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ABSTRACT: Nanostructured polymer blends have attracted
significant attention recently. In this paper, the poly(lactic
acid) (PLLA)/ethylene-co-acrylic ester-co-glycidyl methacry-
late (E-AE-GMA) rubber (80/20) nanoalloys and microalloys
were fabricated by melt blending and the structure−property
relationships of the prepared alloys were investigated. In the
nanoalloys, the rubber domains are homogeneously dispersed
in the PLLA matrix with the overall domain size of <100 nm.
Such nanoalloys exhibit not only high transparency in the
visible region, but also significantly improved ductility and
impact strength, compared with neat PLLA. Moreover, the
nanodomains in the PLLA matrix enhance the crystallization
rate of PLLA drastically. The overall crystallization rate of the
PLLA nanoalloy is even higher than that of the PLLA nucleated by talc. In contrast, the PLLA microalloy has a phase structure
with the size of the rubber domains being in the micrometer to submicrometer scale. The microalloy is opaque and displays
almost the same tensile strength and modulus as the nanoalloy, but much higher impact strength than the nanoalloy.
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1. INTRODUCTION
A growing fraction of all plastic resins produced today are
blends of two or more polymers. The blending of polymers
with different physical properties presents the possibility of
enhancing the overall properties of a material through a
synergistic combination of the desirable properties of each
component in the system. Almost all polymer pairs are not
soluble in each other, because of the high molecular weight,
resulting in small mixing entropy contribution; thus, most
commercial blends are immiscible.1 When two immiscible
polymers are blended during melt extrusion, a stable
morphology is reached in which one phase is mechanically
dispersed inside the other. The size and shape of the dispersed
phase depends on several processing parameters including
rheological and interfacial properties, and the composition of
the blend.2

Now the phase structure with a micrometer or submi-
crometer scale, micrometer-structured blends, technically is not
difficult to prepare using typical processing methods, such as
extrusion or injection molding. The preparation of nano-
structured polymer blends from immiscible polymers, with a
phase size of <100 nm, has attracted great interest recently.
One expects the novel performance (e.g., transparency, heat
resistance, creep resistance, etc.) for such nanostructured
blends induced by the drastically increased interface/volume
ratio and size effects. However, the preparation of nano-
structured polymer blends for immiscible polymers is still

pretty challenging, using normal processing methods at the
present state. Several strategies have been proposed for such
purposes.3−13 Pernot et al. obtained co-continuous nano-
structured polyethylene (PE) and PA6 blends by reactive
blending. However, this kind of nanostructured co-continuous
blend is possible only if the length of all unreacted chains is
short enough to be accommodated by the graft copolymer
formed in situ.3,4 Hu el al. has prepared the polypropylene
(PP)/PA6 blend with PP dispersed in PA6 several tens of
nanometers in size by the in situ polymerization method.11 One
of the authors has succeeded in preparing nanostructured
polymer blend using the high shear processing.12 On the other
hand, considerable attention has also been paid to the blending
of a homopolymer with a block copolymer containing blocks
similar to or miscible with the homopolymer.13−18 It was
shown that the one block of the copolymer can incorporate
into the homopolymer and the other blocks form a nano-
structured phase that is due to the microphase separation.
Although several strategies have been proposed to fabricate

nanostructured polymer blends, the understanding of domain
size effects on the properties and physical chemical behaviors of
the blends is still not enough, and some contradiction results
can be found in previous reports. For example, much literature
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shows that the maximum impact strength was obtained when
the rubber particles were in the micrometer to submicrometer
scale for rubber-toughened plastic blends.19−22 However,
Pascault et al. insisted that the nanodispersed rubber domains
show significant toughening effects for epoxy resin.16,17

Therefore, it is important to make the detail investigations on
the structure and property differences for the nanostructured
and microstructured polymer blends, while keeping the blend
compositions the same.
On the other hand, poly(lactic acid) (PLLA) has attracted

increased attention in recent years. It has been widely used for
biomedical applications such as sutures and drug delivery
devices as a biodegradable and biocompatible polymer. At the
same time, PLLA has also become an alternative to traditional
commodity plastics for everyday applications as an environ-
mental friendly polymer, because of its reasonable price and
unique properties. Unfortunately, PLLA has a lot of drawbacks,
in terms of properties and processability. The inherent
brittleness and low heat deflection temperature prevent its
use in wide applications. In addition, a high-temperature mold
is required for the crystallization of PLLA during melt
processing, which results in long processing cycle time and
low production efficiency of PLLA products, because of the low
crystallization rate. Although numerous investigations have
been carried out to modify the properties and processability of
PLLA,23,24 multifunctionality (for example, simultaneously
improving the toughness and enhancing the crystallization
rate) by a single modifier has not been achieved so far.
In this paper, we have prepared the PLLA alloys by blending

with a reactive elastomer containing high concentration epoxide
groups. It was found that the microstructured blends (hereafter
termed microalloys) and nanostructured PLLA blends (here-
after termed nanoalloys) can be fabricated when using different
processing conditions. The comparison has been made for the
microalloys and nanoalloys, in terms of the structure and
properties, systematically. We found that the nanoalloys and
microalloys have almost the same modulus and tensile strength
at yielding. However, the nanoalloys show high transparency,
excellent ductility, moderate impact strength, and fast overall
crystallization rate. In contrast, the microalloy exhibits much
higher impact strength than the nanoalloy. To the best of our
knowledge, this is the first comparison report on the structure
and properties of a nanoalloy and a microalloy with the same
compositions by reactive blending. Moreover, we believe that
the transparent PLLA nanoalloys prepared in this work open
new possibility for the PLLA application as engineering plastics
or packaging materials.

2. EXPERIMENTAL SECTION
2.1. Materials and Sample Preparation. The PLLA sample used

was bought from Unitika Co. Ltd. (Japan), under the tradename of
TP4000. The average molecular weight and molecular weight
distribution are reported to be 170 000 and 4.2, respectively. The
sample includes 1.2% of D-lactide content. The reactive elastomer is a
copolymer of ethylene, acrylic ester, and glycidyl methacrylate (termed
as E-AE-GMA) (with the tradename of AX8900) and was purchased
from Arkema Co., Ltd. (France). The acrylic ester and glycidyl
methacrylate contents in the copolymer are 24 and 8 wt %,
respectively. The melt flow rate (MFR) of E-AE-GMA is 6 g/10
min at 190 °C under 2.16 kg. Talc was bought from the Aldrich
Chemical Co., Inc., and used as received. The average particle size is
∼2.2 μm.
The PLLA/E-AE-GMA (80/20) blends were prepared using a

Laboplasto mill (KF70 V, Toyoseiki Co., Ltd., Japan) with a twin

screw at a rotation speed of 100 rpm at 200 °C for various times. After
blending, all the samples were hot-pressed at 200 °C to a sheet with a
thickness of 500 μm under the pressure of 10 MPa for 5 min, followed
by quickly quenching into ice water. The all samples obtained by this
process are amorphous, because of the high quenching speed from the
melt, which was confirmed by the wide-angle X-ray diffraction
(WAXD) measurements, as seen in Figure S1 in the Supporting
Information. The PLLA/talc composites with 5 wt % talc were
prepared using the same machine at 200 °C for 5 min, and the
composite films were made using a hot press and quench process.

2.2. Structural Characterization. Morphology of the blends was
observed via field-emission scanning electron microscopy (FE-SEM)
and transmission electron microscopy (TEM). A Hitachi Model S4800
SEM system was used for SEM measurements at an accelerating
voltage of 10 kV. All the samples were fractured after immersion in
liquid nitrogen for ∼10 min. The fracture surface was then coated with
a thin layer of gold. TEM analysis was carried out using a Hitachi
Model H7000 system at an acceleration voltage of 75 kV. The blend
samples were ultramicrotomed at −120 °C to a section with a
thickness of ∼70 nm. The sections were then stained with RuO4 for 20
min.

Dynamic mechanical analysis (DMA) was carried out with a TA
Instruments Model Q 800 apparatus in the tensile mode. All the
measurements were performed in the linear region with the strain of
0.03%. Dynamic loss (tan δ) was determined at a frequency of 1 Hz
and a heating rate of 3 °C/min, as a function of temperature (from
−150 °C to 175 °C).

Differential scanning calorimetry (DSC) was carried out under
nitrogen flow at a heating rate of 10 K/min with a differential scanning
calorimetry (DSC) system (TA Instruments DSC Q1000) calibrated
with the melting temperatures of indium and zinc.

Fourier transformed infrared (FTIR) spectra were measured with a
VERTEX Model 70v spectrophotometer, using transmission mode.
The sample for FTIR measurements was prepared by direct hot-
pressing of a melt-blended sample. The thickness is ∼20−40 μm.

The molecular weights and the molecular weight distribution of the
prepared alloys were measured at 40 °C using a gel permeation
chromatography (GPC) system that was equipped with a Waters 2695
HPLC pump, two columns, and a Waters 2695 refractive index
detector. Tetrahydrofuran (THF) was used as a diluent at a flow rate
of 1.0 mL/min.

2.3. Physical Property Measurements. Tensile tests were
carried out according to the JIS K7113 test method, using
dumbbell-shaped samples punched out from the molded sheets. The
tests were performed using a tensile testing machine (Instron, Model
5966) at a crosshead speed of 10 mm/min at 20 °C and 50% relative
humidity. At least five specimens were tested for each sample. Tensile
impact tests were carried out according to JIS K7160 procedures, using
a standard impact tester (Toyoseiki Co., Ltd., Japan) at 20 °C and 50%
relative humidity. At least five specimens were tested for each sample
to get an average value.

3. RESULTS AND DISCUSSION
3.1. Morphologies of PLLA Nanoalloys and Micro-

alloys. Figures 1a and 1b shows SEM images of PLLA/E-AE-
GMA 80/20 blends melt-processed for 5 and 15 min,
respectively. One should note that the scale bar is different
for these two samples. For both samples, the rubber is found to
be well-dispersed in the PLLA matrix. However, the
morphologies are different. The blend melt-processed for 5
min has a relatively coarse phase morphology with the rubber
domain size ranging from 200 nm to 1 μm. The sample is
hereafter termed as the microalloy, because of the micrometer
to submicrometer dispersion of the rubber domains. On the
other hand, all the rubber domains are homogeneously
dispersed in the PLLA matrix when the melt-processed time
is prolonged to 15 min, with all the other processing parameters
being held constant. The domain size of rubber ranges from 10
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nm to 100 nm, which is about one order of magnitude smaller
than that in the microalloy. The sample is hereafter termed as
the nanoalloy, because the size of the all domains is <100 nm.
The phase structures of the blends were further confirmed by
TEM, as shown in Figures 1c and 1d. The rubber is observed as
a dark phase and PLLA is observed as a bright phase, because
the rubber is more easily stained using RuO4 than the PLLA
matrix. It can be seen that the rubber domains are dispersed in
the PLLA matrix in the submicrometer scale for the microalloy.
However, the size of the rubber phase is much smaller and
ranges from 10 nm to 100 nm for the nanoalloy. The domain
number-averaged diameters of the microalloys and nanoalloys
from TEM images were calculated as follows:

=
∑
∑

D
ND
NN
i i

i (1)

where DN is the number-average diameter and Ni is the number
of domains with a diameter of Di. The average domain size of
the microalloy is calculated to be 395 nm, and that of the
nanoalloy is calculated to be 54 nm. Moreover, the nanoalloys
show a much narrower domain size distribution than the
microalloys (shown in Figure S2 in the Supporting
Information).
3.2. Mechanical Properties. Mechanical properties of the

nanoalloy and the microalloy have been evaluated carefully.
Note that all the samples (neat PLLA, microalloys, and
nanoalloys) used for the property measurements are
amorphous, because of the very fast quenching process from
the melt state. This is confirmed by WAXD in Figure S1 in the
Supporting Information, and no diffraction peaks from PLLA
crystals for the all samples were observed. Therefore, the
properties are considered to be only dependent on the phase
structures of the PLLA alloys. Tensile stress−strain curves of
neat PLLA, microalloys, and nanoalloys are shown in Figure 2a.
The main tensile properties such as static modulus, tensile
stress, and elongation at break, as determined from these
curves, are presented in Table 1. PLLA is very rigid and shows
pretty high tensile strength, but it breaks at an elongation at
break value of ∼5%. The incorporation of the soft reactive
rubber significantly increases the ductility. Both the microalloy
and nanoalloy break at very high strain. The elongation at break

value of the nanoalloy reaches 329%, which is 66 times higher
than that of the neat PLLA. Moreover, one can see that the
nanoalloy shows higher elongation at break than the microalloy,
indicating better ductility of the nanoalloy.
Although the nanoalloy shows higher ductility than the

microalloy, the impact strength of the microalloy is much
higher than that of the nanoalloy, as shown in Figure 2b. The
impact strengths for neat PLLA, the nanoalloy, and the
microalloy are 69.5, 183, and 331 kJ/m2. To improve
toughness, effective toughening mechanisms must be gener-
ated. Massive crazing and shear yielding are the two most
frequently encountered energy-absorbing mechanisms.25−27

Criteria for the occurrence of crazing and shear yielding are
widely discussed and well understood.25,27−29 We have
compared the toughening mechanism of the nanoalloy and
the microalloy using double-notched impact method, as shown
in Figure 3a. From TEM investigation, it is seen that a large
amount of rubber particles are cavitated in the damage zone of
the microalloys (Figure 3b). In comparison, no particle
cavitation is found in the domains in the nanoalloys, but the
nanodomains are elongated along the impact direction after the
impact tests (Figure 3c). This observation indicates that that
only the large rubber particles in submicrometer scale are
effective in triggering crazes to dissipate impact energy, which is
consistent with many previous results.25−27 The nanodomains
in the nanoalloy cannot cavitate effectively and only massive

Figure 1. (a) SEM image of PLLA microalloy, (b) SEM image of
PLLA nanoalloy, (c) TEM image of PLLA microalloy, and (d) TEM
image of PLLA nanoalloy.

Figure 2. (a) Stress−strain curves and (b) tensile impact strength of
neat PLLA, PLLA nanoalloys, and PLLA microalloys.
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deformation in the nanodomains can be observed after the
impact tests, so the impact strength of the nanoalloys is lower
than that of the microalloy. Note that the plastic deformation

induced by rubber nanodomains can also absorb impact energy
upon the impact test, so the impact strength of the nanoalloys
is higher than that of neat PLLA.
It is well-known that the matrix ligament thickness (defined

as the surface-to-surface dispersed-phase interparticle distance)
is an important parameter to evaluate the toughness of a
rubber-toughened plastic blend. Wu suggested that the brittle−
ductile transition can only be observed when the matrix
ligament thickness is below the critical value.30,31 The
calculated matrix ligament thickness values for the nanoalloy
and the microalloy are 121 and 554 nm, respectively, according
to the calculation method by Choy.32 Anderson et al. reported
that the critical matrix ligament thickness of PLLA was ca. 1.0
μm.33 Such critical value is higher than the ligament thickness
for both the nanoalloy and the microalloy. Therefore, the
significant increased impact strength for both nanoalloys and
microalloys were achieved, compared with neat PLLA.

3.3. Optical Properties of the PLLA Nanoalloys and
Microalloys. Optically transparent heterogeneous polymeric
materials have attracted significant attention, because they
combine the excellent physical properties of different phases in
addition to exhibiting optical clearance. According to the
Rayleigh Scattering Law, the scattering loss in a heterogeneous
system is dependent on the relative size of the dispersed phase
to the wavelength and also the difference in the refractive index
of the two phases.34 Therefore, the size of the dispersed phase
is critically important in reducing the scattering loss if the
refractive indexes are different for the two components.

Table 1. Mechanical Properties of PLLA/E-AE-GMA Blends

sample
tensile modulus

(GPa)
tensile strength at yielding

(MPa)
tensile strength at break

(MPa)
elongation at break

(%)
impact strength (kJ/

m2)

PLLA 2.81 ± 0.04 65.5 ± 4.2 4.1 ± 2 69.5 ± 27
PLLA microalloy 1.02 ± 0.03 40.2 ± 0.8 34.6 ± 3.3 252 ± 21 331 ± 16
PLLA nanoalloy 1.05 ± 0.03 40.2 ± 1.0 41.8 ± 2.2 329 ± 17 183 ± 32

Figure 3. (a) Schematic diagram of the double-notch impact test; (b)
TEM image of damage zone in the PLLA nanoalloys; and (c) TEM
image of damage zone in the PLLA microalloys.

Figure 4. (a) UV-vis transmittance spectra of pure PLLA (black trace), PLLA nanoalloy (red trace), and PLLA microalloy (blue trace). Also shown
are photographs of (b) the neat PLLA, (c) the PLLA nanoalloy, and (d) the PLLA microalloy (the thickness of the sheets is ∼200 μm).
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Generally, one must achieve a homogeneous dispersion of
domains <100 nm in size to obtain a transparent heterogeneous
material. The PLLA nanoalloy fulfills such a requirement, as
shown in Figure 4. Figure 4a shows the quantitative
ultraviolet−visible light (UV-vis) transmittance spectra of the
neat PLLA, PLLA nanoalloy, and PLLA microalloy. All samples
have a thickness of ∼200 μm. Neat PLLA exhibits a very high
transmittance of ∼88% above a wavelength of 450 nm. The
nanoalloys exhibit a slightly decreased transmittance over the
entire spectrum region, compared with the neat PLLA. The
transmittance in the visible region is above 80% in the visible
region, indicating the high clearance of the prepared nanoalloy.
In contrast, the microalloys show much lower transmittance,
when compared with the nanoalloy and the neat PLLA, over
the entire wavelength region. Figure 4 shows also photographs
of the hot-pressed film obtained from the correspondence
samples. It is clear that the nanoalloy exhibits excellent optical
transparency, while the microalloy sample is opaque. Obviously,
the difference in transparency between the nanoalloy and the
microalloy originates only from the domain size effects, because
both the nanoalloy and the microalloy are amorphous. The
transparent PLLA nanoalloy might be used as packaging
material when the clearance properties are required.
3.4. Dynamic Mechanical Analysis. Figure 5 demon-

strates the storage modulus and dynamic loss curves as a
function of temperature for the neat PLLA, the neat elastomer,

the microalloy, and the nanoalloy. All of the PLLA samples
used for the measurements are amorphous. Neat PLLA has a
higher modulus (E′) than both the microalloy and the
nanoalloy in the temperature region of <60 °C. The E′ value
of neat PLLA and its alloys dropped abruptly at ∼50−60 °C,
because of the glass transition of PLLA, and then rose at
temperatures ranging from 80 °C to 140 °C, because of the
cold crystallization of PLLA.35 The temperature at which E′
starts to increase, because of the crystallization of the PLLA
component for nanoalloys, is lower than that of neat PLLA and
microalloys. This result suggests that the nanodomains in the
nanoalloys enhance the cold crystallization ability of PLLA and,
therefore, the cold crystallization of PLLA in the nanoalloys
starts at lower temperature.
From the figure with the dynamic loss curves (Figure 5b), it

is observed that the glass-transition temperature (Tg) values for
PLLA in both the microalloy and the nanoalloy are the same as
that of the neat PLLA, indicating that reactive blending does
not change the Tg values for PLLA. However, the Tg value
corresponding to the elastomer decreases drastically after
blending with PLLA. The Tg value of the neat elastomer is
−23.7 °C. However, the Tg value corresponding to the
elastomer phase for the nanoalloy is −31.3 °C, and that for
the microalloy is −35.1 °C. The depression of the Tg value in
the rubber phase has been observed previously.36−40 It is
generally accepted that the Tg depression in the rubber phase
originates from the asymmetric thermal shrinkage in the rubber
phase and the matrix plastic phase.36−40 It is interesting to find
the domain size dependence of the Tg depression in the rubber
phase. The high density of grafted copolymers at the interface
between the PLLA matrix and the rubber domains for
nanoalloys impede the asymmetric thermal shrinkage, so a
smaller Tg depression was observed for the nanoalloys,
compared to that observed for the microalloys. The details
regarding the mechanism of this phenomena and the
relationship of the Tg depression with the impact strength are
under investigation.

3.5. Crystallization Behaviors of PLLA Nanoalloys and
Microalloys. PLLA crystallizes very slowly from both the melt
state and the glassy state, which leads to the need for high mold
temperature and long processing cycle time to make the fully
crystalline PLLA products. Our investigation shows that the
PLLA nanoalloys crystallize very quickly and the nanodomains
represent a highly efficient nucleation agent for the PLLA
matrix. Figure 6a shows the DSC cooling curves (the cooling
rate is 10 °C/min) of the neat PLLA, the PLLA nanoalloy, the
PLLA microalloy, and the PLLA nucleated by 5 wt % talc. All of
the samples suffered the same thermal history, which consisted
of first heating the samples to 220 °C and then keeping them at
that temperature for 5 min. No crystallization peaks were
observed for the neat PLLA and the PLLA microalloy,
indicating that the PLLA does not crystallize at a cooling rate
of 10 °C/min. However, the PLLA nanoalloy shows a sharp
and symmetric exothermal crystallization peak, which means
that PLLA in the nanoalloy can be crystallized under the given
cooling conditions. Talc has been reported to be one of the best
nucleation agents for PLLA. For comparison, the PLLA/talc
composites with 5 wt % talc have been prepared. For the
present composites, talc is well-dispersed in the PLLA matrix,
as shown in Figure S3 in the Supporting Information.
Therefore, it is expected that the talc acts as an effective
nucleation agent for PLLA. The DSC cooling curve for this
composite is also shown in Figure 6a. The talc-nucleated PLLA

Figure 5. Temperature dependence of (a) the dynamic storage
modulus and (b) the dynamic loss (tan δ) for the indicated samples.
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can also crystallize at a cooling rate of 10 °C/min from the melt
state. However, the crystallization onset temperature and the
crystallization peak temperature for the nanoalloy are 125 and
116 °C, respectively, compared to 111 and 103 °C for the talc-
nucleated PLLA. The much-higher crystallization temperature
of the nanoalloy means that the crystallization rate of the
nanoalloy is higher than that of the talc-nucleated PLLA. Such
results indicate that the nanodomains in the PLLA nanoalloy
are efficient nucleation sites for the PLLA matrix and the
nucleation effects are greater than those for the widely used
talc. Observation via optical microscopy shows that the crystal
size in the nanoalloys is much smaller than that in the neat
PLLA (see Figure S4 in the Supporting Information).
Moreover, the heat of the melt crystallization of the nanoalloy
based on the PLLA weight percentage and that of the talc-
nucleated PLLA are 36 J/g and 29.5 J/g, respectively, indicating
that a higher fraction of amorphous PLLA crystallizes in the
nanoalloys than in the PLLA/talc composites, when cooling
from the melt at the same cooling rate. The thermal properties
for the all samples are shown in Table 2.
The nucleation effects of the nanodomains in the nanoalloy

can also be observed for the cold crystallization when heating

the quenched amorphous nanoalloys from low temperature.
Figure 6b shows the DSC heating curves from room
temperature at a heating rate of 10 °C/min for the neat
PLLA, nanoalloy, and microalloy. The cold crystallization peak
temperature and the crystallization exotherm entropy are also
tabulated in Table 2. The cold crystallization peak temperature
of the nanoalloy is 17.5 °C lower than that of the microalloy,
again indicating the significant nucleation effects of the
nanodomains for the crystallization of PLLA in the nanoalloys.
Note that the cold crystallization peak temperature of the
microalloy is lower than that of neat PLLA, which suggests that
the crystallization rate of PLLA in the microalloy is higher than
that of neat PLLA.

4. DISCUSSION
We have found that simply prolonging the melting mixing time
for PLLA with the commercially available reactive polyolefin
elastomer results in a nanoalloy with excellent mechanical
properties, high transparency, and enhanced crystallization rate.
The reaction between the end −COOH groups of PLLA and
epoxide groups has been reported previously.40−44 In the
present investigation, the reaction occurs gradually with
increasing mixing time, as shown the continuously increased
the mixing torque with the time in Figure 7. The torque for the
neat PLLA decreases gradually due to the hydrolysis during

Figure 6. (a) DSC cooling curves (10 °C/min) from 220 °C after
being held at that temperature for 5 min, and (b) DSC heating curves
(10 °C/min) for the quenched samples from room temperature.

Table 2. Thermal Properties of Neat PLLA, the Nanoalloy,
the Microalloy, and the Reactive Rubber

Tg (°C)

sample rubber PLLA
Tmc

a

(°C)
Tcc

b

(°C)
ΔHcc
(J/g)

ΔHmc
(J/g)

χc

(%)

neat PLLA 67.5 4.8 0 0
nanoalloy −31.3 67.4 116 96.1 41.2 36.0 38.7
microalloy −35.1 67.5 113 43.2 0 0
PLLA/Talc 67.8 103 99.5 41.8 29.5 31.7
E-AE-GMA −23.7
aPeak temperature during melt crystallization. bPeak temperature
during cold crystallization. cThe calculated crystallinity for the melt
crystallization simply calculated by the ratio of the enthalpies of the
melt crystallization to 93 J/g, which was reported to be the melting
enthalpy for 100% crystallized PLLA.

Figure 7. Mixing torque as a function of the mixing time for neat
PLLA and PLLA/E-AE-GMA blends.
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melt mixing. However, the melt mixing of PLLA with the
reactive rubber induces continuously increased torque after the
initial decreasing by the melt of solid pellets, indicating the
reaction between PLLA with E-AE-GMA. It is seen that the
torque levels off after 15 min mixing, suggesting the end of the
reaction. At the same time, the FTIR investigation presents the
direct evidence for the reaction between epoxide groups in
rubber and end groups in PLLA, as shown in Figure 8. Trace of

epoxide absorption at 910 cm−1 was observed for the
microalloys, but the peak disappeared for the nanoalloys.
Therefore, morphology development during the reactive
blending of PLLA with E-EA-GMA may be schematically
summarized in Figure 9. In the early stage, few PLLA molecules
react with the epoxide groups in the rubber chains to form the
Y-shaped graft copolymer. Such graft copolymer works as the
compatibilizer and locates at the interface between PLLA and
the reactive rubber phase. The rubber forms a dispersed phase
in the PLLA matrix and the domain size ranges from
micrometer scale to submicrometer scale. The micrometer-
sized rubber domains can be easily cavitated upon the impact
tests and absorb massive impact energy. By prolonging the melt
mixing time, significantly enhanced grafting reaction occurs at
the interface, thus creating a large amount of comblike graft
copolymer. In the melt, the resulting comblike graft copolymers
self-assemble into nanostructured micelles with the rubber
chains as the nanodomains are dispersed in the PLLA matrix
and the nanoalloys were obtained.
In the nanoalloys, the nanodomains not only enhance the

ductility and the impact strength of the materials, but also
accelerate the overall crystallization rate of PLLA significantly.
Such nucleation agent effects are very important for PLLA-
based materials, because they will shorten the processing cycle
time and increase crystallinity to improve the heat resistance of
the materials. In fact, the enhancement effect of nucleation and
crystallization in immiscible blends has been documented in
several papers. Bartczak et al.45 and Wenig et al.46 suggested
that the enhanced crystallization in immiscible blends is caused
by a decrease in the surface free energy of formation of crystal
nuclei, because of the presence of the phase interface. Han et al.
investigated the relationship between nucleation and liquid−
liquid phase separation (LLPS) in the poly(ethylene-co-

butene)/poly(ethylene-co-hexene) (PEB/PEH) blend system
and claimed that the nuclei mainly resided near the interface of
the phases, because of a specific orientation of polymer
chains.47−49 Recently, Yazawa et al. revealed that the depressed
Tg value locally at the interface of PCL domains accelerate the
nucleation of the PLLA in the PLLA/PCL blends.50 However,
all these systems are the physical melt blending without the
chemical reactive and no crystallization dependence on domain
size was reported. In the present case, we found that the
enhancement of the crystallization rate is highly dependent on
the rubber domains size and the nanodomains are more
effective than the microdomains. Obviously, the formed graft
copolymers are the strongly segregated system because PLLA is
immiscible with E-AE-GMA. In the nanoalloys, the grafted
PLLA chains are densely located at the interfaces. The strongly
segregated comblike graft copolymer could have induced PLLA
segmental alignment and orientation (relative to chain in bulk)
at the interface, as schematically illustrated in Figure 9b. These
aligned PLLA segments may attach themselves to become
nuclei or the precursor of nuclei for crystallization during
cooling from the melt state. In the nanoalloys, high
concentration of such aligned PLLA chains induces the
enhanced nucleation rate, followed by the crystal growth of
PLLA in the matrix from the nuclei.

Figure 8. FTIR spectra for the (a) E-AE-GMA rubber, (b) PLLA
microalloy, (c) PLLA nanoalloy, and (d) neat PLLA.

Figure 9. (a) Schematic diagrams of morphology development of
PLLA/E-AE-GMA blend during the reactive blending, and (b)
schematic diagram at the interface between the PLLA matrix and
the rubber domains for nanoalloys.
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One should pay attention to the possible degradation of
PLLA during the melt mixing. PLLA is easily degraded during
the melt processing, because of the hydrolysis of the aliphatic
polyester, as also shown by the decreasing torque in Figure 7.
We have evaluated the molecular weight of the nanoalloy and
the microalloy, using GPC measurements, and the results are
shown in Figure 10. An obvious decrease in manganese content

was observed for the microalloy, compared with the PLLA
before mixing. However, one can find that the molecular weight
of the nanoalloy with the 15 min melt processing is almost
same as that of the microalloy by short time mixing. It is
considered that the chemical grafting of the reactive rubber on
the PLLA chain during melt mixing may balance the chain
hydrolysis of PLLA at high temperature.

5. CONCLUSIONS
We have achieved a homogeneous dispersion of rubber
domains <100 nm in size in a PLLA matrix to obtain PLLA
nanoalloys. The nanoalloys combine the excellent ductility and
improved impact strength in addition to high optical clearance.
Moreover, the aligned PLLA segments near the interface by the
reactive blending in the nanoallys nucleate easily, because of the
decreased entropy, which results in the significantly enhanced
nucleation rate. On the other hand, the lesser reaction using
short mixing time leads to a microalloy with the rubber
domains size in micrometer and submicrometer scale. The
rubber domains in the micrometer scale can be cavitated
effectively and dissipate massive impact energy, so the
microalloys exhibit the much higher impact strength than the
nanoalloys and neat PLLA.
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