The crystal
Form 2 of PB-1 is tetragonal and the {100} growth facets are
observed at the growth front, as shown in Fig. 4. If the branch-
ing occurs at the both sides of the growth face, as shown in
Fig. 2, the form factor, g, in Eq. (14) becomes g = 1/4 and
the following expression of Af is obtained from Eq. (14),

Am

Aj=10
8L

(16)
Fig. 9 shows the plots of the angle, Af, determined from the
experimental data of L and A, by using Eq. (16). The angle
is in the range of 9—13° and keeps nearly constant value at
lower crystallization temperatures and decreases at higher
temperatures. Since the stress and pressure causing the re-
orientation originate at the upper and lower surface regions
of lamellar crystals, thicker lamellae are expected to be less
susceptible to re-orientation on branching. Actually, the
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Fig. 9. Rotation angle, Af, calculated by using Eq. (16) and plotted against
crystallization temperature, 7.

change in A¢ with temperature shown in Fig. 9 is in accor-
dance with the change in lamellar thickness which is expected
to increase at higher temperatures. The quantitative examina-
tion will need further theoretical formulation in terms of the
determining mechanism of the angle Af.

5. Conclusion

In terms of the branching and re-orientation of lamellar
crystals in non-banded spherulites, the lamellar crystals and
the spherulites of PB-1 have been examined experimentally.
The maximum width of lamellar crystals at the growth front,
Am, showed a square-root dependence on the growth rate.
The dependence suggests the branching (fingering) instability
caused by a gradient field ahead of the growth front. The pos-
sibilities of compositional gradient and pressure gradient have
been discussed. The identification of the origin of the gradient
field will be an important issue to be clarified in the future
work.

For the higher-order structure of non-banded spherulites,
the auto-correlation functions of POM images of spherulites
have been examined. The correlation along the radial axis of
spherulites showed an exponential decay. The behavior sug-
gests a random re-orientation of lamellar crystals along the
radial direction. The slope of the decay determines the persis-
tence length, which characterizes the re-orientation and the
consequent patchy pattern along the radial direction in non-
banded spherulites. The persistence length of non-banded
spherulites can therefore be considered as a counterpart of
the period of extinction rings of banded spherulites. The per-
sistence length of PB-1 spherulites was in proportion to Ap,.
Based on the present modeling, the relationship suggests the
random re-orientation on the occasion of branching.

For the formation of non-banded spherulites, the results
suggest the essential role of the coupling between the fingering
instability of growth front and the random re-orientation on
the occasion of branching. For the banded spherulites of

polyethylene [31] and poly(vinylidene fluoride) [32], our
recent results confirmed the coupling between the fingering in-
stability and the intrinsic torsional re-orientation expected for
banded spherulites. Those are important evidences to under-
stand the formation mechanism of polymer spherulites in
general.
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