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ABSTRACT: Based on our recent proposal for the formation mechanism of polymer spherulites, the
correlation between the morphology and crystallization kinetics has been examined for it-polystyrene (itPS)
spherulites grown from the melt down to temperatures near the glass transition, Tg. The inner structure of the
nonbanded spherulites of itPS has been characterized by the persistence length of the patchy pattern observed by
polarizing optical microscopy. The persistence length was in proportion to the width of lamellar crystals at the
growth front, which was observed by atomic force microscopy. The result reconfirms our suggestion that the
inner structure of spherulites is determinedby the size of the buildingblocks. For the determinationmechanismof
thewidthof lamellae, the possibility of instability-drivenbranchinghasbeen examinedby the correlationbetween
the characteristic lengths and the growth rate in terms of the temperature dependence near Tg. The correlation
followed thedependencepredicted for the two cases of the instability causedby the compositional gradient andby
the pressure gradient. The compositional gradient is determined by the self-diffusion of polymer chains and
the pressure gradient by the melt viscosity. Near Tg, owing to the development of spatial heterogeneity,
the decoupling of self-diffusion from the melt viscosity can be expected. By examining the possible decoupling,
the cases were dismissed for the influence of self-diffusion of portions of polymer chain on crystallization at the
growth front and for the compositional gradient formed by small uncrystallized molecules.

1. Introduction

Spherulite is the basic higher order structure of crystalline
polymers. The structure is composed of lamellar crystals filling in
the inner part by the repetition of reorientation and branching on
the growth in the radial direction. In our recent studies1-4 aiming
to clarify the formation mechanism, we have examined the
correlation among the growth rate, the size of lamellar crystallites
at the growth front, and the characteristic length of the inner
structure of spherulites. The examined results of the spherulites of
polyethylene (PE),1,4 poly(vinylidene fluoride) (PVDF),2 and
isotactic poly(butene-1) (itPB1)3 suggested the followings.

(1) The inner structure of spherulites is basically determined by
the width of the building blocks, that is, the width of lamellar
crystals at the growth front. This relationship simply means that
coarser inner structure is formed by wider lamellae, and vice
versa. The inner structure is represented by the pattern seen under
polarizing optical microscopy, such as the concentric bands in
banded spherulites and the patchy pattern in nonbanded spher-
ulites, as shown in Figure 1. The concentric rings are the
consequences of successive lamellar twisting along the radial
direction, which is coherent along the tangential direction. The
patchy pattern in nonbanded spherulites, on the other hand,
suggests the loss of coherence or a random reorientation of
lamellar crystals on growth. The patterns are therefore deter-
mined by the correlation of lamellar orientation along the radial
direction in those spherulites, so that the proportional relation-
ship between the characteristic size of inner structure and the
width of lamellae suggests the mechanism of lamellar reorienta-
tion which must be easier for narrower lamellae.

(2) The width of lamellar crystals is determined by the
dynamical coupling of the reorientation due to an intrinsic strain
and the branching which is driven by an instability. In terms of the

intrinsic strain, as has been discussed byLotz andCheng5 in detail,
the molecular structure of chain foldings will be the origin of the
intrinsic and unbalanced surface stresses. On the other hand, for
the instability, we have supposed a gradient field spontaneously
formed in themelt in the vicinity of the growth front. The origin of
the gradient field can be compositional as has been proposed by
Keith and Padden,6 which is formed by uncrystallized materials
rejected at the growth front. The gradient field can also be created
by the density difference between the crystal and the melt, as has
been supposed by Schultz.7 Usually, crystal density is higher than
that of themelt, so that theremust be a flow to supply crystallizing
materials to the growth front in order to continue the stationary
growth. Then, the flow should be driven by a pressure gradient in
the melt, namely, there must be a negative pressure at the growth
front. In both cases of the compositional gradient and the pressure
gradient, the gradient introduces the gradient in free energy near
the growth front in the melt; the closer to the growth front, the
lower the free energy of the melt.

In the gradient field, when a growth front sticks out from the
mean position into the melt by fluctuation, the part feels larger
driving force and the fluctuation is accelerated. The surface
tension of crystals meanwhile suppresses the fluctuation having
large curvature, and hence the balance between those two effects
determines the condition for the growth of small branches by
fluctuation and the resultant critical width of growth front. The
lamellar crystals reaching the critical width undergo the instabil-
ity to be split into small branches. The small branches will then be
reoriented due to the intrinsic strain, and start to grow indepen-
dently from each other in the three-dimensional space. The
independent growth means not only the growth in the radial
direction of spherulite but also the growth in width, so that the
width reaches the critical value again. By this mechanism, the
branching and reorientation will be repeated at the growth front
to fill in the space with lamellar branches to form well developed
polymer spherulite.
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For the two cases of possible gradient fields, the following
equations represent the relationship among the growth rate, V,
the size of lamellar crystallites at the growth front, λ, and the
characteristic length of the inner structure of spherulites, L,

L� λ� ðγD=VÞ1=2 compositional ð1Þ
� ðγ=ηVÞ1=2 pressure ð2Þ

where γ represents the surface tension,D the diffusion coefficient
for compositional gradient, and η the viscosity for pressure
gradient. In the expression of eqs 1 and 2,D and 1/η are believed
to change almost in the same way owing to the Einstein relation-
ship between them, i.e., D � kBT/η. Therefore, for a given
material examined, both equations predict almost the same
dependences on the applied conditions, so that the experimental
distinction between them for the identical material is in principle
not possible. Actually, the examination in terms of the tempera-
ture dependence has successfully confirmed the relationships
represented by eq 1 or 2 for the spherulites of PE,1,4 PVDF,2

and itPB13 but did not identify the physical origin of the gradient,
whether it is compositional or pressure gradient.

In order to make the distinction, we need to utilize the
characteristics of different materials of the same kind, e.g., the
molar mass. We know that the molar mass dependences of the
diffusion coefficient and the viscosity are different as follows:D�
Mw

-2 and η-1 � Mw
-3.4∼-3.6.8 By examining the molar mass

dependence for polyethylene having different average molar
mass, we have obtained the following results

L2V �Mw
- 3:5 and λ2V �Mw

- 3:7 ð3Þ
which have clearly suggested that the viscosity is related to the
physical mechanism, so that it has been concluded that the
pressure gradient is responsible for the instability, at least, in
the case of polyethylene.4

In the present paper, we examine another approach to do the
distinction. As discussed in the above, under ordinary equilibri-
um conditions, owing to the Einstein’s relationship, the diffusion
coefficient and the inverse of viscosity behave almost in the same
way. However, under the conditions near the glass transition
temperature, the development of spatial heterogeneity in themelt
brings some anomalous behaviors in the dynamics.

Isotactic polystyrene (itPS) is a well-known polymer to be
crystallized isothermally over a wide temperature range down to
near the glass transition temperature, Tg. In terms of the
temperature dependence of itPS crystallization, the following
unusual behavior is known to occur near Tg. In the standard
model of polymer crystallization, i.e., Lauritzen-Hoffman
model,9 polymer crystallization is believed to be determined
by two basic factors, i.e., surface nucleation barrier and the
mobility of crystallizing molecules. Among them, the mobility
factor is usually believed to be inversely proportional to viscosity,
but for itPS the temperature dependence of crystal growth
rate near Tg cannot be properly adjusted by that of viscosity.9

Considering the fact that the motion of crystallizing poly-
mer chain involves a length significantly smaller than its total
contour length, the deviation has been ascribed to a specific
mobility of the crystallizing portion at the growth front, the
mobility of which can be different from that of the whole
molecule in the bulk melt.9

In terms of the possible decoupling of mobility factor from
viscosity in the bulk melt near Tg, it is known that the explicit
form of Einstein’s relationship, i.e., the Stokes-Einstein
relation of Ds = kBT/(6πηr), is broken down for the melt
composed of molecules of radius, r, under the conditions of T
< 1.2Tg.

10 The breakdown is due to the fact that the diffusion
coefficient and the viscosity see different characteristics of the
dynamical properties of the melt. It means that the diffusion
coefficient is determined by the fastest pass for diffusion,
while the viscosity sees the dynamics averaged over surround-
ing environment and is influenced by slower regions. As far as
the system is in equilibrium and homogeneous, the diffusion is
coupled with the viscosity. Near Tg, on the other hand,
because of the development of spatial heterogeneity in the
melt, the characteristic of diffusion decouples from that of
viscosity to have diffusion faster than that predicted from the
Stokes-Einstein relation:Ds > kBT/(6πηr) by 3 or 4 orders in
magnitude at Tg, depending on the size of the mole-
cules;11,12 smaller molecules have larger deviation. Based on
the anomaly, even though the decoupling is known to be
limited only to small molecules, the motions of portion of
long-chain molecule in the crystallization process can have the
characteristic jump rate different from that of viscosity of
the whole molecule in the bulk melt.9 Here, it needs to be
mentioned that our proposal of the structural evolution due to
a gradient field is believed to be determined by the global
viscosity or self-diffusion of a whole molecule in the bulk melt.
We will be able to examine the influence of the mobility of
crystallizing chains on the correlation between the kinetics
and morphology. Another possible examination near Tg by
utilizing the decoupling will be the distinction of the mobility
of small molecules as an impurity for crystallization. If small
molecules behave as an impurity, the molecules will build up
concentration gradient near the growth front, which can be a
candidate for the origin of the structural evolution of the
instability. If it is the case, we can distinguish the composi-
tional gradient formed by small molecules by examining the
temperature dependence, which will decouple from that with
viscosity near Tg.

Concerned with the inner structure of spherulites, itPS is
known to form inherently nonbanded spherulites without con-
centric banding under any crystallization conditions. For the
inherently nonbanded spherulites, the reorientation of lamellar
crystals is believed to occur in random directions on growth. We
have recently proposed to characterize the inner structure by the
correlation length of the patchy pattern seen in this type of
spherulites by polarizing optical microscopy (POM)3 (Figure 1).
On the other hand, in terms of the microstructural evolution in
itPS spherulites, the lamellar morphology have been studied in

Figure 1. POM image of a nonbanded spherulite of isotactic polystyr-
ene. The image was 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. The image size is 200 μm � 200 μm.
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detail by Keith and Padden13,14 and Bassett and Vaughan,15,16

but the examination has been focused on the morphology far
above Tg in those studies.

On the basis of those preceding studies on the kinetics and
morphology of polymer crystallization, in the present report, we
examine the crystallization of itPS near Tg in terms of the growth
rate, the characteristic length of the nonbanded spherulites by
utilizing POM, and the width of lamellar crystals at the growth
front, which are observed by atomic forcemicroscopy (AFM) for
the samples isothermally crystallized, quenched, and then che-
mically etched.

2. Experimental Section

Isotactic poly(styrene) (Mw = 556 000, Mw/Mn = 1.9) was
purchased from Polymer Laboratories Ltd.; the nominal melting
regionwas 205-225 �C.The polymer forms nonbanded and large
spherulites (∼300 μm). Thin films of ca. 1 μm thickwere prepared
by spin-coating from cyclohexanone solution. Films thicker than
3 μm were prepared by pressing the powder on a hot plate
between cover glasses or between a cover glass and an aluminum
foil. The films were quenched to room temperature after the
preparation, so that they were basically in the amorphous state.

For crystallization, the film was first kept at 240-280 �C for
2 min to erase thermal history. The film was then crystallized
isothermally at 120-210 �C and quenched to stop the growth.
Because of slow crystallization of itPS (<20 μm/h), the influence
of crystallization during those temperature jumps was negligible.
In order to avoid degradation of itPS, the thermal treatments
were donewith the films coveredby a pair of glasses or a glass and
an aluminum foil or done under vacuum for free surfaces. It has
also been checked that the crystallization in air can be conducted
without the influence of degradation on the kinetics and mor-
phology if the set time at temperatures below 200 �C was short
enough less than ca. 1 h.

For the microscopic examination of lamellar crystals at the
growth front of spherulites, the surrounding amorphous portions
were removed by permanganic etching under the same condition
as utilized by Vaughan and Bassett16 for itPS. The samples
were then examined with an atomic force microscope, AFM
(SPI3800N, Seiko Instruments Inc.), in a dynamic force mode
in air at room temperature. Silicon cantilevers (SI-DF20, Seiko
Instruments Inc.) with a resonance frequency of 110-150 kHz
were used for the observations. By AFM, we have measured
the lateral width of crystals at the growth front. We have
determined the maximum lamellar width, λ, by averaging the
size of several large crystals, which were placed at the growth
front of different locations in spherulites. The data scatter was
as much as (40%.

With a polarizing optical microscope, POM (BX51, Olympus
Corp.), itPS spherulites were examined for the measurements of
the inner structure and the growth rate from the change in size
with crystallization time.ThePOMimage shown inFigure1 is the
sum of two images of the same area differing in the angle of
polarizer by 45� while keeping the condition of cross-nicols. This
pattern of nonbanded spherulites without the Maltese cross is
characterized by the patchy pattern representing the orientation
correlationof crystalline fibrils along the radial direction.For this
type of image, we have defined an autocorrelation function in
terms of the square root of the POM intensity, I(x)0.5, as a
function of the distance, d, along the radial (x) direction, as
follows:

CðdÞ � ÆIðxþd, yÞ0:5Iðx, yÞ0:5æ- ÆIðx, yÞ0:5æ2
ÆIðx, yÞæ- ÆIðx, yÞ0:5æ2 ð4Þ

where y represents the coordinate perpendicular to x and the
angle brackets Æ æ represent the statistical average for the two-
dimensional map.3 The correlation function was fit by the
following approximate form showing an exponential decay

with the persistence length, L, of the pattern along the radial
direction

CðdÞ∼ exp -
d

L

� �
þ d

L
exp -

d

R

� �
ð5Þ

where the parameter R represents the effects of the optical
resolution limit and the basic length of crystalline fibrils and is
much shorter than L; the details of the approximate form will be
discussed elsewhere.17 In some cases, a monochromatic filter
(IF550, Olympus Co Ltd.) was used, but the filtering was not
essential in the determination procedure.

3. Results and Discussion

Figure 2 shows the temperature dependence of growth rate,V.
As is well-known, the growth rate of polymer crystals shows a
bell-shaped dependence limited by the melting temperature, Tm,
and Tg. In the standard model of polymer crystallization by
Lauritzen and Hoffman,9 the growth is controlled by the forma-
tion of surface nucleation on the growth face, and the growth
velocity, V, is represented as

V ¼ V0 exp -
K

fTΔT

� �
ð6Þ

where V0 represents the frequency factor determined by the
mobility of molecules, and the exponential term represents the
surface nucleation barrier with the applied supercooling, ΔT �
Tm - T, and a constant, K, determined by the surface free ener-
gies, the heat of fusion, andTm.Here, the additional coefficient, f,
is for the correction of the driving force at larger supercoolings:
f = 2T/(T þ Tm). In the standard procedure of the analysis, the
frequency factor,V0, is assumed to be in proportion to the inverse
of viscosity, i.e., V0 � η-1. The temperature dependence of
viscosity, ηT� η(T)/η(Tg), is expressed by that of Vogel-Fulcher
type and is well-known as the WLF equation18 represented as
follows:

log ηT ¼ -
c1ðT -TgÞ
c2 þT -Tg

ð7Þ

where the constants are set at c1 = 17.44 and c2 = 51.6 K as
“universal” constants. For PS, the experimentally determined
coefficients are available from literatures19 as c1= 17.4 and c2=
52.1 K, which are close to the “universal” constants.

In this way, eq 6 predicts that the growth ratemultiplied by the
temperature dependence of viscosity, VηT, will be on a straight
line in the semilogarithmic plot against 1/fTΔT. However, as
is recognized in the semilogarithmic plots in Figure 3, it is

Figure 2. Linear growth rate, V, of itPS plotted against crystallization
temperature.
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well-known that the plot of VηT for the growth rate data of itPS
nearTg cannot be fitted by a single straight line in the plot against
1/fTΔT, where the literature values of Tm=242 �C9 and Tg=
99.8 �C19 were employed. Hoffman9 has supposed that the
deviation is due to the specific mobility of crystallizing portion
of polymer chain at the growth front; themobility canbe different
from that in the bulkmelt. Then,Hoffman proposed to adjust the
parameters, c1 and c2, of eq 7 to get a straight line in the plot of
VηT0. Here, the temperature dependence of ηT0 is expressed as
eq 7 with adjusted values of the coefficients for the best fit by a
straight line in the semilogarithmic plot of VηT0 against 1/fTΔT.
For itPS, the coefficients determined byHoffmanwere c1

0 =11.4
and c2

0 =30K: i.e., ηT0 =exp[1560/R(T-Tgþ 30)] with the gas
constant, R = 1.986 cal/K mol. With those coefficients chosen,
the temperature dependence of ηT0 becomesmuchmilder than that
of bulk viscosity, ηT, near Tg. It is known that the nonstandard
values of the constants, c1

0 and c2
0, are believed to apply to the

crystallization kinetics of all polymers reported so far. However,
the influence becomes significant for the crystallization near
Tg, which can be realized with itPS. It is also noted that
poly(p-phenylene sulfide) can also be crystallized in a wide
temperature range down to near Tg, and even with the nonstan-
dard values of the constants, VηT0 showed an inflection, which
has been successfully explained as the regime II-III transition
with the slope ratio close to two.20 In Figure 3, VηT(WLF)
represents the results with WLF’s “universal” constants,18

VηT(EXP) with the experimentally determined coefficients,19

VηT0(HOF) with Hoffman’s constants, and VηT0(EXP) with
the coefficients, c1

0 = 8.3 and c2
0 = 33 K, for the best fit of the

present experimental data to get a straight line.
The results shown in Figure 3 suggest that the temperature

dependence of ηT0 is much smaller than that of ηT near Tg and
imply faster mobility for crystallization near Tg in comparison
with that of ηT. This deviation is in the same direction as the
decoupling of diffusion from the Einstein’s relation, though the
possibility of decoupling has been dismissed for the self-diffusion
of whole polymer chain,12 with which the spatial heterogeneity is
believed to be averaged. We think that there can still be a
possibility of decoupling of the mobility for the part of polymer
chains crystallizing at the growth front; the effective mobility for
crystallization will be that of a portion of polymer chain, so that
the mobility can be without the averaging the surrounding
environment and is different from that in the bulk melt. By
utilizing the temperature dependence of growth rate, V, multi-
plied by ηT obtained from the literature and by ηT0 determined by
the adjustment of the parameters, it is possible to examine the
temperature dependences of the morphological changes in the
persistence length, L, and in the lamellar width at the growth
front, λ, in the plots againstVηT andVηT0, as expected from eq 2

to see either of the mobility coefficients is effective for the
structural evolution. The possibility of compositional gradient
formed by small molecules can also be checked by those depend-
ences in comparison with those expected from eq 1, for which the
breakdown of the Stokes-Einstein relation near Tg predicts the
deviation for small molecules.

Figure 4 shows the POM images of the parts of itPS non-
banded spherulites, and Figure 5 shows the AFM images of
lamellar crystals at the growth front of itPS spherulites. In those
figures, it is clearly confirmed that the size of the patchy pattern in
nonbanded spherulites and thewidth of lamellar crystals undergo
consistent changeswith crystallization temperature: the lower the
temperature, the finer the structure, as expected from eq 1 or 2.
Figure 6 shows the autocorrelation functions of eq 4 calculated
for the spherulites at the respective temperatures in the plot
against the distance along the radial direction, d. The plots could
be well fitted by eq 5, indicating that the reorientation of lamellar
crystals occurs in random directions to lose the correlation
exponentially. The persistence length, L, of the correlation was
determined by the fittings.

Figure 7 shows the persistence length, L, and the width of
lamellar crystals, λ, plotted against crystallization temperatures.
The proportional relationship between them can be seen in
Figure 7, which confirms our previous conclusion with PE,1

PVDF,2 and itPB13 on the formation mechanism of the inner
structure of spherulites determined by the width of the building
blocks.

The data are also shown in the double-logarithmic plots
against VηT and against VηT0 in Figure 8. The slopes of the
straight lines in Figure 8 are -0.60 and -0.44 for L and λ,
respectively, when plotted againstVηT, while for the plots against
VηT0, the slopes are -1.9 and -1.7 for L and λ, respectively.
Compared to the predicted slope of-0.5 from eq 2, the slopes for
the plots against VηT are not far from the value, while those for
VηT0 significantly deviated from the value. This result suggests
the followings. First, the dependences of L and λ on VηT well
follows the predicted dependence of eq 1 or 2. Since the self-
diffusion of long chain polymers is believed to couple with
viscosity even at temperatures near Tg in the bulk melt, the
distinction between the temperature dependence of self-diffusion
and that of the inverse of viscosity is not possible with the
present results.

Figure 3. Semilogarithmic plots against (fTΔT)-1 ofV (b),VηT (WLF,
4; EXP, 3), and VηT0 (HOF, 0; EXP, ]).

Figure 4. POM images of the portions of itPS spherulites. Crys-
tallization temperatures were (a) 150, (b) 160, (c) 170, (d) 180, and
(e) 190 �C. The images were processed as in Figure 1. The radial
direction of spherulites is indicated by the arrow. The image size is
300 μm � 50 μm.
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On the other hand, as expressed by ηT0, even though the
diffusion of a portion of polymer chains on crystallizing may
be specific at the growth front and can decouple from viscosity,
the deviation of the slopes (-1.9 and -1.7) of L and λ from the
predicted value of-0.5 suggests that the diffusion of crystallizing
portion of polymer chains at the growth front is not relevant to
the structural formation of the lamellar width or of the spheru-
lite. The results will be reasonable because the compositional

gradient, which may be formed near the growth front, will be
influenced by the self-diffusion of whole polymer chains in much
wider length scale near the growth front. It means that the local
diffusion affecting the growth rate is believed to be different from
the global diffusion (in proportion to the inverse of viscosity), but
the local diffusion does not affect the global structural evolution
such as the branching instability supposed to be induced by the
global compositional gradient or by pressure gradient. The
successful fitting with (VηT)

-1/2 also excludes the possibility of
the compositional gradient formed by small molecules as an
impurity, with which the diffusion is expected to decouple from
viscosity of polymer melt near Tg.

In the final part of discussion, it is worth mentioning about
prior studies. After the general proposal6 of the formation
mechanism of spherulites based on the instability driven by a
compositional gradient of uncrystallized molecules with the
experimental support of OM images of branching itPS crystals
grown from thin films,13 Keith and Padden14 and Basset and
Vaughan15 have attempted to examine the correlation predicted
by themodeling. They have examined itPS spherulites but did not
find the expected correlation between the diffusion length, D/V,
and the length scale of lamellar structures, which can be the
lateral width or the size of lamellar fibrils. We think that the
unsuccessful observations of the relationship were partly due to
the prediction of the proportional relationship between them,
whichmust bemuchweaker square root dependence expressed as
eq1with the contributionof stabilizing effect of surface tension.21

In addition, the temperature range examined was higher than

Figure 6. Autocorrelation function, C(d), determined from the images
in Figure 4 of itPS spherulites crystallized at 150 (O), 160 (]), 170 (3),
180 (0), and 190 �C (4).

Figure 7. Semilogarithmic plots against crystallization temperature of
the persistence length, L (b), determined from the decay of the
autocorrelation function, such as shown in Figure 6, and the width, λ
(O, in vacuum; 4, in air), of lamellar crystals at the growth front
observed by AFM.

Figure 8. Double-logarithmic plots of L and λ in Figure 7: L (b) and λ
(O, in vacuum;4, in air) againstVηT andL (9) and λ (0, in vacuum;3,
in air) against VηT0. The slopes of the fitting lines are-0.60 (b),-0.44
(O, 4), -1.9 (9), and -1.7 (0, 3), respectively.

Figure 5. AFM images (amplitude images) of the growth front of itPS
spherulites crystallized at (a) 140, (b) 150, (c) 160, (d) 170, (e) 180, and
(f) 190 �C. The image size is 3.3 μm � 3.3 μm.
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200 �C, where the morphology of itPS spherulite is much coarser
than that examined in our experiments in the range mainly below
200 �C. In the high temperature range, the inner structure is too
coarse to be characterized by the patchy pattern and only shows a
weak variation in the pattern. As we have suggested, the inner
structure and the width of lamellar crystals are in proportion to
each other. The crystallization condition needs to be wide enough
to have large variations of the inner structure as well as of the
lamellar width. For the high temperature range they examined,
we suppose that the effect of the gradient field gets weaker and
difficult to be confirmed. In the temperature range we examined,
the persistence length of the inner structure changed with
temperature bymore than 1 order inmagnitude, so that we could
also expect the change in the lateral width of lamellar crystals in
the same order.

Concerned with the reorientation of lamellar crystals in poly-
mer spherulites, historically, we are also aware of the explana-
tions for the lamellar twisting in banded spherulites, based on the
elastic lamellar twist due to unbalanced surface stresses22,23 and
on the sequential creation of axial screw dislocations of the same
handedness with thermal activation.24 In the modeling, the inner
structure of banded spherulites, namely the band spacing, is
determined not by the lamellar width but by the lamellar thick-
ness. The modeling predicts that thinner lamellae are more
susceptible to twist because the unbalanced surface stresses
caused by chain folds are localized on the folding surfaces. The
modeling of elastic twist predicts a parabolic dependence on
lamellar thickness, l , of the band spacing, P: P � l 2 with the
coefficient determined by the elastic modulus, excess surface
tension, and the thickness of the surface regions. On the other
hand, since the creation of axial screw dislocation needs the
elastic energy in proportion to l 3, the thermal activation process
predicts an exponential dependence on the lamellar thickness of
the band spacing:24P� exp[Cdisl 3/kBT] with the coefficient,Cdis,
derived from the elastic modulus of crystals for the creation of
screw dislocation. In our previous paper1 on the formation of
banded spherulites of polyethylene, we have quantitatively ex-
amined the predictions of themodeling. First, themodeling of the
elastic twist was dismissed because the dependence of P on l
showedmuch stronger dependence with the power of 9.2. For the
second modeling of thermal activation of defects formation, the
obtained coefficient,Cexp= 8� 103 J/m3, was much smaller than
the calculated value (Cdis g 108 J/m3 1) by orders of magnitude.
This result suggested almost perfect compensation of the strain
energy of dislocation by that of surface strain, which is quite
unlikely.

For the nonbanded spherulites of itPS, similar examination
can be made for the persistence length of the patchy pattern, L,
because the surface stresses are believed to be the origin of the loss
of correlation of lamellar orientation by twisting in random
directions. Then, it is possible that the persistence length is
determined by the susceptibility of lamellar crystals to the elastic
twist or to the creation of screwdislocations,which are dependent
on the lamellar thickness in the samemanner as those for banded
spherulites. Figure 9 shows the persistence length plotted against
the crystalline lamellar thickness, l , determined by Fukao and
Miyamoto26 for the same material. As shown in Figure 9a, the
dependence of L on l is much stronger than the predicted
parabolic law and fitted with the power of 8.6. On the other
hand, the coefficient of the fitting in the semilogarithmic plot of
Figure 9b is Cexp = 1.2 � 106 J/m3 and much smaller than the
calculated value for PE crystals. Though the shear modulus of
itPS crystals is not available, unlike with the Young’s modulus
directly depending on the backbone structure, the shear modulus
of polymer crystals seems to be weakly dependent on polymer
species. Therefore, the coefficient for itPS will not be different in
orders ofmagnitude. In this way, we come to the same conclusion

on the unsuccessful approaches by the explanations solely based
on the effects of lamellar thickness. It is noted that those results
do not dismiss either of the cases of continuous reorientation
along the lamellar crystals or the discontinuous reorientation
with the formation of screwdislocation. In terms of the formation
of screw dislocation, our modeling suggests that the formation is
not the cause of the branching but the consequence of branching
due to instability. Actually, recent observations by in situ SPMof
polymer crystallization suggest unstable growth front of indivi-
dual crystals, which eventually evolve branching to form spiral
terraces as the consequence.27,28

Finally, we discuss the approach by Granasy et al.29 on the for-
mation mechanism of spherulites. Spherulites are formed not only
by polymers. The formation is a general feature of crystallization
when crystallized frome.g. viscousmedia.Therefore, the formation
mechanism is a quite important issue to be clarified not only for
polymer physics but for the understanding of crystal growth in
general and for the practical applications. Granasy et al.29 have
suggested amodeling based on the dynamic heterogeneities caused
by the decoupling of translational diffusion from orientational
relaxation near Tg. They supposed the heterogeneities as the
source of grain nucleation at the growth front for the formation
of branches to fill in the structure. Concerned with polymers, the
decoupling near Tg has been experimentally dismissed.12 The
possibility of decoupling may still be supposed for the crystallizing
portion of polymer chain at the growth front if the mobility of the
portion is different from that in the bulk melt. However, it is also
known that spherulites of a number of polymers are formed at
temperaturesmuchhigher than 1.2Tg, while the decoupling extends
only below this temperature. For polymer spherulites, they have
supposed that a fixed angle of misorientation of splaying plays a
crucial role for the formation of branches.30 We think that the
reorientation on branching in our modeling will be the source of
this type of misorientation.

4. Conclusion

We have experimentally examined the kinetics and morpho-
logy on the crystallization of itPS spherulites near Tg, at which
the spatial heterogeneity is believed to develop in the melt
with lowering the temperature. The heterogeneity introduces

Figure 9. Plots of the persistence length, L, against crystalline lamellar
thickness, l , determined by Fukao and Miyamoto:26 (a) double-loga-
rithmic and (b) semilogarithmic plots. The fitting line in (a) represents
L � l 8:6 and in (b) L � exp[Cexp l 3/kBT] with Cexp = 1.2 � 106 J/m3.



Article Macromolecules, Vol. 43, No. 8, 2010 3843

the decoupling of diffusion of small molecules in the melt from
polymer melt viscosity and hence possibly influences the kinetics
andmorphology for the growth of itPS spherulites. In terms of the
kinetics of crystallization, we have reconfirmed the deviation of
the growth rate data from the adjustment by the mobility factor
represented by the melt viscosity. The deviation has been assigned
to the characteristic feature for the mobility of crystallizing
portion of polymer chain. We have suggested that the deviation
may be caused by the decoupling from melt viscosity for the
diffusion of crystallizing portion just at the growth front near Tg.

In terms of the morphology, the inner structure of the non-
banded itPS spherulites was characterized by the persistence
length of the patchy pattern observed by POM. The lamellar
crystals at the growth front of spherulites were observed byAFM
for the films isothermally crystallized, quenched to stop the
growth, and chemically etched subsequently. As has been
confirmed for the banded spherulites of PE1 and PVDF2 and
the nonbanded spherulites of itPB1,3 we have reconfirmed the
proportional relation between the characteristic length of the
inner structure of spherulites and thewidthof the building blocks,
which is the width of lamellar crystals at the growth front.

In terms of the correlation between the morphological char-
acteristics and the kinetics of crystallization, based on our propo-
sal of the instability-driven branching for the formation of
polymer spherulites, we have examined the temperature depend-
ences of the persistence length and thewidth of growth front in the
logarithmic plots against the crystal growth rate multiplied by the
temperature dependence of viscosity. The results confirmed the
expected dependence scaled with the melt viscosity, as for PE,1

PVDF,2 and itPB1.3 In ourmodeling, the instability is caused by a
self-organized gradient field ahead of the growth front. We have
suggested two possible gradient fields, such as the compositional
gradient formed by uncrystallized molecules excluded from the
growth front and the pressure gradient required for the stationary
growth, to compensate for the density difference between the
crystal and the melt. Owing to the coupling of self-diffusion of
whole polymer chain with the melt viscosity even at the tempera-
tures nearTg, the present results well explained by the temperature
dependence of melt viscosity do not differentiate the composi-
tional gradient determinedby the self-diffusion ofwhole chain and
the pressure gradient by melt viscosity. The results dismiss the
influence of the decoupled self-diffusion of crystallizing portion of
polymer chain on the morphological evolution by the instability.
The possible influence of the compositional gradient formed by
small molecules behaving as an impurity is also excluded.
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