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ABSTRACT: Interpenetrated spherulites of poly(butylene succinate)/poly(vinylidene chloride-co-vinyl chloride) 
(PBSU/PVDCVC) blends were investigated by optical microscopy. The spherulites of PBSU and PVDCVC were negative 
and positive respectively, and birefringence of PVDCVC was small under crossed nicols. The spherulitic growth rate of 
PVDCVC showed complex dependence on the crystallization temperature T,. Interpenetrated spherulites were formed 
under most of the experimental conditions, PBSU content 30%--60•;{ and T, 338 K-378 K. Optical microscopy revealed 
that the birefringent pattern of the area of a PVDCVC spherulite changed into that of a PBSU spherulite after penetra
tion. This result indicates that the lamellae of PBSU grow along those of PVDCVC, and it is the evidence for the forma
tion of interpenetrated spherulites. The microscopic observations implied that the density of lamellae in PVDCVC was 
sparse. The birefringent pattern of PBSU spherulites changed with experimental conditions. The blends with low PBSU 
content showed neither negative nor positive spherulite. This birefringence was also kept in the area of PVDCVC spher
ulites after penetration. 
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Poly(butylene succinate )/poly(vinylidene chloride-co
vinyl chloride) (PBSUIPVDCVC) blends are a miscible 
crystalline/crystalline polymer system above the melting 
points. They were found to show interpenetrated (or in
terlocked) spherulites, 1 which do not stop growing when 
they collide with neighboring spherulites. An important 
factor to realize interpenetration is the simultaneous 
growth of the spherulites of the two constituents. The 
melting points Tm of PBSU and PVDCVC are 387 Kand 
421 K, respectively. On the other hand, the spherulitic 
growth rate G of PBSU, the lower-Tm component, is usu
ally faster than that of PVDCVC, the higher-Tm compo
nent. This enables the crystallization of the lower-Tm 
component to influence that of the higher-Tm component 
in this system. PBSUIPVDCVC blends were discovered 
in a series of studies of polyester/poly(vinylidene halide) 
systems by our group. 1 3 

Studies of miscible pairs of crystalline polymers with 
different chemical structures4

-
9 are still restricted com

pared with crystalline/amorphous and amorphous/amor
phous blends. The reported Tm differences are usually 
about 100 Kin these systems. The higher-Tm component 
crystallizes first in the crystallization process and the 
other component crystallizes in the crystals where it is 
specially constrained. Hence, the simultaneous growth 
of the spherulites of both components is hardly observed 
except the blends of the same kind of polymers such as 
low-density and high-density polyethylene. Our group 
has been seeking crystalline/crystalline polymer blends 
with different chemical structures exhibiting simultane
ous spherulitic growth. 

The purpose of the present paper is to investigate the 
dependence of G on the crystallization temperature Tc, 
the conditions of the formation ofinterpenetrated spher
ulites, and their morphology by optical microscopy. 

EXPERIMENTAL 

The characteristics of the samples are displayed in Ta
ble L The constituent polymers were dissolved into a 
mutual solvent N, N-dimethylformamide at about 370 K. 
Cast films were prepared on glass plates and they were 
dried in air before the removal of the residual solvent in 
a vacuum chamber for several days at room tempera
ture. They were covered by other glass plates for optical 
microscopy. 

The spherulitic growth was observed under crossed ni
cols with a polarizing microscope (Olympus BHA-P) and 
a temperature controller (Linkam LK-600PM). After 
melted at 443 K for 10 min, the samples were quenched 
to Tc at 100 K min - 1. A test plate of 530 nm was used 
if necessary since small birefringence of PVDCVC makes 
optical microscopic observation difficult. The composi
tions of the blends were PBSUIPVDCVC (wt/wt)=30/70, 
40/60, 50/50, and 60/40. The experimental temperature 
range was 338 K :c; Tc :c;378 Kat intervals of 5 K. 

RESULTS 

As shown in Figure 1 neat PBSU showed bright, nega
tive spherulites, and PVDCVC showed dark, positive 
spherulites. These differences make distinguishing the 
spherulites of the two polymers easy by optical micros-

Table I. The characteristics of the samples: source,weight aver
age molecular weight M,,,_ glass transition temperature Tg, and 
melting temperature Tm 

Sample Source MW T.JK Tm!K 

PBSU Showa Denko 140000 241 387 

PVDCDVC a Asahi Chemical 100000 279 421 

"Vinylidene chloride/vinyl chloride= 80/20. 
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Figure 1. Spherulites of (a) PBSU crystallized at 363 Kand (b) 

PVDCVC at 358 K, which show negative and positive spherulites, 

respectively. Bar 50 µm. 

copy. Table II summarizes the results of the spherulitic 

growth. Interpenetrated spherulites were observed un

der all the conditions where both constituents showed 

spherulitic growth. It should be noted that the spheru

lites of neat PBSU or PVDCVC never showed interpene

tration by themselves. 
Figure 2 shows the Tc dependence of G. Spherulites 

grew linearly until they collided with neighboring ones 

as in the previous work. 1 PBSU and PVDCVC had al

most the same values of G in a 30/70 blend. They were 

approximately the same at about 360 K, 370 K, and 370 

K for 40/60, 50/50, and 60/40 blends, respectively. The 

blend composition influenced G of PBSU, whereas it af

fected little that of PVDCVC. The peak temperature of G 

of PVDCVC increased with the PBSU content, and the 

G-Tc lines crossed around 360 K. 
The penetration process, which will be discussed later, 

is displayed in Figure 3. The bright spherulite of PBSU 

at the center (S1) collided with the dark spherulite of 

PVDCVC (S2) on the upper right in (a). The brightness 

of the area in S2 near the collision border gradually in

creased in (b) and the bright area expanded toward the 

center of S2. At the same time, S1 continued to grow 

around S2. In (c), the bright area in S2 passed the center 

of S2 and reached the opposite border of S2. Finally, in 

(d), S1 surrounded S2 and continued to grow. The bire

fringent pattern in the area of S2 was not the superposi

tion of S1 and S2 after the penetration; the apparent 
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Figure 2. Crystallization temperature T, dependence of the 

spherulitic growth rate G of (a) PBSU and (b) PVDCVC. PBSU/ 

PVDCVC=30/70 (D), 40/60 (e), 50/50 (0), and 60/40 (A). 

Table II. The conditions for spherulitic growth. CX,: both PBSU and 

PVDCVC showed spherulitic growth. O:only PBSU spherulites 

were observed. X: only PVDCVC spherulites grew.-: no experi

ments were performed 

PBSU/PVDCVC 
TJK 

338 343 348 353 358 363 368 373 378 

30/70 ,5<) (>9 (~) (Xi X X 

40/60 0 0 :><) 1:~1 ~x ,x, X 

50/50 ~><) '~ )<; X .x., x 
60/40 0 0 ,.x ,:X' ".x· X 

pattern was that of a PBSU spherulite whose center is 

located at the center of S2. In Figure 3 (a), the size of S2 

was the same as that of the PVDCVC spherulite close to 

the upper left corner of the photograph (S3). After S1 

passed S2 in (d), the size of S2 was almost unchanged 

while S3 continued to grow. 
PBSU spherulites showed three birefringent patterns 

under crossed nicols with a test plate according to the 

crystallization conditions as in Figure 4: (a) negative 

spherulites, (b) disordered near the center and negative 

in the outer regions, and (c) neither negative nor positive 

spherulites that rotated by about 45° from the positive 

and negative patterns. The change of the birefringent 

pattern is summarized in Figure 5. 
As exhibited in Figure 6, the birefringent pattern in 

penetrated PVDCVC spherulites was close to that of 

PBSU. The birefringent patterns of PBSU and PVDCVC 

spherulites were pattern (c) and positive, respectively, 

before penetration. After penetration, the area of 
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Figure 3. The process of interpenetration in a 40/60 blend at 353 
K. The crystallization times are (a) 44 min, (b) 55 min, (c) 60 min, 
and (d) 70 min. The white lines indicate the positions of PVDCVC 
spherulites. Sl is a PBSU spherulite and S2 and S3 are PVDCVC 
spherulites. Bar 10 µm. 

PVDCVC spherulites showed similar birefringence as 
PBSU. 

DISCUSSIONS 

As indicated in Figure 1, the spherulites of PVDCVC 
were darker than those of PBSU under crossed nicols. It 
shows that PBSU has larger birefringence than 
PVDCVC. The possible causes for this result are the dif
ferences of the thickness of the sample, the crystalline 
structure, the lamellar thickness, and the density of la
mellae. The thickness of the sample is ruled out since it 
is almost the same for the spherulites of the two compo
nents growing simultaneously in blended samples. 
Though quantitative estimation of the film thickness 
was not performed, the film thickness must have been 
thin enough for the spherulites to contact with both up
per and lower glass plates in all the photographs in this 
paper and to grow two-dimensionally. 

The spherulitic growth of the two components was ob
served under almost all experimental conditions as 
shown in Table II. The induction periods until the onset 
of primary nucleation, however, were different for the 
two specimens. PBSU generally appeared first in the 
lower experimental temperature range and vice versa in 
the higher range. Nonetheless, the two components 
show simultaneous spherulitic growth in any case under 
almost all the present experimental conditions. After the 
spherulites of one component emerge, the increase of the 
concentration of the other specimen in the residual melt 
suppresses the crystallization of it. Though this possibly 
explains the complex Tc dependence of G of PVDCVC in 
Figure 2, the details are still under study. 

Interpenetration is now discussed here. The micro
scopic results showed that the area of S2 became 
brighter from the lower left in Figure 3(a)-(c) and that 
the apparent birefringent pattern in S2 was almost the 
same with that of a PBSU spherulite in Figure 3(d). The 
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Figure 4. Birefringent patterns of PBSU spherulites. (a) Nega
tive spherulites of neat PBSU crystallized at 368 K for 6 min. (b) A 
60/40 blend crystallized at 358 K for 35 min. (c) A 50/50 blend crys
tallized at 363 K for 72 min. Bar 100 µm. 
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Figure 5. Dependence of the birefringent patterns of PBSU 
spherulites on Tc and the PBSU content. •: pattern (a), 6: pattern 
(b), and e: pattern (c) in Figure 4. 
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(c) 

Figure 6. Penetration process of a PBSU spherulite of pattern 
(c) in Figure 4 for PBSU/PVDCVC = 50/50 crystallized at 363 K 
for (a) 45 min and (b) 65 min. The white lines indicate the positions 
of PVDCVC spherulites. (c) and (d) are the schematic figures of (a) 
and (b), respectively. Bar 20 µm. 

increase of brightness in S2 indicates that PBSU also 
crystallizes in this area when the difference in intrinsic 
birefringence between PBSU and PVDCVC is taken into 
account. Two possibilities are considered for these re
sults. One is the penetration of Sl into S2 and the other 
is the superposition of the two spherulites in the film. 
Penetration of PBSU lamellae of Sl along PVDCVC la
mellae in S2 describes the obtained results, especially 
the apparent birefringence of S2 in Figure 3(d). If Sl and 
S2 merely superposed on each other in a film, the ob
served image would be the superposition of the birefrin
gent patterns of S1 and S2. However, it was never ob
served. The birefringent pattern in S2 in Figure 3 there
fore proves the interpenetration in PBSU/PVDCVC 
blends. The termination of the growth of S2 after pene
tration, namely the difference in the size between S2 
and S3, also denies the superposition of S1 and S2; S2 
would probably continue to grow as S3 if it were super
posed with S1. The change of apparent birefringence of 
PVDCVC in Figure 6 also indicates the penetration of 
the lamellae of PBSU along those of PVDCVC. 

The results show that PBSU penetrates into PVDCVC 
and that PVDCVC does not penetrate into PBSU. This 
can be explained by assuming the low density of lamel
lae in PVDCVC spherulites. The low density causes the 
observed low birefringence of the PVDCVC spherulites. 
Since PVDCVC is a copolymer, its crystallinity is low as 
indicated by small DSC melting peaks. 1 The situation of 
penetration is schematically illustrated in Figure 7. 
Since the spherulites fill the whole space in these 
blends, the residual amorphous substances of the con
stituents stay inside the spherulites, namely interlamel
lar and interfibrillar regions. The sparse spherulites of 
PVDCVC contain a sufficient amount of amorphous 
PBSU. This enables the PBSU spherulite to penetrate 
into PVDCVC spherulites. To confirm the difference in 
the lamellar density, we applied atomic force microscopy 
to the present system. It showed the direct evidences for 

686 

PBSU PVDCVC 

Figure 7. Schematic figure of the lamellar densities in PBSU 
and PVDCVC spherulites. 

Negative Pattern (c) 

test 

Figure 8. Schematic figure of the birefringent ellipsoids of PBSU 
in a negative spherulite and pattern (c) in Figure 4. 

the difference in lamellar density of the two specimens. 
The detailed results will be published soon . 10 

Figure 4(c) shows PBSU spherulites that is neither 
positive nor negative. This pattern indicates the bire
fringent ellipsoids uniformly incline as shown in Figure 
8. The reason for this phenomenon is now under study. 

Here, the present results are compared with the previ
ous results 1 where Mw of PBSU was lower, 54000. In 
the previous study, interpenetrated spherulites were ob
served only under restricted conditions, PBSU/PVDCVC 
== 40/60 and Tc == 360 K. They were observed, however, 
under almost all the experimental conditions in the pre
sent study as shown in Table II. This disagreement is as
cribed to the difference in G of PBSU. The value of G in 
the present work was slower; for instance, it was about a 
tenth of what was reported in the previous study for 
PBSU/PVDCVC == 40/60 and Tc == 350 K. The Mw de
pendence of G of PBSU is an interesting issue and re
quires more investigation. 
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