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ABSTRACT: Multiphase blends of poly(lactic acid) (PLA), ethylene-
methyl acrylate-glycidyl methacrylate (EMA-GMA) terpolymer, and a series
of renewable poly(ether-b-amide) elastomeric copolymer (PEBA) were
fabricated through reactive melt blending in an effort to improve the
toughness of the PLA. Supertoughened PLA blend showing impact strength
of ∼500 J/m with partial break impact behavior was achieved at an
optimized blending ratio of 70 wt % PLA, 20 wt % EMA-GMA, and 10 wt %
PEBA. Miscibility and thermal behavior of the binary blends PLA/PEBA and
PLA/EMA-GMA, and the multiphase blends were also investigated through
differential scanning calorimetric (DSC) and dynamic mechanical analysis
(DMA). Phase morphology and fracture surface morphology of the blends
were studied through scanning electron microscopy (SEM) and atomic force
microscopy (AFM) to understand the strong corelation between the
morphology and its significant effect on imparting tremendous improvement in toughness. A unique “multiple stacked structure”
with partial encapsulation of EMA-GMA and PEBA minor phases was observed for the PLA/EMA-GMA/PEBA (70/20/10)
revealing the importance of particular blend composition in enhancing the toughness. Toughening mechanism behind the
supertoughened PLA blends have been established by studying the impact fractured surface morphology at different zones of
fracture. Synergistic effect of good interfacial adhesion and interfacial cavitations followed by massive shear yielding of the matrix
was believed to contribute to the enormous toughening effect observed in these multiphase blends.
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1. INTRODUCTION

Poly(lactic acid) (PLA), being a biodegradable polyester
derived completely from renewable resources, has attracted a
lot of attention in recent years because of its good
biodegradability, biocompatibility, high mechanical strength
and excellent processability.1−4 It has been widely researched
for use in biomedical applications, such as surgical suture, and
drug delivery system.4 Recently, owing to its affordable
performance and availability in the market at a reasonable
price, PLA has been considered as a promising and ideal
alternative to petroleum-based plastics in commercial applica-
tions, such as packaging and fiber materials.4−6 However, the
inherent deficiencies of PLA significantly limit its use in wide
range of applications, such as packaging and automotive
industries.6−8It is well-known that the poor toughness and
low heat defection are the major bottlenecks that hinder the
applications of PLA in package and automotive industries.5

PLA exhibits brittleness with only 5% fracture strain in the
tensile test, which results in poor impact and tear resistance.6

Fabricating PLA-based composites is an effective way to
improve the heat resistance of PLA materials. However,
incorporation of fiber or filler usually further deteriorates the
toughness of the materials, which makes it fall short for the

required properties for most of the applications. Excellent
toughness and flexibility of PLA are the basic prerequisites for
developing the PLA composites with desired properties.
Therefore, development of the PLA-based materials with high
toughness has attracted significant research attention in recent
years. Especially, “super-toughness” performance is highly
pursued for PLA application areas, mainly for applications in
packaging and automotive interior parts.7,8

Physical performance of PLA can be improved through
several methods including copolymerization, plasticization, and
physical blending.6−8 One of the promising approaches to
improve the flexibility and toughness of PLA is blending it with
other suitable polymers. Until now, binary blends of PLA with
other flexible polymers have widely been reported to improve
its toughness and flexibility.9−23 However, most of the
polymers used showed poor miscibility with PLA, which
resulted in unsatisfactory toughening effects. As a simple and
cost-effective method, multicomponent polymer blends,
consisting of at least three components, have attracted a lot
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attention in modifying the base polymer resin to obtain
excellent properties.24−30 In spite of the large number of studies
on the reactive compatibilization or adding compatibilizers for
biopolymer binary blends, biopolymer based multicomponent
blends have not been widely studied and reported. Recently,
some noteworthy results have been reported for PLA-based
multicomponent blends with significant improvement in
properties. Hillmyer et al. systematically studied a multiphase
PLA blend with polyethylene (PE) and a series of PLA−PE
block copolymers.10,11 With the presence of a PLA−PE block
copolymer, exceptional toughening of PLA/PE was achieved.
Zhang et al. reported super toughened PLA ternary blends from
a petroleum-based ethylene/n-butyl acrylate/glycidyl metha-
crylate terpolymer and a zinc ionomer of ethylene-methyacrylic
acid copolymer.31,32 It was suggested that the unique “salami”-
like phase structure in conjunction with good interfacial
adhesion significantly contributed to the excellent toughness.32

Zhang et al. investigated renewable and biodegradable ternary
blends of PLA, poly(hydroxybutyrate-co-hydroxy valerate) and
poly(butylene succinate) ternary blends, and found that the
blends showed good balanced performance.33 Favis et al.
investigated the phase morphology for a series of ternary
biopolymer blends.34,35 They found that different morphologies
could be tuned by changing the components and compositions.
These leading works strongly suggest that multicomponent
blends are a very effective approach to improve the properties
of biopolymers.
Among numerous advantages of PLA, unquestionably,

renewable resources based origin is the most attractive feature.
Improving the performance of PLA materials without impairing
its environmental friendly characteristic is a decisive factor that
needs to be considered while selecting materials for PLA
modification. From this perspective, suitable elastomeric
materials derived from renewable resources will be ideal as
modifiers for PLA. Bitinis et al. employed renewable natural
rubber (NR) as an effective toughening agent for PLA and its
biocomposites.36−39 It was found that the natural rubber
significantly enhanced the tensile toughness of the PLA and the
composites. Using in situ X-ray scattering techniques, the
deformation mechanism of PLA/NR blend and its composites
was studied in detail and analyzed.37 Poly(ether-block-amide)
copolymer (PEBA) is an important class of commercial
thermoplastic elastomers with unique physical and processing
properties. Recently, Arkema company announced their
attempts in making renewable resource based PEBA (Pebax)
by combining a biosourced polyol with castor oil chemistry
which could reduce fossil-based material consumption and CO2
equivalent emissions.40 PEBA is a segmented block copolymer
consisting of an aliphatic polyamide as the hard block, a
polyether as the soft block and a diacid serving as the joint
between the two blocks.41,42 The unique chemical and segment
structure of PEBA offers a wide range of excellent performances
including good mechanical properties, biocompatibility and
processability, etc. Such excellent properties help PEBA find
applications in wide range of fields such as antistatic sheets or
belts, food packaging materials and in a variety of medical
applications such as short-term implantation in humans and
virus-proof surgical sheeting.41,42 In particular, low glass
transition temperature of the polyether-rich phase makes
PEBA highly resistant to impact even at temperature as low
as −40 °C, and can therefore be used as an impact modifier for
the brittle thermoplastic polymers. In view of all these benefits,
renewable PEBA is an ideal blending partner for PLA to

prepare new environmentally benign material for uses in both
biomedical and commodity applications. It is quite reasonable
to expect that the introduction of PEBA into PLA may
effectively enhance the flexibility and toughness of PLA.
Recently, simple binary blends of petroleum-based PEBA
elastomer and PLA had been studied.43−45 It was however
found that PEBA/PLA was immiscible and the weak interfacial
adhesion resulted in only limited improvement in the
toughness of PLA.44,45

In the present work, we focused on reactive blending of PLA
with a series of renewable resources based PEBA and a
functionalized copolymer containing epoxy groups to fabricate
supertoughened PLA ternary blends. To the best of our
knowledge, the study of PLA and renewable elastomer based
multiphase blends have not been reported so far. The phase
behavior and mechanical performance of multicomponent
blend were thoroughly investigated in the present work.
Toughening mechanism in these ternary blends is established
by analyzing the relationship between the morphology, thermal
behavior and impact toughness of the prepared blends.

2. EXPERIMENTAL SECTION
2.1. Materials. PLA (Ingeo 3251D) with a weight-average

molecular weight (M̅w) of 5.5 × 104 g/mol and polydispersity index
(PI) of 1.62 (GPC analysis) was purchased from Nature Works LLC,
U.S.A. PEBA used in this work was purchased from the Arkema
Company, having the trade name Pebax Rnew, made of a flexible
polyether and a rigid polyamide obtained from renewable resources.
Three different grades of PEBA including Pebax Rnew 72R53, Pebax
Rnew 55R53, and Pebax Rnew 35R53 were used in the study.

Ethylene-methyl acrylate-glycidyl methacrylate (EMA-GMA) ter-
polymer containing 8% of glycidyl methacrylate is a product of the
Arkema Company with a trade name Lotader AX 8900, obtained from
Quadra Chemicals, Canada. Chemical structures of these polymers
used for the blends are illustrated in Scheme 1.

2.2. Preparation of the Blends. Prior to blending, all the
materials were dried overnight in the oven, the PLA at 80 °C and the
PEBA and EMA-GMA at 60 °C, respectively. Blends of PLA/EMA-
GMA/PEBA of varying compositions were melt-processed by a
microcompounder (DSM-Xplore, Netherlands). The length and L/D
of the screws are of 150 mm and 18, respectively. The barrel volume of
the machine is 15 cm3. The extrusion was performed at a barrel
temperature of 190 °C in a screw speed at 100 rpm. After processing
for total 3 min, a preheated cylinder was used to transfer the molten
blend material to a preheated injection molder to prepare various test
specimens. Also the neat PLA was subjected to the mixing treatment
so as to have the same thermal history as the blends.

2.3. Testing and Characterization. 2.3.1. Impact Strength and
Elongation. Notched Izod impact strength was measured with the

Scheme 1. Illustration of the Chemical Structure of the
Three Polymers Used
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help of Testing Machine Inc. (TMI) instrument according to ASTM
D256. Tensile properties of the blends were determined by testing the
samples on Instron universal testing machine (model 3382) at room
temperature, with a tensile test rate of 50 mm/min as per ASTM
standard D 638. At least six notched samples were measured for
impact strength and 5 samples for tensile strength and elongation.
Average values with standard deviations are reported.
2.3.2. Dynamic Mechanical Analysis (DMA). DMA was conducted

on a DMA Q800 from TA Instruments using a dual-cantilever clamp
with a mode of frequency sweep/temperature ramp at the frequency of
1 Hz and oscillating amplitude of 15 μm. The samples (dimensions
12.7 × 63.5 × 3.2 mm) were heated from −50 to 120 °C at a heating
rate of 3 °C/min.
2.3.3. Differential Scanning Calorimetry (DSC). DSC measure-

ments were performed on a TA Q200 DSC instrument under N2
atmosphere. First, the samples were heated to 190 °C with heating rate
of 20 °C/min, followed by isothermal step for 3 min before quenching
to −100 °C at a rate of 50 °C/min. The second heating scans were
monitored between −100 to 190 °C at a heating rate of 10 °C/min to
determine glass transition temperature (Tg), cold crystallization
temperature (Tcc′ ), crystallization temperature (Tc), and melting
temperature (Tm). Then, the samples were cooled to −100 °C again
at a rate of 5 °C/min to characterize the crystallization behavior.
2.3.4. Contact Angle Measurements. The contact angle measure-

ments were obtained using a custom-made system. The system was
designed using a fluorescent light bulb, adjustable stage (Newport
Optics), an analog CCD camera (EHD imaging) and FlashBus
Spectrim Lite framegrabber (Integral Technlologies). The images were
processed using the contact angle measurements (CAM) module from
the Multiskop software (Optrel) to determine the precise contact
angle for each sample that was measured.
2.3.5. Scanning Electron Microscope (SEM). The morphology of

the blends was observed using SEM XL30 ESEM FEG (FEI Co.). The
samples were cryo-fractured using liquid nitrogen. The fractured
specimen was mounted on an aluminum stub using a conductive paint
and sputter coated with gold prior to fractographic examination. In
addition, to study the detailed phase structure of the ternary blends,
the cryo-fractured surfaces were also etched by selectively dissolving
PEBA phase in a solvent mixture (1-propanol/1-butanol = 3:1). The
solvent extraction was performed at 45 °C for over 48 h under
vigorous stirring. Different zones of the specimens’ fracture surfaces
obtained from notched Izod impact test were also characterized by
SEM.
2.3.6. Atomic Force Microscopy (AFM). AFM instrument, Multi-

mode 8 from Bruker Nano Inc., CA, U.S.A., equipped with a
Nanoscope V controller and Nanoscope Software, version 8.15, was
used for the AFM measurements. Image processing and data analysis
were performed using Nanoscope Analysis software. Imaging at
Tapping mode and Peak Force Tapping (PFT) Mode was done with
RTESPA Si Cantilevers with spring constant of 40 N/m (Bruker AFM
probes, CA, U.S.A.) in air. DMT modulus measurements were done by
calibrating the cantilevers with fused silica standard sample. PeakForce
Quantitative Nanomechanical Property Mapping (PF-QNM) AFM
was done at constant oscillation of the sample at 2 kHz using
amplitude of 150 nm. The specimens for AFM imaging were prepared
by cryo-microtoming with a tungsten knife to create a perfect plane
face using Leica Microtome, Germany equipped with a cryo-chamber.

3. RESULTS AND DISCUSSION

3.1. Tensile and Impact Properties. Figure 1 presents the
tensile stress−strain curves of the neat PLA, binary blends and
PLA/EMA-GMA/PEBA (Pebax 55R53) ternary blends. Figure
2 summarizes the tensile strength and modulus of the neat
PLA, the binary blends and the PLA/EMA-GMA/PEBA
ternary blends at different wt % formulations. The neat PLA
is a brittle polymer with poor ductility and high stiffness. Figure
1 showed that the neat PLA deformed in a typical brittle
fashion without obvious yielding under tensile stress. The

tensile strength of the PLA was above 70 MPa, while the
elongation at break was only around 4%. Compared to the neat
PLA, the ductility of PLA was improved by the addition of the
PEBA and EMA-GMA elastomers with reduction in strength
and modulus. All the blends underwent distinct yielding
followed by considerable cold drawing during the tensile test,
indicating that the brittle fracture of PLA changed to a ductile
fracture with the incorporation of the PEBA and EMA-GMA.
At the same time, it is shown in Figure 2 that the tensile
strength and modulus of the blends also suffered reduction with
the addition of PEBA and EMA-GMA elastomers. The decrease
of the strength and modulus for the blends shown in Figure 2
are attributed to the presence of soft PEBA and EMA-GMA
elastomers.
Figure 3 summarizes the impact strength and the elongation

at break of neat PLA, PLA/PEBA binary blends and PLA/
EMA-GMA/PEBA ternary blends as a function of the weight
fraction. In the binary blends, the PLA/PEBA (80/20) blend
showed increased elongation at break up to 26.2%. During the
tensile stress progress, debonding will occur at the particle−
matrix interface due to the limited compatibility of the
components. The interfacial cavitations caused by debonding
create a stress state being beneficial for the initiation of multiple

Figure 1. Tensile stress−strain curves of neat PLA, binary blend, and
PLA/EMA-GMA/PEBA ternary blends.

Figure 2. Tensile properties of PLA/EMA-GMA/PEBA ternary blends
as a function of the weight fraction: (A) Neat PLA; (B) PLA/
PEBA(80/20); (C) PLA/EMA-GMA(80/20); (D) PLA/EMA-GMA/
PEBA(70/10/20); (E)PLA/EMA-GMA/PEBA(70/15/15); (F) PLA/
EMA-GMA/PEBA(70/20/10).
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matrix shear yielding of PLA matrix. Similar tensile phenomena
and mechanism was also suggested by Bitinis et al. in the PLA/
NR blends and Han et al. in PLA/Poly(ethylene oxide-b-amide-
12) blends.37,45 However, as shown in Figure 3, only limited
improvement in impact strength was achieved for the PLA/
PEBA binary blends. Relatively large size dispersed phases and
weak interfacial adhesion of the immiscible PLA/PEBA blend
results in the limited improvement in impact strength.
Ethylene-acrylic ester-glycidyl methacrylate terpolymers with
epoxy group have been widely studied as a single impact
modifier for the PLA.13,14,31,32 While using the EMA-GMA
alone as a modifier for the PLA, higher improvement in both
elongation and impact strength was achieved compared to the
PLA/PEBA (80/20) blend. The improved toughness and
ductility can be attributed to the better compatibility of the
PLA and EMA-GMA phases, which were also noticed in other
works.13,14,31,32

Excellent tensile toughness was obtained for the ternary
PLA/EMA-GMA/PEBA blends. As shown in Figure 3, all the
ternary blend formulations showed higher elongation compared
to the neat PLA and binary blends. The elongation at break
increased with the increasing content of EMA-GMA in the
ternary blend. The PLA/EMA-GMA/PEBA (70/20/10) blend
showed the highest elongation of 72.7%, which is almost 20
times higher than that of the neat PLA. Interestingly, it was
clearly evident that the impact strength of the ternary blends
did not follow the same trend as the elongation. Tremendous
increase in the impact strength was achieved in the case of
super tough PLA/EMA-GMA/PEBA (70/20/10) blend with a
value of 410 J/m exhibiting partial impact break behavior. Yet,
the impact strength of the PLA/EMA-GMA/PEBA (70/10/20)
and PLA/EMA-GMA/PEBA (70/15/15) blends was found to
be even lower than that of PLA/EMA-GMA (80/20) binary
blend. These interesting results indicated the materials exhibit
different deformation mechanism under different loading
conditions of tensile and impact test. It is well-known that
the tensile testing is usually performed at a constant low strain-
rate condition. However, the impact testing is carried out at
remarkably high speed.19,45 Under the high speed, the notched
impact test samples will be very sensitive for the interfacial
adhesion. In the PLA/EMA-GMA (80/20) binary blend and
PLA/EMA-GMA/PEBA (70/20/10) blend, the different
phases showed better interfacial adhesion compared with
other formulations. Consequently, they showed higher impact

strength. At the same time, it also implied that the phase
morphology of the blend played an important role on the
toughness of the blends. As discussed in following results, a
unique “multiple stacked structure” with suitable interfacial
adhesion of the PLA/EMA-GMA/PEBA (70/20/10) played a
more effective role in enhancing the impact toughness
compared to the other blends.
To develop supertough PLA based blends without greatly

sacrificing the stiffness and renewability of PLA, different grades
of the PEBA with varying renewable contents and stiffness were
also evaluated in two selected ternary blend formulations: the
PLA/EMA-GMA/PEBA (70/20/10) and the PLA/EMA-
GMA/PEBA (70/10/20). Three typical grades PEBA (Pebax
72R53, Pebax 55R53, and Pebax 35R53) were selected. As
reported by the Arkema, the renewable contents and stiffness of
the PEBA decrease in the following order: Pebax 72R53 >
Pebax 55R53 > Pebax 35R53. Figure 4 summarizes the

mechanical properties of the ternary blends with different
grades of PEBA at two selected formulations. In the case of the
PLA/EMA-GMA/PEBA (70/10/20) blend with different
grades of PEBA, the stiffness of PEBA was found to play a
significant role in deciding the toughness and flexibility.
As shown in Figure 4a, the elongation and impact strength

increased with the decreasing stiffness of PEBA. However,
interestingly, the stiffness of the PEBA showed no big
difference in the impact strength for the PLA/EMA-GMA/
PEBA (70/20/10) formulation. As shown in Figure 4b, the
PLA/EMA-GMA/PEBA 72R53 (70/20/10) blend showed
even higher impact strength compared to the blend with low
stiffness grade of PEBA. This result is completely different from

Figure 3. Notched Izod impact strength and percent elongation at
break of PLA/EMA-GMA/PEBA ternary blends as a function of the
weight fraction: (A) Neat PLA; (B) PLA/PEBA(80/20); (C) PLA/
EMA-GMA(80/20); (D) PLA/EMA-GMA/PEBA(70/10/20);
(E)PLA/EMA-GMA/PEBA(70/15/15); (F) PLA/EMA-GMA/
PEBA(70/20/10).

Figure 4. Impact strength and elongation properties of the (a) PLA/
EMA-GMA/PEBA (70/10/20) and (b) PLA/EMA-GMA/PEBA (70/
20/10) with different grade PEBA: (A) Neat PLA, (B) Blend with
Pebax 72R53, (C) Blend with Pebax 55R53, (D) Blend with Pebax
35R53.
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the trend observed in the PLA/EMA-GMA/PEBA (70/10/20)
ternary blends. This phenomenon suggested that the phase
behavior of the ternary blend played an important role in
increasing the toughness of the materials and is explained in the
later sections.
3.2. Miscibility of the Blends. The miscibility of the

components in the blend determines the phase behavior and
interfacial compatibility of the blends, which has great influence
on the mechanical properties of the materials. Therefore,
dynamic mechanical analysis was carried out to assess the
miscibility of the polymer blends. Figure 5a and b shows the

Tanδ and storage modulus (E′) curves of the neat polymers
and the blends. As shown in Figure 5a, the neat PLA exhibited a
Tanδ peak at about 71.8 °C, which was ascribed to its glass
transition. The peaks shifted slightly toward each other for the
PLA/EMA-GMA binary blend, indicating the partial miscibility
between the components. For the PLA/PEBA binary blends,
no obvious change in the peak temperature was noticed,
suggesting the poor miscibility of the PLA and PEBA. In
addition, a huge difference between the peak intensity of the
blends was observed. The PLA/EMA-GMA binary blend
showed higher peak intensity compared to the PLA/PEBA
binary blend with the same amount of PLA content in the
blends. This result suggested that the amorphous part of PLA
in the PLA/EMA-GMA binary blend was higher than the PLA/
PEBA binary blend. It indicated that the presence of the EMA-

GMA more effectively confined the crystallization of PLA due
to the optimum level of compatibility between the phases.
As for the ternary blends, it was noticed that the Tg values of

both the EMA-GMA and PEBA components in the blends
shifted to high temperature, especially for the PLA/EMA-
GMA/PEBA (70/20/10) blend. This result indicated the
improved miscibility, which could most likely be due to the
reaction between the glycidyl methacrylate (GMA) group with
the end function group of the PLA and PEBA. During the high
temperature melt processing, the chemical reaction between
GMA groups on the reactive elastomer and the terminal
carboxyl and hydroxyl groups of polymer such as the PLA and
PEBA has been clearly identified in the literatures.15,16,31,32,46,47

In the studies of the PLA/EMA-GMA binary blend, Li et al.46

and Jiang et al.47 have clearly confirmed reaction between the
epoxy group of the EMA-GMA and terminal carboxyl and
hydroxyl groups of the PLA through the direct FTIR evidence.
As pointed out by Zhang et al. in their studies,31,32 the reaction
between the terminal carboxyl group of the PLA and the
epoxide groups in the EMA-GMA was the major possible
compatibilization reaction at the present processing temper-
ature. Compared to the ring-opening synthesized PLA, the
carboxylic acid/epoxy reaction has also been well established
and widely used for reactive compatibilization for condensa-
tion-polymerized polymers such as PEBA.48 Consequently, in
the PLA/EMA-GMA/PEBA ternary blends, the EMA-GMA
played unique dual roles as an effective toughening agent and a
reactive compatibilizer, which significantly improved the
toughness of the PLA blends. The improved compatibility of
the EMA-GMA phase with the PLA and PEBA phases was also
clearly demonstrated in the following SEM and DSC results.
Figure 5b shows the storage modulus curves of the neat

polymer and the blends. The glass transition of the neat PLA
started at 50−60 °C, and the storage modulus decreased
sharply. The cold crystallization was observed to occur at
around 135 °C and as a result of the cold crystallization, the
storage modulus increased. In accordance with the tan δ curve,
no obvious change in the transition temperature of the PLA
was observed in the PLA/PEBA blend due to the immiscibility
of the two components. However, the cold crystallization
temperature of PLA in PLA/EMA-GMA binary blend and the
ternary PLA/EMA-GMA/PEBA blends shifted to high temper-
ature, which was consistent with the following DSC results.
This result indicated that the crystallization of PLA was
confined in these blends. The E′ of the blends decreased at the
room temperature due to the soft EMA-GMA and PEBA
introduced in the blends.

3.3. Thermal and Crystallization Behaviors. Both the
PLA and PEBA are semicrystalline polymers. The physical
properties of the PLA are greatly dependent on the solid-state
morphology and its crystallinity.15,44 Accordingly, to make clear
conclusions on the mechanism involved in improving the
toughness, it is important to study the thermal and
crystallization behavior of the blends, especially the crystal-
lization behavior of the PLA phase. Figure 6 presents the
melting behavior of the neat PLA and blends after quenching.
Figure 7 shows the crystallization curve of the neat PLA and
ternary blends at cooling rate of 5 °C/min. The detail results of
DSC are summarized in Table 1, which mainly shows the
thermal behavior of the PLA in the blends.
As shown in Figure 6, the cold crystallization peak of the

PLA in the blends was noted to shift toward high temperature,
especially for the PLA/EMA-GMA (80/20) and the PLA/

Figure 5. DMA traces of PLA blended with PEBA (Pebax 55R53)
elastomer at various concentrations: (a) tan δ versus temperature; (b)
storage modulus versus temperature curves.
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EMA-GMA/PEBA (70/20/10) blends. At the same time, no
clear exothermal peak attributed to crystallization of the PLA
was observed in Figure 7 for the PLA/EMA-GMA (80/20)
blend, which was consistent with the DMA results. For the
ternary blends, it was also found that the crystallization
temperature of the PLA shifted to low temperature with the
increase of the EMA-GMA contents. These results indicated
that the presence of the EMA-GMA decreased the ability of the
PLA to crystallize. The confined crystallization behavior of the
PLA/EMA-GMA blend may suggest the good compatibility of
the two components. As discussed in the previous section, the
EMA-GMA and PLA showed partial miscibility due to the
reactive processing at high temperature. The interaction

between the EMA-GMA and PLA segments will confine the
crystallization of PLA because of the dilute effect of the EMA-
GMA phase. In contrast, for the PLA/PEBA (80/20) binary
blend with poor miscibility, the crystallization of the PLA was
not influenced apparently. The thermal behavior of PLA in the
blends indicated the different miscibility among the compo-
nents in the blends. At the same time, it was also noticed that
the crystallization of the PEBA was confined in the blends. This
result indicated that there was segment interaction among the
different phases which changed the thermal behavior of the
components. The DSC results in accordance with the DMA
and SEM results further verified the miscibility of the EMA-
GMA with the PLA or PEBA phases.

3.4. Impact Fractured Surface Morphology of the
Blends. To further study the toughening effect of the PLA
binary and ternary blends, the fracture surface of the impact
specimens was investigated under the SEM and the micro-
graphs are shown in Figure 8. The neat PLA showed a smooth
and featureless fracture surface without much deformation,
indicating a typical brittle fracture behavior.33 On the fracture
surfaces of the binary blend with 20 wt % PEBA, multiple
fracture surfaces replaced the single fracture lines, indicating the
impact strength was improved. The toughening effect in this
case remained moderate due to the poor compatibility between
the phases. Some voids due to the pullout of dispersed PEBA
particles were clearly observed, which suggested the poor
interfacial adhesion of the PLA and the PEBA phases. In
comparison to the PLA/PEBA (80/20) blend, the surface of
the blend with 20 wt % EMA-GMA showed increased
roughness and some fibrils were discernible on the fracture
surfaces. No obvious interface between the different phases was
observed, indicating the EMA-GMA had better compatibility
with the PLA than PEBA. This good compatibility between the
PLA and the EMA-GMA phases can be ascribed to the reactive
melt blending process at high temperature.
In case of the ternary blends, more and longer fibril threads

were noticed, which served as a clear evidence for the ductile
fractures. Especially for the PLA/EMA-GMA/PEBA (70/20/
10) blend, significant plastic deformation of the PLA matrix was
observed, which was a characteristic of shear yielding. The
corresponding amount of plastic deformation was very
effectively dissipated the fracture energy, which resulted in
greatly improved impact strength at room temperature. The
impact fractured surfaces of the ternary blends with 10 and 15
wt % EMA-GMA exhibited morphologies different from that of
the blend with 20 wt % EMA-GMA. The dispersed minor
PEBA phases were clearly distinguishable from the matrix for
the PLA/EMA-GMA/PEBA (70/10/20) and PLA/EMA-
GMA/PEBA (70/15/15) blends. The voids resulting from
the pullout of dispersed PEBA phases were still clearly
observed. The matrix surrounding the voids showed only
limited deformation. These results implied that the weak

Figure 6. DSC heating curves of the neat PLA and the blends after
quenched: (a) neat PLA ;(b) PLA/EMA-GMA (80/20); (c) PLA/
PEBA (80/20); (d) PLA/EMA-GMA/PEBA (70/10/20); (e) PLA/
EMA-GMA/PEBA (70/20/10); (f) neat PEBA (Pebax Rnew 55R53).

Figure 7. DSC cooling curves of the neat PLA and the blends: (a) neat
PLA; (b) PLA/EMA-GMA(80/20); (c) PLA/PEBA(80/20); (d)
PLA/EMA-GMA/PEBA(70/10/20); (e) PLA/EMA-GMA/PEBA-
(70/20/10); (f) neat PEBA(Pebax Rnew 55R53).

Table 1. Thermal Properties of the Neat Polymers, the Binary Blends, and the Ternary Blends

samples Tg(PLA) (°C) Tcc (°C) Tc(PLA) (°C) ΔHc(PLA) (J/g) Tc(PEBA) (°C) ΔHc(PEBA) (J/g) Tm (°C) ΔHm (J/g)

PLA 62.0 98.6 95.6 15.8 168.2 45.3
PLA/EMA-GMA(80/20) 61.0 109.2 169.5 28.9
PLA/PEBA(80/20) 61.2 102.9 92.1 3.6 146.7 0.6 168.5 38.0
PLA/EMA-GMA/PEBA (70/10/20) 61.8 108.5 88.6 6.0 146.4 0.3 169.4 32.4
PLA/EMA-GMA/PEBA (70/20/10) 61.3 109.3 88.5 3.5 169.5 26.3
PEBA(Pebax 55R53) 30.9 151.1 30.3 172.5 36.8
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interfacial adhesion between the dispersed PEBA phases at
these particular weight ratios of the blending components lead
to similar results as that of the PLA/PEBA binary blend. In
contrast, the dispersed particles in the PLA/EMA-GMA/PEBA
(70/20/10) were not clearly defined from the PLA matrix. The
matrix near the dispersed phases underwent large deformations.
3.5. Phase Morphology of the Blend. It is well-known

that the phase morphology has significant influence on the
properties of the multiphase blend. As mentioned previously,
the ternary blends of the PLA/EMA-GMA/PEBA showed
improved mechanical properties compared to the neat PLA and
the binary blends. Moreover, the toughness and the flexibility of
the ternary blends showed a significant dependence on the
composition of the blend components. Therefore, the phase
morphology of the ternary blends was studied in an attempt to
establish the relationship between the morphology and the
resulting performance.

To figure out the toughening mechanism responsible for
imparting the supertoughness, the phase morphologies of the
binary and the ternary blends were thoroughly studied by the
SEM. The SEM images of the cryofractured surface of the PLA
binary and the ternary blends with various weight compositions
are presented in Figure 9. A clear, phase-separated morphology
with the PEBA dispersed in the PLA matrix was observed for
the PLA/PEBA binary blend from the SEM results, which
indicated that the PLA and PEBA were immiscible. Compared
to the PLA/PEBA binary blend, a relatively good interfacial
adhesion was found for the PLA/EMA-GMA binary blend,
which indicated a good compatibility of the two phases. In a
nonreactive ternary blend system with two minor components,
generally three different morphologies can be expected and
usually reported in the literatures: (1) separate dispersion of the
minor phases; (2) stack formation/partial encapsulation; (3)
core−shell structure.25−27 In the SEM micrograph of the PLA/

Figure 8. SEM images of impact-fracture surface of the binary blend and PLA/EMA-GMA/PEBA ternary blend with various weight compositions.

Figure 9. SEM images of cryofractured surface of PLA/EMA-GMA/PEBA blend with various weight compositions.
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EMA-GMA/PEBA (70/10/20) blend, mainly separate dis-
persion of the minor phases with large size distribution was the
major observation, but a small number of simple single-stacked
structures were also observed in the image. It is to be noted that
the droplets with larger size showed clear interface with the
PLA matrix, which was similar to the appearance of the PEBA
particles in the PLA/PEBA binary blend. Considering the
composition of this formulation and morphological characters,
the larger dispersed particles could be attributed to the PEBA
domains. Similarly, separate minor phases with relatively
uniform size were observed in the case of the PLA/EMA-
GMA/PEBA (70/15/15) blend. On the other hand, for the
PLA/EMA-GMA/PEBA (70/20/10) ternary blend exhibiting
super high toughness, a special “multiple stack formation”
structure with two dispersed polymers stuck together was
observed to be the dominant morphology. By referring to the
blend morphology as “multiple stack formation” we mean to
describe that the dispersed particles are distinctly stuck together
in PLA matrix but not necessarily like a stack of coins.
This distinct morphology of the PLA/EMA-GMA/PEBA

(70/20/10) blend noticed from AFM and SEM images is
represented in Figure 10. Phase image obtained from AFM is
usually used to reveal material contrast in polymer blends as it
is a precise method to detect the structures in the materials in a
nanometer range. Partial encapsultation or the stack formation
was also clearly evident from the AFM, corroborating the SEM
observations. Multiple dispersed small particles were found to
be stuck together in one larger droplet. The SEM and AFM
results clearly indicated the unique “multiple stacked structure”
formed by the PLA/EMA-GMA/PEBA (70/20/10) formula-
tion. At the same time, as shown in Figure 10A, the large
domains seemed to have good interfacial adhesion with the
matrix, while the small size particles were detached from the
matrix showing distinct interfaces. As discussed in the binary
PLA/EMA-GMA blend, the EMA-GMA showed good

compatibility with PLA matrix. Therefore, here the larger
particles having good interfacial adhesion with the PLA matrix
could be attributed to the EMA-GMA, while the small particles
with poor interfacial adhesion could be ascribed to the PEBA
phase having low content in this formulation. To further clearly
distinguish the minor phases, the morphology of the ethched
cryofractured surface of the PLA/EMA-GMA/PEBA (70/20/
10) blend was also observed under the SEM and the
micrograph is shown in Figure 10 (C). During the etching
processing, the PEBA phases were selectively etched by the
solvent. From Figure 10 (C), the holes, which were ascribed to
the etched PEBA phases, can be clearly observed at the
interface of the dispersed EMA-GMA and the PLA matrix.
Moreover, some voids stacked with the EMA-GMA phases
were also observed at the interfaces in the images. This result
further confirmed the unique structure of the PLA/EMA-
GMA/PEBA (70/20/10) blend.
Several theoretical models have been used to predict the

morphology of the ternary polymer blends.25,49,50 Among these
models, spreading coefficient model have been widely used in
the literatures. On the basis of the concept of a spreading
coefficient, Hobbs et al. successfully predicted the morphology
of immiscible polymer ternary blend by rewriting the Harkin’s
equation.45

λ α α α= − −CB BA CA BC

λij is the spreading coefficient of i over j and αij is the interfacial
tension between i and ij. For B to be encapsulated by C, λCB
must be positive. In the case when both λCB and λBC are
negative, B and C will tend to form separated phases. Here, the
morphologies of the ternary blends were predicted using the
spreading coefficient theory. Since there is no related interfacial
tension data for each pairs of the PLA, EMA-GMA, and PEBA
are available from the literatures, we have calculated the
interfacial tension values based on the surface tension values

Figure 10. Detail structure of the PLA/EMA-GMA/PEBA (70/20/10) blend with the SEM and AFM phase images: (A) SEM images of
cryofractured surface (4000×), (B) AFM image, (C) SEM images of cryofractured surface after etched (10000×), and (D) the schematic structure.
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measured by the contact angle. The contact angle and surface
tension values for all the components of the blend can be
referred in Support Information Table S1. Since the melt
blending was carried out at essentially higher temperatures, the
use of interfacial tension values calculated from surface tension
values requires to be extrapolated to the processing temper-
ature. To do that, a temperature coefficient of −0.06 mJ m−2

K−1 was used as adopted in many of the literatures. The
interfacial values and spreading coefficient calculated for the
polymer pairs are listed in Table 2.
Contrary to our expectation, the theoretical calculations

predicted a different morphology that was not consistent with
the real morphologies shown in Figure 10. As shown in the
table, the spreading coefficient calculated from the extrapolated
interfacial tension values reveal complete encapsulation
morphology with the PEBA forming the shell and the EMA-
GMA forming the core. As these equations are originally
proposed for nonreactive blends based on static interfacial
tensions, it is important to mention that the predictability is
limited in case of the reactive compatibilized blends under shear
flowing conditions. It is well-known that the interfacial tensions
of polymer pairs can be significantly changed by in situ reaction
at the interface during the reactive blending. Fleischer et al.

pointed out that the interfacial tension could be reduced up to
70% through the interfacial modification with a end-function-
alized interfacial agent.51As it can be seen, the interfacial
tension values obtained for the PLA/EMA-GMA pair is higher
under static nonreactive situation, but in actual fact it would be
much lower considering the reaction of the EMA-GMA with
the PLA. The same is true for the EMA-GMA/PEBA pair as
well. In fact, with the SEM observations, a good interface was
found to be present in the PLA/EMA-GMA binary blend in
comparison to the PLA/PEBA binary blend, which could be
attributed to the reaction of epoxy groups of EMA-GMA with
carboxyl groups of the PLA. The DSC and DMA results also
suggested that there was improved compatibility between the
EMA-GMA and the other components in the blends. The
change of interfacial tension and composition under melt
processing condition has been widely used to manipulate the
morphology of the multiphase blends. In blends of polyamide
6/polycarbonate/poly [styrene-b-(ethylene-co-butylene)-b-styr-
ene], Horiuchi et al. demonstrated that interfacial compatibi-
lization reaction between the components during melt-mixing
induces the change of the phase morphology.27 In a model
ternary blend of polyamide, polypropylene and polystyrene,
Wang et al.52 and Omonov et al.53 both indicated in their

Table 2. Interfacial Tension Values at Room Temperature and Extrapolated to 190 °C and Spreading Coefficient

interfacial tension, γij (mN/m)

polymer pairs
using harmonic mean

equation
using geometric mean

equation
interfacial tension, γij (mN/m) at 190 C using geometric

mean equation
spreading

coefficient, λij

PLA/EMA-GMA
(γab)

3.61 1.84 5.91 λbc = −7.53

PLA/PEBA (γac) 1.69 0.85 1.40 λcb = 1.49
EMA-GMA/PEBA
(γbc)

1.40 0.70 3.01 λab = −4.30

Figure 11. AFM images of PLA/EMA-GMA/PEBA (70/20/10) ternary blend obtained under PeakForce QNM mode.
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respective studies that the morphology of the blend has been
changed because of the change of interfacial tension by adding
the compatibilizer. Therefore, experimental technique measur-
ing the dynamic interfacial tension existing between the
polymer pairs may be more useful for the melt compounded
reactive systems due to the changed interfacial tension data and
influence of shear flow on the delicate balance of interfacial
tensions within the blend. In the present PLA/EMA-GMA/
PEBA blends, the melt reaction of the EMA-GMA with the
PLA and the PEBA will significantly decrease the interfacial
tension of the component pairs. Owing to the interfacial
reaction, EMA-GMA phases will prefer to be located in the
interface between the PLA and the PEBA in the blend. A
unique “multiple stack structure” was therefore formed at an
appropriate blend ratio of PLA/EMA-GMA/PEBA (70/20/
10).
3.6. Toughening Mechanism. It has been widely accepted

that the effciency of the elastomer in toughening the polymer
blend is significantly dependent on the interfacial adhesion and
the cavition process. It is well recognized that the interfacial
adhesion between the dispersed domians and matrix play a very
delicate role in toughening the blend. To achieve high
toughening effect, the dispersed particles should have suitable
interfacial adhension with the matrix to improve the phase
disperson and to inhibit the crack formation. Poor interfacial
adhesion will induce phase segregation and can not afford the
crack formation. However, a too strong interfical adhesion
usually is not benefical for toughness as it does not allow the
stress to be relieved via interfacil debonding. Debonding at the
interface between the dispersed patrticles and matrix is an
important cause for microvoiding, which is a key step for the
innitiation of matrix deformation. In polymer/elastomer blends,
the dispersed modifer particles act as stress concentrators as
they possesss different elastic properties compared to the
matrix. A higher hydrostatic or triaxial stress is applied to the
particles, which will result in void formation through internal
cavition or debonding. Consequently, a suitable phase structure
with optimium interfacial adhesion is very important for the
toughening of the polymer/elastomer blends.
As discussed previously, the PLA/EMA-GMA/PEBA (70/

20/10) formulation with a unique phase structure compared to

other formualtions showed superior impact strength. To
establish the toughening mechanism of the blends, AFM
PeakForce QNM mode was first used to map the relative DMT
modulus of different phases in the blend. Figure 11 shows the
10 μm AFM scan of PLA/EMA-GMA/PEBA (70/20/10)
displaying DMT modulus, adhesion and deformation. The
softer domains of the PEBA and the EMA-GMA appear darker
in the DMT modulus image revealing the realtive modulus of
the domains to be ∼1.2 GPa and the PLA with ∼2.2 GPa as
shown in Figure 11. As expected, the PEBA and the EMA-
GMA particles dispersed in the blends deformed at a higher
rate compared to the PLA matrix, and appeared brigher on the
scale bar with a maximum deformation value of 1.3 nm. This
difference in elastic properties will be benefical for the
microformation during fracture process. Interfacial debonding
will be a key step for the initiation of the microformation in the
blend.
The impact fractured morphologies of the PLA/EMA-GMA/

PEBA (70/10/20) and the PLA/EMA-GMA/PEBA(70/20/
10) blends in the vicinity of the notch were further
characterized using SEM and are shown in Figure 12. In the
PLA/EMA-GMA/PEBA (70/10/20) blend, it was obvious that
strong interfacial debonding occurred due to the weak
interfacial adhesion of the PEBA particles with the PLA matrix.
Detached particles and large voids belonging to the PEBA
phase was clearly observed in the image, which was due to the
poor interfacial adhension of the PEBA and the PLA phases.
During the impact fracutre process, the presence of poor
interfacial adhesion promoted the crack formation, which
resulted in very limited improvement in the toughness.
However, a different deformation phenomema was observed
for the PLA/EMA-GMA/PEBA (70/20/10) blend. Similar
interfacial debonding was also noticed in the PLA/EMA-GMA/
PEBA (70/20/10) blend however a significant difference from
the previous PLA/EMA-GMA/PEBA (70/10/20) blend was
that the dispersed domains were found to be still adhered to the
PLA matrix through small oval cavities. These results indicated
that although interfacial debonding occurred between the
phases, the balanced interfacial adhesion of the dispersed
phases were still high enough to inhibit the crack formation.
This different deformation phenomema resulted in completely

Figure 12. Schematic and impact surface graphs of the blends near the notch.
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different toughness properties and tremendously enhanced the
impact strength.
As shown in Figure 10 and Figure 12, the partial wetting of

the PEBA on the EMA-GMA partilces resulted in special
structure with mutiple PEBA particles stacked with the EMA-
GMA particles between the PLA and EMA-GMA interface.
From the previous analysis it was clear that the EMA-GMA had
good compatibilty with the PLA matrix due to the reactions
occurring at high temperature. The good interfacial adhesion of
the EMA-GMA particle with the PLA matrix will effectively
faciliate the stress transfer during the fracture process, which
can prevent the crack initation and propagation. This will help
in considerable matrix deformation and result in substanial
energey consumption.30 On the other hand, the mutiple PEBA
particels with poor interfacial adhesion located at the interface
will weaken the interfacial adhesion to a certain extent.
Consequently, during the development of fracture process,
interfacial debonding of PEBA particles from the PLA will
result in the mutiple microvoid formation, which will easily
trigger the deformation of the surrounding matrix. This delicate
balance of interfacial adhesion and debonding was believed to
play a very positive role in improving the toughenss of PLA
matrix. At the same time, the deceased size of the PEBA
particles shown in the micrograph will be also beneficial for
improving the impact strength.
In PLA-based toughnening blends, a good cooperation of

interfacial debonding and suitable level of interfacical adhesion
played an important role to improve the toughenss of PLA
matrix.7−11 In a PLA/hyperbranched poly(ester amide) (HBP)
blend, Lin et al. also found that the interplay of moderate
interfacial H-bonding allowing interfacial debonding between
the HBP and PLA phases resulted in high toughness of the
materials.12 Similar effect was also found in a PLA/poly(ether)
urethane/titanium dioxide (TiO2) nanopartiles composi-
tes.54The selective interfacially localized nano-TiO2 induced
moderately weakend interfacial adhesion, which was benifacial
for the interfacial debonding. Recently, in the PLA/natural
rubber/Clay biocomposites, Bitinis et al. also found the
presence of the nanoclay at the interface of the PLA and the
natural rubber phases helping in hindering the formation of
voids, which significantly improved the toughness of the
composites.37 Kim et al.55,56 have proposed that the multiple
cavitaion process in the ternary blend systems significantly
enhanced the shear flowing in the matrix. Consequently, the
complementary role of the PEBA and the EMA-GMA phases in
the unique “mutiple stack structure” during the fracture process
contributed to superhigh toughenss achieved. This unique
phase structures and toughening mechanism also explain the
mechancial properteis of PLA/EMA-GMA/PEBA(70/20/10)
blend with different grades of PEBA as shown in Figure 4.
During the impact process, the stiffness of PEBA had no
obvious effect on the interfacial adhesion and debonding in the
unique “mutiple stack structure”. Consequently, the stiffness of
PEBA had no significant influence on the toughness. In
summary, a unique synergetic effect of the PEBA and the EMA-
GMA phases in the “multiple stacked structure” were believed
to contribute the excellent toughness of the blend.

■ CONCLUSIONS
This Research Article reports on the development of
supertough ternary PLA renewable blends with a mixture of
morphologies formed by reactive melt blending of the PLA/
EMA-GMA/PEBA ternary blends. DMA and DSC analysis

revealed that the PLA/PEBA were immiscible, while the PLA/
EMA-GMA binary blends showed partial miscibility. Significant
enhancement of the toughness of the PLA was achieved by the
ternary blend of PLA/EMA-GMA/PEBA. Supertough PLA
ternary blend exhibiting the impact strength of ∼500 J/m, with
partial break impact behavior was obtained by optimizing the
blending ratio at 20 wt % EMA-GMA and 10 wt % PEBA.
Different phase morphologies were manipulated by interfacial
reaction and composition changing of the ternary blends. A
unique “multiple stacked structure” with partial encapsulation
of the EMA-GMA and the PEBA minor phases was observed
for the PLA/EMA-GMA/PEBA (70/20/10). Morphological
studies showed that synergistic effect of good interfacial
adhesion and interfacial cavitations followed by massive shear
yielding of the PLA matrix contributed to the enormous
toughening effect observed in the ternary blends.
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