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Abstract: In this work, the localization of reactive compatibilizer (RC, containing poly(methyl
methacrylate) (PMMA) backbone with randomly distributed glycidyl methacrylate (GMA) on it)
at the polyvinylidene fluoride/poly(l-lactic acid) (PVDF/PLLA) interface has been manipulated by
means of GMA contents. At the very beginning of mixing, RC tends to stay in the PVDF phase due
to the miscibility between PVDF and PMMA. Upon further shearing, more and more PLLA chains
have been grafted on PMMA backbone, producing PLLA–g–PMMA copolymer. The balanced stress
on two sides accounts for the localization of compatibilizers at the PVDF/PLLA interface. Finally,
the stress of the PLLA side has been enhanced remarkably due to the higher graft density of PLLA,
resulting in the enrichment of the copolymer in the PLLA matrix. The migration of RC from the PVDF
phase to the immiscible interface and PLLA matrix can be accelerated by employing RC with higher
GMA content. Furthermore, the compatibilizer localization produces a significant influence on the
morphology and ductility of the PVDF/PLLA blend. Only when the compatibilizers precisely localize
at the interface, the blend exhibits the smallest domain and highest elongation at break. Our results
are of great significance for not only the fabrication of PLLA with high ductility, but also the precise
localization of compatibilizers at the interface of the immiscible blend.
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1. Introduction

Poly(l-lactic acid) (PLLA) has been widely used in many fields due to its excellent biodegradability
and biocompatibility [1,2]. The poor ductility of it, however, does hinder its applications [3].
Various strategies have been developed to prepare ductile PLLA. As a typical example, it has
been blended with flexible polymers [4–13]. In these multicomponent blend systems, phase separation
always occurs due to the poor miscibility of them [14,15]. Both physical and chemical compatibilizations
have been employed to improve the compatibility of them [16,17]. In the former, it is hard for the
premade compatibilizers to locate at the interface of immiscible polymer blend because of the “pull-in”
and “pull-out” effects [18,19]. In the latter, the compatibilizers are obtained in situ at the interface [20–25].
During this process, however, they can migrate to the matrix or disperse phase upon further mixing
and shearing. The migration and localization of them, dominated by mixing time, shear rate, diffusion
behaviors and reactive group content, are key issues for fabricating ductile PLLA by blending with
flexible polymer [26–31].

There have been some reports concerning the compatibilizer migration in the compatibilization
in the polymer blend system with symmetrical composition. For instance, Jermi et al. investigated
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the reactive compatibilization by grafting of maleic anhydride (MAH) on polyamide 6 (PA6) with
the help of benzoyl peroxide (BPO) [32]. The localization of compatibilizers can be adjusted by the
concentration of BPO and MAH. In Monte Carlo simulation results, the compatibility of graft copolymer
in homopolymer blends has been discussed in detail [33]. It has been revealed that the graft structures of
various copolymers produced a significant effect on the compatibilization. The compatibilizers tended
to localize at the interface of the immiscible blend and anchor two components in the case of longer side
chains. The simulation conclusions were then validated in the work from Dong and his coworkers [8].
They successfully synthesized a series of reactive comb-like compatibilizers with different molecular
architectures. Their results indicated that the localization of RC exhibited obvious dependence on the
length of side chains. Li et al. prepared copolymers of methyl methacrylate–co–glycidyl methacrylate
(MMA–co–GMA) which were used as the compatibilizers in the blend of PA6 and polyvinylidene fluoride
(PVDF) [27]. They found that the GMA content produced a remarkable influence on the enrichment of
compatibilizers. The best mechanical performance can be obtained in the specimen with 5% GMA.

In our previous work, a facile strategy has been developed to fabricate PLLA with excellent
ductility by blending with a tiny amount of PVDF and reactive compatibilizers (RC) containing
poly(methyl methacrylate) (PMMA) backbone with randomly distributed glycidyl methacrylate
(GMA) [13]. The reaction between the terminal carboxyl group in PLLA and the epoxy groups in RC
took place, producing PLLA–g–PMMA [8,20]. The resultant copolymer enhanced the compatibility
between PVDF and PLLA, accounting for PLLA with high ductility. Obviously, the migration of
compatibilizers, playing a key role in determining the phase-separated structures and mechanical
performances, is sensitive to mixing time and GMA content. Inspired by the strategy for tailoring the
migration of compatibilizers developed in polymer blend with symmetrical composition, it is proposed
to manipulate the molecular architectures of PLLA–g–PMMA, the localization of the copolymer, and the
resultant ductility of the PLLA/PVDF blend by employing compatibilizers with different GMA contents
in this work (Scheme 1). When RC is added in the PVDF/PLLA blend, they tend to stay in PVDF
phases due to the thermodynamic miscibility between PVDF and PMMA main chains. Then, more
and more PLLA chains have been grafted on RC upon further mixing and shearing, resulting in the
migration of them to the PVDF/PLLA interface or even PLLA matrix. In the case of lower GMA content,
only a few PLLA chains can be grafted on compatibilizers, leading to the slower migration to the
PVDF/PLLA interface. Higher GMA content accounts for the higher PLLA fraction in the copolymer of
PLLA–g–PMMA, which is the reason for the enhanced stress to the PLLA matrix and the accelerated
migration. According to this strategy, it is possible to prepare PLLA with high ductility based on the
precise localization of compatibilizers at the PVDF/PLLA interface (Scheme 1).
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2. Experimental Section

2.1. Materials

PVDF (KF850, Mw = 209,000, PDI = 2.0) was purchased from Kureha Chemicals (Tokyo, Japan) and
PLLA (3001 D, Mw = 89,300, PDI = 1.8) was purchased from Nature works (Blair, NE, USA). The reactive
compatibilizers (RC) with PMMA backbone and randomly distributed GMA were provided by Eco
New Material Co., Ltd. (Hangzhou, China). Three kinds of RC named MG01, MG02 and MG03
represent the GMA feed ratio of 10, 20, and 30 wt % during synthesis. The Fourier Transform Infrared
Spectrometer (FTIR, Bruker Optics, Ettlingen, Germany) results of them are shown in Figure S1 in the
Supplementary Materials, in which the characteristic peaks of the epoxy group (at 909 cm−1) exhibit
different transmittances.

2.2. Preparation of Polymer Blends

PLLA, PVDF and RC were dried in a vacuum oven at 80 ◦C overnight in order to remove moisture
before melt blending. The weight ratio of PVDF/PLLA/RC was fixed at 5/95/3. The blends were
prepared by melt blending in an internal mixer (Haake Polylab QC), (Thermo Fisher Scientific, Waltham,
MA, USA) at a rotation speed of 20 rpm for 2 min and 50 rpm for the indicated time at 190 ◦C. After
blending, all the blends were compression molded into film (thickness is 0.5 mm) under 10 MPa at
200 ◦C.

2.3. Tensile Property Tests

Tensile tests were performed by using a universal tensile testing machine (Instron, Norwood,
MA, USA) at room temperature. The fixed tensile speed was 10 mm/min. The samples were cut into
dumbbell shapes (18 mm × 0.5 mm × 3 mm) according to the ASTM D 412−80 standard. Each sample
was tested for at least five times and the resulting values were averaged.

2.4. Dynamic Mechanical Analysis (DMA)

DMA was measured on the DMA Q800 (TA Instrument, New Castle, PA, USA) in nitrogen
atmosphere. All specimens (8 mm × 6.30 mm × 0.50 mm) were heated from −80 to 200 ◦C with a
heating rate of 3 ◦C/min. A tensile mode with 10 µm of amplitude and 5 Hz of frequency was applied.

2.5. Microstructure Characterization

The sea-island structure of samples was observed by scanning electron microscopy (Hitachi S-4800,
Tokyo, Japan) with an accelerating voltage of 3.0 kV. The specimens were fractured in liquid nitrogen
and sputter-coated with gold before observation. The migration process and micelle formation were
observed by transmission electron microscopy (Hitachi HT-7700, Tokyo, Japan) with an accelerating
voltage of 60.0 kV. Each specimen was sliced into 80 nm sections by microtome. PVDF was stained by
RuO4 (Ruthenium tetroxide) for 4 h to provide better contrast under TEM.

2.6. Rheology Characterization

Rheology measurements were carried out on the MCR301 rheometer (Anton Paar Instrument,
Graz, Austria) at 200 ◦C. A parallel plate configuration was used with a gap size of 1 mm and a plate
diameter of 25 mm. The strain was 0.05, and the sweep frequency ranged from 0.01 to 100 rad/s.

2.7. Particle Size of Statistics

Particle size statistics were carried out by Nano Measurer (Department of Chemitry, Fudan
University, Shanghai, China, software version: 1.2.5). Relevant data were obtained through the particle
size statistics and analysis of PVDF phases in SEM images.
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3. Results and Discussions

According to our previous work, PVDF/PLLA/RC blend with a weight ratio of 5/95/3 exhibits
excellent ductility [13]. In this work, therefore, the same weight ratio has been adopted. Three reactive
compatibilizers with different GMA contents (MG01, MG02 and MG03 representing the GMA feed ratio
of 10, 20, and 30 wt % during synthesis respectively, Figure S1) have been employed. The time–torque
curves of the PVDF/PLLA blends with reactive compatibilizers containing different GMA contents
were shown in Figure 1. The torque rises rapidly and then decreases, which can be attributed to
the addition and melting of materials respectively. After that, the torque increases because of the
chemical reactions between the carboxyl group in PLLA and the epoxy groups in RC. This reaction
has been discussed in detail and the reaction equations can be found in our previous works [20,29,34].
Obviously, the occurrence of a torque plateau means that the graft of reactive compatibilizer on the
PMMA backbone has finished [35]. In the black curve (MG01), there is no plateau even when the blend
has been mixed for 40 min. It takes ~35 min to reach the plateau in the specimen of MG02 (red curve).
In the case of MG03 (blue curve), however, the time has been shortened to ~20 min. In the following
sections, therefore, four specimens have been prepared upon mixing for different periods to investigate
the migration and localization of RC as well as its effect on morphology and mechanical performance.
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Figure 1. Time–torque curves of the polyvinylidene fluoride/poly(l-lactic acid) (PVDF/PLLA) blends
with various compatibilizers and mixing time.

As shown in Figure S2 in the Supplementary Materials, neat PLLA exhibits high yielding strength
(~60 MPa) but low elongation at break (~10%). Upon blending with PVDF, neither the strength
nor the elongation at break increased due to the poor interaction between PVDF and PLLA [13].
Figure 2 shows the stress–strain curves of the PVDF/PLLA blends with different compatibilizers upon
mixing for the indicated time. The corresponding results are summarized in Table 1. When MG01 is
adopted (Figure 2A), all specimens are brittle. In the case of MG02, the PVDF/PLLA blend has the
maximum elongation at break at the mixing time of 30 min, reaching 291% in Figure 2B. The blend of
PVDF/PLLA/MG03 exhibits the elongation at break of 273% when it is mixed for 10 min (Figure 2C).
The comparison of mechanical properties among these specimens indicates that there is an optimal
mixing time for the improvement of ductility, at which the elongation at break of the blend system
reaches the maximum magnitude. Furthermore, the optimal mixing time exhibits crucial dependence
on the GMA content of reactive compatibilizer. It decreases upon increasing the GMA content in
reactive compatibilizers.
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Table 1. Mechanical properties of the PVDF/PLLA blends with various compatibilizers and mixing time.

Sample Mixing Time
(min)

E
(GPa)

σy
(MPa)

σb
(MPa)

ε

(%)

PVDF\PLLA\MG01
(5\95\3)

10 min 1.0 ± 0.1 51.1 ± 2.6 46.7 ± 3.9 8 ± 0
20 min 1.2 ± 0.1 60.2 ± 0.1 45.4 ± 12.9 13 ± 3
30 min 1.1 ± 0.3 62.3 ± 0.8 42.1 ± 11.3 19 ± 6
40 min 1.3 ± 0.1 61.5 ± 0.2 46.9 ± 13.2 14 ± 3

PVDF/PLLA/MG02
(5/95/3)

10 min 1.3 ± 0.0 58.6 ± 0.0 50.8 ± 9.2 8 ± 2
20 min 1.1 ± 0.0 60.1 ± 3.2 32.9 ± 0.7 143 ± 57
30 min 1.2 ± 0.0 56.5 ± 0.6 39.1 ± 2.0 291 ± 29
40 min 1.3 ± 0.1 59.8 ± 0.0 52.5 ± 3.0 14 ± 10

PVDF/PLLA/MG03
(5/95/3)

5 min 1.1 ± 0.1 / 54.9 ± 1.6 10 ± 0
10 min 1.0 ± 0.1 60.5 ± 1.4 42.8 ± 1.6 273 ± 25
20 min 1.2 ± 0.1 57.3 ± 1.2 31.6 ± 2.2 138 ± 44
30 min 1.2 ± 0.0 / 62.9 ± 0.8 7.7 ± 0

“/”: sample break directly when stretched, so there’s no yield strength.

SEM has been utilized to investigate the morphology evolution of the PVDF/PLLA blends with
different compatibilizers (Figure 3). In all specimens, there are sea-island structures. By means of
volume fraction calculation, it can be validated that the matrix and dispersed phases are PLLA and
PVDF respectively. As shown in many reports, PVDF/PLLA is a typical immiscible blend system,
exhibiting big domains and poor interface [8,15,36,37]. In this work, however, the interfacial adhesion
between them has been enhanced remarkably due to the existence of reactive compatibilizers, which can
be seen from the emulsified interface. In Figure 3(A1–A4), the PVDF islands exhibit a diameter of
133 nm (at 10 min, Figure 3(A1)). This value is much lower than that in the PVDF/PLLA blend
without compatibilizers (~1 micron in ref [13]). Upon further mixing, the structure and its size do not
change obviously, which has been shown in the particle size statistics (Table S1 in the Supplementary
Materials and Figure 4). In the case of MG02 (Figure 3(B1–B4)), the PVDF domain size decreases from
123 (Figure 3(B1)) to 105 and 104 nm (Figure 3(B2,B3)). Then, it increases to 116 nm (Figure 3(B4)).
Furthermore, the interface has been enhanced from Figure 3(B1–B3). The same thing happens in
Figure 3(C1–C4). The size of PVDF islands first decreases (from 124 to 74 nm, Figure 3(C1,C2)) and
then increases (to 217 nm, Figure 3(C4)). According to the discussion above, it is the PVDF domain size
(Figure 4) and PVDF/PLLA interface that determine the ductility of the PVDF/PLLA blend (Figure 2
and Table 1). The smaller domain and emulsified interface correspond to the higher ductility. Then,
what is the reason for the morphology evolution shown in Figure 3? Added in the PVDF/PLLA blend,
the reactive compatibilizers (RC) tend to mix with the PVDF phase because of the excellent miscibility
between PVDF and PMMA. During mixing, the reaction between the terminal carboxyl group in
PLLA and the epoxy groups in RC takes place, which is the reason for the increase of torque shown
in Figure 1. Then, more and more PLLA chains have been grafted on PMMA backbone, producing
PLLA–g–PMMA copolymer. As a result, the stress from the PLLA side in the PVDF/PLLA blend is
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enhanced significantly, accounting for the migration of RC from PVDF to interface and even PLLA
matrix. Due to the low GMA content, the migration of grafted MG01 has not finished within 40 min
(black curve in Figure 1), so PVDF domains do not change significantly (Figure 3(A1–A4) and Figure 4).
However, MG02 and MG03 with high GMA contents accelerate the migration remarkably. During this
process, the compatibilizer concentration at the interface is the highest at a certain moment (20 min
for MG02 and 10 min for MG03), which is the reason for the smaller PVDF domain, the emulsified
PVDF/PLLA interface and higher ductility. In other words, the migration of the compatibilizer from
the PVDF phase to the interface plays a key role in the improvement of the PVDF/PLLA ductility.
Upon further mixing, PVDF particle size increases since the compatibilizer migrates from the interface
to the PLLA matrix. Consequently, the elongation at break of the blend exhibits lower magnitudes
(Figure 2 and Table 1) [28–30,38–40].
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reason for the smaller PVDF domain, the emulsified PVDF/PLLA interface and higher ductility. In 
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elongation at break of the blend exhibits lower magnitudes (Figure 2 and Table 1) [28–30,38–40].  
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To validate the migration of compatibilizers, TEM measurements have been performed by taking
PVDF/PLLA/MG02 (5/95/3) as an example. In Figure 5, black and white parts correspond to PVDF
and PLLA, respectively. When the mixing time is 10 min, there are PVDF domains with a diameter of
~120 nm (Figure 5A). Upon further mixing, our attention should be paid to the following issues. On
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one hand, the PVDF domain size decreases from ~120 to ~100 nm (Figure 5B,C). At last, it increases
to ~200 nm (Figure 5D); on the other hand, there are no gray domains in Figure 5A,B while the gray
micelles are obvious in Figure 5C,D. The evolution of PVDF domain size and the formation of micelles
in the PLLA matrix can act as the direct evidence for the migration of compatibilizers from PVDF to
interface and PLLA matrix.
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Figure 5. TEM images of PVDF/PLLA/MG02(5/95/3) upon mixing for 10 min (A), 20 min (B), 30 min
(C) and 40 min (D).

DMA has been used to investigate the relaxation of the PLLA matrix as well as the interface in the
PVDF/PLLA blends (Figure 6 and Table 2) by taking PVDF/PLLA/MG02 as an example. In Figure 6A,
we can find only a relaxation at ~70 ◦C. To show other relaxation clearly, our attention has been paid to
Figure 6B in the indicated temperature range. In the result of neat PVDF, there is a glass transition at
about −40 ◦C. In the black and red curves, however, we cannot find this transition. When the specimen
is mixed for 30 min (blue curve), there is a broad peak. It becomes more and more obvious upon
further mixing (pink curve) for 40 min. This evolution indicates that the glass transition of PVDF has
been affected by PMMA in RC at the blending time of 20 and 30 min. Finally (40 min), the influence
becomes neglectable. Figure 6C shows the glass transition of PLLA. The glass transition temperature
of it decreases slightly (from 69.7 to 69.6 ◦C) and then increases to 70.7 ◦C when it is mixed for 40 min
(Figure 6C and Table 2). In addition, the intensity and the half-peak-width of PLLA glass transition can
be used to describe its relaxation [13]. The former increases while the latter decreases from 30 to 40 min,
suggesting that PLLA exhibits different relaxation behaviors relative to neat PLLA. The evolution of
glass transition temperature, the intensity and half-peak-width can be attributed to the influence of
grafted PLLA. This result makes it clear that reactive compatibilizers locate in the PLLA matrix upon
mixing for 40 min.
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Table 2. Comparison table of DMA data and elongation at break.

Sample Mixing Time
(min)

ε

(%)
Tg

(◦C)
Half Peak

Width

PVDF/PLLA/MG02
(5/95/3)

10 7.9 ± 1.5 69.7 11.3
20 142.7 ± 57.0 69.6 11.6
30 290.7 ± 28.5 69.6 11.6
40 14.1 ± 10.3 70.7 11.3

According to SEM, TEM and DMA results, we can describe the migration of compatibilizers
and the resultant mechanical performance as follows. When the compatibilizers are blended with
PVDF and PLLA, they tend to stay in the PVDF phase because of the excellent miscibility between
them [8,15,20,41–44]. This is the reason for the disappearance of the PVDF glass transition peak in
DMA curves (black curve in Figure 6B) and the absence of micelles in Figure 5A. In this case, PVDF and
PLLA have not been compatibilized well, leading to the bigger domains (Figure 3(A1,B1,C1)) and poor
mechanical performance (black curves in Figure 2). Upon mixing and shearing, the compatibilizers can
contact PLLA, resulting in the reaction between the terminal carboxyl group (in PLLA) and the epoxy
groups (in RC). In the subsequently grafted copolymer of PLLA–g–PMMA, therefore, there are two
kinds of entanglement including PMMA with PVDF and grafted PLLA with free PLLA. The balanced
stress in two sides accounts for the precise localization of the compatibilizers at the interface of
PVDF/PLLA, corresponding to the migration of RC from PVDF islands to interface. This is the reason
for the smallest domain size (Figure 3(B3,C2)) and the highest elongation at break (blue curve in
Figure 2B and red curve in Figure 2C). The glass transition of PVDF becomes clear (blue curve in
Figure 6B) relative to the result of 10 min. At the same time, the grafted PLLA produces a certain
influence on the relaxation of free PLLA (Figure 6C). With further increase of mixing time, more and
more PLLA chains have been grafted on the compatibilizers, producing asymmetric stress in the
copolymer. As a result of enhanced entanglement of grafted PLLA with free PLLA, the compatibilizers
migrate from PVDF/PLLA interface to the PLLA matrix. The glass transition temperature of PLLA
increases since it exhibits certain miscibility with PMMA (Figure 6C). On the contrary, the glass
transition of PVDF becomes obvious in Figure 6B (pink curve) because of the localization of RC in the
PLLA matrix. In this case, the compatibilization becomes less efficient, resulting in the occurrence of
bigger PVDF domains (Figures 3–5), micelles in the PLLA matrix (Figure 5D) and lower magnitudes of
elongation at break (pink curves in Figure 2). In other words, the compatibilizers migrate from PVDF to
the PVDF/PLLA interface, enhancing the compatibilization effect (10–20 min). Then, they move to the
PLLA matrix because of the higher graft density of PLLA, accounting for the poor compatibilization
effect (30–40 min).

The evolution discussed above can be validated by means of rheology measurement. Figure 7A
displays the complex viscosity (η*) of PVDF/PLLA/MG02 blends with different mixing times as a
function of frequencies. All the blends show shear thinning behavior. The viscosities at the indicated
angular frequency (dash line: 50 rpm corresponds to 0.83 rad/s) increase and then decrease. The viscosity
shows the highest magnitude when the blending time is 30 min. The compatibilization effect can be
assessed by means of frequency dependence of storage modulus as shown in Figure 7B. In the result of
mixing for 10 min (black curve), there is a slight shoulder in the low-frequency region, which can be
attributed to the poor compatibilization effect due to the localization of RC in the PVDF phase [45].
Upon further mixing, this shoulder disappears, producing the straight line (blue curve). In this case,
it is the precise localization of PLLA–g–PMMA copolymer at the PVDF/PLLA interface that enhances
the compatibilization. Finally, the storage modulus deviates from the straight line again in the pink
curve in the low-frequency region, corresponding to the migration of RC from the interface to the
PLLA matrix (Figure 5D).
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4. Conclusions

In this work, reactive compatibilizers with different GMA contents have been employed to
fabricate ductile PLLA by blending with a tiny amount of PVDF. The reaction between the epoxy
group in RC and the terminal carboxyl group in PLLA produces the copolymer of PLLA–g–PMMA.
This copolymer can act as compatibilizers since PMMA backbone and grafted PLLA can entangle
with PVDF and free PLLA respectively. At the very beginning of mixing, the reactive compatibilizers
tend to stay in PVDF domains due to the thermodynamic miscibility between PVDF and PMMA.
Upon further mixing, some PLLA chains have been grafted on RC. The copolymer migrates to the
PVDF/PLLA interface because of the stress balance on two sides. Finally, there are so many PLLA
chains grafted on RC that the compatibilizers are pulled into the PLLA matrix. In the case of lower
GMA content, there are only a few PLLA chains grafted on RC, leading to the slow migration. When
the GMA content is high, the enhanced stress in the PLLA side accelerates the migration. Therefore,
the precise localization of compatibilizers at the PVDF/PLLA interface and the fabrication of PLLA
with high ductility have been achieved successfully by tailoring GMA content. Our results are of great
significance for not only the fabrication of PLLA with high ductility, but also the precise localization of
compatibilizers at the interface of the immiscible blend.
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