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ABSTRACT: The spherulitic morphology by crystallization from moderately concentrated
isotactic polypropylene (i-PP) solutions in dialky]l phthalate was investigated through optical
microscopy under isothermal conditions at which the possibility of liquid demixing was ex-
cluded. When crystallized at a low temperature, a continuous structure was obtained by im-
pingement of spherulites. Crystallization at a high temperature produced the spherulites fol-
lowed by dendritic growth on their surface without impingement. In this case at a lower crys-
tallization temperature the dendritic growth started to appear at an earlier time scale during
crystallization and the structure transition from spherulitic to dendritic growth became more
gradual. This morphology can be explained by the effects of polymer concentration on crystal-
lization of a polymer and diffusion of solvent at a given temperature based on the Keith and
Padden theory.
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INTRODUCTION crystallizable in the form -of spherulites com-

: posed of chain folded lamellae which grow out-

Highly crystallizable flexible linear polymers ward radially.! A spherulite can be a three di-
in bulk and in solutions may be commonly mensional object since the lamellae branch suf-
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ficiently often on growth. Understanding of the
spherulite formation in crystallizable polymer
solution would be important to control the mor-
phology and to identify an origin of various
structures observed in the thermally induced
phase separation (TIPS) process.?®

A phenomenological theory to account for
spherulitic crystallization of polymer was first
developed by Keith and Padden*®in 1963 and
was later reconfirmed by Goldenfeld.” According
to the Keith and Padden (K-P) theory,*® non-
crystallizable components are rejected preferen-
tially by growing crystals and a parameter of
major significance is the quantity

8= (1)

where D is the diffusion constant for impurity
(noncrystallizable component) in the melt and G
represents the radial growth rate of a spherulite.
The quantity 8, whose dimension is that of
length, determines the lateral dimensions of the
lamellae, and that noncrystallographic branching
is observed when ¢ becomes small enough to be
commensurate with the dimensions of the disor-
dered regions on their surface. Thus 6 is a mea-
sure of the internal structure of the spherulite
or its coarseness. The present paper is con-
cerned with the spherulitic morphology obtained
. from a moderately concentrated isotactic poly-
propylene (i-PP) solution under isothermal con-
ditions. When the melting point depression and
the change in mobility with dilution are appro-
priately taken into account, the structure forma-
tion may be explained in terms of the K-P the-
ory. At a lower crystallization temperature,
smaller d is expected due to smaller D (slow dif-
fusion of solvent) and higher G (rapid crystalli-
zation of polymer). Upon crystallization at a
high temperature where the spherulite does not
impinge each other for given concentration of -
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PP solution, & would change with depletion of
polymer since both diffusion of solvent and
crystallization of polymer are influenced by the
polymer concentration.

EXPERIMENTAL

Materials. Two fractions of highly crystalline
i-PP, designated -PP1 (M,, 1.2 10° and M, /M,
2.5) and i-PP2 (M, 3.1x10° and M,/M, 3.4)
were supplied from Himont R & D Center. The
solvents were 1,2-didecyl phthalate and 1,2-
dioctyl phthalate obtained from Pfaltz & Bauer
and Exxon, respectively, which were chosen
due to nonvolatility and strong solvent power in
experimental conditions® The solvents were
used as received without further purification.

Sample Preparation. Dried thin films of -
PP with a thickness of 20~40 xm were pre-
pared according to the following procedure: the
polymer powder was dissolved in hot decalin
containing 2,6-di-tert-butyl-4-methyl phenol
(0.5 wt% on polymer) under nitrogen to form
about 0.5 wt% solution; the temperature was
close to boiling point of decalin; the solution was
held under reflux for 30 min after dissolution;
the hot solution was quenched by pouring into
an aluminum tray in an ice-water bath; the
bulk of the solvent was allowed to evaporate in
a current of air under ambient conditions, and a
transparent film was obtained; the residual sol-
vent was removed by extraction with methanol;
the films were dried in vacuum.

Mixtures of 7-PP and solvent were weighed
carefully to obtain 5.0 wt% #-PPl in didecyl
phthalate and 2.5 wt% -PP2 in dioctyl phthal-
ate in concavity microslides and a cover glass
was placed over the sample. The prepared con-
centrations are considered to be well above the
critical concentration C* at which the overlap of
the polymer coils starts.®
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Table 1. Polymer and Solvent Used, Polymer
Concentration Prepared, and the Critical Concen-
tration C* above which the Polymer Coils are
Overlapped

polymer 1y culated

oconcentration
f L (2
prepared tom Eq (2)

i-PP1(M,, 1.2x10% didecyl phthalate 5.0 wt% 0.9 wt%
i-PP2(M, 31x10°) dioctyl phthalate 2.5 wit% 0.6 wt%

polymer solvent

c*~3. M )

where M is the molecular weight of polymer, R,
the radius of gyration of the polymer coils, and
N, Avogadro’s number. The values of C* esti-
mated from Eq. (2) using the proper molecular
parameters'® are listed in Table 1.

Morphology Observation. The spherulitic
structures due to crystallization were observed
by a Leitz polarizing microscope (Laborlux 12
pols) with a Mettler hotstage (FP82) and con-
troller (FP80) under nitrogen purge. The sample
was slowly heated to 175 °C which is much
above meiting temperature of the 7-PP solu-
tions. The heating was continued for 5~10 min
to ensure the homogeneous state. The solution
was cooled at a rate of 10 C/min to a tempera-
ture for crystallization and maintained the iso-
thermal condition. The crystallization tempera-
ture was in the range of 100 C to 132 C, at
which the possibility of liquid demixing was ex-
cluded based on the experimental phase dia-

gram.?

RESULTS AND DISCUSSION

The spherulitic structure observed for 5.0
wt% i-PP1 solution in didecyl phthalate at 100 C
is shown in Fig. 1. At this temperature the
spherulitic formation was complete in a minute
by impingement. Although a slight increase in
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(a) 100 pm
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Figure 1. (a) Polarized light micrograph and (b)
transmitted light micrograph of 5.0 wt% i-PP1 solution
in didecyl phthalate crystallized at 100 ‘C. Both pic-
tures were taken on the same field of the specimen.

crystallinity was observed by the increased light
intensity in crossed polars with duration of time,
there was no change in structure. It is under-
stood that the ~PP1 solution at 100 C is quite
viscous so that the growth rate of fibrous crystal
is fast in comparison with the rate at which the
solvent can diffuse away. As a result, the sol-
vent molecules rejected by crystallization are
entrapped between the growing fibers and there
are no appreciable concentration gradients out-
side the confines of the spherulites until they
approach closely one another.*®

When the i-PP1 solution was crystallized at
125 °C, the ultimate morphology did not show
the impingement of spherulites and interesting-
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(a) 100 zan

A
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Figure 2. (a) Polarized light micrograph and (b)
transmitted light micrograph of 5.0 wt% i-PP1 solution
in didecyl phthalate crystallized at 125 C. Both pic-
tures were taken on the same field of the specimen.

ly a dendritic structure appeared on the periph-
ery of spherulite, as is shown in Fig. 2. A simi-
lar morphology was observed for 2.5 wt% i-PP2
solution in dioctyl phthalate crystallized at 132
‘€ (Fig. 3). The optical microscopy revealed that
the spherulites with well-defined shape existed
at an early stage of crystallization in both cases
and a dendritic growth started to appear in
about 300 min for the /-PPl solution and in
about 360 min for the i-PP2 solution. Compared
to crystallization at 100 C, the crystal growth
rate was very slow and smaller number of nu-
clei were available at these elevated tempera-
tures. As crystals grew at the site of nuclei, the
nucleus-free region was depleted of the polymer
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Figure 3. (a) Polarized light micrograph and (b)
transmitted light micrograph of 2.5 wt% i-PP2 solution
in dioctyl phthalate crystallized at 132 C. Both pic-
tures were taken on the same field of the specimen.

and eventually remained out of the polymer.
Considering that a spherulite is the consequence
of noncrystallographic branching on the growth
of lamellae, the dendrite formation on the edge
of a spherulite is not a new phenomenon. Since
a compact spherulite can be obtained only when
the branching frequency relative to the crystal
growth rate is high enough, it is interpreted that
the branching frequency should be reduced con-
siderably at a certain stage when crystallized at
a high temperature.

According to the K-P theory,® the quantity &
governs the over-all morphology of spherulite.
With a greater value of 8, the diameters of crys-
talline fibers between which impurities become
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concentrated during crystallization increase and
a coarser texture is obtained. This suggests that
the frequency of noncrystallographic branching
relative to the crystal growth rate decreases
with a larger . It is expectable that the -PP1
solution at 125 'C has a greater & value than at
100 C due to more rapid diffusion of the solvent
and slower growth rate of the crystal. Conse-
quently the branching frequency should be re-
duced at 125 °C, but it may be still high enough
to produce a compact spherulite at an early
stage of crystallization as is observed in Fig. 2.
In order to explain the peculiar morphology
formed at this temperature one has to take into
account the effect of polymer concentration
since the polymer concentration at the growth
front of a spherulite becomes dilute by depletion
of the polymer with the progress of crystalliza-
tion.

Sanchez and DiMarzio treated theoretically
the concentration dependence of the growth
rate of chain folded crystals in the dilute
range.!! Concentration dependence is explained
in terms of nucleation on the substrate by cilia
from the previous layer; a given chain can be
partly attached to the crystal while parts of it
remain in solution. It was found that the growth
rate was proportional to the concentration raised
to a power less than unity for given molecular
weight of polymer''® and the exponent tended
to increase as the crystallization temperature in-
creased.!"'? Shah and Lahti reported that in i-
PP crystallization from solutions the crystalliza-
tion rate decreases as the polymer concentration
decreases and remains constant at a certain con-
centration.!* The results suggest that the re-
duced supercooling due to melting point depres-
sion at a given temperature decreases the crys-
tallization rate in semi-dilute or concentrated so-
lutions, and the effective concentration in the
swollen coils rather than the nominal concentra-
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tion plays an important role in polymer crystalli-
zation from dilute solutions. With decreasing
polymer concentration the diffusion constant of
solvent at given temperature increases due to
reduced viscosity and significantly rises around
the critical concentration C* below which over-
lapping of the domains of the polymer mole-
cules in solution is released.’

The effects of concentration on polymer crys-
tallization from solutions described above may
clearly interpret the morphology observed from
the i-PP1 solution crystallized at 125 °C. At an
early stage of crystallization the -PP1 concen-
tration as prepared is high enough to form the
compact spherulites by frequent branching of
growing crystals due to slow diffusion of the sol-
vent relative to rapid growth rate of crystal. In
this case the polymer concentration at the
growth front may be maintained more or less
cunstant by polymer molecules supplied from
the nucleus-free region. As the crystallization
progresses, the polymer concentration in solu-
tion becomes low and the branching frequency
is significantly reduced due to rapid diffusion of
the solvent relative to slow growth rate of crys-
tals, resulting in the dendrite formation on the
surface of spherulites. Although a more elabo-
rate study is needed to determine the concen-
tration at which the compact spherulite forma-
tion is obtained, it may be rzlated to the critical
concentration C* above which the polymer coils
are overlapped. A similar morphology was re-
ported in polyethylene crystallization from di-
lute solutions.*

The spherulitic structures of 5.0 wt% :-PP1
solutions crystallized at 120 C and at 115 C are
shown in Fig. 4 and in Fig. 5, respectively. In
order to exhibit the evolution of dendrite forma-
tion, the intermediate (a and b) and the final (c
and d) morphologies in the same fields of the
specimens are illustrated. The shape of spheru-
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Figure 4. (a) and (c) Polarized light micrographs, and (b) and (d) transmitted light micrographs of 5.0 wt% i-PP1
solution in didecyl phthalate crystallized at 120 C for 60 min (a and b), and for 400 min (c and d). All pictures were

taken on the same field of the specimen.

lites started to deteriorate in about 36 min at
120 ¢ and in about 5min at 115 C. Note that
Fig. 4 (a) and (b) are the structures observed in
60 min at 120 C and Fig. 5 (a) and (b) are in
12min at 115. Thus as the crystallization
temperature is decreased, the deterioration of
spherulites into dendritic growth on their sur-
face is observed in a shorter time scale; in
300 min at 125 °C, in 36 min at 120 'C, and in
5min at 115°C. These results again demon-
strate the effects of the polymer concentration
at the growth front of crystals on the morpholo-
gy. Since a lower crystallization temperature in-
creases drastically the crystal growth rate and
decreases the solvent diffusion rate,'” a large
value of & at which the branching frequency of

584

growing crystals is not enough to form a com-
pact spherulite would be achieved at the earlier
time.

The morphologies of 2.5 wt% :-PP2 solution
in dioctyl phthalate crystallized at 125 °C and of
the same solution crystallized at a 115 C, which
are given in Fig. 6, show also the spherulites fol-
lowed by dendritic growth. The dendritic struc-
ture on the surface of the spherulite started to
appear in about 90 min on crystallization at 125
C and in a few minutes at 115 °C. Thus when
crystallized at a lower temperature, the
deterioration of spherulites into dendritic growth
is observed in an earlier time scale, as is the
case of the ~-PP1 solution.

It is observed for both 7-PP1 solution (Fig. 2,
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(b 100 sam

(c) 100 zm (d) 100 wam
Figure 5. (a) and (c) Polarized light micrographs, and (b) and (d) transmitted light micrographs of 5.0 wt% i-PP1
solution in didecyl phthalate crystallized at 115 °C for 12 min (a and b), and for 120 min (c and d). All pictures were
taken on the same field of the specimen.

(a) 100 zm (b) 100
Figure 6. Polarized light micrographs of 2.5 wt% 7-PP2 solution in dioctyl phthalate crystallized at 125 C (a) and
crystallized at 115 °C (b).

Fig. 4, and Fig. 5) and /-PP2 solution (Fig. 3 spherulitic to dendritic growth became more
and Fig. 6) that the structure transition from gradual on crystallization at lower temperature.
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This phenomenon may be partly attributed to
less pronounced concentration dependence of
crystal growth rate at lower temperature.'''?
When crystallization occurs at a low tempera-
tures, the local concentration at the growth
front may be enriched by the solvent rejected
by growing crystals due to a small & and the
dendrites can appear more easily as seen in Fig.
5 (c) and (d) and Fig. 6 (b). In these cases the
dendritic growth is dominated in the surface of
spherulites far away from others especially at
a late stage of crystallization since the polymer
molecules can be supplied readily. On the
other hand when crystallization occurs at high
temperatures as in Fig. 2 and in Fig. 3, the sol-
vent molecules rejected can diffuse away in-
stantly due to a large & and the polymer con-
centration may not be localized resulting in
the uniform growth of dendrites on the edge
of spherulites.

CONCLUSIONS

The spherulitic morphology by crystallization
from moderately concentrated 7-PP solutions in
dialkyl phthalate was investigated through opti-
cal microscopy under isothermal conditions.
When crystallized at a low temperature, a con-
tinuous structure was obtained by impingement
of spherulites. Crystallization at a high tempera-
ture produced the spherulites followed by den-
dritic growth on their surface without impinge-
ment. In this case with a lower crystallization
temperature the dendritic growth started to ap-
pear at an earlier time scale during crystalliza-
tion and the structure transition from spherulitic
to dendritic growth became more gradual. This
peculiar morphology can be qualitatively ex-
plained by the effects of polymer concentration
at the growth front on the crystallization of
polymer and the diffusion of solvent based on
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the Keith and Padden theory. At an early stage
of crystallization the /-PP concentration as pre-
pared is high enough to form the compact
spherulites by frequent branching of growing
crystals due to a small & value. As the crystalli-
zation progresses, the polymer concentration in
solution becomes dilute and the branching fre-
quency of crystals is significantly reduced due
to increased & resulting in the dendrite forma-
tion.
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