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Abstract

Both poly(L-lactide) (PLLA) and poly(ethylene succinate) (PES) are biodegradable semicrystalline polyesters. The disadvantages of poor
mechanical properties and slow crystallization rate of PLLA limit its wide application. Fully biodegradable polymer blends were prepared
by blending PLLA with PES. Miscibility, crystallization behavior, and mechanical properties of PLLA/PES blends were investigated by differ-
ential scanning calorimetry (DSC), polarizing optical microscopy (POM), wide angle X-ray diffraction (WAXD), scanning electron microscopy
(SEM), and tensile tests in this work. Experimental results indicated that PLLA was immiscible with PES. Crystallization of PLLA/PES blends
was studied by DSC using two-step crystallization condition and analyzed by the Avrami equation. The crystallization rate of PLLA at 100 °C
was accelerated with the increase of PES in the blends while the crystallization mechanism did not change. In the case of the isothermal crys-
tallization of PES at 67.5 °C, the crystallization mechanism did not change, and the crystallization rate decreased with the increase of PLLA. The
mechanical properties of PLLA/PES blends were examined by tensile testing. The elongation at break of PLLA was improved significantly in the
blends, while its considerably high Young’s modulus was still kept. SEM images of fracture surfaces indicated that the fracture behavior of

PLLA/PES blends changed from brittle fracture to ductile fracture behavior in the blends.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Biodegradable polymers have recently received more and
more attention from the viewpoint of environment protection
and resource recycle. Based on the difference in the preparation
method, biodegradable polymers can usually be classified into
two types. One is the biosynthetic polymer, such as bacterial
polyhydroxyalkanoates (PHAs). The other is the chemosyn-
thetic polymer, such as the aliphatic polyesters. PLLA and
PES are just two of the aliphatic biodegradable polyesters.
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The chemical structures of PLLA and PES are —[CH(CH3)-
COQO],,— and —[OCH,CH,0,CCH,CH,CO],—, respectively.
PLLA is a biodegradable crystalline polyester, which can
be produced from renewable sources. The crystal structure
and crystallization behavior of PLLA have been investigated
extensively [1—3]. The hard and brittle mechanical properties
of PLLA limit its development and practical application;
therefore, several modifications have been proposed to im-
prove processing and mechanical properties, such as copoly-
merization, plasticization, and polymer blending. Among the
several modifications, polymer blending is regarded as a useful
and economical way to produce new materials with a variety
of properties. PLLA was found to be miscible with natural
poly(3-hydroxybutyrate) (PHB) [4], synthetic atactic poly(3-
hydroxybutyrate) (a-PHB) [5], poly(methyl methacrylate)
(PMMA) [6], poly(vinyl phenol) (PVPh) [7], and poly(vinyl
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acetate) (PVAc) [8]. On the other hand, immiscibility has been
found in blends of PLLA with some polymers, such as poly-
(butadiene-co-acrylonitrile) (NBR) [9], poly(p-dioxanone)
[10], poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
[11], poly(vinyl alcohol) (PVA) [12], and poly(butylene adi-
pate-co-terephthalate) (PBAT) [13].

PES is a chemosynthetic biodegradable polyester. The crys-
tal structure, morphology and melting behavior of PES have
been reported in literature [14—17]. In previous works we
studied the nonisothermal melt and cold crystallization kinet-
ics of PES and the subsequent melting behavior [18—20].
Blends of PES with other polymers have also been studied
in order to modify the properties and extend its practical appli-
cation. Till now, less work has been done on the blending PES
with other polymers. PES was reported to be miscible with
some polymers, including PHB, poly(ethylene oxide) (PEO),
and PVPh [21—-24].

The disadvantages of poor mechanical properties and slow
crystallization rate of PLLA limit its wide application; how-
ever, PES is a biodegradable polyester with good mechanical
properties, especially its elongation at break. As a result, it is
expected that blending with PES may enhance the crystalliza-
tion rate and improve the mechanical properties of PLLA.
To the best of our knowledge, the study of PLLA/PES
blends has not been reported in literature so far. The features
of PLLA/PES blends can be summarized as follows. First,
PLLA/PES blends are fully biodegradable polymer blends
since both the components are biodegradable polyesters. Sec-
ond, PLLA/PES blends are crystalline/crystalline polymer
blends and thus can provide various phase behavior and crystal-
line morphology depending on blend composition and crystal-
lization condition since both the components can crystallize in
a wide crystallization temperature range. Third, the mechanical
properties and crystallization rate of PLLA can be modulated
in the blends by changing the blend composition and crystalli-
zation condition. Therefore, it is believed that the miscibility,
crystallization behavior, and mechanical properties’ study of
this work will be helpful for a better understanding of the rela-
tionship between structure and properties of biodegradable
polymer blends. It should be of great interest and importance
to modify the properties and extend the practical application
for biodegradable polymers from both academic and industrial
viewpoints.

2. Experimental section

PLLA (M, = 177,000) was produced by Unitika Co. Ltd.,
Japan, and PES (M, =213,000) was supplied by Shokubai
Co. Ltd., Japan. Both PLLA and PES were used as received.
PLLA/PES blends were prepared with mutual solvent chloro-
form. The solution of both polymers (0.02 g/ml) was cast on
a Petri dish at room temperature and held for 1 day to evapo-
rate the solvent in a controlled air stream. The resulting films
were further dried in vacuum at 50 °C for 3 days to remove the
solvent completely. Thus, PLLA/PES blends were prepared
with various compositions ranging from 100/0 to 0/100 in
weight ratio, the first number referring to PLLA.

Thermal analysis was performed using a TA Instruments
differential scanning calorimetry (DSC) Q100 with a Universal
Analysis 2000. The glass transition temperature (7)) and the
melting temperature (7,,) of the melt-quenched PLLA/PES
blends were measured at a heating rate of 20 °C/min. The
samples were first annealed at 190 °C for 3 min to erase any
thermal history and subsequently quenched to —70 °C at a cool-
ing rate of 100 °C/min. On the basis of the heat of fusion of
100% crystalline PLLA (93 J/g) [25] and PES (180 J/g) [26],
the degree of crystallinity of PLLA and PES components was
calculated from the melting endotherms of the sample and nor-
malized with respect to the composition of each component in
the blend. The crystallization peak temperature was obtained
from the DSC cooling traces from the crystal-free melt at the
cooling rate of 5 °C/min. The isothermal crystallization from
the melt was also examined by DSC. The samples were cooled
to 100 °C at a cooling rate of 40 °C/min to crystallize PLLA
after being held at 190 °C for 3 min to destroy any thermal
history. The samples were further cooled to 67.5 °C to crystal-
lize PES after the crystallization of PLLA. The aforementioned
isothermal crystallization conditions consist of the following
two steps, namely, the isothermal crystallization of PLLA
from the melt at 100 °C and the isothermal crystallization of
the PES at 67.5 °C from the liquid phase in the presence of
previously crystallized PLLA.

A polarizing optical microscope (Olympus BX51) equipped
with a first order retardation plate and a temperature controller
(Linkam THMS 600) was used to investigate the spherulitic
morphology and growth of PLLA/PES blends.

Wide angle X-ray diffraction experiments were performed
on a Rigaku D/Max 2500 VB2+/PC X-ray Diffractometer at
40kV and 200 mA. The samples for WAXD experiments
were prepared as follows. The samples were first pressed
into films with thickness of around 1 mm on a hot stage at
190 °C, and then transferred into a vacuum oven at 70 °C
for 3 days.

Tensile tests were carried out on an Instron 1185 tensile
testing machine at a rate of 10 mm/min at room temperature.
Three samples were used at least.

The fracture surfaces of PLLA/PES blends after tensile
testing were observed using scanning electron microscopy
(SEM) (Cambridge stereoscan 250 MK3). All specimens
were coated with gold before examination.

3. Results and discussion

3.1. Miscibility and phase morphology of
PLLA/PES blends

In this work miscibility of PLLA/PES blends was studied
by DSC. As described in Section 2, the samples were first
melted at 190 °C for 3 min to destroy any thermal history,
and then quenched to —70 °C to reach the amorphous state
at a cooling rate of 100 °C/min. Fig. 1 shows the DSC traces
of PLLA/PES blends at a heating rate of 20 °C/min from the
amorphous state. Neat PLLA showed a T, at 54.6 °C, a cold
crystallization peak temperature (Tg,) at 133.4 °C with the
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Fig. 1. DSC traces of PLLA/PES blends at 20 °C/min after quenching from the
melt at 100 °C/min.

crystallization enthalpy of 4.2 J/g, and a T, at 160 °C with the
heat of fusion of 5.3 J/g. Neat PES showed a T, at —8.5 °C,
a T., at 47.4 °C with the crystallization enthalpy of 36.3 J/g,
and a Ty, at 96.2 °C with the heat of fusion of 39.4 J/g. How-
ever, only one T, at around —9 °C was found in the blends
despite the blend composition, which was attributed to T, of
PES. T, of PLLA phase was not found because it was too close
to Ty, of PES in the blends. Furthermore, two T,,s at around 95
and 161 °C were found in the PLLA/PES blends, correspond-
ing to T, of PES and that of PLLA, respectively, irrespective
of blend composition. The aforementioned results indicated
that PLLA was immiscible with PES in the blends. The immis-
cibility was also confirmed by the OM study, which will be de-
scribed in the following section. On the basis of the values of
melting enthalpies and blend composition, the crystallinity of
neat PLLA was found to be only 5.7%, indicating that PLLA
was difficult to crystallize at 20 °C/min from the amorphous
state for the melt-quenched sample. However, the values of
crystallinity of PLLA increased significantly to around
29.3% for PLLA/PES 80/20 blend sample, indicating that
the crystallization of PLLA was enhanced significantly upon
only blending 20% PES in the blends. With further increasing
PES content, the values of the crystallinity of PLLA were
around 24.2, 30.4, and 21.7% for PLLA/PES 60/40, 40/60,
and 20/80 blend samples. The increased crystallinity of
PLLA in the blends showed that the addition of PES played
a positive and significant role in the crystallization of PLLA
for the melt-quenched PLLA/PES blends from the amorphous
state. However, in the case of PES, the crystallinity was found
to be around 20.2% for neat PES, varied very slightly between
19.8 and 23.7% with increasing PLLA content from 20 to
60%, and decreased sharply to only 9.2% for PLLA/PES 80/
20 blend sample, probably due to too low PES content in
the blends. In conclusion, blending with PES could enhance
the crystallinity of PLLA significantly, while the addition of
PLLA to PES did not change the crystallinity of PES for
almost all the blends except PLLA/PES 80/20 sample.

From the aforementioned results, it was found that the cold
crystallization of PLLA occurred at low temperature range in
the blends compared with that of neat PLLA, and the values of
crystallization enthalpy and heat of fusion of PLLA in the
blends were also greater than those of neat PLLA. The fact
that blending with PES enhanced the crystallization and crys-
tallinity might be attributed to the following reason. In the
PLLA/PES blends, PES crystallized first in the temperature
range of around 35—70 °C and then melted at around 80—
110 °C on heating from the amorphous state. The residue of
PES crystals in the blends might play a role of nucleation
agent for the cold crystallization of PLLA on further heating.
Therefore, the cold crystallization of PLLA was enhanced
upon blending with PES.

For comparison, the melting behavior of PLLA/PES blends
for the as cast samples was also studied by DSC. Fig. 2 shows
the DSC traces of PLLA/PES blends at a heating rate of 20 °C/
min with two melting peaks at around 162 and 95 °C, corre-
sponding to T,s of PLLA and PES, respectively. T,, of PLLA
varied slightly between 161 and 162 °C for the as cast samples
irrespective of blend composition. However, in the case of PES,
T, was around 96 °C for neat PES, 20/80, and 40/60 blend sam-
ples, which shifted to 93.6 and 89.9 °C with further increasing
PLLA content for 60/40 and 80/20 blend samples. This indi-
cated that crystallization of PES was restricted in PLLA-rich
blends for the as cast samples. The decrease of T, of PES in
the PLLA-rich blends was probably due to morphological fac-
tors such as crystalline lamellar thickness. On the basis of the
values of melting enthalpies and blend composition, the crys-
tallinity of neat PLLA was found to be 37.4%, and decreased
steadily to 25.5% for PLLA/PES 20/80 sample with increasing
PES content in the blends. In the case of PES, the values of
crystallinity decreased from 34.4% for neat PES to 21.5% for
PLLA/PES 80/20 blend, indicating again that the crystalliza-
tion of PES was suppressed. Thus, the mechanical properties
and biodegradability of PLLA/PES blends may be adjusted
by changing blend composition and crystallization conditions.

Spherulitic morphology and growth rates of neat PLLA and
neat PES were studied by POM in this work. Figs. 3 and 4
show the spherulitic morphology of PLLA and PES,
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Fig. 2. Melting behavior of PLLA/PES blends at 20 °C/min for the as cast
samples.
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Fig. 3. Spherulitic morphology of neat PLLA (same magnification, bar = 100 um) at different crystallization temperatures: (a) 110, (b) 115, (c¢) 120, and
(d) 125 °C.

Fig. 4. Spherulitic morphology of neat PES (same magnification, bar = 100 pm) at different crystallization temperatures: (a) 55, (b) 60, (c) 65, and (d) 70 °C.
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respectively. Fig. 3 shows that PLLA crystallized according to
a spherulitic growth in the temperature range of 110—125 °C
and it showed compact spherulites. The spherulites’ size in-
creased with the crystallization temperature, indicating that
the nucleation density decreased with the increase of crystalli-
zation temperature. PES showed compact spherulites with
clear Maltese cross in the crystallization temperature range
of 40—70 °C. The size of the spherulites also became larger
with increasing crystallization temperature, indicative of a
decrease in the nucleation density.

The spherulitic growth rates of PLLA and PES were mea-
sured by following the development of radius with time.
Both PLLA and PES spherulites showed a linear growth till
the contact with other spherulites during the crystallization
process. Fig. 5 shows the temperature dependence of the spher-
ulitic growth rates of PLLA and PES. Both PLLA and PES
exhibited a bell shape curve for the growth rates in the crystal-
lization temperature range of 40—70 °C and 110—125 °C, re-
spectively. From Fig. 5, it could be seen that PES showed
a maximum value of 2.27 um/min for the growth rate at
55 °C, while PLLA showed a maximum value of 0.973 pm/
min at 115 °C.

The phase morphology of PLLA/PES blends was further
studied by POM. It is possible to infer whether the melt is sin-
gle-phased or biphasic if the refractive indices of PLLA and
PES are not the same. Therefore, the single-phased melt should
be observed if PLLA and PES are miscible. Otherwise, the
biphasic melt should be observed if the two components are
immiscible. In this work clearly biphasic separation was
observed for all compositions of PLLA/PES blends, indicating
that PLLA is not miscible with PES in the melt. POM results
further confirmed the immiscibility of PLLA/PES blends. For
the sake of briefness, the POM micrographs were not shown
in this manuscript.

3.2. Crystallization of PLLA/PES blends

PLLA/PES blends are crystalline/crystalline polymer
blends with PLLA being the high 7., component and PES

o PES
A PLLA

Growth rate (Lm/min)

o = = N N
[e) N [} o S
| | | | |

I
~
1

ya
T T T T T T 77 T T T

40 50 60 70 110 120
Temperature (°C)

Fig. 5. Temperature dependence of spherulitic growth rates of neat PLLA and
neat PES.

being the low T,, component. In order to study the influence
of the existence of the crystallinity of one component on the
other, we studied the crystallization of PLLA/PES blends by
DSC using two different crystallization conditions, namely,
nonisothermal crystallization and isothermal crystallization.

The nonisothermal crystallization of PLLA/PES blends was
studied by DSC at a cooling rate of 5 °C/min from the crystal-
free melt as shown in Fig. 6. The crystallization peak temper-
ature (T,) of neat PLLA was around 99.8 °C. T, of PLLA
shifted to 94.2 °C for PLLA/PES 80/20 blend, and could not
be found in the PLLA/PES blends with PES content greater
than 40%. On the other hand, 7. of neat PES was around
62.9 °C. In the blends, T, of PES shifted to around 57.5 °C
and was almost unchanged with the increase of PLLA content
to 40%. However, it was found that PES failed to crystallize in
PLLA/PES 80/20 blend, probably due to its too small content.
From the aforementioned experimental results, the following
two conclusions could be drawn. First, the crystallization of
PLLA was suppressed in the blends after blending with 20%
PES, and lost the crystallizability with increasing PES content
greater than 40%. Second, the crystallization of PES was also
suppressed in the blends from 80/20 to 40/60 compared with
that of neat PES; however, the blend composition of PLLA
influenced T, of PES very slightly. PES must crystallize in
its own domain; therefore, the existence of phase separated
PLLA crystal and/or melt did not influence the crystallization
of PES significantly despite blend composition.

As described in Section 2, the process of the isothermal
crystallization of PLLA/PES blends was investigated at two
crystallization temperatures: 100 °C for PLLA and 67.5 °C
for PES. The plots of relative crystallinity X, versus the crys-
tallization time ¢ are shown in Fig. 7a for the isothermal crys-
tallization at 100 °C of neat and blended PLLA with PES
content up to 60%. It was found that the crystallization time
for PLLA at 100 °C shortened in the blends compared with
that of neat PLLA. The well-known Avrami equation is often
used to analyze the isothermal crystallization kinetics; it as-
sumes that the relative degree of crystallinity develops with
crystallization time ¢ as

a
=
B PLLA/PES blends
w
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©
o 20/80
20760
60/40
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H
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Fig. 6. DSC traces of PLLA/PES blends cooled from the melt at 5 °C/min.
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crystallization time for PLLA/PES blends and (b) the Avrami plots of PLLA/
PES blends crystallized at 100 °C.

1 — X, =exp(— kt") (1)

where 7 is the Avrami exponent depending on the nature of
nucleation and growth geometry of the crystals, and & is a com-
posite rate constant involving both nucleation and growth rate
parameters [27]. The Avrami parameters n and k were obtained
from the plots of log(—In(1 — X,)) versus log ¢ as shown in
Fig. 7b. The Avrami exponents n and crystallization rate con-
stants k of the neat and blended PLLA are shown in Table 1.
The values of n are close to 3 for the isothermal crystalliza-
tion of both neat and blended PLLA, probably suggesting
a spherulitic growth of PLLA with heterogeneous nucleation.
The almost unchanged n with the addition of PES indicated
that the crystallization mechanism of PLLA was not affected
in the presence of PES melt in PLLA/PES blends. On the other
hand, the values of k in the blends are higher than that of neat
PLLA, indicating that blending with PES enhanced the
crystallization rate of PLLA. The increase of crystallization
rate of PLLA in the blends might be attributed to the increase

Table 1

Crystallization kinetic parameters of PLLA at 100 °C in PLLA/PES blends
PLLA/PES n k (min™")
100/0 3.0 75%x 1074
80/20 2.6 39%x 1073
60/40 2.8 15% 1073
40/60 2.6 6.9 %1073

of nucleation rate of PLLA in the blends. PLLA and PES are
immiscible, and the interface of the phase separated domains
may provide favorable nucleation sites for crystallization of
PLLA. Therefore, the crystallization rate of PLLA was en-
hanced by lowering the nucleation barrier in the blends than
that of pure PLLA. Similar results were also found in
PLLA/PCL blends, and it was reported that the crystallization
rate of PLLA increased also with increasing PCL content in
the blends [28].

Similarly, the isothermal crystallization of low T}, compo-
nent PES at 67.5 °C was also studied by DSC and analyzed
by the Avrami equation in PLLA/PES blends after the samples
finished the crystallization of PLLA at 100 °C in advance as
described in Section 2. The crystallization kinetic parameters
are listed in Table 2. The average Avrami exponent was around
2.2, and did not change with the addition of PLLA. On the
other hand, it was found that the values of &k decreased with
the increase of PLLA in the blends except that the value of
k in PLLA/PES 20/80 was close to that of PLLA/PES 40/60.
It is apparent that the crystals of PLLA formed at 100 °C
must play a significant role of the crystallization of PES in
crystalline/crystalline polymer blends. The presence of high
T, component PLLA crystals should have two different influ-
ences on the crystallization of low T}, component PES. One is
the possible positive effect on the nucleation of PES crystalli-
zation. The other is the possible negative effect on the crystal
growth of PES spherulites since PES must crystallize in the
phase separated domains with the presence of PLLA crystals
in the blends. The slow-down of the crystallization rate of
PES may be attributed to the competition between the two op-
posite effects. The negative effect of the presence of the PLLA
crystals on the spherulitic growth of PES seems to play a dom-
inant role during the crystallization of PES. The crystallization
mechanism of PES did not change with the addition of PLLA
in the blends; however, the crystallization rate of PES de-
creased with the increase of PLLA content.

In summary, the crystallization mechanisms of PLLA and
PES did not change in the blends; however, the crystallization
rate of PLLA was accelerated in the blends, while the crystal-
lization rate of PES was reduced in the blends.

Table 2

Crystallization kinetic parameters of PES at 67.5 °C in PLLA/PES blends
PLLA/PES n k (min~")
0/100 2.1 2.7 %1071
20/80 22 1.1x 107!
40/60 2.1 1.3 x 107!
60/40 2.3 7.8 x 1072
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WAXD experiments were performed to study the crystal
structure of PLLA/PES blends. Fig. 8 shows the WAXD pat-
terns of PLLA/PES blends. Neat PLLA presented two strong
diffraction peaks at around 16.31° and 18.55° corresponding
to (200)/(110) and (203) planes, respectively [1]. Neat PES
showed two strong diffraction peaks at around 20.08° and
23.23° corresponding to (120) and (200) planes, respectively
[14]. For PLLA/PES blends, they involved all the diffraction
peaks corresponding to neat PLLA and neat PES, and the in-
tensity of the diffraction peaks of each component decreased
with increasing the other component content in the blends.
Such results indicated that PLLA and PES crystallized sepa-
rately in the blends. Blending with other semicrystalline poly-
mer did not modify the crystal structure in the blends but only
reduced the intensity of diffraction peak.

3.3. Mechanical properties

The DSC and POM results mentioned above have con-
firmed the immiscibility between PLLA and PES, which
may lead to a poor adhesion between phases and result in
poor mechanical properties. However, one of the aims of the
present work is focused on the improvement of the brittleness
of PLLA without sacrificing modulus by blending some
amount of PES. Tensile tests can provide an answer to this
issue. Tensile test experiments were performed to investigate
the effect of blending with PES on the mechanical properties
of PLLA. Fig. 9 shows the tensile properties of PLLA/PES
blends. The Young’s modulus of neat PLLA was found to be
around 1974 MPa, and decreased steadily to be around 1489
and 1392 MPa for PLLA-rich blends, namely, PLLA/PES
80/20 and 60/40. On the contrary, the Young’s modulus of
neat PES was around 287 MPa, and increased significantly
to be around 566 and 1098 MPa for PES-rich blends, namely,
PLLA/PES 20/80 and 40/60. Furthermore, it should be noted
that the elongation at break of PLLA/PES blends increased
significantly with respect to that of neat PLLA as shown in
Fig. 9. The elongation at break was only around 5.3% for
neat PLLA, increased significantly to around 15.2% for

PLLA/PES blends

100/0
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Fig. 8. WAXD patterns of PLLA/PES blends.

T T T T T T T T T T
500 4 4 2000
2 400 \ \D
x ] ] =
5 o 1500 £
5 300- \ e
® - &
5 200 {1000 =
5 — I
e o
S 1004 ——
8 D/:I A\f 500
i A
op—— ]
T T T T T T T T T T O
0 20 40 60 80 100

Weight fraction of PES (%)

Fig. 9. Tensile testing results of PLLA/PES blends.

PLLA/PES 80/20, and further increased tremendously to
around 143.7% for PLLA/PES 60/40. The elongation at break
of PLLA increased by around 2 and 26 times in the PLLA-rich
blends (PLLA/PES 80/20 and 60/40), while the Young’s mod-
ulus of PLLA only decreased by 25 and 30%. Similar results
were also found in PLLA/PBAT blends [13] and PLLA/poly-
(butylene succinate) (PBSU) blends [29]. Blending a small
amount of PBAT or PBSU was able to improve significantly
the elongation at break of PLLA without reducing the modulus
apparently [13,29].

The fracture behavior of the specimen in the tensile tests
was expected to change from brittle fracture of neat PLLA to
ductile fracture of the PLLA/PES blends. SEM was employed
to study the fracture surfaces of PLLA/PES blends of the ten-
sile samples. Fig. 10 shows SEM micrographs of the fracture
surfaces of PLLA/PES blends. The SEM images revealed
that neat PLLA morphology was distinct from that of neat
PES. PLLA showed a smooth surface, while PES presented
a rough surface. The smooth fracture surface indicated the brit-
tle fracture behavior of neat PLLA, while the rough surface im-
plied the ductile fracture behavior of neat PES. For PLLA/PES
blends, the surface changed from smooth to rough with in-
creasing PES content, especially with PES content higher
than 40%. It can be seen from Fig. 10b that the PLLA/PES
80/20 blend comprised an immiscible, two-phase system
with PES evenly dispersed in the form of 1 pm domains within
the PLLA matrix. With further increasing PES content up to
40%, PLLA and PES form two continuous phase. The SEM
images showed consistence with tensile testing results. The re-
sults indicated that blending with PES improved the mechani-
cal properties of PLLA. Thus, the mechanical properties of
PLLA can be improved significantly by simple blending with
PES while it still keeps biodegradability. The practical applica-
tion of PLLA is expected to extend, especially in some cases
where excellent mechanical properties are required.

4. Conclusions

The miscibility, phase morphology, crystallization kinetics,
crystal structure, mechanical properties of PLLA/PES blends
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Fig. 10. SEM images of the fracture surfaces of PLLA/PES blends after tensile testing: (a) 100/0, (b) 80/20, (c) 60/40, (d) 40/60, (e) 20/80, and (f) 0/100.

were investigated by DSC, POM, WAXD, SEM, and tensile
testing in detail. Blending a small amount of PES can improve
the mechanical properties and accelerate the crystallization rate
of PLLA. The following detailed conclusions were obtained.

(1) PLLA and PES were immiscible since PLLA/PES blends
showed blend composition independent T, of PES and Ty,s
of two components. POM experiments further confirmed
phase separation of PLLA/PES blends.

(2) For the melt-quenched samples, blending with PES en-
hanced the crystallinity of PLLA significantly, indicating

that the crystallization of PLLA was promoted by the pres-
ence of PES, while the addition of PLLA to PES did not
change the crystallinity of PES for almost all the blends.

(3) Both neat PLLA and neat PES could crystallize according
to spherulitic growth in a wide crystallization temperature
range. PLLA showed a maximum value of 0.973 um/min
at 115°C, while PES showed a maximum value of
2.27 ym/min for the growth rate at 55 °C.

(4) The crystallization mechanisms of both PLLA and PES
did not change in the blends and remained the same as
those of parent polymers. However, the crystallization
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rate of PLLA was found to increase with increasing PES
content, while on the contrary that of PES decreased
with increasing PLLA content in the blends. The former
was attributed to the fact that the interface of the immisci-
ble blends provided favorable nucleation sites for crystal-
lization of PLLA. The latter might arise from the fact that
PES must nucleate and grow under a confined crystalliza-
tion condition due to the presence of PLLA crystals.

(5) The mechanical properties of PLLA was improved appar-
ently by blending with PES. The elongation at break of
PLLA was improved significantly in the blends while still
keeping considerably high Young’s modulus. SEM images
of fracture surfaces indicated that the fracture behavior of
PLLA/PES blends changed from brittle fracture behavior
for neat PLLA to ductile fracture behavior for blended
PLLA in the blends.
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