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Abstract

The effect of the addition of silica particles on spherulite growth rates of isotactic polypropylene has been investigated using an optical
microscope. The spherulite growth rate remained constant with time and the growth rates decreased with increasing the silica content. The
addition of silica particles generally causes a reduction of the average distance between adjacent silica particles and the linear growth rates
become zero when the inter-particle distance reached to the end-to-end distance of the matrix chains. The reduction in the linear growth rate
can be explained by assuming the lamellar clustering process that the precursor or solidified units with the single chain space, which sponta-
neously are built up from the melt, act as the crystallizing units and the diffusive mobility of the units was restricted by spatial confinement

between adjacent silica particles.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Much attention has been paid to polymer/inorganic filler
nanocomposites in the development of novel engineering ma-
terials because of their considerable improvements of strength
and modulus, gas barrier resistance, and optical transparency
[1]. In particular isotactic polypropylene (iPP) based nano-
composites are of great interest for various industries since
iPP has been extensively used in a variety of products such
as automotive parts, furniture and containers [2—10].

As well known, iPP crystallized from melt shows spheru-
litic structure in which crystalline lamellae composed of
folded chains radiate from a fixed point and the amorphous
phase resides in the interlamellar regions. In the previous
works [11,12], we have proposed a new solidification process
in crystallizable polymers such as polyethylene (PE) and iPP
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in which the lamellar clustering takes place in the crystalliza-
tion process under higher supercoolings. Clustering of lamel-
lae will be a two-step process: the first step is the exclusion
process of chain ends from the single chain space being
accompanied by the cooperative alignment of stiffened seg-
ments and this leads to the precursor units including several
intertwined chains, and it is followed by the two-dimensional
developments of the quasi-solidified units into the final lamel-
lar cluster. Considering the fact that a molecule has a dimen-
sion in the melt greater than the distance between the
adjoining crystallites (ranged from 10 to 20 nm), the segrega-
tion of chain ends causes the tie molecules, which run from
one lamella to a neighboring one in crystallized solids, to
bind several stacked lamellae. This solidification process leads
to the lamellar clusters with thickness being comparable with
the end-to-end chain distance.

Spherulite morphology is a macroscopic superstructure, the
size of which is usually in the order of 1—10 um, leading
to opaqueness and turbidity of the materials. As a result, the
reduction of the spherulite size significantly improves the
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transparency in the materials. In our preceding paper [13],
spherical silica particles can be highly dispersed into iPP
matrix using a two-roll mixer and we also observed the disap-
pearance in turbidity of iPP composite sheets filled with
nanoscopic silica spheres.

The purpose of this study is to investigate the effects of the
addition of spherical silica particles on the spherulite crystal-
lization of iPP. In this work, we have examined the radial
growth rate of spherulites under some isothermal conditions
for several iPP composites filled with nano- and microscopic
silica particles. The spherulite crystallization behavior in
iPP/nano-particles was considered according to the lamellar
clustering process.

2. Experimental
2.1. Materials

The starting materials used as the matrix polymer were iso-
tactic polypropylenes with a high isotacticity (98—99%) and
different molecular weights: the weight average molecular
weight M, =260 x 10* and molecular weight distribution
index M,/M,=5.65, M, =377x10° and M/M,=8.14,
and M, =490 x 10° and M/M, = 4.38. These iPP polymers
were donated by Chisso Corp.

Four commercial grades of silica particles, having an aver-
age particle diameter of about 16 nm, 26 nm, 100 nm, and
51 um, were used as fillers in this work: the SiO, (Aerosil®
200) with an average particle size of 16 nm was donated by
Aerosil Japan Co.; SiO, (NanoTek®) with an average particle
size of 26 nm was purchased from Kanto Chemical Co.; SiO,
(KE-P10) with an average particle size of 100 nm was donated
by Nippon Shokubai Co.; SiO, (Crossfield® ES70X) with an
average particle size of 51 um and surface area of 316 m%/g
was donated by Asahi Kasei Co.

In addition, the surface modification of SiO, particles with
a diameter of 26 nm was performed. The surface of the silica
particles was modified with silane coupling agents to improve
the miscibility with hydrophobic iPP matrix. Silica particles
can be easily modified to change its surface nature from
hydrophilic to hydrophobic using some silane coupling agents
[14,15]. In this work, the surface modification with

iPP/SiO,-16nm

hydrophobic methyl (C1) and octyl chains was performed
using trimethylchlorosilane (C1) and n-octyldimethylchloro-
silane (C8), obtained from Gelest Inc., respectively.

2.2. Preparation of PP/SiO, nanocomposites

Composites were prepared by melt mixing SiO, particles
with different diameters of 16 nm, 26 nm, 100 nm and
51 pm, respectively. Melt mixing was performed in a corotat-
ing twin-roller. The PP pellets were kneaded by mixing rollers
at 180 °C for 5 min and then a given amount of SiO, was
added into the kneaded PP. The mixture was kneaded at
180 °C for another 10 min. The samples thus prepared were
collected during the cooling process of the roller and subse-
quently stored in a refrigerator. The content of SiO, in the
PP/SiO, composites was changed from 0 wt.% to 5.0 wt.%.

2.3. Spherulite growth behavior of PP/SiO, composites

The polarizing optical microscope (Olympus, B201) equip-
ped with a Mettler FP82HT hot stage was used to examine the
isothermal crystallization processes of neat iPP and the com-
posites. An optical polarizing microscope was used. The hot
stage was held at a steady temperature of +0.2 K by a propor-
tional controller. The thin sample pieces were sandwiched
between a microscope slide and a cover glass, heated to 503 K
and kept at this temperature for 10 min to completely melt
the crystallites. Then the samples were rapidly quenched to
a given crystallization temperature and allowed to crystallize
isothermally. The radius of a spherulite was measured as
a function of time under the isothermal crystallization condi-
tion at the temperatures of 339, 403, and 407 K.

3. Results

The dispersion state in nanocomposite was characterized by
a scanning electron micrograph (SEM-EDS) Si-mapping
method [13]. As shown in Fig. 1(a) the SiO, nano-particles
(16 nm) were clearly observed homogeneously dispersing in
the iPP matrix and no obvious agglomerations of silica
particles up to micron size scale were differentiated by human
eyes through POM observation. Whereas, the dispersability of

iPP/SiO-51um

Fig. 1. (a) A scanning electron micrograph (SEM-EDS) Si-mapping in iPP composites filled with silica particles having the size of 16 nm [13]. (b) Polarized optical
micrograph pictures of iPP composites filled with silica particles having the diameter of 51 um.
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Fig. 2. Nucleation density calibrated by the volume of measured area in the
POM under a fixed temperature of 403 K for iPP/SiO, composites filled
with neat silica and surface-modified ones where O: iPP; A: iPP/51 pm-
SiO,; M: iPP/100 nm-SiO,; @: iPP/26 nm-SiO,.

silica particles (51 um) in the micro-composite was examined
by polarizing optical microscope (POM) pictures. As shown in
Fig. 1(b), it was clearly observed that isolated silica particles
with the size of about 50 um were randomly dispersed in the
iPP matrix.

When each sample piece is set in the hot stage under the
POM, spherulites begin to spontaneously appear. The overall
crystallization process includes the spherulite growth and the
primary nucleation. The primary nucleation process can be
realized by counting the number of spherulites as a function
of time. Fig. 2 shows the nucleation density calibrated by
the volume of area measured in the POM at a fixed tempera-
ture. The nucleation rates of the composites filled with all
neat silica particles were found to be almost in accordance
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with that of the neat iPP being independent of the size of par-
ticles, indicating that the neat silica particles have no ability to
be the nucleus for iPP. This is likely because iPP is completely
immiscible with the silica particles owing to hydrophilic
surface of the silica particles. On the other hand, the addition
of the hydrophobic silica particles, C1-SiO, and C8-SiO,,
markedly raises the primary nucleation rate, suggesting that
the surface-modified silica particle can act as primary nuclei
of iPP.

The linear spherulite growth rate for all iPP/SiO, compos-
ites and neat iPP was evaluated by measuring the spherulite
radius as a function of time. In Fig. 3 an example of the
measurement of the growth rate in radial direction is shown,
which makes the time when the growth started as the starting
point of the time axis. It was possible to reliably determine the
growth rates of all the samples because of the linear relation-
ship between the radius of spherulites and crystallization time.
The linearity is also held in the composites with surface-mod-
ified particles (see Fig. 3(b)). These results, that the growth
rates remained constant at a given temperature being indepen-
dent of surface modification of silica particles, demonstrate
that the SiO, concentration in the melt ahead of the growth
front did not change throughout the growth and the silica
particles were accommodated inside the spherulites rather
than segregation to the boundary [16].

Growth rates measured isothermally at 407, 403, and 399 K
are plotted against the content of SiO, particles in Fig. 4. The
spherulite growth rates of iPP spherulites decrease signifi-
cantly with increasing the SiO, content and markedly reduces
with decreasing the particle size at any temperature. Further-
more, it is interesting to note that the linear growth rates of
iPP/C1-SiO, and iPP/C8-SiO, are almost the same with that
of iPP/SiO, as shown in Fig. 4(b) and the growth rate is
independent of the surface modification of silica particles.
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Fig. 3. The spherulite radius plotted against the crystallization time for iPP nanocomposites (a) filled with neat silica particles and (b) filled with surface-modified

silica of 26 nm by octyl groups.
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Fig. 4. Silica content dependence of the spherulite growth rates isothermally
measured at (a) 407, (b) 403, and (c) 399 K. ¥ : iPP/16 nm-SiO,; O: iPP;
A: iPP/51 pm-SiO,; M: iPP/100 nm-SiO,; @: iPP/26 nm-SiO,.

Assuming that particles are homogeneously dispersed in
a matrix, the distance between the surfaces of adjacent parti-
cles d can be estimated by [17]
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Fig. 5. Spherulite growth rate plotted against the reciprocal of the distance be-
tween adjacent silica particles for the composite of iPP with M,, = 260 x 10°.

where ¢ and r are the volume fraction and the radius of the
particle, respectively. All the data were replotted against the
reciprocal of the inter-particle distance 1/d. It should be noted
here that all data measured at each temperature fall on the each
straight line and the slope of the line k decreases with increas-
ing the crystallization temperature (see Fig. 5). In addition, it
was found that the intercepts of these lines with the 1/d axis
give a critical distance d. which is independent of the temper-
ature. Consequently, we found the following relation between
the iPP spherulite growth rates G¢ in the composites and the
inter-particle distance at a given temperature:

1

where G is the linear growth rate of the pure iPP. The addition
of silica particles generally causes a reduction of the average
distance between adjacent particles and the linear growth rates
become zero at the inter-particle distance d =d.. Then, we
have

G== (3)

Our further attention about the slope k and the intercept d,
is to examine their molecular weight dependences. The linear
growth rates for the iPP (M, =377 x 10° ) based composites
and the iPP (M,, =490 x 10%) based composites were mea-
sured under a fixed temperature of 403 K. It was found that
the linear growth rates of these composites decrease with an
increase in the molecular weight M,, of matrix iPP over all
the experimental range of silica content. Furthermore, the ad-
dition of silica on these iPP samples causes a drastic reduction
in the linear growth rate in the same manner as for iPP
(My, =260 x 10%). It was found that the slope of the line k
is independent of the molecular weight of iPP and the value
of d. increases with an increase of the molecular weight M,,
of iPP matrix, as shown in Fig. 6.



K.-h. Nitta et al. | Polymer 47 (2006) 6457—6463 6461

12 T T T
403 K

‘.TE 10 4 .
€
g
i i
5]
© 4
g -
]
S
o]
2 4 ® Mw: 260,000 —
g = Mw: 377,000
<
8 o A Mw: 490,000
2]

0 4!

0 0.02 0.03 0.04

1/d / nm™"

Fig. 6. Molecular weight dependence of spherulite growth rate, measured at
403 K plotted against the reciprocal of the distance between adjacent silica
particles.

Here, we compare the values of d. and the end-to-end dis-
tance of unperturbed chains of iPPs used in this work. As seen
in Table 1, surprisingly, the values of d. coincide with the end-
to-end distance of the matrix iPP chains:

d.=(r)'" (4)

This indicates that the spherulite growth rate of the com-
posites becomes zero when the inter-particle distance is less
than the end-to-end distance of the iPP chains.

Combination of Egs. (3) and (4) gives the following equa-
tion and the linear growth rate of iPP becomes proportional to
M0

71/2OCM\;0'5 (5)

G = k(r*)
The resultant Eq. (5) drawn from our results for crystalliza-
tion process in composites reached an empirical relation
recently proposed by Umemoto et al. [18,19]. They demon-
strated that the molecular weight dependence of the linear
growth rate can be expressed as the power of —0.5 for folded
chain crystallization process in various crystalline polymers.

4. Discussion

The kinetics of isothermal spherulitic growth has been an-
alyzed according to the classical crystallization theory based
on the transport process from the melt to the crystal surface

Table 1
End-to-end distance of the matrix iPP and the critical distance of its
composites

M, x 10° (rz>l/2 (nm) d, (nm)
260 40.1 40
377 48.9 46
490 55.8 57

and the secondary nucleation process on the spherulite front
surface. It is reasonable that this reduction in growth rate is
attributed to a reduction in mobility or transportation of crys-
tallizing units caused by the nano-spheres [16].

In the present case one point of interest is how the presence
of spherical fillers affects the kinetics of the growth rate. Here,
we consider the lamellar cluster model as previously demon-
strated by Nitta—Takayanagi [11,12]. In our preceding papers,
we proposed a lamellar clustering process to occur during the
supercooling of PE and PP with a wide range of molecular
weight to account for the yield behavior. The idea of occur-
rence of chain ends-exclusion process in the supercooled state
led us to conclude that precursor units are spontaneously built
up from the homogeneous texture of the melt and contain par-
tially stiffened segments on the basis of Fischer’s solidification
process [20]. The precursor units, with a diameter similar to
the space occupied by a single Gaussian chain, include
many intertwining chains. The partially stiffened chain seg-
ments within the precursor units tend to align with their
molecular axes in parallel in the supercooled state, forming
a smectic packing as theoretically proposed by Zachmann
[21]. Then the stiffened segments are cooperatively ordered
to form crystalline lamellae within the precursor units. Thus,
the solidified units are composed of stacks of several inter-
leaved crystalline lamellae and amorphous layers. In the iso-
thermal condition, they will move to the growth front in the
quasi-solidified state and are ordered to form the lamellar
clusters.

The thickness of the cluster units can be determined as the
weight average value calculated from the probability that
a chain penetrates a stack of lamellae of total thickness L.
The average thickness of lamellar cluster is obtained by [12]

_3 IR i gyt
LW—4 3 (r*) " =1.08(r*) (6)

The lamellar cluster thickness was found to be almost equal
to the end-to-end distance of unperturbed chains in the melt.
This implies that the volume of the precursor or quasi-solidi-
fied cluster units is estimated to be L}. This is likely since
the precursor units are assumed to be built up by segregation
process of chain ends in the supercooled state.

The reduction in growth rates due to the addition of silica
particles cannot be fully understood by the classical crystalli-
zation kinetics based on the molecular transportation and
secondary nucleation processes because polymer chains have
enough space to diffuse to the crystallization front even if
the inter-particle distance is on the size scale as the end-to-
end distance of polymer chains.

The reduction in the linear growth rate can be explained by
assuming that the precursor or solidified units act as the crys-
tallizing units in isothermal crystallization kinetics. Thus, the
reduction results from spatial confinement of the precursor
units into small volumes between adjacent particles, leading
to a retardation of the diffusive mobility of precursor or cluster
units. Fig. 7 shows the schematic illustration of the solidifica-
tion process of iPP/silica composites at the critical condition.
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Fig. 7. Schematic illustration of the solidification process of iPP/silica composites at the critical condition that inter-particle distance equals the end-to-end distance

of iPP chains.

Thus, we can assume that the spherulite growth rate of the
composites approaches zero as the distance between adjacent
particles approaches Ly, Consequently, the linear growth rate
of pure iPP can be obtained by using d. =L, in Eq. (3):

G=kL,' (7)

The lamellar cluster thickness L., is independent of temper-
ature and depends on the molecular weight while the para-
meter k is independent of molecular weight and depends on
the temperature. Therefore, the kinetics for spherulite growth
will be directly derived from the temperature dependence of
the parameter k.

In one possible case, silica particles may be rejected to
spherulite borders, causing an increase in nano-filler concen-
tration in the pre-crystallized melt and, consequently, a gradual
decrease in growth rate during crystallization. In this case,
growth rates do not keep constant and should be saturated
with time, which was not observed. The growth rate was con-
stant at any temperature for all composites. The existence of
this linearity in growth rate implies that the SiO, concentration
in the melt ahead of the growth front does not change through-
out the growth and that silica particles are accommodated
inside the spherulites rather than the segregation to the bound-
ary, as also demonstrated by Waddon and Petrovic [16]. More-
over, the linear growth rates of the composites filled with
modified silica particles (26 nm), which act as crystallization
nuclei and/or remain essentially within the body of the spher-
ulite, almost accord with those of the composites filled with
unmodified silica particles (26 nm) over all the experimental
range of silica contents (see Fig. 5). This is consistent with
the conclusion that the reduction in growth rates result from
the spatial constraints on crystallizing units which are intro-
duced by confining them in the restricted space between
particles.

5. Conclusions

It was found that the linear growth rates of spherulites in
composites of iPP filled with silica particles are reduced as

the content of silica particles increases. The addition of silica
particles generally causes a reduction of the average distance
between adjacent particles and the linear growth rates become
zero when the inter-particle distance reaches to the end-to-end
distance of iPP chains. The reduction in growth rates may
result from the spatial constraints on crystallizing units intro-
duced by confining them to the restricted space between
particles. This can be understood by considering the lamellar
clustering process in which the precursor units, with a diameter
similar to the space occupied by a single Gaussian chain, act
as a crystallizing unit. As a consequence, the reduction in
growth rate is attributed to a reduction in mobility or the
marked increase of the activation energy of the precursor units
restricted or confined by the particles. Furthermore, this crys-
tallization process can explain the empirical relation [18] that
the growth rate is proportional to M~ %>. Takayanagi has
previously proposed this empirical relation based on the acti-
vation entropy of molecular transport term [22]. It is very
interesting that the changes in activation entropy under iso-
thermal crystallization are reconsidered by the lamellar clus-
tering process. We believe that further analysis based on the
lamellar clustering process may throw a new physical insight
into the crystallization kinetics in semicrystalline polymers.
This will be discussed in our future studies.

In addition, considering that inclusion of the silica particles
within the crystal is clearly impossible and that the diameter of
silica particles used in this work is larger than the typical
thickness of amorphous layer of the iPP, the nano-particles
are likely to be incorporated into the intercluster region.
This strongly suggests that the addition of nano-silica particles
can improve the mechanical properties of iPP.
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