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ABSTRACT: Poly(L-lactide)/ethylene-co-vinyl acetate
(PLLA/EVA) blends with different contents of Vinyl Ace-
tate (VA) in EVA phase were prepared through melt
blending process. Although the composition of the blends
was invariant (70/30), different phase morphologies were
observed, namely, sea-island morphologies for the blends
with VA contents of 7.5, 18, and 28 wt %, whereas approx-
imate co-continuous morphology for the blend with VA
content of 40 wt % was observed. The interfacial interac-
tion between PLLA and EVA was visualized by Fourier
transform infrared and rheological measurements. The
nonisothermal and isothermal crystallization behaviors of
the blends were investigated by wide angle X-ray diffrac-
tion, Differential scanning calorimetry, and polarization
optical microscope. Post-thermal treatment was applied to

improve the crystalline structure of PLLA. The results
show that all the samples are mainly in amorphous state
during the injection molding process. However, annealing
promotes the second crystallization of PLLA matrix, lead-
ing to the improvement of the crystalline structure. Espe-
cially, the effect of annealing on crystalline structure of
PLLA matrix is greatly dependent on the VA content of
EVA. As expected, addition of EVA results in the
improvement of the ductility and fracture toughness of the
blends. The decreased tensile modulus and tensile strength
can be enhanced through annealing process. VC 2011 Wiley
Periodicals, Inc. J Appl Polym Sci 121: 2688–2698, 2011
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INTRODUCTION

Poly(L-lactide) (PLLA) is one of the biodegradable
and biocompatible polymers and has received
increased attention in the decades due to its compre-
hensive mechanical properties. Similar to other semi-
crystalline polymers, the properties of PLLA, includ-
ing the mechanical behavior, thermal properties, and
degradation profile, are strongly dependent on the
degree of crystallinity [Xc(%)] and crystalline mor-
phology.1–3 However, the crystallization of PLLA is
very slow to develop significant crystallinity, espe-
cially, during the normal processing involved the
nonisothermal conditions, such as extrusion and
injection molding, it is hard to achieve high Xc(%) in
PLLA. In this case, the amorphous content of PLLA

plays a very important role on the final properties
of the particles. Consequently, the fracture toughness
is very poor, and the particles are brittle and very
sensitive to the environment stress and other impact
load. On the other hand, the processability of
PLLA is inferior to that of the polyolefin. Thus,
the wide application of PLLA in packaging,
which needs a certain degree of ductility, is greatly
limited.
Blending with plasticizer is now widely adopted in

modification of PLLA materials due to the dual effects
of plasticizer in PLLA. Plasticizer can greatly improve
the mobility of PLLA chain segments, and conse-
quently, the glass transition temperature (Tg) of PLLA
is decreased, and the crystallization is improved
greatly on the one hand.3–6 On the other hand, the
presence of plasticizer improves the processability
and ductility of PLLA greatly.7 However, large
reduced tensile strength and Young’s modulus have
been reported simultaneously due to the decrease of
the macromolecular chain cohesion density.7,8

Recently, blending PLLA with other polymers has
been the main subject of many researches. The stud-
ies on PLLA blends are mainly focused on the misci-
bility9–12 and rheological properties.13–16 However,
less work has been done to investigate the toughen-
ing of PLLA by elastomers.17–19 Ishida17 added four
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different elastomers into PLLA and found that the
smaller the dispersed particles are, the better the
impact strength is. They also suggested that elasto-
mer with a high polarity is more suitable for tough-
ening PLLA. Li18 investigated the toughening effect
of acrylonitrile-butadiene-styrene copolymer on
PLLA and found that the blends exhibit poor me-
chanical properties with low elongation at break and
decreased impact strength due to the poor miscibil-
ity. Other work has proved that linear low-density
polyethylene exhibits toughening effect for PLLA to
a certain extent.20,21

In this work, we attempted to study the effect of
elastomer on microstructure, rheological, and me-
chanical properties of PLLA. Four kinds of ethylene-
co-vinyl acetate (EVA) with different contents (7.5,
18, 28, and 40 wt %) of VA monomer in EVA phase
were used. It is already proved that poly(vinyl ace-
tate), which has the similar monomer with the como-
nomer of EVA, is miscible with PLLA.22 For EVA, it
has been reported that when the VA content is more
than 85 wt %, EVA is miscible with PLLA.23 Thus, it
is expected that with the variation of VA content,
the interaction between PLLA and EVA changes cor-
respondingly. Especially, the crystallization behavior
of EVA self deteriorates, and the melting tempera-
ture (Tm) decreases with the increase of VA content.
This possibly results in the different effects of EVA
on microstructure of PLLA during the post-treat-
ment. Similar to other brittle polymers toughened by
elastomer, the strength and stiffness of PLLA blends
will deteriorate inevitably. Thus, the post-thermal
treatment, that is annealing, will be carried out for
PLLA blends. Annealing is thought to be one of the
best ways to improve the mechanical properties of
PLLA through promoting the second crystallization
of PLLA, which increases the Xc (%) and chain relax-
ation of PLLA.21,24–29 Thus, it is expected that PLLA
blends with comprehensive mechanical properties
will be achieved through blending of EVA and post-
thermal treatment.

EXPERIMENTAL

Materials

All the materials used in this study are commercially
available. PLLA (2002D, D-isomer content ¼ 4.3%,

Mw ¼ 2.53 � 105 g mol�1, melt flow rate ¼ 4–8 g/10
min (190�C/2.16 kg), and density of 1.24 g cm�3)
was purchased from NatureWorksV

R

, Minnetonka,
USA. Four kinds of EVA with different VA contents
were purchased from DuPont Industrial Polymers,
Wilmington, USA. The main information about the
EVA is shown in Table I.

Sample preparation

PLLA (70 wt %) and EVA (30 wt %) were melt-
blended using a twin-screw extruder (SHJ-20,
China). The selection of this composition is expected
that the blends with different contents of VA in EVA
phase will exhibit apparent variations in morpholo-
gies, that is, from sea-island to co-continuous mor-
phologies. During the extrusion, the screw speed
was set as 120 rpm, and the temperature was 130–
190�C from hopper to die. After making droplets,
the pellets were injection molded using an injection-
molding machine (PS40E5ASE, Japan) at the melt
temperature of 190–210�C and the mold temperature
of 23�C. Some injection-molded bars were directly
characterized, and others were first annealed at 80�C
for 1 h and then were characterized to know the
effect of thermal treatment on the microstructure
and mechanical properties of the blends. It has been
proved in our previous work that annealing temper-
ature has great influence on the second crystalliza-
tion behavior of PLLA.28,29 At relatively lower tem-
perature, for example, 60�C, the second
crystallization behavior of PLLA is greatly limited
and annealed PLLA samples are still in the amor-
phous state. However, at relatively higher tempera-
ture (>100�C), as the chain segments mobility is
greatly improved, and the second crystallization of
PLLA occurs easily, pure PLLA exhibits similar crys-
talline structure with PLLA nanocomposites and/or
blends. In this condition, the effect of nanofiller
and/or plasticizer on second crystallization of PLLA
during annealing becomes inconspicuous, and PLLA
nanocomposites and or blends exhibits similar crys-
talline structure with pure PLLA. Thus, to show the
different effects of EVA with different contents of
VA monomer on second crystallization of PLLA
clearly, the moderate annealing temperature, 80�C,
was adopted in this work.

TABLE I
Polymers Used in This Study

Materials Trade work VA content (wt %) Density (g cm�3) MFR (g/10 min) Tm (�C) Manufacturer

PLLA 2002D – 1.24 4–8 Nature works
7.5EVA Elvax 3120 7.5 0.93 1.2 97.0 Dupont
18EVA Elvax 460 18.0 0.94 2.5 85.8 Dupont
28EVA Elvax 265 28.0 0.95 3.0 72.5 Dupont
40EVA Elvax 40L-03 40.0 0.97 3.0 58.8 Dupont
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Fourier transform infrared

The interaction between PLLA and EVA was investi-
gated using Fourier transform infrared instrument
(FTIR, Nicolet 5700, USA) from 4000 cm�1 to 400
cm�1 at a resolution of 4 cm�1.

Scanning electron microscope

The phase morphologies of the blends were charac-
terized using a Fei Inspect F high-resolution scan-
ning electron microscopy (SEM, The Netherlands)
with an accelerating voltage of 2.0 kV. Before charac-
terization, the sample was cryogenically fractured in
liquid nitrogen, and the fractured surface was coated
with a thin gold layer. The SEM photographs were
analyzed using an image analyzer to calculate the
diameter of dispersed phase. A minimum number of
200 dispersed particles were considered. The weight
average EVA particles diameter (dw) was calculated
using the following equation:

dw ¼
X

nid
2
i

�X
nidi (1)

where ni is the number of particles with diameter di.

Rheological measurement

The rheological measurement was carried out on a
stress controlled rheometer (AR 2000ex, USA) using a
20-mm diameter parallel plate. The sample disk was
first prepared with a thickness of 1.0 mm and a diam-
eter of 20 mm through a compression molding way at
200�C for 5 min. During the rheological measurement
process, the frequency sweep from 0.01 to 100 rad s�1

was performed at 170�C under dry nitrogen atmos-
phere. For all the measurements, the samples were
tested within the linear viscoelastic strain range.

Wide angle X-ray diffraction

The crystalline structures of samples were investi-
gated using a wide angle X-ray diffraction
(WAXDhPanalytical X’pert PRO diffractometer with
Ni-filtered Cu Ka radiation, the Netherlands). The
continuous scanning angle range used in this study
was from 5� to 35� at 40 kV and 40 mA. Samples
were obtained directly from the core zone of the
injection-molded bars.

Differential scanning calorimetry

Differential scanning calorimetry (DSC, Netzsch STA
449C Jupiter, Germany) was used to investigate the
cold crystallization and melting behaviors of the
samples obtained from the injection-molded bars. A

sample of about 8 mg was heated directly from
room temperature (23�C) to 200�C at a heating rate
of 10�C min�1.
The values of Xc (%) of PLLA was calculated

according to following equation:

Xcð%Þ ¼ DHm

DH0
m � /

� 100% (2)

where DHm is the DSC-measured value of fusion
enthalpy obtained during the heating process, DH0

m

is the fusion enthalpy of the complete crystalline
PLLA, and / is the weight fraction of PLLA in the
sample. Here, the value of DH0

m of PLLA was
selected as 93 J g�1.30

Polarization optical microscope

Polarization optical microscope (POM, Leica DMIP)
equipped with a hot stage (Linkam) was used to
characterize the crystalline morphologies obtained
from isothermal crystallization process and anneal-
ing process, respectively. For the isothermal crystalli-
zation process, a sample of about 5 mg was placed
between two glass slides and was heated to melt
completely, and then the sample was pressed to
obtain a slice with a thickness of about 20 lm. After
that, the sample was transferred to the hot stage
with a predetermined temperature of 105�C. For the
annealed sample, the slice was heated to 200�C and
maintained at this temperature for 5 min to erase
any thermal history, then the sample was cooled
down to room temperature in air. After that, the
sample was placed in a fan-assisted oven at temper-
ature of 80�C for 1 h.

Mechanical properties

Tensile properties of unannealed and annealed injec-
tion-molded bars were measured using a universal
testing machine (AGS-J, SHIMADZU, China) at the
tensile speed of 50 mm min�1 (23�C). Notched Izod
impact strength was measured using an impact tes-
ter (XC-22Z, China) according to ISO180-2000. All
the mechanical measurements were carried out at
room temperature (23 6 1�C). The average value
reported was derived from at least five specimens.

RESULTS AND DISCUSSION

Phase morphologies

Figure 1 shows the phase morphologies of PLLA/
EVA blends. As is well known to all, the phase
morphologies of blends are mainly dependent on
the composition, the processing condition, viscosity
ratio, and interfacial interaction. Especially, the good
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compatibility between the matrix and the dispersed
phase is favorable to the homogeneous distribution
of dispersed phase with smaller diameters. In this
work, all the blends maintain the same composition,
namely, PLLA/EVA ¼ 70/30, and the processing
condition is completely same. However, the blends
of PLLA/7.5EVA, PLLA/18EVA, and PLLA/28EVA
exhibit the typical sea-island morphology features:
EVA is the dispersed phase and PLLA is the matrix
(shown by arrows in the SEM images). For PLLA/
40EVA, it exhibits an approximate co-continuous
morphology feature. Furthermore, even for the sea-
island morphologies, EVA exhibits the different par-
ticle diameters with the variation of VA content. The
average particle diameters of EVA in PLLA/7.5EVA,
PLLA/18EVA, and PLLA/28EVA are 2.95, 4.79, and
2.04 lm, respectively. 18EVA exhibits the biggest av-
erage diameter and 28EVA exhibits the smallest one.
In other words, the SEM morphologies suggest that
PLLA/28EVA shows better compatibility when com-
pared with PLLA/7.5EVA and PLLA/18EVA. To
visualize the interaction between PLLA and EVA,
FTIR was applied, and the results are shown in
Figure 2. From Figure 2, one can see that, with the
presence of EVA, the absorption peak of cCH3 þ

mCC (913 cm�1) of PLLA disappears and the shape
of absorption peaks of mC ¼ O (1751 cm�1), dsCH3
(1373 cm�1), and masCOC (1180 cm�1) changes,31

indicating the interaction between PLLA and EVA.

Figure 1 SEM images show the morphologies of PLLA/EVA (70/30) blend at different VA contents. The VA content is
(a) 7.5 wt %, (b) 18 wt %, (c) 28 wt %, and (d) 40 wt %.

Figure 2 FTIR spectra of pure PLLA and PLLA/EVA
(70/30) blend at different VA contents. The VA content is
(1) 7.5 wt %, (2) 18 wt %, (3) 28 wt % and (4) 40 wt %,
and (5) pure PLLA.
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However, Figure 2 does not show the degree of the
interaction of PLLA/EVA blends with the variation
of VA content.

Rheological properties

Investigating on the rheological properties is favor-
able to the understanding of the processing of
polymer blends. On the other hand, rheological
properties also represent the interaction between
phases and the morphologies of the blends.32 From
Figure 3 one can see that, the storage modulus (G0)
decreases with the increasing of VA content. As is
well known, the crystallization behavior of EVA
deteriorates, and the Tm, which is mainly relating to
the lamellae thickness, decreases gradually with the
increasing of VA content.33 As shown in Table I, the
Tm of pure EVA gradually decreases from 97�C of
7.5EVA to 58.8�C of 40 EVA. Thus, the dilution
effect of EVA on PLLA becomes more apparent at
higher VA content [seen in Fig. 3(b)], especially

when the blend exhibits approximate co-continuous
morphology feature. Furthermore, one can observe a
shoulder on the storage modulus curve of the
PLLA/40EVA blend (as shown by solid arrow). The
similar phenomenon has been reported elsewhere
for PLLA/ poly(e-caprolactone) (PCL) blend, and
the reason is attributed to the shape relaxation of the
discrete PLLA phase induced by the addition of
PCL.34�36 Addition of PCL induces the presence of
interface with long relaxation during oscillatory
shear flow, which leads to an additional transition
shoulder on the modulus curves. Obviously, the
presence of the shoulder on the modulus curves
observed in this work can be attributed to the addi-
tion of EVA with 40 wt % VA, which endows the
blends, the approximate co-continuous morphology.
From Figure 3(b), one can also see that pure PLLA
exhibits the Newtonian plateau at relatively lower
shear frequency. However, with the presence of
EVA, the blends exhibits the viscosity curves with
gradually developed slopes, namely, the typical fea-
ture of shear thinning behaviors, and no plateau
regions can be observed over the studied frequency
range. Especially, the decreased complex viscosity of
PLLA/EVA means at least that, with the presence
of EVA with lower viscosity, the processability of
PLLA is improved apparently.
Figure 4 shows the results of storage modulus

and complex viscosity versus VA content together
with the same results calculated using mixing rule
at angular frequency of 0.1 s�1. It can be seen that,
PLLA/28EVA blend exhibits maximum storage
modulus and complex viscosity. The similar phe-
nomena were reported by Razavi Aghjeh in investi-
gating the effect of composition on rheological
properties of PE/EVA blends,37 and they claimed
that the positive deviation of storage modulus and
viscosity was induced by the strong interfacial
interaction between PE and EVA. With the further
variation of the composition from PE-rich to EVA-
rich blends, the interfacial interaction weakens and
negative deviation of storage modulus and viscosity
was reported. According to the SEM results in
Figure 1, in which PLLA/28EVA exhibits homoge-
neous and smallest dispersed particles, it can be
suggested that the better compatibility between
PLLA and 28EVA, possibly induced by the rela-
tively stronger interfacial interaction, is the main
reason for the homogeneous distribution of 28EVA
in PLLA. For PLLA/40EVA, the compatibility
should be better due to more polar groups pre-
sented in the EVA phase. However, the storage
modulus and complex viscosity are smaller than
those of PLLA/28EVA. This can be ascribed to the
formation of the co-continuous morphology in
PLLA/40EVA and the lower properties of the
40EVA simultaneously.

Figure 3 Rheological properties of PLLA/EVA melts at
different VA contents. (a) Storage modulus (G0) and (b)
complex viscosity (g*).

2692 LI ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



Crystallization behavior

Nonisothermal crystallization

The crystalline structures of injection-molded bars
were investigated directly using WAXD and DSC,
and the results are shown in Figures 5 and 6. In
these measurements, the samples were cut from the
core zones of the injection-molded bars. For pure
PLLA, no visible diffraction peak attributed to crys-
talline structure is detected, indicating that the sam-
ple is completely amorphous or the amount of crys-
talline structure is very small to be traced by
WAXD. For the blends, only two diffraction peaks at
2y ¼ 21.3� and 23.6�, corresponding to the diffrac-
tions of (110) and (200) planes of EVA phase, can be
differentiated. Such diffractions weaken gradually
with the increase of VA content, indicating that the
crystallization of EVA becomes more difficult. Fur-
thermore, PLLA is still in amorphous state. In other
words, the presence of EVA does not influence the
crystallization behavior of PLLA possibly due to the

relatively fast cooling rate during the injection-mold-
ing processing.
Figure 6 shows the DSC heating curves of the

samples cut from the injection-molded bars, and the
corresponding parameters of PLLA are shown in
Table II. It can be seen that the presence of EVA
exhibits no apparent influence on the glass transition
of PLLA (Tg-PLLA). The heating curve of pure PLLA
is very smooth without any exothermic and/or
endothermic peak possibly due to the relative high
heating rate resulting in less time for the cold crys-
tallization of pure PLLA.28 For PLLA/EVA blends,
the endothermic peaks (Tm-EVA) observed at rela-
tively low temperatures (60–94�C) are attributed to
the fusion of EVA lamellae. On the other hand, one
can observe an exothermic peak (Tcc-PLLA) at about
125–128�C and an endothermic peak (Tm-PLLA) at

Figure 5 WAXD profiles of PLLA/EVA blends. Samples
were obtained directly from the injection-molded bars.

Figure 4 Variation of rheological properties of PLLA/
EVA melts versus VA content. (a) Storage modulus (G0)
and (b) complex viscosity (g*).

Figure 6 DSC heating curves of PLLA/EVA blends. Sam-
ples were obtained directly from the injection-molded
bars.
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about 151–152�C, indicating the cold-crystallization
and subsequent fusion of PLLA crystallites, respec-
tively. With the increase of VA content, the exother-
mic peak weakens and shifts to higher temperatures
slightly, which means that the cold crystallization of
PLLA becomes more difficult, and less PLLA can

transform into crystalline state. Consequently, the Xc

(%) of PLLA decreases with the increase of VA con-
tent. The effects of VA content on cold-crystallization
behavior of PLLA can be explained as follows. Dur-
ing the heating process, EVA melts first and possibly
promotes the mobility of chain segments in the

TABLE II
Cold Crystallization and Subsequent Melting Parameters of PLLA

Obtained from DSC Measurement

Samples Tcc (
�C) DHcc (J g

�1) Tm (�C) DHm (J g�1) Xc (%)

Pure PLLA – – – – –
PLLA/7.5EVA 125.9 �7.3 151.0 6.6 9.7
PLLA/18EVA 128.2 �5.0 151.4 4.8 7.4
PLLA/28EVA 128.2 �4.5 152.2 4.4 6.8
PLLA/40EVA 126.1 �1.0 151.9 0.6 0.9

Samples were obtained directly from injection-molded bars.

Figure 7 POM images show the isothermal crystallization morphologies of pure PLLA and PLLA/EVA blends obtained
after isothermal crystallization at 105�C for 1 h. (a) Pure PLLA, (b) PLLA/7.5EVA, (c) PLLA/18EVA, (d) PLLA/28EVA,
and (e) PLLA/40EVA.
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interface between PLLA and EVA, showing the role
of plasticizer in promoting the cold crystallization of
PLLA.29 However, the effect becomes inconspicuous
with high content of VA monomer in EVA phase
possibly due to the enhanced compatibility between
PLLA and EVA, which prevents the migration of
PLLA chain segments out from EVA phase, limits
the crystallization of PLLA at this temperature and
heating rate.

Isothermal crystallization morphologies

The isothermal crystallization behavior of the blends
was visualized using POM, and the results are
shown in Figure 7. Pure PLLA exhibits improved
spherulites with an average diameter of approxi-
mately 40–50 lm. The addition of EVA promotes the
increase of nucleation density and consequently, less
improved spherulites with much smaller diameters
are observed. Because the crystallization occurs at
the temperature of 105�C, which is higher than the
Tm of any EVA, it can be deduced that the role of
EVA is mainly to promote the mobility of chain seg-
ments of PLLA, which is favorable to the nucleation
and growth of PLLA spherulites.

Effect of annealing on crystalline structure

Figure 5 proves that PLLA is completely amorphous
whether in pure PLLA or in the blends during the
injection-molding processing, which is unfavorable
to the improvement of the thermal properties of the
particles. Thus, post-thermal treatment, that is
annealing, was adopted in this work. The crystalline
structures of annealed injection-molded bars were
investigated using WAXD, and the results are shown
in Figure 8. As shown in Figure 8, after being

annealed at 80�C for only 1 h, pure PLLA exhibits a
very weak diffraction peak at 2y ¼ 16.6�, attributing
to the diffraction of (110)/(200) crystal planes of
PLLA, indicating that there is a few amounts of
PLLA crystallites forming during the annealing pro-
cess. Interestingly, the blends exhibit different varia-
tion trends of the WAXD profiles. PLLA/7.5EVA
exhibits very strong diffraction peak of (110)/(200)
planes and new diffraction peaks of (010) and (203)
planes, at 2y ¼ 14.7� and 18.8�, respectively, also can
be observed. Especially, the diffraction peaks of
(110)/(200) planes of the blends shift to lower 2y
value, indicating the increase of d-spacing of PLLA
lamellae with the presence of EVA. With the
increase of VA content, the intensity of the diffrac-
tion peaks reduces dramatically, suggesting less
PLLA crystallites forming during the annealing
process. Especially, PLLA/40EVA exhibits weaker
diffraction peak of (110)/(200) planes compared with

Figure 8 WAXD profiles of annealed PLLA/EVA blends.
Samples were obtained from the injection-molded bars af-
ter being annealed at 80�C for 1 h.

Figure 9 DSC heating curves of PLLA/EVA blends. Sam-
ples were obtained from the injection-molded bars after
being annealed at 80�C for 1 h. (a) Cold crystallization and
(b) melting behavior.
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pure PLLA, which means that the second crystalliza-
tion process of PLLA is prevented by 40EVA in this
condition. To prove this, the annealed samples were
further detected using DSC, and the results are
shown in Figure 9 and Table III.

From Figure 9, one can see that, after being
annealed, nearly no cold-crystallization behavior can
be traced by DSC for pure PLLA. However, one can
observe a very small endothermic peak at Tm of
148.2�C, relating to the Xc (%) of 1.3%. This agrees
well with the results observed from WAXD mea-
surement, which means that the second crystalliza-
tion of pure PLLA is relatively difficult and only a
few amounts of crystallites can be obtained. For
PLLA/7.5EVA blend, the cold crystallization also
disappears, and only a broad endothermic peak of
7.5EVA originated from the fusion of EVA phase at
relatively lower temperature can be observed. How-
ever, an intense endothermic peak is observed at
152�C, and the Xc (%) is increased up to 35.4%,
much higher than that of pure PLLA obtained in the
same condition. This means that the fusion of PLLA
is mainly originated from the crystallites formed
during the annealing process. The disappearance of
the cold crystallization of PLLA/7.5EVA during the
DSC heating process is most likely due to that the
crystallization of such sample is completely finished
during the annealing process, and no PLLA further
crystallizes during the DSC heating process. With
the increase of VA content, the endothermic peak of
EVA lamellae weakens and shifts to lower tempera-
tures, because the crystallization of EVA chain seg-
ments becomes more difficult. Furthermore, one can
observe apparent cold-crystallization phenomena
occurring at Tcc of approximately 95–107�C, indicat-
ing the further crystallization of PLLA. Compared
with the cold crystallization of the amorphous
blends, which exhibit Tcc of approximately 125–
128�C (Fig. 6), it can be deduced that the cold crys-
tallization of annealed blends is easier than that of
amorphous blends during the DSC heating process.
This can be attributed to the promotion effect of
PLLA crystallites formed during the annealing on
the cold crystallization of amorphous PLLA during
DSC heating process. Furthermore, a shoulder on

the left side of the main endothermic peak can be
differentiated for the annealed blends and higher Tm

is achieved. It is believed that the shoulder is origi-
nated from the fusion of crystallites formed during
the cold crystallization in DSC measurement, and
the higher Tm from the fusion of crystallites with
larger lamellae thickness formed during the anneal-
ing process. For PLLA/40EVA, the Tcc is much
higher than that of PLLA/18EVA and PLLA/
28EVA, indicating that the cold crystallization in this
blend becomes more difficult. Furthermore, it shows
much lower Xc (%). According to the WAXD mea-
surement, it is easily believed that the endothermic
peak of PLLA/40EVA is mainly related to the fusion
of crystallites formed during the DSC heating pro-
cess rather than during the annealing process.
The crystalline morphologies obtained during the

annealing process were further detected using POM,
and the representative results are shown in Figure 10.
For pure PLLA, the crystallites are very few, which
agrees well with the above results obtained by WAXD
and DSC. For PLLA/7.5EVA blend, one can observe
large amounts of fragments of crystallites. No
improved spherulites can be differentiated, because
the crystallization occurs in the condensed state rather
than in the melt. The latter condition usually endows
the chain segments enough time to enter into the
lamellae with improved supermolecular structure,
that is, spherulites.
The different effects of EVA with different VA

contents on the crystallization of PLLA during the
annealing process can be explained as follows. At
lower VA content, PLLA and EVA are immiscible.
However, the presence of VA chain segments exhib-
its interaction with PLLA to a certain extent, which
locally activate the chain mobility of PLLA and pro-
mote the heterogeneous at the interface of 7.5EVA
domains, resulting in large amounts of PLLA crys-
tallites formation during the annealing process. With
the increase of VA content, the interaction between
PLLA and EVA is enhanced greatly, and it is
believed that the blend is locally miscible, especially
for PLLA/40EVA blend. Consequently, the presence
of a large number of VA chain segments prevents
the microphase separation of PLLA from EVA

TABLE III
Cold Crystallization and Subsequent Melting Parameters

Obtained from DSC Measurement

Samples Tcc (
�C) DHcc (J g

�1) Tm (�C) DHm (J g�1) Xc (%)

Pure PLLA – – 148.2 1.2 1.3
PLLA/7.5EVA – – 152.0 23.0 35.4
PLLA/18EVA 95.7 �15.0 152.6 23.1 35.5
PLLA/28EVA 99.8 �11.1 154.1 24.7 37.9
PLLA/40EVA 107.0 �12.4 153.2 12.8 19.7

Samples were obtained after being annealed at 80�C for 1 h.
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domains, preventing the nucleation and growth of
PLLA crystallites. In other words, the limited misci-
bility between PLLA and EVA is favorable to the
crystallization of PLLA. Similar work has been
reported by Yazawa et al.,11 and they observed that
addition of 1 wt % PCL strongly promotes the nucle-
ation of PLLA even if the aging temperature is lower
than the glass transition temperature (Tg) of PLLA
due to the locally improved miscibility at the inter-
face of PCL domains.

Mechanical properties

The tensile strength and notched Izod impact
strength of the injection-molded bars before and af-
ter being annealed were measured, and the results
are shown in Table IV. As expected, the presence of
EVA induces the decline of the tensile strength and
tensile modulus. The tensile properties are greatly
dependent on the VA content. PLLA/28EVA exhib-
its maximum tensile strength and ductility com-
pared with other three blends possibly due to the
relative stronger interaction between PLLA and
28EVA as suggested by rheological properties on the
one hand. On the other hand, PLLA/28EVA exhibits
homogeneous distribution of EVA particles with
much smaller diameters when compared with
PLLA/7.5EVA and PLLA/18EVA blends, which is
possibly the other reason for the improved tensile
strength and ductility. For PLLA/40EVA, the sample

exhibits the co-continuous morphology feature, and,
consequently, the continuous 40EVA ligaments
exhibit great role in determining the tensile strength.
The impact strength increases linearly with the
increase of VA content, suggesting the gradually
improved toughening effect of EVA. Factually, EVA
exhibits more characteristics of elastomer with more
VA content: For 7.5EVA, it has large amounts of
crystalline structure and acts as the role of semicrys-
talline plastic; for 40EVA; the crystallization of EVA
chain segments becomes more difficult, and it exhib-
its the role of elastomer, which exhibits apparent
toughening effect for PLLA. On the other hand, for
the blends with typical sea-island morphologies,
PLLA/28EVA exhibits much smaller particle diame-
ter compared with PLLA/7.5EVA and PLLA/
18EVA. It is well known to all, for the elastomer-
toughened polymers, the smaller the particle diame-
ter is, the better the toughening effect is.17 For
PLLA/40EVA, the blend exhibits the approximate
co-continuous morphology, which is believed to be
the other reason for the increased impact strength.38

By the way, the mechanical properties of PLLA/
18EVA are sometimes between PLLA/7.5EVA and
PLLA/28EVA, but sometimes they are not. This is
possibly attributes to the different roles of phase
morphologies and the interfacial interaction in deter-
mining the different mechanical behaviors. After
being annealed, the tensile strength and modulus
are enhanced greatly, whereas the elongation at

Figure 10 POM images show the typical crystalline morphologies of pure PLLA (a) and PLLA/7.5EVA (b) obtained after
being annealed at 80�C for 1 h.

TABLE IV
Mechanical Properties of PLLA and PLLA/EVA Blends Before and After Being Annealed at 80�C for 1 h

Samples

Elastic modulus (MPa) Tensile strength (MPa) Elongation at break (%) Impact strength (kJ m�2)

Unannealed Annealed Unannealed Annealed Unannealed Annealed Unannealed Annealed

Pure PLLA 1780 6 112 2355 6 51 66.0 6 0.5 81.5 6 6.3 5.7 6 0.2 4.2 6 0.1 2.7 6 0.6 3.5 6 0.6
PLLA/7.5VA 1342 6 41 1842 6 15 37.1 6 0.4 45.1 6 1.0 6.4 6 0.1 4.3 6 0.3 5.5 6 0.5 5.7 6 0.3
PLLA/18VA 1341 6 35 1594 6 24 33.3 6 1.2 41.0 6 0.8 10.8 6 1.0 8.3 6 0.6 6.2 6 0.2 4.5 6 0.2
PLLA/28VA 1330 6 32 1827 6 23 39.3 6 0.6 47.3 6 0.5 18.3 6 2.1 12.3 6 0.5 8.3 6 0.6 6.9 6 0.4
PLLA/40VA 1133 6 27 1558 6 32 27.7 6 1.4 38.9 6 1.1 12.0 6 1.3 9.7 6 0.2 11.8 6 1.0 8.9 6 0.3
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break and impact strength are reduced slightly. For
example, annealed PLLA/28EVA sample exhibits
higher modulus and fracture toughness compared
with the untreated pure PLLA, suggesting the
improvement of stiffness and toughness simultane-
ously. In other words, through adjusting the compo-
sition and the application of post-thermal treatment,
PLLA blends with comprehensive mechanical prop-
erties are achieved.

CONCLUSIONS

In summary, PLLA/EVA blends with different VA
contents in EVA phase have been prepared. SEM
images show that at lower VA content (7.5, 18, and
28 wt %), the blends exhibit the typical sea-island
morphology features, whereas PLLA/40EVA exhib-
its the approximate co-continuous morphology fea-
ture. The stronger interfacial interaction in PLLA/
28EVA, which exhibits homogeneous and smaller
dispersed particle size, is suggested by the rheologi-
cal results. All the samples exhibit the amorphous
state during the injection molding process. However,
post-thermal treatment (annealing) is favorable to
the nucleation and second-crystallization of PLLA.
Especially, the content of VA influences greatly the
second crystallization of PLLA during the annealing
process. Limited miscibility is proved to be favorable
to the nucleation and crystalline improvement of
PLLA. With the addition of EVA, the ductility and
fracture toughness are enhanced. The decreased ten-
sile modulus and strength can be enhanced by
annealing.

Dr Wei Yang (Sichuan University) is appreciated greatly for
themeasurement of rheological properties.
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