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Crystallization in Polymer Blends
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ABSTRACT: We investigated the morphology development in poly(vinylidene fluoride)/poly(methy!
methacrylate) blend and isotactic polypropylene/partially hydrogenated oligo(styrene-co-indene)
blend by using polarized microscope, small angle x-ray scattering, light scatiering, dielectric re-
laxation and TEM observation. The analyses of these results revealed the exclusion effect of the

noncrystalline component on the crystallization;

(1) two-step diffusion mechanism, i.e., mutual-dif -

fusion process for the secondary nucleation process and self-diffusion for the surface spreading pro-
cess, (2) partial exclusion of the noncrystalline component from the interlamellar region in the
coarse spherulite, (3) growth of the coarse spherulite by decreasing the degree of ordering, (4) ex-
istence of large amount of the noncrystalline component at the crystal-amorphous interphase and (5)

unique lamellar morphology.

Introduction

In mixtures of crystalline and noncrystalline com-
ponents, the noncrystalline component must diffuse
away from a crystalline growth front, i.e., exclusion
should take place. The exclusion effects is well
known in polymer/diluent systems."* The diluent
can be rapidly excluded from a growing spherulite
due to its large mobility. The length scale of the ex-
clusion increases during the crystallization and a con-
centration gradient is established in a scale of
spherulite at the growth front. Because of the ex-
istence of the concentration gradient, the crys-
tallization kinetics is nonlinear; ie., the spherulitic
growth rate is constant at the beginning, but it de-
creases at late stages.

In polymer/polymer systems, the mobility of the
non-crystalline polymer is small. In spite of the
small mobility. the noncrystalline polymer should
be excluded in a length scale of lamellae, at least.
So far, such exclusion effect has not been taken
into account in the crystallization kinetics and the
morphology development.

In this paper, to clarify the exclusion effect on the
crystallization kinetics and the morphology de-
velopment, we carry out the polarized microscopy,
small angle x-ray scattering (SAXS), light scattering,
and dielectric relazation in poly(vinylidene fluoride)

(PVDF)/poly(methyl methacrylate) {PMMA) blends.
The result of the transmission electron microscopy
(TEM) observation is also presented for isotactic
polypropylene  (iPP)/partially hydrogenated  oligo
(styrene-co-indene) (HSI) blend to discuss the lamel-
lar morphology.

Experimental

PVDF and PMMA were dissolved at 5 wt% total
polymer in N,N-dimethylacetamide. The solution
was cast on a glass plate, and the solvent was evap-
orated under a reduced atmosphere. iPP and HSI
were melt-mixed at 190 °C using a Mini Max Mold-
er (CS$-183 MMX, Custom Scientific Instruments,
Inc.). After the specimen was held at 200 °C for 3
min, it was rapidly transferred into a hot stage set
at the desired crystallization temperature.

The time variation of the spherulite radius. R(t),
during the isothermal crystallization was observed
by the polarized optical microscope (Olympus BH-2}
equipped with TV video recording system. The
spherulite growth rate, G, was obtained by the slope
of R(¢t).

The SAXS measurements were performed in an
evacuated Kratky compact camera (Type KKK,
Anton Paar K.G.) using monochromatic CuKa ra-
diation with a wavelength (A=0.154 nm. The scat-
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tered intensity was detected by a scintillation
counter in a step scanning mode. The scattering
profiles were corrected for background scattering
and desmeared using Strobl's method.® Then, the
scattering caused by the thermal density fluc-
tuation was eliminated by evaluating the slope of a
Ig' versus ¢* plot at high scattering vectors, g=(4mn/
L)sin((8/2) where @is the scattering angle.®

Light scattering measurement was carried out
by using a highly sensitive CCD camera system.’
A polarized He-Ne gas laser of 632.8 nm wave-
length was applied vertically to the film speci-
men. The scattered light was passed through an
analyzer. We employed the Hv geometry in
which the optical axis of the analyzer was set per-
pendicularly to that of the polarizer. The angular
distribution of light scattering intensity was de-
tected by a highly sensitive CCD camera with
576 x 382 data points.

The dielectric measurements were carried out
with a Schlumberger 1260 Impedance Analyzer e-
quipped with an impedance transformer. The sam-
ple temperature was raised in steps after fre-
quency-dependent runs at a fixed temperature.

For TEM analysis, ultrathin sections were cut
with microtome from erystallized iPP/HSI and sta-
ined with ruthenium tetraoxide (RuQ,) in the gas
phase. The lamellar morphology was ohserved und-
er TEM with an accelerator voltage of 100 kV
(JEM-100CX, JEOL LTd.).

Results and Discussion

Two Step Diffusion for the Crystallization.
Figure 1 shows the spherulite growth rate ( as a
function of crystallization temperature 7. in neat
PVDF and 55/45 PVYDF/PMMA blends. The ¢ of
PVDF decreases dramatically with mixing PMMA.
When the molecular weight of PMMA, M, is large,
the & in the blend is low. & is lower at the higher
T."

We discuss the temperature dependence of cry-
stallization rate on the hasis of the Hoffman-Lau-
ritzen theory:®

G o B, exp(-K, /T (AT)f) (1)

mobility secondary nucleation
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Figure 1. Log & versus (T,(4T))" plots for neat PVDF
and 55/45 PVDF/PMMA blends with different molecular
weights of PMMA (M),

where £, is the mobility term which describes the
transportation rate of crystallizable molecules to
the growth front, AT is the supercooling (=7,"-T.),
fis the correction factor given by 2T./(T.°+T.},
and K, is the nucleation constant which depends
on the crystallization regime; regime I (single nu-
cleation}, regimes II and IIl (multiple nucleation).
The value of K, in regimes [ and III is twice that
in regime 11,

The log G versus (T.LAT))" plots in Figure 1
consist of two straight lines, suggesting a regime
transition as T, varies. The slope increases by a fac-
tor of 2 in the blends with increasing (7.(AT)f),
while it decreases by a factor of 2 in neat PVDF,
Then, the transition in the blends may be classified
as being from II to I, while that in neat PVDF
from I to II, as 7. increases. Anyway, the results
suggest that the crystallization regime in the
blends differs from that in neat polymer system at
the same T.(AT),

The most interesting is the abrupt drop in & at
around the regime transition temperature, 7,, in the
blends. The gap of G depends on M. ie., the gap is
large for small and large M; (1.3 10° and 55.0>10%,
while it is small for intermediate M, (11.0x10%,
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log Bg (arbitrary)

Figure 2. B, (chain mobility term) versus M, (molecular
weight of PMMA}X (O} regime [ (152°C) and (®) regime
11 (142 °C). Solid line was calculated by eq. 9, dotted line by
eq. 10, and broken line by egs. 8-10, assuming DoDS=2, =
0.5, n.=125.

This may be ascribed to the change in the mobility
term P, at T..

Figure 2 shows the M, dependence of the mobility
term B, at two different crystallization temperatures
locating in regime I (152 °C} and II (142 °C). The vai-
ues of B, were estimated by subtracting the secon-
dary nucleation term, exp(-K,/ (T{4T)f), from the
overall G. B, exhibits a strong M. dependence in re-
gime I, while a weak dependence in regime II. The
results may suggest that the diffusion mechanism in
regime [ is different from that in regime IL

Basically, the diffusion process has heen des-
cribed to consist of two elementary processes: the
deposition of the first stem on the growth front
{“secondary nucleation process’) and the attach-
ment of following stems in the chain on the crystal
surface (“surface spreading process ).*"" According
to the Hoffman-Lauritzen theory, (G is mostly gov-
erned by the rate of secondary nucleation, i in re-
gimes I and II, while by both 1 and the rate of sur-
face spreading, g, in regime II:

G e for i <1 ( regime I) {2)
G o (ig) for ig -1 (regime 1) (3)
G x i for ie > 1 (regime 111 (4)

where i consists of mobility term B, and secondary
nucleation term exp(-K,/{TA4T)/), while g consists
of B, We define the diffusion coefficients in the
surface nucleation process and the substrate com-
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pression process by Dy and Ds respectively. As-

suming the P, is proportional to the diffusion coef-
ficient, 7 and g may be given by

i oo D, exp (K, /TAAT)f) (5}

g« D (6)

From Egs. 2-6, we obtain

(regimes I and II) (7
(regime I) (8)

ﬁg o Dy
B, o< (Dy Dy

In neat crystalline polymer, it has been assumed
that there is no distinction between Dy and D™
However, in the blend of crystalline and amor-
phous polymers, the situation should be different.
It may be due to the exclusion of amorphous poly-
mer from the crystal growth front. That is, the
secondary nucleation should be controlled by the
competitive {wo rate-processest the attachment of
crystalline polymer onto crystal surface and the ex-
clusion of amorphous polymer frem the surface.
The competitive situation could be characterized
by the mutual-diffusion. On the other hand, the
surface spreading may be controlled by the rate of
the pull-out of residual segments in the crystalline
chain from the melt near the growth front. It
could be characterized by the self-diffusion, as in
the neat system.

Brochard ¢t al."* has formulated the mutual-dif-
fusion coefficient Dy in the binary blend of poly-
mers 1 and 2

D, o (g /DY + g /DY) (9)

where ¢ is the volume fraction, [¥ is the diffusion
coefficient of the monomer unii, and n 1s the de-
gree of polymerization, Equation 9 claims that the
mutual diffusion is mostly governed by the slower
mobility (“slow theory ). On the other hand. the
self-diffusion coefficient [ in the blend has been
formulated by Skolnick et al:"

D, o Dy [y+(1=Pn/m Y y+ (- +6 /] {10}

where v is a constant and %, is the degree of po-
lymerization between the entanglement points.
Assuming polymer 1 is PVDF and poiymer 2 is
PMMA, the M; dependence of B, was calculated by
Eqs. 7 and 9. The result is shown by a solid line in
Figure 2. The strong M. dependence of B. ob-
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served 1n regime I (open circles), is nicely ex-
plained. The M, dependence of B, in regime 11, cal-
culated by Eqs. 810, is shown by a broken line in
Figure 2. The weak M. dependence observed
(closed circles) is successfully described. As a ref-
erence, the M. dependence of B,(c<Dy by Eq. 10 is
also shown by a dotted line in Figure 2.

Ag indicated in Figure 2, there is a gap between
the values of Dy and Ds. The gap increases as the
difference in molecular weight between PMMA
(M,) and PVDF (M) hecomes larger. Hence, the
larger mismatch in melecular weight yields the
larger gap i P, between regimes I and II, so that
the larger gap in G between the two regimes is ex-
pected at fixed TA{AT)f. This is the interpretation
of the abrupt change in G at the regime transition
and its M, dependence in Figure 1.

Thus, by taking inte account the two-step dif-
fusion mechanism in the crystallization, iLe., the
secondary nucleation process governed by mutual-
diffusion and the surface spreading process govern-
ed by self-diffusion, one can interpret {i) the
strong and weak M. dependence of B, in regimes I
and II, respectively, (i) the abrupt change in G at
T, and (iii) the M. dependence of the gap in G
between regime I and IT at 7.

Intraspherulitic Structure. In PVDF/PMMA 60/
40 crystallized at high temperature {above 150 °C},
coarse spherulites are developed, as shown in Figure
3. They consist of lamellar stacks of large cross sec-
tion, and a Maltese-cross pattern is completely lost.
On the other hand, compact spherulites are de-
veloped 1 the blend crystallized at lower crys-
tallization temperature. The morphology of the com-
pact spherulites is similar to that of neat PVDF. The
intraspherulitic structure of these textures was in-
vestigated by SAXS measurements.”

To discuss the intraspherulite structure, it is con-
venient to employ the Fourier transformation of
the scattering curve, re., to calculate the linear
correlation function K(z) defined by™"

1
K(z):gj:quS(qz)dq (11}
The correlation function A(z2) thus obtained is
shown in Figure 4. K(z) is. related to the electron

density distribution ((z), so that the parameters of
the intraspherulitic structure can be obtained from
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Figure 3. Coarse spherulite; PVDF/PMMA 60/40 crys-
tallized at 152°C.

the shape of the K{(z).""

The position of the first maximum (arrows in
Figure 4) indicates the long spacing L, which
means the most probable next-neighhor distance of
the lamellae. The extrapolation of the initial slope
for the K(2) intersects the base line K(2)=-A at z=
< d >, the average thickness of the crystalline re-
gion. Here the base line is the horizental line for
the plateau region of the first minimum of K(z)
and the slope dK(zJ/dz is given hy

dK{zyidz =0 +A)'<d > (123

where § is the invariant which is obtained by ex-
trapolating K(z} to z=0.

From the values of <d> and L, the linear crys-
tallinity wn is obtained:*'*

w,=<d>/L (13}

On the other hand, the average crystallinity within
lamellar stacks w: is given hy™

w, = ALA +Q) {14}

Since the base line was not identical in the blends,
A and <d> were obtained from Eqs. 12-14 by as-
suming w, = w. The average thickness of the crys-
talline region <d>, the long spacing L, and the
thickness of the amorphous phase AM, obtained as
AM=L-<[>, are shown in Table I. Note here
that the addition of noncrystailine polymer causes
an increase in the thickness of the AM. This sug-
gests that the noncrystalline polymer is incor-
porated between the crystalline lamellae. However
the details should be discussed in terms of the elec-
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Figure 4. Correlation function K{2) derived from SAXS.

Table I. Thickness of the Crystalline Region <d>,
the Long Spacing L, and the Resulting Thickness of
the Amorphous Region AM for Neat PVDF and
Both Spherulite Structures of the Blend

Table II, Values for the Crystallinity w; (Eq. 13)
and w, (from DSC) and the Compactness Parameter

w, w, w, O Q (ﬂ.-'ﬂa)z ‘

lenynm®) [few)nm]
PVDF 0238 027 027 1 2420 12300
compact (.18 0.13 0.114 088 7800 78400
open 0.208 0.146 0.116 0.79 4880 495040

<dg> [nm] L [nm] AM |nm]
PVDF* 2.8 10.0 7.2
compact” 5.0 28.0 230
open’ 6.4 30,5 24.1

“Neat PVDF crystallized at 160 °C.

Compact spherulite of blend; PVDF/PMMA 60/40 crys-
tallized at 145 °C.

‘Open spherulite of blend; PYDF/PMMA 60/40 crystallized at
153°C.

tron density difference.”

In Table II, we show the linear crystallinity u
and the crystallinity wy obtained by DSC. The w, is
the overall crystallinity, while the wn is the int-
ernal crystallinity within the lamellar stacks. Thus,
a ratio of these values, 0=w./u:, should be a meas-
ure for the compactness of spherulite if the speci-
men is completely volume-filled with spherulites.

Korea Polym. J.. Vol. 4, No. 2, 1996

*This value was normalized by that of =

o increases as the amorphous region between
lamellar stacks hecomes smaller (more cempact),
while it decreases as the amorphous region gets
larger (more open). The a of the coarse spherulite
is smaller than that of the compact spherulite, in-
dicating that the coarse spherulite is more open
than the compact spherulite.

Since the invariant & is proportional to o, the
mean-square electron density difference between
the crystalline and amorphous phases (n-m.)* for
an ideal two-phase system is given by"

M, -n)=Q/awl(l-w) (15)

@ and (1,-1.)* are shown in Table II. For PYDF
the observed electron density difference results in
a mass density difference between the crystalline
and the amorphous phase Ap = 0.37 g/cm’. The {1, -
M.)? of the blends are much larger than that of
neat PVDF. We note that the electron densities of
neat polymer systems are T.mer= 0.860 mole/cm’
and Muemp = 0.643 mole/cm™" Therefore, the large
value of (n.-M.)? in the blends 1is ascribed to the
small 1, due to the presence of PMMA in the in-
terlamellar amorphous region. Most interesting
here is that the {1n.- N.)? of the coarse spherulite is
smaller than that of the compact spherulite, in-
dicating that 1, of the coarse spherulite is larger
than that of the compact spherulite. That is, the
concentration of PMMA in the interlamellar region
is lower because the spherulite is more open in-
spite of the same blend composition, This finding
suggests that PMMA 1s partially excluded from the
interlamellar region in the coarse spherulite.

Development of a Coarse Spherulite, The Hv
scattering pattern from the coarse spherulite
(Figure 3) was a four-leaf clover type charac-
teristic to the spherulite. The one-dimensional Hv
scattering profiles at an azimuthal angle 45° in the
scattering pattern have a maximum at a scattering
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angle 8,. One can obtain the average radius of
spherulites Ry, by the 6" '

4.09 = 4m(R,, Axsin(6, ) (16}

where A 1s the wavelength of light in the specimen.

Time variation of the radius of the spherulite Ry,
is shown in Figure 5. A linear growth is seen in
neat PVDF (Figure 5a). On the other hand, a
discontinuous growth is seen in the blend mn which
coarse spherulites are developed (Figure 5b). The
Ry, initially increases, linearly with time, and later
the increase slows down at ¢. After the pause, the
Ry, starts to increase rapidly al f.. The pause could
be ascribed to the hindrance of the growth by the
excluded PMMA at the growth front.

In order to discuss the time variation of the in-
ternal structure of the spherulite, we employ the
scattering profiles at an azimuthal angle 45° using a

reduced scattering angle wi'™™*

w = (2mWA)R,, sin @ 17

The profile sharpens with time in neat PVDF.
On the other hand, in the coarse spherulite, the
profile initially sharpens with time, and later the
scattering intensity at wide scattering angle in-
Creases.

According to the model calculation of scattering
profiles by Yoon and Stein.™ the broadening of the
scattering profiles is ascribed to the orientation-an-
gle fluctuation of the optic axis within a spherulite.
The relative intensity at wide angle region (w>4)
increases as the ordering of the optic axis in the ra-
dial direction is smaller. Then, as a measure of the
ordering the optic axis, we employed a ratio P, of
the intensity 7 at w=4 to that at w=3:

P, =I(w =4)/T{w =8) (18)

The order parameter P, given by eq. 18 is shown
as a function of crystallization time in Figure 5.
The order parameter increases with the crys-
tallization time in neat PVDF (Figure 5a). It sug-
gests that highly disordered crystalline domains ap-
pear at the early stage and they develop to yield
the spherulites by increasing the degree of the ord-
ering, as demonstrated in polypropyrene® and poly
(ethylene terephtharate).” On the other hand, in
the coarse spherulite, the order parameter in-
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Figure 5. Time variation of the radius of spherulite Ry, and
order parameter P, (a) PVDF crystallized at 155 “C, 70/30

‘PMMA crystallized at 162 °C.

creases and then it decreases with time (Figure
5b). This may imply the two-step progress of the
spherulitic growth, i.e., the spherulites grow by in-
creasing the degree of ordering as in the case of
neat PVDF, and then, the degree of ordering de-
creases with time. That is, the coarse spherulite is
formed to around the ordered spherulite and grows
by increasing the coarseness with increasing the
size of spherulite. Of particular interest is that the
ordering starts to decrease at around # when the
nonlinear growth starts. That is, the ordering de-
creases as the growth rate decreases. The de-
crease of the growth rate may be ascribed to the
concentration gradient at the growth front es-
tablished by the excluded PMMA. Thus, the coarse-
ness seems to be caused hy the hindrance of the
growth by the excluded PMMA.

Dielectric Study of Crystal-Amorphous Inter-
phase. Figure 6 shows the dielectric loss &" as a
function of temperature T at different frequencies
for neat PVDF and PVDF/PMMA 60/40 blend. A
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low temperature peak, which was thought of as an
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Figure 6. Dielectric loss €" versus temperature: O, PVDF;
@, PVDF/PMMA 60/40 at 100 Hz; O, PVDF: B, PVDF/
PMMA 60/40 at 10 kHz,
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interphase peak, is observed in this temperature
range in both neat PVDF and the blend. The peak
location of the blend is nearly equal to that of neat
PVDF at 10 kHz. This result is in agreement with
that demonstrated by Hahn et al.** However, the
peak height of the blend is too small and the lo-
cation is different from that of neat FVDF at 100
Hz.® Thus the nature of the low temperature peak
may be mere complicated than previously thought.
The frequency, f, dependence of the dielectric
loss, €', of neat PVDF at the low temperature re-
gion, demonstrated above, is shown in Figure 7a. A
diffuse peak appears al low temperature. This
peak is assigned to the B process characteristic for
a local conformational transition of the frozen
main chain in the amorphous region.™ At higher
temperatures, above -20°C, a large peak appears.
This peak is assigned to the . process charac
teristic for the micro-Brown motions of amorphous
main chains that freeze at the glass transition,”™
These peaks can be well resolved by fitting the
Havriliak-Negami (HN) equation to the data:”

e (w) = £_+(€_— & V[1+{ @uf) (1%
0.18
. &Y PYDF/PMMa 60/40
»
0.15¢ -, m ocC
. X —15°C
. © -30°C
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- & ~60°C
0.12 . o
* N Y —-90°C
xx .. L]
x . -
009 KKK l. Kxilxx’j
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xxx Y ]
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Figure 7. Dielectric loss €' versus frequency in the low temperature region: (a) PVDF and (b) PVDE/PMMA 60/40.
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where £ is the complex dielectric permittivity &*=

£'- je'. o is the angular frequency, @=21/ & and &-
are the lmiting low- and high-frequency per-
mittivities, respectively, 4€=£.-€ is the dielectric
strength, T is the relaxation time, and the paramet-
ers o and ¥ are fit parameters (0<a, y<1) des-
cribing the broadening and the asymmetry of the
relaxation time distribution. From the fitting pro-

log v,

(%)
/
Q
o

—
L d

5 *107°
1/T (1/K}

Figure 8. Arrhenius plot of the mean relaxation rate », for

PYDF (upen symbols) and PVDE/PMMA 60/40 (solid synr

Tls).
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Figure 9. Diclectric loss " versus frequency in the high temperature region for PYDF/PMMA 60/40.
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cedure, the mean relaxation rate »~=1/{2nn) was
obtained. The temperature dependence of the v, is
shown by using an Arrhenius plot in Figure 8. The
low temperature peak in €"(T} of neat PVDF is as-
cribed to both the o, and the P process.

On the other hand, onty one broad peak appears
in the blend, as shown in Figure 7b. The tem-
perature dependence of the v. exhibits a similar
behavior to that of the B process of PVDF (Figure
8). The dielectric strength A€ of the blend is about
0.6 times that of the P process of PYDF. Based on
this resuli, we conclude that the low temperature
peak in €"(T) of the blend is not related to the o,
process of PVDF in the interphase, but is rather as-
cribed to the B process of PVDF.”

The £'(f) of the blend in the high temperature
regime is shown in Figure 9. A broad shoulder ap-
pears at 45 °C (Figure 9a). At higher temperatures
(above 80°C), a large peak appears (Figure 9b).
The observed curves were successfully resolved
into two peaks by Eq. 19. The temperature de-
pendence of the v. of both peaks exhibits Arrhenius
behavior {(Figure 8). In neat PVDF, a peak appears
above 30*C. This peak is assigned to the o. pro-
cess of the crystalline phase characterized by the

30 -
PVDF/PMMA 60/40 b

40 ° O 140°C
O 120°C
4 100°C

X B80°C

0 80°C

30F o ° + 40°C

log f (Hz)
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conformational change TGTG<GTGT along the
chain axis.®® The temperature dependence of the
@, process exhibits an Arrhenius behavior (Figure
8). This behavior is similar to that of the shoulder
of the blend in Figure 9a. Thus, we can assign the
shoulder of the blend to the o, process of PVDF.

A {urther interesting observation is that a large
peak appears below the frequency region of (c pro-
cess in the blend (Figure 9b), while such a peak is
not observed in neat PVDF. Ae of the peak is too
large compared to that of the . process and the
peak disappears above the melting temperature.
Thus, we assign this peak to the relaxation of in-
terfacial polarization caused by trapping of charge
carriers at the crystal-amorphous interphase. The
peak, due to the interfacial polarization is expected
to exist at lower f region in neat PVDF," so that
the peak position of neat PVDF seems to shift fo
much higher f with blending, The shift of peak po-
sition may arise from the different mobility of the
charge carriers in the diffused interphase,**
the difference of the relative permittivity of each
phase at the interphase.” This suggests that the
nature of the interphase of the blend differs from
that of neat PYDF, The difference may be ascribed
to the existence of a large amount of PMMA at the
interphase, caused by the exclusion of PMMA from
lamellae during crystallization.

Control of Lamellar Structure. Figure 10 shows
an immiscibility loop in iPP/HSI blend: the blend had
a lower critical solution temperature-type (LCST)
phase boundary at low temperatures and an upper
critical solution temperature-type (UCST) houn-
dary at high temperatures.” The immiscibility loop
is known in low molecular weight systems, e.g.
water/nicotine, but it is very rare in polymer
blends. In 30/70 iPP/HSI, the UCST line exists at
around the melting temperature 7. and the LCST
at around 125°C. Hence, when the melt specimen
of 30/70 iPP/HSI 15 allowed to undergo tem-
perature-drop to the crystallization temperature T.
below 125 °C, iPP can crystallize from the single-
phase mixture.

The spherulite of iPP is known to consist of
crosshatched lamella branching; i.e., subsidiary
lamellae grow tangentially to the radiating primary
lamellac. When the fraction of crosshatch lamellae
is sufficiently high, the radial refractive index of
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Figure 10. Phase diagram of the PP/HSI system: Q)
clear and no structure development after a 24h anneal, (%)
opaque and structure development by Tiquid-tiquid phase
separation, ({3} spherulite formation, and () ambiguous
by cloud point but single-phase nature confirmed by the v
and Vo time-resoived light scattering studies,

the spherulite is higher than the tangential one; Le..
the birefringence of the spherulite hecomes
positive.® In 30/70 iPP/HSI blend, the birefringence
changes the sign from negative to positive with in-
creasing T. The morphology evolution was dif-
ferent below and above 95 °C.”

Figure 11 shows the schematic drawings of the
TEM observation for the blend {a) and for neat
iPP (b) both crystallized at T.=105"C. The thick
and thin stripes represent the radiating primary
lamellae and the crosshatch lamellae, respec-
tively. The population of the crosshatch lamellae
is low in the blend while it s high in neat iPP,
The radiating primary lamellae are arranged
parallel to each other in the blend, while they are
arranged multidirectionally and are curved in
neat iPP. This consists with the result of po-
larized optical microscope analysisi the weak po-
sitive birefringence spherulite was observed in
the blend, in contrast to the strong positive bire-
fringence spherulite in neat iPP. That is, in the
blend the weak positive birefringence of the
spherulites is ascribed to the low density of the
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(a)
Figure 11. Schematic drawings for TEM micrographs: (a}
30/70 iPP/HSI blend and (b} neat iPP, both crystallized at

T.=105°C for 1 day.
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Figure 12. Schematic drawings for TEM micrographs: (a)
30/70 1PP/HSI blend and (b) neat iPP, both crystallized at
7.=85 °C for 1 day.

crosshatch lamellae,

Figure 12 shows the schematic drawing of TEM
observation for the blend {(a) and for neat iPP (b)
both crystallized at T.=85"C. No crosshatch lamel-
lae are ohserved but fragmented lamellae are seen
in the blend. The fragmented lamellae are ar-
ranged parallel to each other in a radial direction.
A domain having a radius of ~0.1pm is seen
between lamellar stacks. It may be assigned to a
HSI-rich amorphous domain between lamellar
stacks. It is deduced that the segregated HSI in
lamellar scale prevent nucleation on radial primary
lamellae so that crosshatching is suppressed. Thus,
compared with neat iPP, a unique morphology is a-
vailable by crystalization from the single-phase
mixture of iPP and impurity.

Conclusion

The studies of spherulite growth rate, SAXS,
light scattering, dielectric relaxation, and TEM oh-
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servation revealed the exclusion effect of noncrys-
talline component on the crystallization of poly-
mer hlends. Owing to the exclusion effect, new
morphologies are available from the scale of
spherulite to that of lamellae by adding miscible im-
purity and controlling the 7.
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