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The numbers of the studies on miscible pairs of crys-
talline polymers with different chemical structures are
still restricted compared with those with similar chem-
ical structures.1–10 The differences of the melting tem-
peratures Tm of the components are usually 100◦C in
the former systems. In these cases, the higher-Tm com-
ponent crystallizes first in the crystallization process
and the other component then crystallizes in spatially
constrained amorphous regions inside the spherulites.

In contrast, when Tms of both components are close
enough to each other, the blends exhibit simultaneous
spherulitic growth. The spherulites in poly(butylene
succinate)/poly(vinylidene chloride-co-vinyl chloride)
(PBSU/PVDCVC) blends, whose Tm difference is
about 35◦C, grow simultaneously. These blends were
found to show interpenetrated spherulites (IPS).11, 12

They are characterized by the penetration of PBSU
lamellae into PVDCVC spherulites since the lamellar
population density in a spherulite is larger for PBSU
than for PVDCVC.13,14 They are expected to have var-
ious unique physical characteristics.

The reports on the blend systems that show IPS are
very few. This is partly because miscible crystalline
polymers rarely have close Tms. Our group has been
searching polymer blends that show IPS.

Poly(butylene succinate-co-butylene carbonate)
(PEC) and poly(L-lactic acid) (PLLA) are polyesters
whose Tms are close to each other (106◦C and 140◦C,
respectively). If they are miscible, they possibly
crystallize simultaneously and show IPS. Further-
more, since both PEC and PLLA are biodegradable,
PEC/PLLA blends can be ecological crystalline
polymer blends.

The purposes of this paper are to show miscibil-
ity of PEC/PLLA by differential scanning calorimetry

(DSC), to study the crystallization behavior by polar-
izing optical microscopy (POM), and to investigate the
possibility of IPS.

EXPERIMENTAL

PEC (Mw ≈ 105, Tm = 106◦C, Tg = −26◦C) pro-
vided by Mitsubishi Gas Chemical Company Inc. is
a random copolymer of butylene succinate and buty-
lene carbonate. PLLA (Mw = 2000, Tm = 140◦C,
Tg = 40◦C) was purchased from Polysciences Inc.
PEC/PLLA blends were prepared with mutual solvent
chloroform at room temperature. The solution was cast
on glass plates and then the solvent was removed at
room temperature to make thin films for POM obser-
vation. For DSC, the solution was dried for a week and
then in a vacuum for three days to remove the solvent
from the bulky samples.

The glass transition temperature Tg was determined
by DSC (TA Instruments DSC 2910). Samples were
heated to 170◦C for 5 min, quenched to −100◦C us-
ing liquid nitrogen, kept for 5 min, and heated at
10◦C min−1. The value of Tg was determined as the
temperature of the half-height of the step transition.

To study the morphology of the blends and the radial
spherulitic growth rates G of PEC and PLLA, we used
POM (Olympus BHP-P) equipped with a first order re-
tardation plate and a temperature controller (Linkam
TH-600). Samples were premelted at 170◦C for 3 min
and then quenched to the crystallization temperature Tc.

RESULTS AND DISCUSSION

To confirm the miscibility of the PEC/PLLA blends,
we measured DSC endotherms (Figure 1). All the
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Figure 1. DSC endotherms of PEC/PLLA blends. The values
of Tg are indicated by the vertical lines.

Figure 2. Dependence of Tg of the PEC/PLLA blends on the
content of PLLA. The solid line represents the Fox equation fitted
to the Tg values.

blends showed a single Tg. Peaks at the right hand
side of Tgs are re-crystallization peaks. The experi-
mental values of Tg are plotted against the PLLA con-
tent φPLLA in Figure 2. The values of Tg fitted to the
Fox equation.15 These results indicate miscibility of the
blends.

POM observations showed that PEC spherulites
filled the whole area and that no PLLA spherulites grew
for φPLLA � 0.3 and Tc � 60◦C (regime i). Figure 3 is a
typical POM micrograph in regime i.

On the contrary, only PLLA spherulites grew
0.2 � φPLLA and 90◦C � Tc (regime iv). Figure 4 is
a typical POM image of regime iv.

Under intermediate conditions (0.1 � φPLLA � 0.6
and 60◦C � Tc � 90◦C), the spherulites of both
constituents were observed by POM. In particu-
lar, both components simultaneously crystallized at

Figure 3. Typical POM image in regime i. φPLLA = 0.4, Tc =

50◦C, the crystallization time t = 1 min 30 sec.

Figure 4. Typical POM image in regime iv. φPLLA = 0.6, Tc =

85◦C, t = 8 min.

Figure 5. The spherulitic growth of a blend φPLLA = 0.4 and
Tc = 65◦C (regime ii). The crystallization times were (a) 1 min 30
sec, (b) 2 min 30 sec, (c) 3 min 30 sec, and (d) 4 min 30 sec.

0.1 � φPLLA � 0.6 and 60◦C � Tc � 70◦C (regime ii).
This is because the values of G of PEC and PLLA were
almost the same in this regime. Figure 5 shows typical
spherulitic growth in regime ii. The spherulites with
extinction rings are PEC spherulites, and the slightly
darker spherulites without rings are PLLA spherulites.
The crystallization process is as follows. The PEC
and PLLA spherulites nucleated almost simultaneously.
After a fast-growing PEC spherulite contacted with a
slowly-growing PLLA spherulite, the brighter birefrin-
gent patterns of PEC continued to spread inside the
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Figure 6. The spherulitic growth in a blend φPLLA = 0.4 and
Tc = 85◦C (regime iii). The crystallization times were (a) 13 min
30 sec, (b) 21 min, (c) 30 min, and (d) 50 min 30 sec.

PLLA spherulite although the extinction rings disap-
peared in this area. The PEC spherulites continued
to grow until they filled the whole space, while PLLA
spherulites stopped growing after the contact with PEC
or other PLLA spherulites.

For 0.2 � φPLLA � 0.6 and 70◦C � Tc � 90◦C, the
growth of the two components was also observed
though the crystallization behavior was different from
that in regime ii (regime iii). The values of G were
larger and the nucleation rate was larger for PLLA than
for PEC in regime iii. PLLA therefore crystallized first
and filled the whole space before PEC started to crys-
tallize as shown in Figure 6. A brighter PEC spherulite
started to crystallize in the matrix of PLLA spherulites.
The bright pattern of PEC continued to grow until it col-
lided with a neighboring bright pattern of another PEC
spherulite.

Figure 7 summarizes the crystallization behavior of
the PEC/PLLA blends. The crystallization process was
classified into four regimes according to φPLLA and
Tc. The regime i was observed under the conditions
of φPLLA � 0.4 and Tc � 60◦C. In this case, the PEC
spherulites started to crystallize and filled the whole
space. In contrast for 0.2 � φPLLA and 90◦C � Tc, the
PLLA spherulites were observed (regime iv). Under the
intermediate conditions (0.1 � φPLLA � 0.6 and 60◦C
� Tc � 90◦C), both PEC and PLLA spherulites were
observed (regimes ii and iii).

We now discuss the possibility of penetration of
the spherulites in regimes ii and iii. Figure 8 shows
the models of the change in birefringence of PEC
and PLLA spherulites when they crystallize simulta-
neously. If they were superposed on each other, the
retardation would increase where they have the same
birefringence and would decrease where they have the
opposite birefringence. For example, when a PLLA

Figure 7. The crystallization patterns observed by POM. �:
Only PEC spherulites crystallized (regime i). ©: Both components
crystallized simultaneously (regime ii). •: PEC spherulites started
to crystallize after PLLA spherulites completely filled the whole
observation area (regime iii). �: Only PLLA spherulite crystal-
lized (regime iv).

Figure 8. The models of the change in color of PEC and PLLA
spherulites observed by POM. The figure insetted shows the corre-
spondence of the retardation to the color of the transmitted light.
The birefringent ellipsoids are also shown.

spherulite is superposed on the right shoulder of a PEC
spherulite, the right shoulder of the PLLA spherulite
(Figure 8a) have the same birefringence so that the re-
tardation would increase (Figure 8a′). On the contrary,
the left shoulder of the PLLA spherulite (Figure 8b) has
the opposite birefringence so that the retardation would
decrease (Figure 8b′). When the retardation changes,
the wavelength of the transmitted light would change
with a test plate. Further more, PEC spherulites would
show extinction rings in the areas of PLLA spherulites.
However, the experimental results showed the increase
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in light intensity of PLLA spherulites, the unchanged
color of the spherulites, and no extinction rings of PEC
in the area of PLLA spherulites. These results indi-
cate that PEC and PLLA spherulites are not superposed
on each other. In PEC/PLLA blends, both components
show negative birefringence, that is, their birefringent
ellipsoids are considered to be oriented to the same di-
rection against lamellae. When one component crys-
tallizes along the lamellae of the other, the birefrin-
gence is expected to keep negative (Figure 8a′′,8b′′).
This situation is analogous to that of PBSU/PVDCVC
blends, where PBSU lamellae crystallized in PVDCVC
spherulites along the PVDCVC lamellae and PVDCVC
spherulites stopped growing.11–14 This analogy indi-
cates the possibility of penetration of PEC into PLLA
spherulites along the lamellae or fibrils of PLLA.

CONCLUSION

The single Tg of the DSC curves that changed
according to the Fox equation indicated miscibility
of PEC/PLLA blends. For 0.1 � φPLLA � 0.6 and
60◦C � Tc � 90◦C, spherulites of both components
were observed, and for 0.1 � φPLLA � 0.6 and 60◦C
� Tc � 70◦C, they crystallized simultaneously. Under
such conditions, PEC spherulites continued to grow af-
ter the collision with PLLA spherulites, while PLLA
spherulites stopped growing. The change in birefrin-
gence of PLLA spherulites indicated the penetration of
PEC lamellae into PLLA spherulites. More detailed in-

formation about G and nucleation rate will be presented
elsewhere. Also, we are working on the direct observa-
tion of interpenetrated spherulites in higher resolution
by AFM.
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