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ABSTRACT: Morphology control of binary polymer mixtures through spinodal decomposition and crys-
tallization was studied by using polypropylene and ethylene—propylene random copolymer as a model system.
The solid texture consisted of dual morphological units, (i) the modulated network structure resulting from
spinodal decomposition and its coarsening processes in the isothermal demixing of the mixture in the molten
liquid state and (ii) the spherulite structure resulting from crystallization by subsequent cooling of the demixing
liquid. Interrelations of the two morphological units in the solid texture were closely investigated by polarized
and phase-contrast optical microscopy and light scattering by changing isothermal demixing conditions and
crystallization conditions. A criterion for conservation of the modulated structure developed in the demixing
liquid during and after the crystallization is discussed, and the locking-in phenomenon of the demixing processes
by crystallization is clearly presented in some certain cases and was found to be responsible for the conservation
of the structure existing in the liquid. Some unique morphologies are presented schematically in the text.

I. Introduction

In a previous paper! we proposed a particular method
of morphology control for polymer mixtures such as iso-
tactic polypropylene (PP) and ethylene~propylene random
copolymer (EPR), which can be immiscible in the molten
liquid state and contain a crystallizable component, at least
as one component. The method involves liquid-liquid
(L-L) phase separation to a certain demixed state by
spinodal decomposition, subsequent coarsening processes
in the molten liquid state, and then crystallization by
cooling the demixing liquid mixture. It was found! that
a unique demixed structure in the molten liquid state, i.e.,
the modulated, bincontinous, and periodic structure,? is
conserved during the rapid crystallization process, resulting
in space-filling PP spherulites of average radius R within
which the L-L demixing structure of the spacing A, (A,
< R) is conserved, as a particular example (this phenom-
enon being designated as “memory conservation”).

In this paper we further investigate the interrelation
between the two morphological units, i.e., the modulated
structure and the spherulites, in the solid texture by
changing further demixing and crystallization conditions.

*Presented in part at the 34th Polymer Symposium, the Society
of Polymer Science, Japan, Sept 26-28, 1985. Inaba, N.; Sato, K.;
Suzuki, S.; Hashimoto, T. Polym. Prepr. Jpn., Soc. Polym. Sci., Jpn.
1985, 34, 2809.

The interrelation will be fully investigated by polarized
and phase-contrast light microscopy and by light scat-
tering. We explore the cases where R < A, as well as R
> A, as in the previous case! by changing the time spent
for demixing in the molten liquid state before crystalli-
zation,

We will explore slow isothermal crystallization as com-
pared with a rapid crystallization involved in athermal
quenching (one of the “diffusion-limited” crystallization®
conditions) as in the previous case in order to investigate
criteria in which the “structure memory” of the L-L de-
mixing is conserved during the crystallization process. The
criterion will be studied both by optical microscopy and
by studying crystallization kinetics. The rapid crystalli-
zation which is found to meet the criterion involves “the
diffusion-limited crystallization”,! i.e., the crystallization
occurring in and through PP-rich domains and by finding
and following PP-rich domains without invoking long-
range rearrangement of PP molecules such as segregation
of the EPR component from crystallization front of PP
and destruction of the modulated structure developed
before crystallization. It will be shown also that the
crystallization is very effective to lock-in further growth
of the L-L demixing.

II. Experimental Methods

The details of the experimental methods were described in the
previous paper.! Here we briefly describe only the essential part.

0024-9297/88/2221-0407%801.50/0 © 1988 American Chemical Society
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The PP has a weight-average molecular weight M, of 2.35 X
10° and a heterogeneity index M,,/M,, = 4.1. The EPR contains
73 mol % ethylene and has M,, = 1.49 X 10° and M,,/M, = 2.5.
A mixture of PP and EPR of 50/50 w/w % designated as EP-50
was dissolved to a dilute solution in hot xylene. The solution was
precipitated by pouring it into a large amount of methanol cooled
with ice. The precipitate was then dried and cold-pressed into
thin films and used as starting film specimens (designated Q).

Structure evolution in the mixture both above and below T
of PP was observed in real time or after quenching by polarized
(Vy) and depolarized (Hy) light scattering and by polarized and
phase-contrast light microscopy. The sample was placed on a
Mettler hot stage mounted on a horizontal XY stage. The
scattered light was recorded on a photographic film or by a CCD
videocamera connected to a dynamic image analyzer (DIA).!

The starting film specimens Q were rapidly heated to a tem-
perature T, above melting temperature T, of PP in the mixture
for various length of time (¢ - t;). For a particular mixture with
a particular composition, the temperature T, is normally well
below the spinodal temperature, and at this temperature the
mixture is thermodynamically unstable and hence undergoes
demixing through spinodal decomposition.!? The specimens
subjected to demixing at T for the time period t ~ ¢, were then
subjected to crystallization either by rapid quenching below T,
(athermal crystallization) or by rapid quenching to a given tem-
perature T, for the isothermal crystallization for a certain period
of time. The isothermally crystallized samples were then quenched
to a dry-ice-methanol bath, and the solidified samples were further
studied by light scattering and optical microscopy. For the in-
vestigations under optical microscopy, the specimens were cut
into thin films 5-20 um thick, depending on the size of the internal
structures, at —140 °C by ultramicrotome (LKB 2088 ULTRO-
TOME V), equipped with a cooling attachment (14800 CRYO
KIT) in order to avoid complications associated with an overlap
of the internal structures along the thickness direction of the
specimens.

The rapid temperature rise to T, was attained by inserting the
specimens Q into the hot stage precontrolled to T,. The time ¢,
required for the specimen to achieve T, was measured to be about
20-30 s. Consequently one may neglect the thermal history
occurring during the time period ¢, for the time scale ¢t — ¢, > 100
8.

III. Experimental Results and Discussion

In our previous paper, we reported the morphology of
PP/EPR mixtures developed by a rapid crystallization
from the demixing liquids (see, for example, Figure 8 of
ref 1) and found space-filling PP spherulites of average
radius R with a modulated periodic structure of average
spacing A, as their internal structures (as proposed
schematically in Figure 5 in this paper). The modulated
structure is a structure memory which resulted from the
L-L demixing process and which was conserved during the
rapid crystallization, i.e., under the crystallization specified
as diffusion-limited crystallization.

Here we extended our studies by changing further the
L-L demixing and crystallization conditions. As for
crystallization conditions, we will explore a rapid athermal
crystallization (sections ITI-1 and -2) as well as “rapid” and
“slow” isothermal crystallizations (sections III-3 and -4).
Here again as a rapid crystallization, we refer to the dif-
fusion-limited crystallization and, as a slow crystallization,
to the crystallization that invovles segregation of EPR from
the crystallizing front of PP and destruction of the mod-
ulated structure.

1. Morphology Developed under a Rapid Crystal-
lization from Demixing Liquids. Case of D > A_.
Figure 1 shows the spacing A, (um) of the modulated
structure as determined from what is called the “spinodal
ring” in a Vy, scattering pattern! and the average spherulite
diameter D (um) determined from the Hy light scattering
pattern* for mixtures demixed at 170, 200, and 250 °C, for
the time interval t — ¢, (s) as specified in the abscissa, and
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Figure 1. Characteristic wavelength A, of the modulated
structure developed by the L-L demixing process and average
spherulite diameter D for EP-50 (PP/EPR mixtures of 50/50 w/w
%) demixed isothermally at 170, 200, and 250 °C for the time
period of ¢ - ¢, and subsequently crystallized by quenching the
demixing liquid in an ice-water bath.

subsequently crystallized by quenching the demixing
mixtures in an ice-water bath. Both A, and D were de-
termined by finding scattering angles 8,,,, and 6, at
which the corresponding scattering intensity reaches a
maximum value and by applying eq 1 and 9 of ref 1. The
angles were determined from the scattering profiles mea-
sured by a TV camera and DIA systems.! The value A,
increased as t — ¢, increased, reflecting the coarsening of
the modulated structure during the isothermal demixing
process.® However, average spherulite size was inde-
pendent of the time ¢ — ¢, spent for the demixing for a given
crystallization condition (i.e., the rapid athermal quench-
ing).

The increase of Ay, with ¢ - ¢, in the solidified texture
was clearly observed also under phase-contrast microscopy,
as shown in Figure 2 for the mixtures demixed at 170 °C
for 5 (a), 20 (b), and 30 min (c) and subsequently crys-
tallized by quenching in an ice-water bath. The micro-
graphs obtained on the thin sections cut by the Ultrotome
V clearly show an increase of the characteristic distance
A, with increasing time ¢t — ¢, spent for the isothermal
demixing process. The black and white pattern in the
micrograph corresponds to the modulated structure. One
of the regions (e.g., black region) reflects either the PP-
or the EPR-rich region, and the other reflects the region
rich in the other component. A similar modulated pattern
was also reported by Kresge® and Lohse® for PP/EPR
mixtures.

According to the results shown in Figure 1, in certain
cases A, can be equal to D. Figure 3 shows the Hy, and
Vy light scattering patterns corresponding to such a par-
ticular case observed for the mixture demixed at 200 °C
for 30 min and subsequently quenched in an ice-water
bath., The scattering angle 8,  at which the Hy, spher-
ulitic scattering intensity becomes maximum was observed
to be about equal to ,,,, at which the Vy “spinodal ring”
intensity becomes maximum. The peculiar scattering
patterns can be interpreted only on the basis of the in-
terplay of the two morphological entities resulting from
the two kinds of phase transitions.

Figure 4 shows Hy (upper row) and Vy scattering pat-
terns (lower row) for the as-solidified mixture (a and e) and
the mixtures subsequently annealed at 150 °C for 15 (b
and f), 30 (c and g), and 90 min (d and h). As usual, the
as-solidified mixture was prepared by demixing at 170 °C
for 5 min and a subsequent crystallization by quenching
in an ice-water bath. The Hy, spherulitic scattering pattern
was unchanged upon further annealing of the as-soldified
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Figure 2. Phase-contrast optical micrographs showing the
coarsening of the modulated pattern for EP-50 demixed iso-
thermally at 170 °C for ¢t — t, = 5 (a), 20 (b), and 30 min (c) and
subsequently crystallized by quenching the demixing liquid into
an ice-water bath.

Demixing at 200°C for 30min. 8 Quenched fo Ice-Water
Hv _©5 W _© 5

(a) (b)

D=14.2um A=T.7pm
Figure 3. Hy (a) and Vy (b) light scattering patterns for EP-50
demixed isothermally at 200 °C for 30 min and subsequently
crystallized by quenching the demixing liquid in an ice-water bath.
Note that the average spherulite radius R = D/2 (=7.1 um) is
nearly equal to Ay, (=7.7 um). The scattering angle 8, , at which
the Hy spherulitic scattering intensity becomes maximum is nearly
equal to 0y, , at which the Vy “spinodal-ring” intensity becomes
maximum.

films at 150 °C, indicating that the average size of the PP
spherulites was unchanged upon annealing. This phe-
nomenon is best interpreted as a consequence of the as-
solidified mixture being composed of volume-filling PP
spherulities as discussed in detail in the previous paper.
Upon annealing, the spinodal ring in the Vy pattern also
did not change in terms of 6,,,,, indicating that the
crystallization locks in further growth and coarsening of
the fluctuations in the demixing process and the once-
locked-in structure was essentially maintained during the
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particular annealing process well below the melting tem-
perature of PP crystals. The spherulitic Vy scattering
pattern which existed inside the spinodal ring and near
the center of the pattern lost its intensity upon annealing,
indicating that the annealing suppressed the density
fluctuations between the spherulites.

Figure 5 respresents schematically the morphology ob-
tained by isothermal demixing of the mixtures in the
molten liquid state at a certain temperature and for a
certain period of time and by a subsequent crystallization
by quenching in an ice-water bath, the particular solidi-
fication condition which gives rise to the case of D > A,
The upper half of the figure indicates the modulated
structure with A, resulting from L-L demixing. The rapid
crystallization from the demixing liquids involves the
diffusion-limited crystallization, i.e., the crystallization
in and through continuously connected PP-rich domains
without invoking long-range rearrangements of PP mole-
cules such as segregation of the EPR component from
crystallizing fronts of PP. The nucleation starts to develop
the PP-rich domain,? which is followed by lamellar crys-
tallization and branching of lamellae. The crystallization
fronts move by following and finding PP-rich domains
whose spatial arrangements were a priori set up by the L-L
demixing process, resulting in the volume-filled spherulites
with the unique structure memory inside as shown in the
bottom half of the figure (Figure 5b).

2. Morphology Developed under a Rapid Crystal-
lization from Demixing Liquids. Case of D < A,
From Figure 1 it is obvious that one obtains the mor-
phology in which the values of A,, can be larger the values
of D, if the time spent in the molten liquid state is long
enough. Figure 6 shows the Hy (a) and Vy (b) light
scattering patterns corresponding to this situation. The
specimes were obtained by demixing at 200 °C for 20 min
and crystallization by quenching in an ice-water bath.
Note that the angular marks are different for the large
pictures and for the small inserted pictures (which are the
enlarged pictures of the small-angle scattering). The Hy,
pattern shows a clover-leaf spherulitic pattern® at f,,,, , ~
5° (in air), and the Vy pattern shows a spinodal ring at very
small angle, 8,,,,, ~ 0.6° (in air). The inserted small
picture shows the spinodal ring better. It should be worth
noting that the Hy pattern also shows the spinodal ring
at very small angles. The spherulitic Vy pattern was very
weak compared with the Vy spinodal pattern. Hence the
spherulitic Vy pattern cannot be seen in the pattern taken
with an exposure time appropriate for the spinodal ring
(as seen in Figure 6b). If the pattern was taken with an
exposure time appropriate for the spherulitic pattern, the
spinodal ring will be overexposed and hence will not be
resolved. A peculiar phenomenon, that the spinodal ring
appeared even in the Hy scattering, will be discussed later
(section III-5). The estimated sizes were D = 10.4 um and
A,, = 60 um. Figure 7 shows an optical micrograph taken
under crossed polarizers (set in vertical and horizontal
directions of the pictures) for the sample whose scattering
patterns are shown in Figure 6. It is clearly seen that a
group of impinged spherulites (which we call hereafter the
“spherulitic domain”) and a spherulite-poor domain (which
is, more or less, isotropic) form a periodic and bicontinuous
modulated structure with periodicity A,,.

Figure 8 represents schematically the structure model
obtained from the results shown in Figures 1, 6, and 7. As
the time spent for demixing increases, the coarsening of
the modulated structure further advances and A, becomes
so large that a number of nucleation centers of the
spherulites can be developed within a given PP-rich do-
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Figure 4. Hy, (upper half) and Vy (lower half) scattering patterns from as-quenched EP-50 mixtures (a and e) and subsequently annealed
isothermally at 150 °C for 15 (b and f), 30 (c and g), and 90 min (d and h). The as-quenched specimens were prepared by demixing
isothermally at 170 °C for 5 min and subsequently crystallized by quenching the mixture in an ice-water bath.

(a)

Diftusion- limited
‘U’ Crystallization

I
—D——]

i
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Figure 5. Schematic representations of (a) the modulated
structure with periodicity Ay, developed by the isothermal L-L
demixing at temperatures above melting point of PP and (b) the
volume-filling spherulites with the modulated structure memory
as their internal structures developed by the diffusion-limited
crystallization of the demixing liquid. Case of A, < D (average
size of the spherulite).

\.CMQUDLMD:IE[

- trgst

main when the demixing mixture is put below the melting
temperature. Thus the diffusion-limited crystallization
develops the volume-filled spherulites within the PP-rich
domain, i.e., “spherulitic domain”. The spherulitic domains
and less-crystallized EPR-rich regions form the modulated
structure with periodicity A, resulting from the conser-
vation of the memory of the L-L demixing structure.
There is an interesting feature of crystallization related
to a dual nature: (i) Overall, the crystallization has
characteristics relevant to the crystallization from demixing
liquids, but (ii) locally within each domain, the crystalli-
zation has characteristics relevant to the crystallization

SALS

1deg

(a) (b) -
Figure 6. Hy (a) and Vy (b) light scattering patterns for EP-50
isothermally demixed at 200 °C for 20 min and subsequently
crystallized by quenching the mixture in an ice-water bath. Note
that 8., (the scattering angle which gives rise to maximum
intensity) for spherulitic scattering is much larger than 6, , for
the ring scattering, the ring scattering being observed near the
center of Hy and Vy patterns. The ring scattering patterns under
Hy and Vy polarizations are better seen in the enlarged patterns
shown in the lower right corner of each pattern. The angular mark
for the inserted patterns (1°) is different from that for the large
patterns (5°). The values 0, and 0., in air are 4.9° and 0.65°
for the spherulitic and ring scattering, respectively, corresponding
to D = 10.4 yum and A, = 60 um.

from a homogeneous mixture.

3. Isothermal Crystallization of Demixing Melts.
Linear versus Nonlinear Spherulite Growth. In the
preceeding sections (sections III-1 and III-2) we dealt with
only a special crystallization condition, i.e., athermal rapid
crystallization induced by quenching the mixtures in an
ice-water bath. In the following two sections (sections IT1-3
and III-4) we will be concerned with the conservation of
the L-L demixing structure memory during the isothermal
crystallization process.

Figure 9 shows spherulite size D (ym) measured under
a polarized optical microscope as a function of crystalli-
zation time ¢, (min) during the isothermal crystallization
at 140 °C for homopolypropylene (J-700 M) and mixtures
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Figure 7. Modulated structure observed under polarized light
microscopy (polarizer and analyzer being set in vertical and
horizontal directions) for the specimens which give rise to scat-
tering pattern shown in Figure 6. Note that the modulated pattern
consists of a bicontinuous network structure of PP-rich domains
which contain volume-filling spherulites and which have high
optical anisotropy and of EPR-rich domains which have small
or no optical anisotropy.
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Figure 8. Schematic representation of (a) the modulated
structure with periodicity A, developed by the isothermal L-L
demixing at temperatures above melting point of PP and (b) the
corresponding structure obtained after the diffusion-limited
crystallization. The case of A, > D. The PP-rich domain is large
enough to have many spherulite nuclei within its domain, and
hence it contains the volume-filling spherulites after the crys-
tallization (“Spherulitic Domain”). Even after the crystallization,
the bicontinuous and periodic structure existed in the molten state
is essentially conserved.

of PP and EPR of 50/50 w/w % (EP-50) and 70/30 w/w
% (EP-30). The spherulite size was measured only in the
time domain where the spherulites do not impinge on each
other. The mixtures were demixed at 200 °C for 5 min,
and homopolypropylene was melted at 200 °C for 5 min
prior to isothermal crystallization. The mixtures show a
linear growth of spherulites as in the case of homopoly-
propylene. The mixtures have a growth rate of spherulite
slightly slower than that of homopolymer, which may be
due to melting point depression of the PP domain and
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Figure 9. Growth of the average spherulite diameter D with time
during the isothermal crystallization at 140 °C for pure isotactic
PP (J-700) and for a EP-50 mixture and a EP-30 mixture
(PP/EPR mixture containing 70/30 w/w %). The pure isotactic
PP specimens was melted at 200 °C for 5 min and then subjected
to the isothermal crystallization. Similarly EP-50 and -30 were
first demixed at 200 °C for 5 min and subsequently crystallized
isothermally at 140 °C.
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Figure 10. Growth of the spherulite size with time during the
isothermal crystallization at 145 °C for the EP-50 and -30 mixtures
first subjected to demixing at 200 °C for 5 min.

hence to a smaller degree of supercooling compared with
that of the homopolymer.”® The melting-point depression
results from the EPR component dissolved in the PP-rich
domain. The fact that the growth rates for the two mix-
tures are identical suggests that each domain (PP-rich and
EPR-rich domains) in the demixing mixtures already has
an equilibrium concentration determined by the binodal
points at 200 °C and the modulated structure is coarsening
self-similarly, the coarsening behavior being scaled by a
single length parameter.?®

The most important and striking experimental evidence
is seen in that the spherulite growth at 140 °C is linear with
time even for the mixtures. This strongly suggests that
the diffusion-limited crystallization takes place even for
the isothermal crystallization at 140 °C. In other words
the crystallization front advances by finding and following
the PP-rich domains in the modulated structure. Since
this process does not involve long-range structure rear-
rangements and segregation of EPR from the crystalliza-
tion front, the crystallization front always finds the same
fraction of EPR and hence the same degree of super-
cooling, resulting in the linear spherulite growth. The
segregation of the EPR component from the crystallization
front would occur only on a local scale and hence the
memory of the modulated structure can be conserved
during the crystallization as will be shown in Figures 11
and 12.

Figure 10 shows experimental results similar to Figure
9 but the experiments here were carried out at 145 °C. For
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Figure 11. (a) Polarized light micrograph (POM) and (b)
phase-contrast light micrograph (PCM) for the EP-50 mixture
demixed at 200 °C for 5 min and subsequently crystallized at 125
°C for 5 min. The POM which was obtained by setting polarizer
and analyzer in vertical and horizontal directions clearly shows
the volume-filling spherulites, while the PCM clearly shows the
modulated structure resulted from the L-L demixing. Note that
corresponding Hy and Vy light scattering patterns are shown in
parts b and d of Figure 15, respectively, and that the two pictures
were obtained on the same field on the same sample.

the isothermal crystallization at 145 °C, the spherulite
growth is much slower than that at 140 °C and becomes
nonlinear with time. This is best interpreted as a conse-
quences of the long-range rearrangement of the modulated
structure and segregation of EPR from the crystallization
front. Owing to the long-range segregation of EPR, the
fraction of EPR component at the crystallizing front in-
creases with time, resulting in suppression of the rate of
spherulite growth.

4, Spherulite Morphology Obtained by Isothermal
Crystallization of Demixing Liquids. Criterion of
Memory Conservation. From the discussions in the
previous section, a criterion for the conservation of the L-L
demixing structure during the isothermal crystallization
was found to exist in the temperature range between 140
and 145 °C. In this section, we closely investigate the
criterion by optical microscopy.

Figure 11 shows the optical micrograph under crossed
polarizers (a), polarizer and analyzer being set vertically
and horizontally in the picture, and by phase-contrast
microscopy (b) for the mixture first demixed at 200 °C for
5 min and subsequently crystallized at 125 °C for 5 min.
The polarized photomicrograph clearly shows the vol-
ume-filled spherulites with some internal structure. The
phase-contrast micrograph clearly shows the modulated
structure as the internal structure of the spherulites. It
should be noted that the corresponding Hy and Vy scat-
tering patterns are shown in parts b and d of Figure 15,
respectively. It is obvious that the patterns show the
spherulitic scattering at very small angles (R ~ 69 ym) and
the ring scattering due to the modulated structure with
Ay = 4.4 ym at a larger angle. The average spherulite size
is much bigger than that for the quenched samples, due
to the slow crystallization, but yet the structure memory
of L-L demixing is conserved within the spherulite.

Figure 12 shows the polarized light micrographs (POM)
(upper half, polarizer and analyzer being in vertical and
horizontal directions of the picture) and phase-contrast
micrographs (PCM) (bottom half) for the mixtures of the
EP-30 (the left half) and the EP-50 (the right half), first
demixed at 200 °C for 5 min and subsequently crystallized
isothermally at 140 °C for 81 min. The POM and PCM
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Figure 12. POM (upper half) and PCM (lower half) for the EP-30
(a and ¢) and EP-50 mixtures (b and d) prepared by demixing
at 200 °C for 5 min and subsequent crystallization at 140 °C for
81 min. The POM and PCM were taken on the same field, and
the circles in the PCM correspond to the spherulites observed
under POM (the bright region). The polarizer and analyzer were
set in vertical and horizontal directions in POM. Note that A,
for the modulated structure outside the spherulite is larger than
that A,,; inside the spherulite, indicating that the crystallization
suppresses or locks in further growth of the demixing processes.

were taken on the same field, the circled regions in the
PCM corresponding to the spherulite with optical an-
isotropy in the POM. Again, the micrographs were ob-
tained on thin sections of ca. 10 um thich cut at —140 °C
by the ultratome. The experimental results give a number
of important pieces of information: (i) the spherulites
contain the memory of the modulated structure in the L-L
demixing as their internal structures; (ii) the characteristic
length A,,; of the modulated structure inside the spheru-
lites is smaller than that A,, , outside the spherulites, in-
dicating that the crystallization locks in further evolution
of the demixing processes, while a further evolution of
demixing takes place in the amorphous region outside the
spherulites at 140 °C (even there a small crystallinity may
slow down the coarsening); (iii) the large A,,; causes the
Maltese cross of the spherulites observed under POM and
boundaries between the neighboring spherulites to be less
clear.

The effect of crystallization on the locking in of the L-L
demixing structure is further demonstrated in Figure 13
where the Hy (upper row) and Vy (lower row) patterns are
shown for the EP-50 mixtures first demixed at 200 °C for
3 min and subsequently crystallized by quenching into an
ice-water bath (a and e) and by isothermal crystallization
at 120 °C for 4 min (b and f), at 125 °C for 7 min (c and
g), and at 130 °C for 25 min (d and h). The spherulites
developed are found to impinge to each other and to fill
the whole sample space as shown in Figures 5 and 11. It
is obvious that the isothermal crystallization give rise to
much bigger spherulites than those developed by the
quenching process, due to the slower nucleation rate. The
nucleation rate of the spherulite centers is slower at higher
temperature of crystallization, and hence the average
spherulite size increases with increasing crystallization
temperature as shown in the value R (in gm unit) beneath
each pattern. In the quenched samples, it was shown
before that the periodicity of the modulated patterns are
the same before and after the quenching, indicative of the
L-L demixing structure being locked in by the rapid
crystallization. However, in the case of isothermal crys-
tallization, the crystallization rate is much slower than in
the case of quenching, so that the structure developed by
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Figure 13. Hy (upper half) and Vy (lower half) light-scattering patterns for the EP-50 mixtures first demixed at 200 °C for 3 min

and subsequently crystallized

quenching in an ice-water bath (a and e) or by isothermal crystallization at 120 °C for 4 min (b and

f), at 125 °C for 7 min (c and g), and at 130 °C for 25 min (d and h). The values R and A, indicated beneath each pattern correspond
to the average radius of spherulite and the periodicity of the modulated patterns in um. The spherulite sizes are very big for the specimens
isothermally crystallized, and hence the Hy spherulitic pattern exists near the center of each pattern. The Hy spherulitic pattern may
be better resolved in the enlarged patterns inserted in the lower right corner of patterns b-d. Note that the Hy spinodal ring can

be seen outside the spherulitic pattern in patterns b-d.

the L-L demixing 200 °C can grow further at the crys-
tallization temperatures in the regions not yet crystallized.
Hence the values A, = 6.2-7.4 um for the samples iso-
thermally crystallized are larger than the value A, = 4.3
um for the samples crystallized by quenching. However,
a further advance of crystallization would certainly pin
down a further growth of the demixing.

Figure 14 shows POM (a) and PCM (b) micrographs for
the mixture first demixed at 250 °C for 5 min and sub-
sequently crystallized at 145 °C for 360 min. Again POM
and PCM were taken on the same field, and the circles
marked on PCM corresponding to the spherulites under
POM (bright regions with optical anisotropy). It is clearly
observed that the modulated structure is significantly
perturbed during the crystallization, though the memory
of the L-L demixing has not been completely destroyed.

5. On Anisotropy Fluctuations of Hy Scattering
from Spherulites. The modulated structure-memory
conserved in the solidified material would produce fluc-
tuations of the optical anisotropy as well as those of re-
fractive index or density. The two types of fluctuations
originate commonly from the concentration fluctuations
of PP and EPR in the L-L demixing process and hence
should have the same characteristic length A,,. The PP-
rich regions have higher crystallinity and hence higher
optical anisotropy and density than EPR-rich regions.

The density fluctuations give rise to Vy scattering,* and
the particular modulated pattern on the spatial distribu-
tion of the density fluctuations gives rise to the “spinodal
ring” as discussed earlier.! The anisotropy fluctuations”®
give rise to Hy scattering as well as Vy scattering, and the
particular pattern of the spatial distribution of the an-
isotropy fluctuations should give rise to an “Hy spinodal
ring” at the same scattering angle as the V, spinodal ring.
In fact, one can clearly observe the Hy spinodal ring in
Figure 6a for the case of A,, > D, corresponding to the
model shown in Figure 8, and also in Figures 13b-d and
15a,b for the case of A, << D, corresponding to the model

Demixing at 250°C for Smin,
Isothermal Crystallizafion

POM at 145°C for 360min. 100k

(b)

Figure 14. POM (a) and PCM (b) for the EP-50 specimen
prepared by demixing at 250 °C for 5 min and subsequently
crystallized at 145 °C for 360 min. The POM and PCM were taken
on the same field, and the circles in the PCM correspond to the
spherulites observed under POM. The polarizer and analyzer were
set in vertical and horizontal directions in POM.

shown in Figure 5. Figure 15 shows Hy and VY, scattering
patterns for the specimens demixed at 170 °C for 7 min
and subsequently crystallized by quenching in an ice-water
bath ((a) and (c)) and those for the specimens demixed at
200 °C for 5 min and subsequently crystallized isother-
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Figure 15. Hy and Vy patterns for the EP-50 mixture prepared
by demixing at 170 °C for 7 min and subsequently crystallized
by quenching the demixing liquid into an ice-water bath (a and
¢) and by demixing at 200 °C for 5 min and subsequently crys-
tallized at 125 °C for 5 min (b and d). Note that the spinodal
ring can be observed even for Hy scattering at the same scattering
angle as that for the spinodal ring for Vy scattering. The mod-
ulated structure conserved during the crystallization gives rise
to the anisotropy fluctuations responsible for the Hy spinodal ring
as well as the density fluctuations.

mally at 125 °C for 5 min ((b) and (d)).

It should be noted that the particular anisotropy fluc-
tuations give rise to the nonzero Hy intensity along the
polarizer and analyzer axes (vertical and horizontal di-
rections, respectively), in contrast to the Hy spherulitic
scattering for which the intensity is usually minimum along
these two directions. In the case when A,, > D, the Hy
intensity along these two directions should be equal to that
at any other azimuthal angle direction, giving rise to the
Hy ring scattering with intensity independent of the azi-
muthal angle.

IV. Concluding Remarks

The role of L-L demixing on the morphology developed
by subsequent crystallization was further discussed in this
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paper. It was found that the modulated structure devel-
oped above the melting point of PP by the L-L demixing
is conserved during and after crystallization if the crys-
tallization rate is much faster than the rate of mutual
diffusion of the constituent polymer molecules but is not
conserved if the crystallization rate is sufficiently slow
compared with the rate of mutual diffusion. In the former
case, where crystallization rate is much faster than the
mutual diffusion rate, the crystallization has characteristics
as specified by the “diffusion-limited crystallization” in the
text. For the particular systems studied here, the diffu-
sion-limited crystallization was found in the cases of rapid
athermal quenching in the ice-water temperature as well
as isothermal crystallization at temperatures below about
140 °C. In this region the modulated structure is con-
trolled by controlling the time and temperature of the
mixture in the molten liquid state, and the size of the
spherulite is controlled by crystallization conditions. The
typical morphologies observed are schematically summa-
rized in Figures 5b and 8b. The diffusion-limited crys-
tallization was found to lock in further growth of the
modulated structure in the molten liquid and hence con-
serve the structure memory in the liquid. The criterion
for the diffusion-limited crystallization was found to be
clearly manifested in the linear versus nonlinear growth
of spherulite size with time.
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