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ABSTRACT: In this study, a poly(lactic acid) (PLA) ternary blend system consisting of PLA, an epoxy-
containing elastomer, and a zinc ionomer was introduced and studied in detail. Transmission electron
microscopy revealed that the “salami”-like phase structure was formed in the ternary blends. While increase
in blending temperature had little effects on the tensile properties of the resulting blends, it greatly changed the
impact strength. For the blends prepared at 240 �C by extrusion blending, the resulting PLA ternary blends
displayed supertoughness with moderate levels of strength and modulus. It was found that the zinc ions
catalyzed the cross-linking of epoxy-containing elastomer and also promoted the reactive compatibiliza-
tion at the interface of PLA and the elastomer. Both blending temperature and elastomer/ionomer ratio
were found to play important roles in achieving supertoughness of the blends. The significant increase in
notched impact strength was attributed to the effective interfacial compatibilization at elevated blending
temperatures.

1. Introduction

Because of its high strength and stiffness, excellent transpar-
ency, andbiodegradability, poly(lactic acid) (PLA) is a promising
alternative to some petroleum-based polymers. Unfortunately,
the inherent brittleness of PLA is a major drawback to prevent it
fromwide applications.Many efforts have beenmade to improve
PLA toughness in the literature,1 and polymer melt blending is
the most economic and practical route. Various biodegradable
or nonbiodegradable polymers, such as poly(butylene adipate-
co-terephthalate),2,3 polycaprolactone,4 polyhydroxyalkanoate
copolymers (e.g., Nodax),5,6 poly(butylene succinate),7 poly-
(ether)urethane elastomer,8 hyperbranched polymer (HBP),9

polyamide elastomer,10 modified soybean oil,11 acrylonitrile-
butadiene-styrene copolymer (ABS),12 thermoplastic polyole-
fin elastomer (TPO),13 poly(ethylene-co-glycidyl methacrylate)
(EGMA),14 polyethylene,15,16 and glycidyl methacrylate grafted
poly(ethylene-co-octene) (GMA-g-POE),17 have been used as
toughners for PLA. In order to overcome the immiscibility of
PLA with impact modifiers used, suitable block or graft copoly-
mers that are either premade or in situ formed during reactive
compatibilization were added.3,6,12,15,16 These PLA blends uni-
versally displayed a significant increase in tensile toughness (or
ductility) compared to neat PLA. However, most above blends
yielded very limited enhancement in impact strength, especially in
the notched situation. Recently, Oyama14 reported supertough
PLA/EGMA (80/20, w/w) blends via reactive blending. The
injection molded specimens of the blends exhibited notched
Charpy impact strengths which were only 2-3 times that of the
neat PLA.After annealing at 90 �C for 2.5 h, however, the impact
strength of the blend increased to 72 kJ/m2, ca. 50 times that
of the neat PLA. The author deduced from differential scanning
calorimetry (DSC) and wide-angle X-ray diffraction (WAXD)
results that the crystallization of the PLA matrix played a key
role in such significant enhancement. Anderson et al. also

reported supertough binary PLA/PE (80/20) blends by using
polylactide-polyethylene diblock (i.e., PLA-b-PE) copolymers
as compatibilizers.15,16 By varying the structure and amount of
the block copolymers and the tacticity nature of the PLAmatrix,
supertoughness (>∼530 J/m)18 under notched Izod impact tests
was obtained. Tensile strength and stiffness of the blends suffered
a reduction by a factor of 2-3 in all cases relative to the neat
PLLA. The magnitude of improvement in impact toughness was
believed to be correlated with the improved interfacial adhesion
induced by the addition of PLA-b-PE copolymers. Like many
aliphatic polyesters, however, PLA easily undergoes thermal
degradation during molten processing (e.g., via hydrolysis, zip-
perlike depolymerization, oxidative, random main-chain scis-
sion, and transesterification).19 In turn, the resulting reduction
in molecular weight adversely affects the final properties of the
materials.20,21 Since the extent of thermal degradationwas closely
related to the process condition (both temperature and residence
time),20,21 the importance of minimizing the residence time
and processing temperature is usually highlighted during PLA
processing.

Dynamic vulcanization refers to a process of selectively vulca-
nizing an elastomer during its intimate melt mixing with a
nonvulcanizing thermoplastic polymer, leading to a two-phase
material in which particulate cross-linked elastomer phases are
dispersed in amelt-processable plasticmatrix.22 It is an important
and versatile route to produce new thermoplastic elastomers. In
this study, a novel PLA ternary blend system consisting of PLA,
elatomeric ethylene-butyl acrylate-glycidylmethacrylate terpo-
lymer (EBA-GMA), and zinc ionomer of ethylene-methyacrylic
acid copolymer (EMAA-Zn) was investigated. It was demon-
strated by torque rheological and FT-IR data that dynamic
vulcanization between the epoxy-containing elastomer and zinc
ionomer occurred within PLA matrix during melt extrusion.
Elevated blending temperature (240 �C) not only led to more
cross-linking of the elastomeric terpolymer but also triggered
reactive compatibilization at the PLA/EBA-GMA interface.
Effects of EBA-GMA/EMAA-Zn and blending temperature on
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tensile and impact properties were studied, and supertoughened
PLA ternary blends with moderate strength and modulus were
successfully achieved by melt-blending at 240 �C and 50 rpm, at
which excessive thermal degradation of PLA probably took
place.20 To the best of our knowledge, a similar reactive compa-
tibilizing and toughening route for supertoughened PLA blends
via dynamic vulcanization under such elevated blending tem-
perature as 240 �C has not been reported elsewhere.

2. Experimental Section

2.1. Materials and Sample Preparation. The materials used
and some specifications are summarized in Table 1. Prior to
extrusion, PLA, EMAA-Zn, and EMAA-H pellets were dried
for at least 12 h at 80 �C in a convection oven.Melt blending was
performed using a corotating twin screw extruder (Leistritz
ZSE-18) with a screw diameter of 17.8 mm and an L/D ratio
of 40 at a screw speed of 50 rpm. Two barrel temperatures (185
and 240 �C) at kneading zoneswere chosen to compare the effect
of blending temperature. For all blends, the PLA content was
fixed at 80 wt % on the basis of total blend weight. Prior to
injectionmolding, the compounds were dried at 80 �C overnight
in a convection oven. Specimens for mechanical properties
measurement were injectionmolded (Sumitomo SE50D) atmelt
temperature of 190 �C and mold temperature of 35 �C. All test
specimens were conditioned for 7 days at 23 �C and 50% RH
prior to testing and characterization. For comparison, neat PLA
was also extruded at 185 and 240 �C, respectively, designated as
“PLA-185�C” and “PLA-240�C”.

2.2. Mechanical Test. Tensile tests were conducted on a
universal testing machine (Instron 4466) following ASTM
D638. The crosshead speed was 5.08 mm/min, and the initial
strain was measured using a 50.8 mm extensometer. Notched
Izod impact tests were performed according to ASTM D256
using a BPI-0-1 Basic Pendulum Impact tester (Dynisco, MA).
An average value of five replicated specimens was taken for each
composition.

2.3. ElectronMicroscopy.Cryo-fractured and room-tempera-
ture impact-fractured surfaces of specimens were sputter-coated
with gold and then examined for morphological structure
through a Quanta 200F field emission scanning electron micro-
scope (FE-SEM, FEI Co.) at an accelerated voltage of 15 kV.
The substructural morphology of dispersed phases was studied
using transmission electron microscopy (TEM, JEOL 1200 EX)
at an accelerated voltage of 100 kV. At least 330 particles from
four independent TEM images were analyzed to calculate weight-
average particle diameter (dw) using the following equation:

dw ¼
P

nidi
2

P
nidi

ð1Þ

where ni is the number of particles having the particle diameter di.
The particle size polydispersity was represented as the ratio of
weight-average particle diameter (dw) to number-average particle
diameter (dn), i.e., dw/dn. Additionally, particles whose sizes were
too small to be properly measured at the magnification chosen
were neglected.

2.4. Torque Rheology. In order to detect the chemical reac-
tions during compounding, a torque rheometer (HaakeRheomix

Table 1. Characteristics of Materials Used in This Study

polymer (abbreviation) grade (supplier) specifications

poly(lactide) (PLA) PLA2002D (NatureWorks) MI (210 �C, 2.16 kg) = 5-7 g/10 min
ethylene/n-butyl acrylate/glycidyl methacrylate
copolymer (EBA-GMA)

Elvaloy PTW (DuPont Co.) MI (190 �C, 2.16 kg) = 12 g/10 min

melting point (DSC) = 72 �C
E/BA/GMA = 66.75/28/5.25 (wt %)23

ethylene/n-butyl acrylate copolymer (EBA) Lotryl 30BA02 (Arkema Inc.) MI (190 �C, 2.16 kg) = 1.5-2.5 g/10 min
melting point (DSC) = 78 �C
BA content = 27-32 wt %

zinc ionomer of ethylene/methacryalic acid
copolymer (EMAA-Zn)

Surlyn 9945 (DuPont Co) MI (190 �C, 2.16 kg) = 4.0 g/10 min

melting point (DSC) = 89 �C
methacrylic acid content = 15.0 wt %
zinc oxide content = 3.70 wt %
neutralization = ∼40%24

ethylene/methacrylic acid copolymer (EMAA-H) Nucrel 925 (DuPont Co.) MI (190 �C, 2.16 kg) = 25 g/10 min
melting point (DSC) = 92 �C
methacrylic acid content = 15.0 wt %

Figure 1. Mechanical properties of PLA/EBA-GMA/EMAA-Zn (80/
x/y in weight, x þ y = 20) blends as functions of weight content of
added EMAA-Zn under 240 �C vs 185 �C: (a) impact strength (solid
line) and strain at break (%) (dashed line); (b) tensile strength (solid
line) and tensile modulus (dashed line).
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600p) was utilized to compound at the same rotation speed and
blending temperatures as extrusion processing, i.e., 50 rpm and
185 vs 240 �C.During the entiremixing period, the torque values
were recorded as a function of mixing time.

2.5. Analysis of Crystallization. The crystallinity of the PLA
matrix phase can influence the mechanical properties of the
blends, so thermal analysiswas performedusingaMettlerToledo
DSC 822e under a nitrogen atmosphere. About 5 mg samples
taken from the sample location in injection-molded specimens
were heated to 200 �C at a heating rate of 10 �C/min. The cry-
stallinity of PLA (Xc) in the injection specimens was estimated
by first heating cycle using the following equation

Xc ¼ ΔHm -ΔHc

wfΔH�
m

� 100% ð5Þ

where ΔHm and ΔHc are the enthalpies of melting and
cold crystallization during the heating, respectively; ΔHm� is
the enthalpy assuming 100% crystalline PLA homopoly-
mers (93.7 J/g),25 and wf is the weight fraction of PLA compo-
nent in the blend.

Crystallizationmorphologies were observed using a polarized
optical microscope (Olympus BX-51) equipped with a digital
image record system. Samples in the form of flat slices with
about 20 μm in thickness were cut from injection-molded speci-
mens using a Microtome 860 (America Optical Co.).

2.6. Fourier Transform Infrared Spectroscopy (FT-IR). The
spectra were recorded using a Thermo Nicolet Nexus 670 spec-
trometer (Nicolet). Thin films of as-extruded PLA, EBA-GMA,
EMAA-H, and EMAA-Zn samples were prepared by casting
from their dilute solutions (chloroform for PLA and EBA-
GMA; hot tetrahydrofuran for EMAA-H and EMAA-Zn).
For the ternary blends, the slices (∼120 μm in thickness) cut
from injection-molded specimens were first extracted with chlo-
roform under stirring at ambient temperature for 10 days to
thoroughly etch the free PLA and EBA-GMA components. A
certain amount of the dried insoluble residues after the extrac-
tion was grinded with KBr powder and then compressed into
discs for the FT-IR test. All samples were oven-dried under
vacuum to eliminate effects of residual solvent and moistures.

2.7. Size-Exclusion Chromatography (SEC). In the case of
ternary blends, the solutions left after the extraction in chloro-
form were filtered, followed by the precipitation in excessive
cold methanol. The obtained off-white precipitates were col-
lected via the centrifugation and then dried under vacuum until
constant weight for SEC analysis.

The absolute molecular weight (Mn) and molecular weight
distribution (i.e., polydispersity index, PDI = Mw/Mn) of neat
PLA samples and the above PLA isolates from the ternary
blends were determined using an Agilent 1100 system (Agilent
1100 series degasser, isocratic pump and autosampler) equipped
with two Phenomenex 10 μm, 300� 7.8mm columns [105 Å and
MXA],Wyatt DAWNEOSmultiangle light scattering (MALS)
detector (He-Np 5 mW laser at λ = 632.8 nm), and Agilent
1200 differential refractive index (DRI) detector. Tetrahydro-
furan was used as the eluent at a flow rate of 1.0 mL/min. The

detectors temperature was 25 �C. The samples were dissolved
in chloroform with the concentration of 20 mg/mL and injected
by 25 μL.

3. Results and Discussion

3.1. Mechanical Properties. Figure 1 shows effects of mix-
ing temperature and weight ratio of EBA-GMA/EMAA-Zn
(total 20 wt % in the blend) on tensile and impact properties
of the blends. The impact strength of binary (with only EBA-
GMA or EMAA-Zn) blends extruded at 185 �C only ex-
hibited slight improvement (less than 3-fold) with respect
to that of neat PLA, as shown in Table 2, and showed little
change with temperature increasing to 240 �C. Surprisingly,
a remarkable dependence of impact strength on extrusion
temperature was found for the ternary blends. The ternary
blends prepared at 185 �C displayed similar impact strength
to that of binary blends, only showing a slight toughening
effect. The ternary blends prepared at 240 �C displayed a tre-
mendous toughening effect except for the one with 0.5 wt %
EMAA-Zn. The enhancement in impact strength was more
pronounced for the EBA-GMA rich ternary blends. Espe-
cially, the ternary blend with 15 wt % EBA-GMA had
impact strength of 860 J/m, approximately being 35 times
that of the neat PLA prepared at 240 �C. Since such high
impact strength was not achievable in either above binary
system, these results indicate that there existed a synergistic
effect between both modifiers in achieving supertough PLA
blends at 240 �C. Likewise, the ternary blends extruded at
240 �C uniformly showed a higher strain at break than those
extruded at 185 �C. It is worthmentioning that in this ternary
blend system the remarkable enhancement in impact stre-
ngth was accompanied by high ductility with strain at break
in the range of 150-250%. This was evidently different from
the results reported by Oyama in the study of PLA/EGMA
(80/20, w/w) blends which also displayed the similar super-
toughness but substantially lower strain at break (e35%)
after annealing of the modeled samples.14 In that case,
Oyama ascribed the high impact strength obtained to crystal-
lization of the PLA matrix caused by annealing. Because no
post-treatment was needed, the ternary blend system in this
study for achieving supertoughness was apparently more
facile from the industrial point of view. Unlike the impact
strength, tensile strength andmodulus of the blends were less
affected by mixing temperature. Similar to most toughened
PLA blends, in this study tensile strength andmodulus of the
blends suffered a decrease of 34-42% and 31-38%, respec-
tively, with respect to those of the neat PLA samples.

In order to understand the role of EMAA-Zn in the
reactive compatibilization of the ternary blends, a non-
neutralized ethylene/methacrylic acid copolymer, i.e.
EMAA-H, was chosen as an alternative to EMAA-Zn in
the above ternary blends. Both polymers were reported to
have similar weight content of MAA comonomer (Table 1).

Table 2. Mechanical Properties of Binary and Ternary Blends

blend composition
extrusion temperature

(�C)
tensile strength

(MPa)
tensile modulus

(GPa)
strain at break

(%)
notched impact strength

(J/m)

neat PLA 185 58.2( 1.1 3.5( 0.03 5.5( 1.0 38.0( 3.0
240 61.2( 0.4 3.4( 0.1 4.5( 0.4 24.6( 4.7

PLA/EBA-GMA (80/20) 185 33.5( 0.4 2.3( 0.0 5.7( 1.6 102.9( 8.7
240 35.4( 0.7 2.3( 0.0 10.2( 0.8 101.9( 13.9

PLA/EMAA-Zn (80/20) 185 44.3( 0.6 2.6( 0.1 3.7( 0.2 43.4( 1.9
240 46.7( 0.6 2.6( 0.0 4.5( 0.9 45.8( 4.7

PLA/EBA-GMA/EMAA-Zn (80/10/10) 185 37.6( 0.2 2.3( 0.1 212.7( 7.6 94.5( 12.0
240 36.2( 0.5 2.2( 0.0 229.1( 12.8 777.2( 65.8

PLA/EBA-GMA/EMAA-H (80/10/10) 240 35.6( 0.5 2.2( 0.1 217.2( 5.2 97.4( 9.9
PLA/EBA/EMAA-Zn (80/10/10) 240 36.5( 0.2 2.4( 0.1 4.1( 0.3 42.5( 5.3
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Similarly, to understand the role of EBA-GMA in the re-
active compatibilization of the ternary blends, a non-GMA-
containing ethylene/n-butyl acrylate compolymer, i.e. EBA,
was also used to substitute EBA-GMA in the above ternary
blends. Table 2 shows the comparison ofmechanical proper-
ties of various ternary blends. For reference, the mechanical
properties of neat PLA and some binary PLAblends are also
given in Table 2. When EMAA-H was used in the place of
EMAA-Zn, the ternary blend failed to achieve the same level
of impact toughness although still yielded remarkable tensile
strain at break. Like the case for the PLA/EBA-GMA and
PLA/EMAA-Zn binary blends, this mild improvement in
impact strength was likely attributed to the insufficient
interfacial adhesion, as revealed in the later SEM analysis.
Since Zn salts are able to catalyze transesterification between
polyesters,26,27 in these studies the interfacial compatibiliza-
tion may stem from possible transesterification between
PLA and BA ester groups in EBA-GMA catalyzed by the
Zn cation of the ionomer. The role of epoxy functional
groups (GMA) in the reactive compatibilization could be
well identified by replacing EBA-GMA by EBA in the
ternary blends, and the latter has similar BA content to the
former, as shown in Table 1. As a result (Table 2), this sub-
stitution resulted in the loss of both impact strength and
tensile strain at break of the ternary blends. These results
demonstrate that it was not the transesterification between

ester groups of both PLA and EBA-GMA but the compa-
tibilization reactions of epoxy groups catalyzed by Zn ions
that mainly contributed to the above supertoughness in ter-
nary blends prepared at 240 �C. In the case of tensile strength
and modulus, these ternary blends differed slightly other-
wise, implying that the strength andmodulus of such ternary
blends were mainly determined by the content of major PLA
phase.

PLA is susceptible to thermal or hydrolytic degradation in
melt processing, resulting in a reduction of molecular weight
that may affects mechanical properties of the final products
(e.g., impact strength).20,21,28 Table 3 shows the effects of pro-
cessing temperature on the number-average molecular weight
(Mn) and molecular weight distribution (PDI) of PLA. Com-
pared to the unprocessed PLA, neat PLA and PLA in the
blends all displayed reductions inmolecularweight, depending
on extrusion temperatures. Neat PLA processed at 185 and
240 �C displayed an approximate 10% and 16% reduction in
Mn, respectively.On the other hand, PLA in the ternary blends
underwent somewhat larger reductions inMn, showing ca. 11
and 24% decreases for the blends extruded at 185 and 240 �C,
respectively. Some studied have demonstrated that tensile and
impact properties of PLA decrease as the molecular weight of
PLA is reduced under different processing conditions.20,21,28

However, such changes inpropertieswithmolecularweight are
gradual rather than drastic. Therefore, the∼14% reduction in
PLAmolecularweight for the ternaryblend extrudedat 240 �C
with respect to that extruded at 185 �C might at most have
a very limited influence on the drastically improved impact
strength.

Crystallization Analysis.Oyama studied the effects of ann-
ealing of PLA/EGMA blends on mechanical properties and
concluded that the crystallization of the PLAmatrix played a
significant role in toughening.14 For the block copolymer
compatibilized PLA/PE blends, however, Anderson and
Hillmyer found that the impact strength was not sensitive
to the variation of crystallinity within the relatively low level
(0 to ca. 8%).15 In order to clarify whether PLA crystalliz-
ation had any influence on toughening in our blend system,
the crystallization and melting behaviors of the PLA com-
ponent in the blends were examined. Because it is the crystal-
line state of PLA in the molded samples which could influ-
ence mechanical properties of the blends, only the DSC data
from the first heat scan are presented. Figure 2 shows the
DSC thermograms of PLAandPLA ternary blends prepared
at 185 and 240 �C, respectively. A summary of the DSC
results is given in Table 4. Neat PLA and PLA blends exhi-
bited very similar thermograms, all showing cold crystal-
lization of PLAand subsequentmelting of PLA crystals. The
endothermic peak close Tg was attributed to the enthalpy
relaxation effects reflecting the thermal history of the sam-
ples.29 The difference in cold crystallization temperature
(Tcc) and melting temperature (Tm) between neat PLA and
PLA in the blends is not significant and was less influenced
by extrusion temperature. Furthermore, the crystallinity of
PLA in the ternary blend extruded at 185 �C was slightly
higher than that of the PLA in the blend extruded at 240 �C,

Figure 2. DSC thermogramic curves of neat PLAs and PLA/EBA-
GMA/EMAA-Zn (80/10/10) ternary blends extruded at 185 and 240 �C
during first heating.

Table 3. SEC Analysis of PLA Component in Both Ternary Blends
and Neat PLAs

sample Mn (g mol-1) PDI

unprocessed PLA 120 500 1.23
PLA-240 �C 101 700 1.24
PLA-185 �C 108 600 1.25
PLA/EBA-GMA/EMAA-Zn (80/10/10), 240 �C 91 300 1.25
PLA/EBA-GMA/EMAA-Zn (80/10/10), 185 �C 106 700 1.24

Table 4. DSC Results of PLA and PLA/EBA-GMA/EMAA-Zn Blends Extruded

first heating

samples Tm (�C) Tcc (�C)a Xc (%)b

PLA-240 �C 150.9 118.8 0.2
PLA-185 �C 150.0 122.5 0.4
PLA/EBA-GMA/EMAA-Zn (80/10/10), 240 �C 148.2 118.1 1.0
PLA/EBA-GMA/EMAA-Zn (80/10/10), 185 �C 149.7 120.8 4.1

a Tcc: cold crystallization peak temperature. bDegree of crystallinity of PLA (Xc) was determined from the first heating curves.
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but both at the same low level (<5%). Figure 3 shows the
crystallization morphologies of molded ternary blends. The
POM samples were prepared by slicing both PLA/EBA-

GMA/EMAA-Zn (80/10/10) blends extruded at 240 and
185 �C, respectively. On the basis of the above results,
therefore, the enhanced crystallization of PLA matrix does

Figure 4. Cryo-fractured SEM images of binary and ternary blends extruded at 50 rpm: (a) PLA/EBA-GMA (80/20), 240 �C (inset: higher
magnification); (b) PLA/EMAA-Zn (80/20), 240 �C; (c) PLA/EBA-GMA/EMAA-Zn (80/10/10), 185 �C; (d) PLA/EBA-GMA/EMAA-Zn
(80/10/10), 240 �C (inset: higher magnification); (e) PLA/EBA-GMA/EMAA-H (80/10/10), 240 �C; (f) PLA/EBA/EMAA-Zn (80/10/10), 240 �C.

Figure 3. POM micrographs of PLA/EBA-GMA/EMAA-Zn (80/10/10) blends extruded at 240 �C (a) and 185 �C (b). Scale bar: 25 μm.
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not appear to be a contributing factor in resulting in the
significant dependence of impact toughness on processing
temperature.

Morphology. Since mechanical properties of multiphase
polymer blends depend largely on the resulting morphologies
duringmelt-blending, both SEM and TEMwere employed to
identify the phase structure of the above ternary blends.
Figure 4 shows cryo-fracture surface SEM micrographs of
various PLA-based ternary blends. PLA/EBA-GMA binary
blend showed much finer phase structure (Figure 4a) than the
PLA/EMAA-Zn binary one (Figure 4b). This result might be
attributed to lower interfacial tension or melt viscosity (based
onMI values) in the former than in the latter. However, many
smooth holes left at both cryo-fractured and impact-fractured
(not shown) surfaces of the samples were indicative of still in-
sufficient interfacial adhesions for both binary blends. The
ternary PLA/EBA-GMA/EMAA-Zn (80/10/10) blend com-
pounded at 185 �Calso exhibited extensive debonding at inter-
faces (Figure 4c). In contrast, the ternary blend compounded
at 240 �C showed much improved wetting of the dispersed
phase by the matrix (Figure 4d). Similar to Figure 4b, clear
debonding was also seen when either EMAA-H or EBA was
utilized (Figure 4e,f). The PLA/EBA-GMA/EMAA-H (80/
10/10) blend exhibited more dispersed domains with irregu-
lar shape. Thus, the SEM observation was well consistent
with their results of mechanical properties. On the basis of
the above results, the better wetting of the dispersed phase in
the ternary PLA/EBA-GMA/EMAA-Zn blend prepared at
240 �C probably resulted from the increased interfacial re-
actions between PLA and EBA-GMA under the catalysis of
Zn ions at the elevated temperature, as suggested in theFTIR
spectra section.

TEM micrographs in Figure 5 further illustrate the phase
structures of PLA binary and ternary blends. As shown in
Figures 5a,b, both of the binary PLA/EBA-GMA and PLA/
EMAA-Zn blends exhibited the common droplet-in-matrix
structure, but the former achieved finer dispersed particles
(dw = 0.30 μm) than the latter (dw = 1.08 μm). This result
was consistent with the SEM observation. However, TEM

micrographs of both ternary blends (Figure 5c,d) displayed
“salami”-like substructure. Although it was hard to clearly
distinguish the EBA-GMA domains from the EMAA-Zn
ones, the dark inner inclusionswerebelieved tobe theEMAA-
Zn phase resided in the gray EBA-GMA dispersed phase
domains based on the above inference that EBA-GMA has
lower interfacial tension with PLA than EMAA-Zn. Both
ternary blends exhibited similar weight-average particle sizes
(dw=0.82 μm for 240 �C versus dw=1.01 μm for 185 �C). If
the dw values of the above blends were correlated with their
impact strengths, the finest dispersed particle size (Figure 5a)
did not mean the highest impact toughness (Figure 1a). Pre-
sumably, there was an optimum rubber size at which the
blends achieved themaximum impact toughness in our blend
system. This might be understood by the fact that if rubber
particles were very small, internal cavitations of rubber
particles30-34 or crazes35would not be easily initiated. There-
fore, the localized matrix yielding needed for effective high
impact energy absorption was not promoted. Likewise, the
optimumparticle sizewas also reported to exist in someother
rubber-toughened blend systems, like nylons,36-40 poly-
(methyl methacrylate) (PMMA),18,41-43 poly(vinyl chloride)
(PVC),44 poly(styrene-co-acrylonitrile) (SAN),45 andpolysty-
rene (PS).45,46 On the other hand, the ternary blend extruded
at 240 �C showed a smaller polydispersity (dw/dn) value than
the blend extruded at 185 �C, namely 1.96 for 240 �C versus
2.98 for 185 �C. The possible effect of particle size poly-
dispersity on toughening in our blend system is under in-
vestigation, and further results will be presented in future
work.

Reaction Mechanism. Figure 6 shows the torque change
with time during polymer melting or blending performed in
a Haake torque rheometer. In Figure 6a, the toque of each
individual polymer initially displayed a sharp and strong
peak which was attributed to the melting of the pellets and
then became very flat, suggesting they are quite thermally
stable at the processing conditions. For the mixing of EBA/
EMAA-Zn (50/50, w/w) binary blend (Figure 6b), no per-
ceptible increase in toque value was noted after the pellets

Figure 5. TEM images of binary and ternary blends extruded at 50 rpm: (a) PLA/EBA-GMA (80/20), 240 �C; (b) PLA/EMAA-Zn (80/20), 240 �C;
(c) PLA/EBA-GMA/EMAA-Zn (80/10/10), 185 �C; (d) PLA/EBA-GMA/EMAA-Zn (80/10/10), 240 �C.
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were fullymelted, indicating that no reactions occurredwhen
the EBA rubber does not contain epoxide groups. For the
mixing of EBA-GMA/EMAA-H (50/50, w/w) blend, amode-
rate increment in torque was observed, suggesting the occur-
rence of chemical reactions between GMA and the carboxylic
acid groups of MAA. When EMAA-H in the above mixing
was replaced by EMAA-Zn which contained both carboxylic
acid groups and Zn ions, a substantially higher torque value
was noted. Particularly, more remarkable and rapid increase

in torque was noted for mixing at 240 �C than at 185 �C.
Within ca. 2-3 min, the maximum torque value was
attained. Evidently, the blending at 240 �C would result in
higher extent of cross-link reactions. The cross-linking reac-
tions were also evidenced during the mixing of the ternary
PLA/EBA-GMA/EMAA-Zn (80/10/10, w/w) blend at
240 �C, as indicated in Figure 6c. In contrast, the mixing of
PLA binary blends with either polymer did not suggest the
occurrence of cross-linking reactions. These results confir-
med that elevated blending temperature further accelerated
the Zn2þ-catalyzed cross-linking reactions of EBA-GMA.

In order to gain insight into possible structural changes
induced by the reactive compatibilization, Figure 7 shows
FT-IR spectra of the individual polymers and blends re-
corded in the range of 700-4000 cm-1. The stretch vibration
of ester carbonyl in the PLAbackbonewas seen at 1759 cm-1,
while the vibration of ester carbonyl group of EBA-GMA
was located at 1735 cm-1. EMAA-Zn exhibited a weak
shoulder peak at 1757 cm-1 attributed to the free carboxylic
acid groups and a strong absorption at 1698 cm-1 due to
the carboxylic acid dimer (i.e., hydrogen-bonded COOH
groups).47 In the case of EMAA-H, the large majority of
the carboxylic acid (COOH) groups existed as intermole-
cular dimers, which have a characteristic infrared absorpt-
ion at 1698 cm-1, and the corresponding O-H stretch-
ing frequency for dimer was seen as a broad band at about
3000 cm-1 buried beneath the strong, sharp C-H stretching
modes.48

For the three ternary blends, after removal of both PLA
and EBA-GMA phases by chloroform extraction, a strong
peak at 1735 cm-1 associated with the carbonyl vibration of
EBA-GMA still remained, in addition to a shoulder peak
at 1698 cm-1 attributed to the hydrogen-bonded COOH
groups on the EMAA-Zn backbone. Again, this result con-
firmed the occurrence of curing reactions between EBA-
GMA and EMAA-Zn under these conditions. A shoulder
peak at 1760 cm-1 resulting from the ester carbonyl groups
of PLAwas also noted for both extracted ternary blends, but
this peak appeared stronger in intensity for the PLA/EBA-
GMA/EMAA-Zn blend extruded at 240 �C. This result also
suggests that more PLA molecules were involved in the
coupling reactions at 240 �C. In addition, the other ternary

Figure 6. Torque vs time for the melting of individual polymer or
mixing of binary blends and ternary blends.

Figure 7. FTIR absorption spectra of individual polymers and ternary
PLA blends: (a) neat PLA; (b) neat EMAA-H; (c) neat EBA-GMA;
(d) neat EMAA-Zn; (e) chloroform-extracted PLA/EBA-GMA/
EMAA-Zn (80/10/10) blend extruded at 240 �C; (f) chloroform-
extracted PLA/EBA-GMA/EMAA-Zn (80/10/10) blend extruded at
185 �C; (g) chloroform-extracted PLA/EBA-GMA/EMAA-H (80/10/10)
blend extruded at 240 �C.
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blend samples still exhibited the absorption at 1261 and
1017 cm-1, both of which were assigned to the ring vibration
of unreacted epoxy groups in EBA-GMA.49,50 Instead, this
characteristic absorption almost disappeared in the spectra
of the PLA/EBA-GMA/EMAA-Zn blend extruded at 240 �C
due tomore consumption of epoxy groups. Another noticeable
feature for the ternary blends lied in the stretching vibration of
hydroxyl groups in the range of 3100-3600 cm-1. It should be
mentioned that the hydroxyl groups resulting from ring-open-
ing of epoxy groups also contributed to the absorption in this
region. A relatively weaker overall intensity was visible for the
PLA/EBA-GMA/EMAA-Zn sample extruded at 240 �C with
respect to the other ternary blends. This could be due to the
difference in the degree of cross-linking reaction of epoxy
groups between these ternary blends. In the former case, more
hydroxyl groups (including hydroxyl groups resulting from
the ring-opening of epoxy groups) were consumed via either
etherification or further esterification.51 The stretching vibra-
tion of hydroxyl groups in the PLA/EBA-GMA/EMAA-Zn
sample extruded at 185 �C evidently split into a bimodal peak
(ca. 3500 and 3300 cm-1), which were attributed to the free
hydroxyl groups and hydrogen-bonded ones, respectively.52

It is known that epoxy can react with both carboxyl and
hydroxyl groups to form ester and ether linkages under
suitable conditions, respectively, while the reaction with car-
boxyl grouphas higher reactivity than the reactionwith hydro-
xyl group.51 The hydroxyl groups resulted from ring-opening
of an epoxy may also participate in curing through reacting
with another epoxy and so on, ultimately leading to the form-
ation of cross-linking structure. The rubber curing reactions
could be quite complicated, depending on the stoichiometric

ratio of the epoxy/carboxyl, catalyst used and concentration,
and curing conditions. Lewis acid (e.g., zinc salts) is known to
catalyze the curing of epoxy resins.51 Since NatureWork PLA
is synthesized by ring-opening polymerization of lactide using
catalyst such as tin(II) octoate, the PLA is mainly terminated
with end hydroxyl groups.53 Therefore, on the basis of the
above results, Scheme 1 is proposed to explain the remark-
able dependence of impact strength on blending tempera-
ture. At 185 �C, moderate curing reactions took place bet-
ween the carboxyl groups of EMAA-Zn and epoxy groups of
EBA-GMA under the catalysis of Zn2þ ions, but the com-
patiblization reactions between the epoxy of EBA-GMAand
hydroxyl groups of PLA were not significant. Hence, like
many other soft polymer toughened PLA blends, the result-
ing ternary blend displayed high ductility but only limited
improvement in impact strength. At 240 �C, not only was the
degree of curing of the EBA-GMA rubber greatly increased
but also the compatibilization reactions between the rubber
and PLA phases were significant enhanced. Therefore, the
resulting interface was able to stabilize premature crack
propagation at the early stage of impact test having a high-
strain rate before massive matrix shear yielding took
place.42,54,55

4. Conclusions

Supertoughened PLA ternary blends with moderate strength
and stiffness were successfully prepared bymelt-blending of PLA
with EBA-GMA and EMAA-Zn at 240 �C. TEM revealed
a domain-in-domain morphology of the ternary blends. The
EMAA-Zn domains were occluded inside the EBA-GMA parti-
cles which were homogeneously dispersed in the PLA matrix.
Torque analysis during mixing demonstrated that the carboxyl
groups in the EMAA-Zn ionomer was able to trigger cross-
linking reactions of the epoxy groups in the EBA-GMA phase,
and the Zn ions in the ionomer further catalyzed the reactions.
DSC and POM results indicated that increasing blending tem-
perature had little effects of on degree of crystallinity and
crystallization morphologies of the PLA matrix in the ternary
blends. FT-IR study suggests that more PLA was grafted onto
EBA-GMA when blending temperature was at 240 �C than at
185 �C, and accordingly SEM micrographs also displayed better
wetting of the dispersed phase by the PLA matrix at higher
blending temperature. The effective interfacial compatibilization
achieved at elevated blending temperatures was mainly respon-
sible for the significant increase in notched impact strength.
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