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ABSTRACT: Poly(L-lactide) (PLA) was melt-blended
with four rubber components—ethylene–propylene copoly-
mer, ethylene–acrylic rubber, acrylonitrile–butadiene rub-
ber (NBR), and isoprene rubber (IR)—in an effort to
toughen PLA. All the blend samples exhibited distinct
phase separation. Amorphous PLA constituted a topologi-
cally continuous matrix in which the rubber particles were
dispersed. According to Izod impact testing, toughening
was achieved only when PLA was blended with NBR,
which showed the smallest particle size in its blend sam-
ples. In agreement with the morphological analysis, the
value of the interfacial tension between the PLA phase and

the NBR phase was the lowest, and this suggested that rub-
ber with a high polarity was more suitable for toughening
PLA. Under the tensile stress conditions for NBR and IR
blend samples, these rubbers displayed no crosslinking
and showed a high ability to induce plastic deformation
before the break as well as high elongation properties; this
suggested that the intrinsic mobility of the rubber was im-
portant for the dissipation of the breaking energy. VVC 2009
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INTRODUCTION

Poly(L-lactide) (PLA) is well known as a biocompati-
ble and biodegradable thermoplastic, and it is
producible from renewable carbon sources such as
starch and sugar. Recently, PLA has attracted much
attention because of its high biocompatibility and
good biodegradability and mechanical properties.1–4

Therefore, PLA has great potential as a new general-
purpose resin and as an alternative to petroleum-
based plastic materials. In fact, PLA and its copoly-
mers have been used for biomedical applications,
such as drug delivery systems, implant materials for
bone fixation, and surgery. However, with a glass-
transition temperature ranging from 55 to 65�C, PLA
is too stiff and brittle for room-temperature applica-
tions, and this brittleness is a major drawback for
expanding its applications as a common plastic
material.

In analogy to other brittle materials, PLA can be
toughened through blending with other polymers.
Although numerous attempts have been made to
toughen PLA through blending, the focus has typi-
cally been on biomedical applications, so biocompat-
ible polymers such as poly(vinyl alcohol),5,6 poly(e-

caprolactone),7 poly(ethylene glycol) (PEG),8–11 poly-
hydroxyalkanoate, and poly(butylene succinate)12

have generally been used as second-phase polymers.
Before these blends become perfect materials, how-
ever, some problems need to be solved. For example,
the PLA/PEG blend exhibits the desired mechanical
properties, but there is serious evidence that this
blend is not stable and that the attractive mechanical
properties are lost over time.13 The biodegradable
aspects of PLA are important, but the fact that it is
derived from renewable resources makes it even
more attractive. Because currently the problem of
limited petroleum resources is getting more and
more acute, there is a pressing need for an alterative
to petroleum-based plastics. Altogether, the mechan-
ical properties of PLA blends need to be improved
further.
Some properties of polymer blends depend not

only on the chemical composition of the blend but
also on the compatibility or miscibility of the compo-
nents. However, most polymer blend systems are
immiscible. The impact strength of a two-phase
polymer system is generally influenced by several
morphological parameters, such as the particle size,
particle size distribution, particle volume fraction,
particle configuration in the matrix, and matrix
ligament thickness (surface-to-surface interparticle
distance). However, some of the morphological
parameters are interrelated.
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Rubber has been used as a second-phase polymer
for toughening brittle materials, such as epoxy,14

polypropylene,15–17 poly(methyl methacrylate),18–21

polystyrene,22,23 and polyamide.24,25 In general, the
spherical rubber particles act as stress concentrators,
initiating and terminating crazes in the brittle poly-
mer matrices, which are responsible for the
enhanced fracture energy absorption.26–28 Therefore,
in these rubber-blended polymer systems, the rela-
tionships between the impact strength of the blends
and the morphological parameters have been investi-
gated in detail.29–33

To date, however, the miscibility, phase behavior,
and mechanical properties of PLA/rubber blends
have been less well investigated. In this study, a
novel PLA material created through blending with
rubber was prepared. For blending rubbers, we
chose four kinds of rubbers: ethylene–propylene
copolymer (EPM), ethylene–acrylic rubber (AEM),
acrylonitrile–butadiene rubber (NBR), and isoprene
rubber (IR). Because NBR and IR are not sulfur-
crosslinked rubbers and AEM and EPM are thermor-
eversibly crosslinked rubbers, the reuse of these rub-
bers as raw materials is possible. In this article, we
investigate the mechanical performances and mor-
phologies of PLA blended with different types of
rubbers, and the effects of each rubber’s polarity,
crosslinking, and blend ratio on the morphology and
impact strength are also discussed.

EXPERIMENTAL

Materials

PLA pellets (Lacea H-100; weight-average molecular
weight ¼ 116,000) and maleic anhydride grafted
EPM (MP0620; maleic anhydride grafted in the pro-
portion of 1.0 wt %) were provided by Mitsui Chem-
icals, Inc. (Tokyo, Japan). NBR (Nipol 1043) and IR
(Nipol 2200) were produced by Nippon Zeon Co.,
Ltd. (Tokyo, Japan). Maleic anhydride grafted AEM

(AR201; maleic anhydride grafted in the proportion
of 1.0 wt %) was provided by Du Pont–Mitsui Poly-
chemicals Co., Ltd. (Tokyo, Japan). PLA, NBR, and
IR were used without further purification. 3-Amino-
1,2,4-triazole (ATA), purchased from Nippon Car-
bide Industries Co., Inc. (Tokyo, Japan), was used
for the synthesis of thermoreversibly crosslinked
AEM and EPM.
AEM and EPM rubber compounds were thermore-

versibly crosslinked as shown in Figure 1. The addi-
tion of the active hydrogen compound, that is, ATA,
to maleic anhydride grafted rubber was the step
used to generate a hydrogen-bonding moiety in the
rubber phase, creating thermoreversibly crosslinked
rubbers.34–36

Blend preparation

To study the effect of blending various rubber com-
ponents into PLA on the mechanical properties and
morphologies, it was necessary to make comparisons
with a constant rubber content. The concentration of
the rubbers in the blends was fixed at 10 or 20 wt %.
The blends were prepared by melt compounding for
30 min at 200�C with a PBV-0.3 desktop kneader
(Irie Shokai Co., Ltd., Japan) and compression mold-
ing for 3 min at 200�C under 5 MPa. The samples
were then cooled to room temperature with circulat-
ing water.

Differential scanning calorimetry (DSC)

The DSC data for the pure PLA and the PLA/rubber
blend samples were recorded on a Seiko Exstar 6000
system equipped with a DSC 220U (Seiko Instru-
ments Co., Tokyo, Japan). A sample (3–5 mg) in an
aluminum pan was heated from 25 to 200�C at a
heating rate of 10�C/min (the first heating scan).
The melting temperature was taken as the peak top
of the DSC endotherm. The samples were melted in
the DSC apparatus at 200�C for 2 min, quenched to

Figure 1 Schematic pathway for the synthesis of thermoreversibly crosslinked EPM.
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�80�C with liquid nitrogen, and then reheated up to
200�C at a heating rate of 10�C/min (the second
heating scan). The glass-transition temperature was
taken as the inflection point in the jump of the heat
capacity in the second heating scan as the summit of
the peak of the differentiated DSC curve.

Characterization of the blend morphology

The morphology of the pure PLA and the PLA/rub-
ber blends was investigated with scanning electron
microscope (SEM; JSM-5200, JEOL, Tokyo, Japan).
The samples were immersed and kept in liquid
nitrogen for 30 min and then were broken cryogeni-
cally. After sputter coating with a thin film of gold
on the fractured surface with an Eiko IB-3 ion coater
(Eiko Co., Kobe, Japan), the specimens were
examined.

Izod impact test

Izod impact tests were performed according to JIS-
K7110. The specimens were 10 mm thick and
4.0 mm wide. To study the fracture mechanism of
the blends, the Izod-fractured surface was observed
with SEM.

Tensile testing

Tensile properties of the blend sample were investi-
gated by tensile testing with an EZ tester (Shimadzu
Co., Ltd., Tokyo, Japan). The crosshead speed was
2 mm/min. Five specimens were tested for each set
of samples, and the mean value and the standard
deviation were calculated.

Contact-angle measurements

The contact angle was measured by the sessile drop
technique with a contact-angle goniometer (CA-X,
Kyowa Interface Science Co., Ltd., Tokyo, Japan). To
calculate the solid surface free energy values of the
pure components, we used two different liquids
whose values of the dispersion force component of
the liquid surface free energy (rL

d) and the polar
force component of the liquid surface free energy
(rL

p) were known, that is, water (rL
d ¼ 21.8 and rL

p

¼ 51.0 dyn/cm) and formamide (rL
d ¼ 39.5 and rL

p

¼ 18.7 dyn/cm).37 At first, a small drop of each liq-
uid was placed on the test surface and was allowed
to equilibrate for about 60 s, and then the contact
angle was measured.

PLA and rubber sample films were prepared by
compression molding between Teflon sheets for 3
min under a pressure of 5 MPa with a Mini Test
Press 10 laboratory press (Toyoseiki Co., Japan) at
the following temperatures: 200�C for PLA, 80�C for

NBR, 70�C for IR, 120�C for AEM, and 170�C for
EPM.

Data analysis: Estimation of the interfacial tension
between PLA and rubber

The interfacial tensions between the PLA phase and
rubber phase in the PLA/rubber blend samples
were calculated with the solid surface free energies
of the pure components determined by contact-angle
measurements. Young’s equation for the contact of a
liquid with a solid is

rLV � cos h ¼ rSV � rSL (1)

where y is the contact angle and rLV, rSV, and rSL

are the free energies of the liquid and solid against
their saturated vapor and of the interface between
the liquid and solid, respectively.38 Approaches used
to obtain the value of the solid surface free energy
from the contact-angle data are essentially ways to
calculate the unknown interfacial tension between
the polymer solid and the test liquid. According to
Owens and Wendt, this equation takes the following
form:38,39

rSL ¼ rSV þ rLV � 2ðrd
LVr

d
SVÞ1=2 � 2ðrd

LVr
d
SVÞ1=2 (2)

where rd is the dispersion force component and rp

is the polar force component of the surface free
energy (r ¼ rd þ rp). Through the measurement of
the contact angles of two different liquids against a
solid, simultaneous equations can be obtained that
can be solved for rS

d and rS
p.

The values of these surface free energy parameters
can be used to estimate the blend interfacial tension
with the appropriate methods. One of the simplest
methods is Antonoff’s rule,40,41 which relates the
polymer surface energy (ri and rj) to the interfacial
tension (rij):

rij ¼ jri � rjj (3)

Antonoff’s rule has been found to provide an accept-
able estimate of the interfacial energy for some poly-
mer blends,14,42 so we determined the interfacial
tensions between the PLA phase and rubbers phase
using this equation.

RESULTS AND DISCUSSION

DSC analysis

Figure 2(a) shows the DSC thermograms from the
first heating scan for the pure PLA and PLA/rubber
blend samples. These samples were prepared by
compression molding at 200�C and subsequent rapid
cooling. In each thermogram, there was a very large
cold crystallization exotherm, the area of which was
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quite similar to that of the melting endotherm; this
suggested that the PLA component in each blend
was almost in the amorphous state. The broad halo
observed in wide-angle X-ray scattering patterns
(data not shown) also confirmed this DSC result. In

the first heating scan, the pure PLA had melting
temperatures of approximately 164 and 169�C and a
crystallization exotherm starting at about 90�C and
ending at about 140�C. As shown in Figure 2(b),
PLA in the blend samples exhibited the same glass-
transition temperature as pure PLA, that is, about
60�C; this suggested that the PLA–rubber blend sys-
tems were immiscible.

Blend morphology

Figure 3 presents SEM micrographs of cryofractured
surfaces. As expected from the DSC analysis, each
blend showed a particle-dispersed morphology
caused by phase separation. That is, rubber particles
in the PLA matrix and smooth, distinct particle
interfaces, indicating poor interfacial adhesion, were
observed. Among the four rubber blend samples, the
particle size of the NBR blend was the smallest [3–4
lm; Fig. 3(a)], and those of the AEM [Fig. 3(b)] and
IR blends [Fig. 3(c)] were almost 4 and 6 times larger
than those of the NBR blend, respectively; the EPM
blend exhibited some particle flocculation, produc-
ing a large dispersed phase [Fig. 3(d)].
The reason for such morphological features under-

lies the rheological behavior of the two individual
components. The breakup of the particles is gov-
erned by viscous forces and interfacial forces.24 Tay-
lor43,44 modeled the drop size for a Newtonian fluid
in a simple shear field with the viscosity ratio (gr

¼ dispersed phase viscosity/matrix phase viscosity)
and the capillary number [Ca ¼ cgmD/(2r), where c
is the shear rate, gm is the matrix viscosity, r is the

Figure 2 DSC curves of pure PLA and PLA/rubber
blends: (a) first heating scan and (b) second heating scan.

Figure 3 SEM micrographs of freeze-fractured surfaces of 10 wt % (a) NBR, (b) AEM, (c) IR, and (d) EPM blends.

TOUGHENING OF POLY(L-LACTIDE) 561

Journal of Applied Polymer Science DOI 10.1002/app



interfacial tension between the dispersed phase and
the matrix phase, and D is the maximum drop size].
By balancing the interfacial forces and the shear
forces, Taylor obtained a relationship for a value of
D that would be stable:

D ¼ 4r gr þ 1ð Þ
cgm

19
4 gr þ 4

� � (4)

Under processing conditions, the values of c and gm

were equal in the four rubber blend samples. Then,
the rubber particle size could be affected by the val-
ues of gr and r. As understood from eq. (4), the par-
ticle size of the dispersed rubber phase is more
influenced by the value of r than by the value of
gr. Therefore, we evaluated the effect of the interfa-
cial tensions between the PLA and rubbers. How-
ever, there is no method available for measuring
directly the interfacial tension between PLA and
rubbers in their blends. This is mainly due to the ab-
sence of suitable methods for measuring the interfa-
cial tension of high-molecular-weight/high-viscosity
blends. Therefore, we estimated the values of the
interfacial tensions via contact-angle measurements
at room temperature (see the Data Analysis section).

In Figure 4, the bar graphs present the surface free
energies, which consist of dispersion and polar
components, calculated from contact-angle measure-
ments. Then, a line graph exhibits the interfacial ten-
sions between the PLA and rubbers derived from the
values of the surface free energies with eq. (2). As for
pure PLA, the values of rS

d (31 dyn/cm) and rS
p (0.080

dyn/cm) were slightly smaller than the literature val-
ues (39.6 � 1.7 and 3.9 dyn/cm, respectively,45 and
36.0 and 4.24, 36.6 and 0, and 35.9 and 0 dyn/cm,
respectively46). It was thought that this disagreement
with the literature value might be caused by the dif-
ference in the roughness of the surfaces of the sample
films prepared. From these measured values of the
surface free energies, we calculated the interfacial ten-

sion between PLA and rubber. As shown in Figure 4,
the interfacial tension between PLA and rubber
decreased in the order of IR > EPM > AEM > NBR.
This inclination is consistent with the blend morphol-
ogy. In other words, if the interfacial tension is low,
the repulsion of chain segments in the presence of in-
compatible chain segments due to the interaction
energy is low; therefore, the rubber phase disperses
well, and the particle size decreases. Analogous
reductions of the particle size of dispersed-phase pol-
ymers were found in plasticized PLA and other poly-
mer blends when they were compounded with a
copolymer or coupling agent.22,47

The surface free energies of rubbers seem to
become high when the polarity becomes high; that
is, NBR with 29% cyano groups exhibited the
highest surface energy. Because PLA has hydroxyl
groups, it is thought that the polar segments of rub-
bers might enhance the compatibility and reduce the
repulsion forces under melt-blending conditions.

Izod impact strength

Figure 5 shows SEM micrographs of the fractured
surfaces, which were formed during Izod impact
tests at room temperature. Two phases can be seen
clearly, and in the fracture process, many rubber
particles were pulled out from the PLA matrix, with
large voids thereby being created. It was suggested
that the fracture crack ran along the interface
between the PLA matrix and the rubber particles.
The Izod impact strength is summarized in Fig-

ure 6. Only the NBR blend showed higher impact
strength than pure PLA. The improvement in the
impact strength is most likely attributable to the
smaller rubber particle size in the PLA matrix. In
other words, the NBR blend possessed the smallest
rubber particle size (3–4 lm) and exhibited high effi-
ciency in toughening PLA; subsequently, the impact
strength decreased in the order of increasing rubber
particle size in the blends. In fact, such a correlation
has been frequently observed for other rubber-modi-
fied polymers.48 As shown in Figure 6, the impact
strength of the 20 wt % EPM blend increased in
comparison with that of the 10 wt % blend. Figure 7
presents an SEM micrograph of the cryofractured 20
wt % EPM blend. The 20 wt % EPM blend possessed
a somewhat flocculated morphology, but the degree
of flocculation was less severe than that of the 10 wt
% blend, which exhibited a large dispersed rubber
phase. Compared to the 10 wt % EPM blend, the 20
wt % EPM blend had more small rubber particles.
To address the reason that the blend morphology
was so different between the 10 and 20 wt % EPM
blends, we have to consider the coalescent effect.
There are some reports about the composition effect
on the final particle size in immiscible polymer

Figure 4 Surface energy and interfacial tension between
PLA and rubbers.
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blend systems. Sundararaj and Macosko49 reported
that the particle size distribution broadens at higher
concentrations because breakup and coalescence are
occurring concurrently during blending at higher
concentrations. This fact can partially account for the

Figure 5 SEM micrographs of Izod-impact-fractured surfaces of (a) pure PLA and 10 wt % (b) NBR, (c) AEM, (d) IR,
and (e) EPM blends.

Figure 6 Impact strength of pure PLA and PLA/rubber
blends. Error bars represent one standard deviation
obtained from the testing of five specimens.

Figure 7 SEM micrograph of the Izod-fractured surface
of the 20 wt % EPM blend.
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morphology difference of the EPM blends. Thus, the
20 wt % EPM blend had a broader particle size dis-
tribution, and the EPM rubber composition was
twice that in the 10 wt % blend, so many small par-
ticles could be observed. Although the cause of the
morphology difference between the 10 and 20 wt %
EPM blends is not completely clear, this fact also
proves that the rubber particle size considerably
affected the impact strength.

A brittle–ductile transition has been observed in
many rubber-toughened plastics,13,30,50 in other poly-
mer blends,16,27 and in inorganic-particle-modified
polymers.51,52 This transition is very sharp, and the
critical factors that determine the onset of the brit-
tle–ductile transition, such as the rubber particle size
and spatial distribution, interfacial adhesion between
PLA and rubber, rubber blend ratio, and matrix liga-
ment thickness, have been investigated. Wu53,54 sug-
gested that the matrix ligament thickness is the
primary controlling factor for rubber toughening in
polymer blends. The matrix ligament thickness is
defined as the surface-to-surface dispersed-phase
interparticle distance. Wu indicated that if the aver-
age matrix ligament thickness is below the critical
value, then the blend will be tough; if the average
matrix ligament thickness is above the critical value,
the blend will be brittle. On the basis of an investi-
gation of PLA/linear low-density polyethylene
blends with notched Izod impact testing, Anderson
et al.47 reported that the critical matrix ligament
thickness of PLA was approximately 1.0 lm and
that ductile blend samples exhibited impact resist-
ance about 40 times as high as that of pure PLA.
Similarly to Anderson et al.’s report, for other rub-
ber-modified polymers in the ductile state, the
impact strength increased. As shown in Figure 5,
however, the matrix ligament thickness of the PLA/
rubber blend was more than 1.0 lm; the highest
impact strength was about 1.8 times the impact
strength of pure PLA. Although the critical value in
the notched Izod impact testing may not be directly
compared with that in the Izod impact testing, it
was thought that the NBR blend was not completely
ductile. Therefore, the NBR blend could become
tougher if the phase-separation morphology became
more suitable (i.e., thinner ligament thickness).

Other rubber blends exhibited more brittleness
than pure PLA. It was thought that larger rubber
particles promoted crack propagation by exfoliation
at the interface between the PLA matrix and the
rubber particles, which resulted in the brittleness.

Tensile testing

The tensile properties are shown in Figure 8. The
tensile modulus and tensile strength of the PLA/
rubber blends decreased by about 39 and 52%,

respectively, in comparison with those of pure PLA.
These properties of the blends were not significantly
affected by the type of rubber. For the EPM blend
and the AEM blend, the elongation decreased by
61%, but that of the NBR blend increased slightly,
and that of the IR blend increased 2 times or more.
Because there was no significant difference among
the four blend samples in the tensile modulus and
tensile strength, it is believed that the difference in
elongation was caused by that in the areas of the
plastic deformation zone, where the materials
showed whitening. This explanation is confirmed by
the fact that the IR and NBR blend samples showed
larger plastic deformation zones near the fracture
flank in comparison with the AEM and EPM blends.
As AEM and EPM are crosslinked rubbers with ther-
moreversible hydrogen bonds but IR and NBR are
not, the mobility of the chains is high, and it is
thought that the relief for tensile stress can easily

Figure 8 Tensile modulus, tensile strength, and elonga-
tion of pure PLA and PLA/rubber blends.

564 ISHIDA ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



occur. These characteristics of IR and NBR allow the
rubber particles to cavitate under the tensile stress
conditions. This cavitation, in turn, allows uncon-
strained plastic flow of the matrix ligaments before
the fatal crack run, resulting in the high elongation
properties.

CONCLUSIONS

By melt-blending rubber components, we were able
to achieve at most 1.8-fold toughening of amorphous
PLA. In this study, the distributed rubber particle
size seriously affected the toughness of PLA. The
NBR blend possessed the smallest rubber particle
size (3–4 lm) and exhibited a 2 times higher value
of the impact strength in comparison with PLA; sub-
sequently, the impact strength decreased in the
order of increases in the rubber particle size in the
blends. The reason for such morphological features
underlies the rheological behavior and especially the
interfacial tension between the PLA matrix and dis-
persed rubber particles. NBR with 29% cyano groups
exhibited the highest surface energy and the lowest
interfacial tension with PLA. This favorable interac-
tion seems to result in the well-dispersed rubber
phase and the smallest rubber particle size. We can
see some possibility of the final blend morphology
being predicted by the interfacial tension between
PLA and rubber and even by the rubber’s polarity
estimated from the chemical structure. This is useful
for the first step of selecting a rubber to be blended
with PLA.

However, PLA in the NBR blend was not in a
completely ductile state. It is thought that the impact
strength of an NBR blend could increase if the NBR
particle size becomes smaller. For the achievement
of a good dispersed morphology, the blend prepara-
tion method must be improved (e.g., the addition of
block copolymers and compatibilizers).

The results obtained from the tensile tests showed
that the NBR and IR blends possessed a high ability
to induce plastic deformation before the break as
well as high elongation properties. This property
seems to come from the absence of rubber crosslinks.
Therefore, for the tensile properties, the intrinsic mo-
bility of the rubber is important, and high mobility
of the rubber chains promotes plastic flow.

Because the impact strength is controlled by many
parameters and some of them are interrelated, elabo-
rative experiments that can divide each effect need
to be performed. Further work should yield some
fascinating surprises and new insights.
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