% polymers m\py

Article

A Facile Fabrication of High Toughness

Poly(lactic Acid) via Reactive Extrusion

with Poly(butylene Succinate) and Ethylene-Methyl
Acrylate-Glycidyl Methacrylate

Bin Xue 12, Hezhi He 1'%, Zhiwen Zhu 2, Jigian Li ', Zhaoxia Huang 2*(,
Guozhen Wang "2, Ming Chen 1'2 and Zhiming Zhan 12

1 National Engineering Research Center of Novel Equipment for Polymer Processing,

School of Mechanical and Automotive Engineering, South China University of Technology,

Guangzhou 510640, China; xbinscut@163.com (B.X.); mrobito@163.com (Z.Z.); ljqnx21@163.com (J.L.);
gjoewang@163.com (G.W.); chenm243@163.com (M.C.); 201721002896@mail.scut.edu.cn (Z.Z.)

Key Laboratory of Polymer Processing Engineering, Ministry of Education,

School of Mechanical and Automotive Engineering, South China University of Technology,

Guangzhou 510640, China

*  Correspondence: pmhzhe@scut.edu.cn (H.H.); hyhzx123@gmail.com (Z.H.); Tel.: +86-133-0230-5696 (H.H.)

Received: 23 November 2018; Accepted: 14 December 2018; Published: 17 December 2018 ﬁr;e(f :tf:sr

Abstract: As is an excellent bio-based polymer material, poly(lactic acid) (PLA)’s brittle nature
greatly restricts its extensive applications. Herein, poly(butylene succinate) (PBS) was introduced
to toughening PLA by melt blending using a self-made triple screw extruder through in situ reactive
with ethylene-methyl acrylate-glycidyl methacrylate (EGMA). The effect of EGMA concentrations on
the mechanical properties, morphology, interfacial compatibility of PLA /PBS blends were studied.
Fourier transform infrared (FT-IR) results demonstrated that the epoxy group of EGMA reacts
with the hydroxyl groups of PLA and PBS, which proved the occurrence of interfacial reactions
among the tri-component. The significantly improved compatibility between PLA and PBS after
EGMA incorporation was made evident by scanning electron microscope (SEM) characterization
results. Meanwhile, the contact angle test predicted that the EGMA was selectively localized
at the interface between PLA and PBS, and the result was verified by morphological analysis of
cryofracture and etched samples. The EGMA improves the compatibility of PLA/PBS blends,
and consequently leads to a significantly increased toughness with the elongation at break occurring
83 times more when 10 wt % EGMA was introduced than neat PLA, while impact strength
also enhanced by twentyfold. Ultimately, the toughening mechanism of PLA based polymers
was established based on the above analysis, exploring a new way for the extensive application for
degradable material.

Keywords: poly(lactic acid); poly(butylene succinate) (PBS); ethylene-methyl acrylate-glycidyl
methacrylate; in situ reactive; compatibility; toughening mechanism

1. Introduction

In recent years, tens of billion tons of plastics are widely used in industrial, agricultural,
national defense, healthcare and other fields [1], where most are extracted from petroleum resources.
With the increased usage of pertrochemical-based plastics, it causes serious environmental pollution
and wastes of oil resources [2,3]. Therefore, the environmentally friendly biobased and biodegradable
plastics as well as less persistent and toxic, low carbon green have attracted wide concerns [4,5].
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In the market, there are many biodegradable plastics such as poly(butylene succinate) (PBS) [6],
poly(butyleneadipate-co-terephthalate)(PBAT) [7], poly(hydroxy alkanoate) (PHA) [8], poly(lactic acid)
(PLA), etc. Among these, PLA is the most promising bio-based plastic, due to its excellent biocompatibility
and biodegradability. In addition, PLA can be obtained from corn, wheat, and cassava resources [9,10],
and degraded by microorganisms to CO, and H,O. Moreover, owing to the advantages of outstanding
mechanical properties and heat resistance [11,12], PLA is an ideal green polymer material can be used in
packaging, architecture and biomedical fields [13,14]. However, the brittle with low elongation at break
and low notched impact strength restrict its extensive applications. In order to enhance the toughness of
PLA, many scientists have adopted various methods such as chemical copolymerization, melt blending,
and nano-filling [15]. Among them, blending with flexible material is the simplest and most effective
method [3,12,14].

The flexible materials used for toughening, such as non-degradable plastics like acrylonitrile
-butadiene-styrene(ABS) [16], linear low-density polyethylene (LLDPE) [17], ethylene-propylene-piene
monomerb (EPDM) [18], and degradable plastics such as PBAT [7], poly(capro lactone)(PCL) [19],
poly(butylenes-succinate- co-adipate) (PBSA) [20], etc., have been introduced to modify PLA with
a different toughening-level. However, some of these materials do not indicate a significant toughening
effect, due to incompatibility with PLA, which results in phase-separated morphologies between
the bi-phase, and weakens the performance of the blend [14,20,21].

In order to fabricate high toughness composites, poly(butylene succinate) (PBS) is considered for
blending with PLA, which is a highly flexibility biodegradable material with comprehensive properties
are similar to acrylonitrile -butadiene-styrene(ABS) and polypropylene (PP). Previously, Raksit et al. [22]
and Yokohara et al. [23] fabricated the PLA /PBS binary blends with considerable mechanical properties,
but the poor compatibility between PLA and PBS induced phase-separated morphologies. Therefore, it is
necessary take some measures to improve the compatibility of these two polymers. At present, an in
situ reaction compatibilization technique is the most effective method for improving phase-separated
morphologies of incompatible systems, which has been used by scholars. GOjijo et al. [20] used
triphenyl phosphite in the reactive compatibilization of PLA and PBSA, the notched impact strength of
the binary blend obviously improved from 6.76 k] /m? to 16.4 k] /m? with 2 wt % triphenyl phosphite,
and the morphology of PLA/PBSA blends evolved from “island-sea” structure to a more uniform
type. Liu et al. [24] added a small amount of Poly(D-lactide) (PDLA) into PLLA /TPU blends, and it
can be observed that the in situ reactive among the two components with PDLA was also added.
Meanwhile, the impact strength increased significantly from 9.6kJ/m? to 63.2 kJ/m? with 15 wt %
TPU. The effect of Polyolefin elastomer (POE) on the properties of PLA /PA11 blends was researched
by Heshmati et al. [25] and discovered that the PEO can improve the interfacial compatibility remarkably,
the impact strength of PLA /PA11 with 15 wt % PEO demonstrating 17.5 times and three times higher
than neat PLA and PA11, while elongation at break improved from 6% of neat PLA to 275% of
PLA/PA11 blend.

A series of studies have shown that the reactive compatibilization has a significant change
in the phase morphology of the PLA based polymer, which improves the toughness [24-27].
However, so far, there has been little research on the reaction compatibilization of the PLA/PBS
blend. Thus, it is necessary to carry out related research. In this paper, we focused on reactive blending
of PLA/PBS blend with ethylene-methyl acrylate-glycidyl methacrylate (EGMA) by a self-made triple
screw extruder, and highly-toughened PLA based ternary blends were fabricated. Our goal is to study
the effect of EGMA on the morphology and mechanical properties of PLA/PBS blends, and analyze
the relationship between tensile toughness, impact toughness and compatibility, phase morphology,
establishing the toughening mechanism of PLA /PBS/EGMA ternary blends.
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2. Materials and Methods

2.1. Materials

Commercial PLA (4032D) was purchased from NatureWorks LLC (Blair, NE, USA) with a density
of 1.24 g cm~3 and 1.2-1.6 wt % D-isomer lactide. PBS pellets (3001MD) were supplied by Show
a High Polymer Co., Ltd. (Tokyo, Japan) with the density of 1.26 g cm 3. EGMA (LOTADER AX 8900)
was provided from Arkema Investment Co., Ltd. (Shanghai, China) with the density of 0.944 g cm—3
and contained 24 weight fraction (wt) % methyl acrylate and 8 wt % glycidyl methacrylate.

2.2. Fabrication of Samples

The PLA was dried at 80 °C in an oven for 10 hours, while PBS and EGMA pellets
were dried at 50 °C in oven for 10 h. The PLA/PBS and PLA/PBS/EGMA blends with
different weight fraction were fabricated by melt blending using a self-made triple screw extruder.
The extrusion barrel of the extruder has 8 heating zones from hopper to die, the temperature
profile was 170 °C, 180 °C, 190 °C, 190 °C, 190 °C, 190 °C, 190 °C and 180 °C, the speed of rotor
was 80 rpm. Subsequently, the kneaded polymers obtained were compression molded into standard
dumbbell-shaped specimens and rectangular specimens for tensile testing and impact testing at 195 °C
and 15 MPa.

2.3. Mechanical Testing

The tensile properties of each blend were tested by an Instron Universal Testing Machine
(model 5566, Norwood, MA, USA), with crosshead speed of 20 mm/min according to GB/T1040-2006.
The impact strength was tested by the PIT501B-Z pendulum impact tester (Zwick5117, Zwick GmbH,
Ulmer, Germany) in line with GB/T 1843-2008. The average mechanical property values are obtained
from more than five specimens.

2.4. Scanning Electron Microscopy (SEM)

The morphology of cryo-fractured surfaces, etched surfaces and impact-failure surfaces of
each sample was observed by SEM (5-3700N, Hitachi, Tokyo, Japan). To obtain the morphology
of cryo-fractured surfaces, the rectangular samples were fractured after 60 min soaking in liquid
nitrogen, and then all surfaces were covered with gold, and subjected to SEM imaging at an applied
voltage of 5 kV.

2.5. Fourier Transform Infrared (FT-IR) Spectroscopy

The FI-IR spectroscopy (Nicolet Nexus 670, Dongguan, China) was used to study the molecular
group reactions between PLA and PBS with EGMA. Take a small amount of PLA, PBS, EGMA,
PLA/PBS, PLA/PBS/EGMA samples, and press the samples into films with a hot stamper. Scan each
film of all samples by the FT-IR spectroscopy with 64 scans a range of 400 to 4000 cm .

2.6. Contact Angle Testing

Contact angle test was conducted to study the compatibility between the tri-component
by a contact angle measurement system (OCA40Micro, Dataphysics, Stuttgart, Germany).
In addition, 5 mL of distilled water (H,O) and diiodomethane (CHjI,) were dropped on the PLA, PBS,
and EGMA samples. The static contact angle data are recorded by a OCA40Micro measurement system,
respectively. The tested data of contact angle is the average of more than five different positions on
each specimen.
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3. Results and Discussion

3.1. The FT-IR Analysis

In this work, a compatibilizer agent EGMA was added to PLA/PBS blends to improve
compatibility of these two phases. During the melt compounding, EGMA contains epoxy groups
that could react with the hydroxyl groups as discussed in the previous literature by Zhang et al. [28]
and Worasak et al. [29]. To demonstrate that the in situ reaction exists in PLA/PBA/EGMA blends,
the FT-IR analysis was employed as shown in Figure 1. Clear absorption peaks of hydroxyl groups of
PLA and PBS at 3504 cm ! and 3432 cm ™! can be seen in Figure 1a. With incorporation of 30 wt %
PBS to PLA, the absorption peak still appears in a PLA/PBS blend. However, it is worth noting
that the absorption peaks at 3504 cm ! and 3432 cm~! gradually decrease with the increase of
EGMA content, which is even almost invisible with 20 wt % EGMA loading. Meanwhile, it can be
observed that the absorption peak of epoxy groups of EGMA at 910 cm ™! was presented in Figure 1b,
while the absorption peak disappeared in the PLA /PBS/EGMA blends, which proves that the epoxy
group of EGMA reacts with the hydroxyl groups of PLA and PBS.

The schematic diagram of possible reaction routes of PLA/PBS blends with the inclusion of
EGMA is illustrated in Figure 2. As discussed above, melt compounding promoted reactions of EGMA
with PLA and PBS. As a result, PLA/PBS-g-EGMA co-polymers could be formed at the PLA-PBS
interface and served as bridges connecting these phases. Thus, the poor interfacial adhesion
between immiscible PLA and PBS phases may be significantly improved by the inclusion of EGMA.
Moreover, the number of bridges increased with EGMA loading and thus led to an improved
compatibility, which allowed forces acting during the impact to be transferred from the brittle
PLA matrix to the ductile PBS phase. The above transfer led to an elongational deformation in
the PBS phase and, consequently, to fracture energy dissipation. Whether this assumption is correct
will be verified in the following discussion.
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Figure 2. Schematic diagram of possible reaction routes in PLA /PBS blend with the inclusion of EGMA.

3.2. Mechanical Properties Analysis

The tensile properties of neat PLA, PLA/PBS and PLA/PBS/EGMA blends are shown in
Figure 3. It can be seen that strain—stress curves (Figure 3a) and tensile strength and elongation
at break (Figure 3b) indicate that the neat PLA is a brittle material, without obvious yield behavior
and showing poor elongation at break (¢ = 6.64%) with a high tensile strength (o = 56.6 MPa).
When incorporating 30 wt % PBS into PLA, the blend shows significant yielding with a brittle
to ductile transition exhibiting increased elongation at break (¢ = 335.8%) but decreased tensile
strength (o = 40.4 MPa), which indicates that the soft PBS added to PLA caused increased ductility
but a decrease of stiffness. When the EGMA was added to a PLA/PBS blend, the tensile strengths
are 37.1 MPa, 32.5 MPa, 28.0 MPa, and 24.4 MPa for samples with 5 wt %, 10 wt %, 15 wt % and 20 wt %
EGMA, respectively. On the contrary, the elongation at break of blends has a remarkable increase
from 478.4% for 5 wt % EGMA to a maximal value of 549.4% for 10 wt % EGMA and exhibits superior
stretchability of 83 times higher than neat PLA, which represents enhanced ductility. With further
increase of EGMA contents to 15 wt % and 20 wt %, the elongations at break slightly drop to 417.9%
and 324.1%, respectively.

It is well known that the impact property is an important evaluating indicator of a material’s
toughness. The notched impact properties of neat PLA, PLA/PBS and PLA/PBS/EGMA blends are
shown in Figure 4. The neat PLA exhibited a low impact strength of 2.4 kJ/m? due to the brittle
nature. With incorporation of 30 wt % PBS to a PLA matrix, the impact strength increased by
three times with a value of 7.3 kJ]/m?, owing to the fact that the elastic PBS can absorb more
impact energies. However, this binary blend exhibited typical brittle behavior and featured few
plastic deformations prior to failure, presenting SEM images of PLA /PBS impact fracture surface
(Figure 5b), and leading to the insignificant increase since PLA and PBS phases were not very
compatible. On the contrary, the impact strength obviously increases with incorporation of 5 wt %
EGMA to 19.4 k] /m?. The impact strength remarkably improved in particular, reaching 46.5 k] /m?
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with incorporation of 20 wt % EGMA approximately 20 times more than neat PLA, which presented
the occurrence of a brittle-to-ductile transition.
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Figure 3. The tensile properties of neat PLA, PLA/PBS and PLA /PBS/EGMA blends: (a) strain-stress
curves; (b) tensile strength and elongation at break.
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Figure 4. The impact properties of neat PLA, PLA/PBS and PLA/PBS/EGMA blends: (A)
impact strength; (B—C) deformed impact samples: (a) neat PLA; (b) PLA/PBS 70/30; (c—f)
PLA/PBS/EGMA (70/30/x): (c) 5 wt %; (d) 10 wt %; (e) 15 wt %; (f) 20 wt %.

3.3. Morphological Analysis

It is known that the morphology, including particle size and distribution of the dispersed
phase in the matrix, play an important role in the mechanical properties of polymers. In order
to more deeply investigate the relationship between toughness mechanism and microstructure
evolution of PLA/PBS/EGMA ternary blends, the cryo-fractured surfaces were etched by a sodium
hydroxide-methanol—water solution in order to eliminate the PLA amorphous in the blends
from being implemented [30]. The SEM images of cryofracture surfaces and PLA amorphous etched
cryofracture surfaces of the PLA /PBS blend and the PLA /PBS/EGMA blends with different weight
fraction EGMA are shown in Figure 5.
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Figure 5. SEM images of cryofracture and PLA amorphous were etched cryofracture samples:
(a—e) cryofracture surfaces; (a’-e’,a”—e”) etcyed cryofracture surfaces: (a-a”) PLA/PBS 70/30; (b-b”)
PLA/PBS/EGMA 70/30/5; (c—c”) PLA/PBS/EGMA 70/30/10; (d-d”) PLA/PBS/EGMA 70/30/15;
(b-b”) PLA/PBS/EGMA 70/30/20.

It can be observed from Figure 5a that the 70/30 sample shows a typical “sea—island” structure,
where the PBS sphere particles were unevenly dispersed in the continuous PLA phase. In the etched
cryo-fracture surfaces shown in Figure 5a’,a”, it is clear that large voids surrounding spherical
PBS nodules with spherical PBS phases are surrounded by PLA crystals with no interconnection
between PLA and PBS phases. Investigating the morphology further, it can be found that even more
PBS particles detached from the PLA matrix, which proved that the two phases were immiscible,
which can consequently result in low mechanical properties of the binary blend. With the incorporation
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of 5wt % EGMA, the morphology shown in Figure 5b of the ternary blend has changed somewhat with
interfaces becoming obscured between PLA and PBS phases. Although some of the PBS particles are
still being pulled out, there are numerous interconnections between the PLA crystal and the PBS phase
obtained that are presented in Figure 5b’,b”, which indicated that the EGMA improves the compatibility
of the two phases. With the further addition of EGMA from 10 wt % to 20 wt % into the PLA /PBS
blend, the two-phase interface has gradually disappeared, as shown in Figure 5c—e, and there are
many white substances around the PBS particles, indicating that the EGMA takes part in the reactions
with PLA and PBS, and serving as a bridge to connect the two, which improves the phases interfacial
adhesion. Meanwhile, it is clearly observed that the dispersed PBS phase transforms from the spherical
shape to a shish-like shape with higher EGMA added to the matrix shows PLA amorphous etched
cryofracture surfaces (Figure 5¢”—e”). The spherical PBS and PLA crystals are connected by EGMA,
which strongly proves that polymer compatibility is improved.

The impact toughness of PLA increased significantly with the addition of PBS
and EGMA as discussed above, and the microimages of impact failure surface are indicated
in Figure 6. In Figure 6a, the neat PLA exhibited smooth surfaces similar to the cryofracture surface,
indicating typical brittle behavior. With the addition of PBS, the impact surface showed little plastic
deformation presented in Figure 6b, as evidence of an insignificant toughening effect caused by
the poor interfacial adhesion between PLA and PBS. When 5 wt % EGMA was added into a PLA/PBS
blend, several plastic deformation areas were observed in Figure 6c, indicating an improved toughness
of the blend. When more than 10 wt % EGMA was added to a PLA/PBS blend, the morphology of
the impact surfaces changed significantly, shown in Figure 6d—f with numerous cavitation and clear
plastic. In particular, it can be seen that the large number of fibers are stretched, indicating plastic
deformation of 70/30/20 samples, which are able to absorb a large amount of impact energies and lead
to increased toughness.

Figure 6. SEM micrographs of impact fracture surfaces: (a) neat PLA; (b) 70/30; (c) 70/30/5;
(d) 70/30/10; (e) 70/30/15; (£) 70/30/20.

3.4. Compatibilizer EGMA Localization in the PLA/PBS Blend Analysis

For a multi-phase blend system, the selective localization of each phase has a great influence on
the morphology, and consequently affects the mechanical properties of the blend [31]. Many researchers
have conducted theoretical research on phase localization predictions. Among them, the simplest
and most widely applied method is the spreading coefficient model proposed by Harkins [32].
He established a spreading coefficient mathematical equation to predict phase selective localization for
ternary blend:

AABC = YAC — YAB — YBC (1)
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Figure 7. Possible morphologies predicted by spreading coefficients.

where Appc is the spreading coefficient, A, B, and C represent EGMA, PLA, and PBS
phases, respectively. vpra,/pBs, YEGMA/PLA and YEgma,/pBs are the interfacial tensions between
the two different phases, respectively, which can be calculated by the following Equations (2)—(6)

found by Wu [33]:
d o4 Py
Ym0 Y0 Y
'YHZO<1 +COSGH20) = 4( y 2 y p 2 p) (2)
Yo T Yo T
d oo PP
TCH, * Y YeH,1, Y
Tk, (1+ cosber,n,) = ( Tt p) @3)
Y, T YeH,, T
d d P p
YAy Yo
Ya = Aty =4 7y F 4)
YA + B Ya + YB
Y = ')’d +9F (5)
' _d
YH,O0 = ')/H2O + 71’_71201 YCH, = ’)/CHZIZ + ’)/EHZIZ (6)

in which vy is the surface energy, Y4 and yP are the surface energy of dispersion and polar
component, and 0,0 and ¢y, are the contact angles with water and diiodomethane, respectively,
PLA (On,0 = 66.4°, Ocr,1, = 42.9°), PBS (0n,0 = 63.9°, Ocy,1, = 36.2°), and EGMA (8y,0 = 109.2°,
Ocr1, = 61.1°). The surface energy of water and diiodomethane are Ydeo = 22.1 mN/m,
YPH,0 =50.7 mN/m, ydCI212 =44.1 mN/m and yPcy,1, = 6.7 mN/m used for reference [34].

Table 1. The prediction parameters of phase selective localization of PLA, PBS and EGMA.

Surface Tension (mN/m)

- - Interfacial Spreading
Sample  Total Dispersion Polar Tension Coefficient
o (Aq) (o) (mN/m) (mN/m)
(cd) P
PLA 4229 33.27 9.02 Yrra/pes =09 ApLa/EGMA,/PBS = —9-36
PBS 4546 36.44 9.01  Yprs/EGMA =524  ApGMma,pLA/PBS = —1.12

EGMA  30.72 30.11 061 Ypra/Ecma =502  ApGma,/pBs/pLa = —0.68
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According to the above theoretical analysis, the interfacial tensions and spreading coefficients
between components can be calculated and are listed in Table 1. The ypp a /pps is higher than ypgs/Egma

and ypra/EgMma, showing the poor compatibility between PLA and PBS, attributed to the higher
the interfacial tension value and the weaker interaction between the components [31].
Furthermore, ypra/Egma is lower than vypps/pgma, indicating that the compatibility between
PLA and EGMA is better than PBS and EGMA. In the meantime, the spreading coefficient values
of ApLa/EGMA/PBS, AEGMA/PLA/PBS and Aggma,/pes/pLa are all negative. According to the possible

morphologies predicted by spreading coefficients [32] shown in Figure 7, the EGMA phase locates
at the phase interface between PLA and PBS in spherical form, while some spherical particles exist
in the PLA phase as presented in Figure 7d. In summary, the schematic illustration of possible
morphologies predicted by the PLA /PBS blend with the inclusion of EGMA is shown in Figure 8.

EGMA ‘q{ e
g

.

" 3
B ‘ N /
Melt. | o * ’
processing /’ ® ‘\’
\ [ ]

PLA EGMA ® PBS

Figure 8. Schematic illustration of the morphology evolution PLA/PBS blend with the inclusion
of EGMA.

Based on the above theoretical analysis, the EGMA as spherical particles is distributed
at the PLA-PBS interfaces. In order to verify the correctness of theoretical analysis, studying the phase
morphology of polymers is an essential proof. Due to the different mass fractions of each component
in PLA/PBS/EGMA blends, it is difficult to determine the location of the EGMA as shown in Figure 5.
To visually determine the location of the EGMA, 50/50 PLA /PBS and 50/50/10 PLA /PBS/EGMA blends
were prepared, and the SEM images of cryofracture surfaces and PLA amorphous etchings can be
found in Figure 9. In Figure 9a, the interface clearly exists on boundaries of PLA and PBS phases.
Meanwhile, there are many large voids and no interconnection between PLA and PBS phases are shown
in Figure 9a’-a”, since the incompatibility of PLA and PBS has been proven above. With the incorporation
of 10 wt % EGMA shown in Figure 9b, the cryofracture surface exhibited a very smooth surface with
the disappearance of phase interfaces. In particular, when the PLA amorphous was etched, it is clearly
observed from Figure 9b’-b” that a large number of EGMA particles are distributed at the interface
between PLA and PBS, connecting with both PBS and PLA crystals, thus proving that the previous
theoretical analysis is correct.
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Figure 9. SEM images of cryofracture surfaces and PLA amorphous were etched cryofracture
surfaces:(a—a”) PLA/PBS 50/50; (b—b”) PLA /PBS/EGMA 50/50/10.

3.5. Toughening Mechanism

It is known to all that the efficiency of the flexible material in toughening the PLA significantly
relies on the interfacial compatibility between dispersed phase and PLA matrix. Poor compatibility leads
to low interfacial adhesion between the two phases; when subjected to tensile or impact, phase separation
easily occurs, and the toughening effect is not achieved. Nevertheless, compatibility that is too high
is also not good for toughness because it does not permit stress to be alleviated with high interfacial
adhesion. Therefore, in this part, the toughening mechanism of the PLA is established by investigating
the morphology and interfacial compatibility of the PLA /PBS blend with the inclusion of EGMA.

The elongation at break is an important indicator for evaluating toughness. According to
mechanical tests shown in Figure 3, it can be observed that the elongation at break of PLA significantly
increased with the inclusion of PBS, which is due to the PBS is the soft material that can lead
to a toughening effect. When EGMA is added to PLA /PBS blend, the elongation at break continues
to increase significantly. In particular, with 10 wt % EGMA, the sample exhibits an elongation at break
that reaches 549.4%. Such improvement is attributed to the occurrence of in situ reaction between
PLA and PBS phases with the inclusion of EGMA, which can improve the compatibility between
PLA and PBS. However, with further increase of EGMA loading, the elongation at break of PLA /PBS
blend containing 20 wt % is only 324.1%, showing a sharp downward trend that could be ascribed
to the changes in the size of dispersed phase domains. Owing to the dispersed PBS particles acting
as stress concentrators in PLA /PBS and PLA /PBS/EGMA blends [35], the size and distribution of
the dispersed phase particles are other important factors affecting the elongation at break besides
interfacial adhesion [36].

The evolution of PBS particle shape in phase morphology with the inclusion of EGMA is shown
in Figure 10. It can be seen that the large PBS spherical particles are distributed in the PLA matrix.
For samples with EGMA less than 10 wt %, the PBS particles distributed uniformly were accompanied
by decreased particle size presented in Figure 10b; the dispersed PBS particles that act as stress
concentrators reduced the number of stress concentrations, and led to improved elongation at break [37].
With further increase of EGMA content, the morphology changed significantly where the PBS
particles increased in particle size and gradually evolved from spherical to ellipsoidal as shown in
Figure 10c, and the ellipsoidal particles were unevenly distributed in the matrix act as some flaws
in PLA/PBS/EGMA ternary blends caused stress concentration, which could be have an effect on
the reduction in elongation at break. For the sake of investigating the relationship between the change of
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phase morphology and the elongation at break, the stress analysis model elliptical shape was presented
in Figure 10c”; Han et al. [38] established the stress equation at the edge of the hole as follows:

1—p?—2p+2cos2
pum— 7
7e 1+ p? —2pcos26 70 @

in which, p = (a — b)/(a + b), a and b are the length of the major and minor axis of the ellipsoidal hole,
0y is the average stress, and 0 is the angle of the dot on the edge of the ellipsoidal hole to the x-axis.
The maximum normal stress can be obtained as follows:

3 2a

Py = i
oo = (13 ®

Omax = Of=4r/2 =

EGMA loading

qc=s T

Figure 10. Evolution of PBS particle shape in phase morphology with the inclusion of EGMA:(a,a’)
PLA/PBS 70/30; (b,b") PLA/PBS/EGMA 70/30/10; (c,c’) PLA/PBS/EGMA 70/30/10; (a—c) schematic
diagram; (a’—c) SEM images of cryofracture surfaces; (¢”) analysis model.

It can be seen that the maximum stress of the circular hole (a = b) is three times more
than the average stress, and the larger the value of a/b, the larger o is. Therefore, the maximum stress
of the elliptical hole is larger than that of the circular hole, which shows that the stress concentration of
the elliptical hole is more serious, resulting in a sharp decrease in elongation at break.

The impact strength is another important indicator for evaluating toughness.
As can be seen in Figure 4—that the impact strength of PLA increased with the value
of 7.3 kJ/m?>—while the improvement is not obvious, this is due to the poor compatibility of
the PBS particles in the PLA matrix as shown in the SEM image of cryofracture surface in Figure 5a.
Meanwhile, it can be clearly observed that the large voids surrounding spherical PBS are surrounded
by PLA crystals, with no interconnection between two phases. Furthermore, many PBS particles
detached from the PLA matrix and PLA amorphous was etched in cryofracture surfaces in Figure 5a”,
which indicated that the two phases were immiscible. When the sample is subjected to the impact
process, the poor interfacial adhesion leads to interface detachment, limiting the increase of
toughness. However, the impact strength has been significantly improved when EGMA was added
to a PLA/PBS blend. In particular, the impact strength has increased nearly 20 times compared
to neat PLA with incorporation of 20% EGMA, which was due to EGMA improving the interfacial
compatibility between PLA and PBS phases. The FT-IR spectra indicated that the epoxy group of
EGMA reacts with the hydroxyl groups of PLA and PBS, and the EGMA distributed at the interface
between PLA and PBS phase acted as a bridge to connect two phases presented in Figures 5 and 9.
At the same time, the specimens of each blend undergo the impact test as shown in Figure 4B-C.
The neat PLA and PLA /PBS impact specimens are completely broken, while PLA /PBS blends with
the added EGMA are not completely separated. In particular, the stress-whitened areas appeared
around impact-fractured surfaces, and this area gradually became larger as the EGMA content
increased. In addition, the impact interface also became rough gradually as presented in Figure 4Bc—f,
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which indicated the improvement of the two-phase compatibility, and the results are consistent with
those of impact strength.

4. Conclusions

In the work, high toughness biodegradable PLA /PBS blends with compatibilizer EGMA were
successfully fabricated by melt blending using a self-made triple screw extruder. The mechanical
properties, morphology, and interfacial compatibility of the blends with various EGMA content
were investigated. The FI-IR spectra results indicated that the epoxy group of EGMA reacts with
the hydroxyl groups of PLA and PBS, which proved the occurrence of interfacial reactions
among the tri-components. The morphology of PLA /PBS blend revealed that the two phases are
immiscible. With EGMA added to the PLA /PBS blends, obvious morphology changes were observed,
indicating a significantly improved compatibility and interfacial adhesion. Meanwhile, the selective
prediction of spreading coefficient was obtained through a contact angle test, which indicated
that the EGMA was selectively localized at the phase interface between PLA and PBS phase in
the form of spherical particles, which was verified by morphology of cryofracture and PLA amorphous
being etched into cryofracture of surfaces PLA/PBS (sample 50/50) and PLA/PBS/EGMA blend
(sample 50/50/10). Finally, the excellent compatibility leads to a significant increase in the toughness
of PLA ternary polymer. Based on the mechanical properties’ test results, the elongation at break
and impact strength of PLA/PBS blends reached the maximal value of 549.4% and 46.5 kJ/ m?2
when 10 wt % and 20 wt % EGMA were added, exhibiting superior stretchability of 83 times
and 20 times higher than neat PLA, respectively. Ultimately, the toughening mechanism of PLA based
polymers was established based on the above analysis, exploring a new way for the extensive
applications for degradable material.

Author Contributions: Conceptualization, B.X., H-H. and Z.H., Formal Analysis, B.X., GW., M.C,, and Z.Z.
(Zhiming Zhan); Investigation, B.X., Z.Z. (Zhiwen Zhu) and J.L.; Writing—Original Draft Preparation, B.X., Z.Z.
(Zhiwen Zhu); Writing—Review and Editing, H.H. and Z.H.

Acknowledgments: The authors acknowledge financial support from the Science and Technology Planning Project
of the Department of Science and Technology of Guangdong Province, P. R. China (Grant No. 2015B090904004)
and the National Natural Science Foundation of China (Grant No. 51435005 and 51873075).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Alvarez-Chavez, C.R.; Edwards, S.; Moure-Eraso, R.; Geisera, K. Sustainability of bio -based plastics:
General comparative analysis and recommendations for improvement. J. Clean. Prod. 2012, 23, 47-56.
[CrossRef]

2. Guo, Y,; Zuo, X.; Xue, Y,; Zhou, Y.; Yang, Z.; Chuang, Y.; Chang, C.; Yuan, G.; Satija, S.K.; Gersappe, D.; et al.
Enhancing Impact Resistance of Polymer Blends via Self-Assembled Nanoscale Interfacial Structures.
Macromolecules 2018, 51, 3897-3910. [CrossRef]

3. Li, T,; Zhang, ].; Schneiderman, D.K.; Francis, L.F.; Bates, F.S. Toughening Glassy Poly(lactide) with Block
Copolymer Micelles. ACS Macro Lett. 2016, 5, 359-364. [CrossRef]

4. Lambert, S.; Wagner, M. Environmental performance of bio-based and biodegradable plastics: The road
ahead. Chem. Soc. Rev. 2017, 46, 6855-6871. [CrossRef]

5. Tabone, M.D.; Cregg, ] J.; Beckman, E.J.; Landis, A E. Sustainability Metrics: Life Cycle Assessment and Green
Design in Polymers. Environ. Sci. Technol. 2010, 44, 8264-8269. [CrossRef] [PubMed]

6. Gan, Z,; Abe, H.; Kurokawa, H.; Doi, Y. Solid-State Microstructures, Thermal Properties, and Crystallization
of Biodegradable Poly(butylene succinate)(PBS) and Its Copolyesters. Biomacromolecules 2001, 2, 605-613.
[CrossRef] [PubMed]

7. Javadi, A.; Kramschuster, A.].; Pilla, S.; Lee, J.; Gong, S.; Turng, L. Processing and Characterization of
Microcellular PHBV /PBAT Blends. Polym. Eng. Sci. 2010, 50, 1440-1448. [CrossRef]


http://dx.doi.org/10.1016/j.jclepro.2011.10.003
http://dx.doi.org/10.1021/acs.macromol.8b00297
http://dx.doi.org/10.1021/acsmacrolett.6b00063
http://dx.doi.org/10.1039/C7CS00149E
http://dx.doi.org/10.1021/es101640n
http://www.ncbi.nlm.nih.gov/pubmed/20866068
http://dx.doi.org/10.1021/bm015535e
http://www.ncbi.nlm.nih.gov/pubmed/11749227
http://dx.doi.org/10.1002/pen.21661

Polymers 2018, 10, 1401 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Huang, L.; Chen, Z.; Wen, Q.; Lee, D. Enhanced polyhydroxyalkanoate production by mixed microbial
culture with extended cultivation strategy. Bioresour. Technol 2017, 241, 802-811. [CrossRef]

Tee, Y.B.; Rosnita, A.T.; Khalina, A.; Chin, N.L.; Roseliza, K.B.; Faezah, M.Y.K. Reinforcing mechanical,
water absorption and barrier properties of Poly(Lactic acid) composites with kenaf-Derived cellulose of
thermally-Grafted aminosilane Pertanika. J. Trop. Agric. Sci. 2015, 38, 563-573, ISSN 1511-3701.

Laaziz, S.A.; Raji, M.; Hilali, E.; Essabir, H.; Rodrigue, D.; Bouhfid, R.; Qaiss, A. Bio-composites based on
poly(lactic acid) and argan nut shell: Production and properties. Int. |. Biol. Macromol. 2017, 104, 30—42.
[CrossRef]

Guo, X.; Zhang, J.; Huang, J. Poly(lactic acid) /polyoxymethylene blends: Morphology, rheology, and thermal
mechanical properties. Polymer 2015, 69, 103-109. [CrossRef]

Chen, Y.; Wang, W.; Yuan, D.; Xu, C; Cao, L.; Liang, X. Bio-Based PLA/NR-PMMA /NR Ternary
Thermoplastic Vulcanizates with Balanced Stiffness and Toughness: “Soft—Hard” Core—Shell Continuous
Rubber Phase, In Situ Compatibilization, and Properties. ACS Sustain. Chem. Eng. 2018, 6, 6488-6496.
[CrossRef]

Marra, A.; Silvestre, C.; Duraccio, D.; Cimmino, S. Polylactic acid/zinc oxide biocomposite films for food
packaging application. Int. J. Biol. Macromol. 2016, 88, 254-262. [CrossRef] [PubMed]

Lu, X.;; Wei, X.; Huang, J.; Yang, L.; Zhang, G.; He, G.; Wang, M.; Qu, J. Supertoughened Poly(lactic acid)
/Polyurethane Blend Material by in Situ Reactive Interfacial Compatibilization via Dynamic Vulcanization.
Ind. Eng. Chem. Res. 2014, 53, 17386-17393. [CrossRef]

Liu, H.; Zhang, ]. Research progress in toughening modification of poly(lactic acid). J. Polym. Sci. Polym. Phys.
2011, 49, 1051-1083. [CrossRef]

Choe, 1, Lee, J.H; Yu, J.H; Yoon, ]J. Mechanical Properties of Acrylonitrile-Butadiene-Styrene
Copolymer/Poly(L-lactic acid) Blends and Their Composites. ]. Appl. Polym. Sci. 2014, 131, 40329. [CrossRef]
Gu, L.; Nessim, E.E.; Macosko, C.W. Reactive compatibilization of poly(lactic acid)/polystyrene blends
and its application to preparation of hierarchically porous poly(lactic acid). Polymer 2018, 134, 104-116.
[CrossRef]

Wang, S.; Pang, S.; Pan, L; Xu, N.; Huang, H. Li, T. Compatibilization of poly(lactic acid)
/ ethylene-propylene-diene rubber blends by using organic montmorillonite as a compatibilizer. J. Appl.
Polym. Sci. 2016, 133, 44192. [CrossRef]

Luyt, A.S; Gasmi, S. Influence of blending and blend morphology on the thermal properties
and crystallization behaviour of PLA and PCL in PLA/ PCL blends. J. Mater. Sci. 2016, 51, 4670-4681.
[CrossRef]

Ojijo, V.; Ray, S.S.; Sadiku, R. Toughening of Biodegradable Polylactide /Poly(butylene succinateco-adipate)
Blends via in Situ Reactive Compatibilization. ACS Appl. Mater. Interfaces 2013, 5, 4266-4276. [CrossRef]
Fang, H.; Jiang, F.; Wu, Q.; Ding, Y.; Wang, Z. Supertough Polylactide Materials Prepared through In Situ
Reactive Blending with PEG-Based Diacrylate Monomer. ACS Appl. Mater. Interfaces 2014, 6, 13552-13563.
[CrossRef] [PubMed]

Supthanyakul, R.; Kaabbuathong, N.; Chirachanchaia, S. Random poly(butylene succinate-co-lactic acid)
as a multi-functional additive for miscibility, toughness, and clarity of PLA/PBS blends. Polymer 2016,
105, 1-9. [CrossRef]

Yokohara, T.; Yamaguchi, M. Structure and properties for biomass-based polyester blends of PLA and PBS.
Eur. Polym. J. 2008, 44, 677-685. [CrossRef]

Liu, Z.; Luo, Y,; Bai, H.; Zhang, Q.; Fu, Q. Remarkably Enhanced Impact Toughness and Heat Resistance
of poly(L-Lactide)/Thermoplastic Polyurethane Blends by Constructing Stereocomplex Crystallites in
the Matrix. ACS Sustain. Chem. Eng. 2016, 4, 111-120. [CrossRef]

Heshmati, V.; Favis, B.D. High performance poly (lactic acid)/bio-polyamidell through controlled chain
mobility. Polymer 2017, 123, 184-193. [CrossRef]

Rigoussena, A.; Vergea, P.; Raquez, ].; Habibi, Y.; Dubois, P. In-depth investigation on the effect and role of
cardanol in the compatibilization of PLA/ABS immiscible blends by reactive extrusion. Eur. Polym. |. 2017,
93, 272-283. [CrossRef]

Garcia-Campo, M.J.; Quiles-Carrillo, L.; Masia, J.; Reig-Pérez, M.].; Montanes, N.; Balart, R.
Environmentally Friendly Compatibilizers from Soybean Oil for Ternary Blends of Poly(lactic acid)-PLA,
Poly(e-caprolactone)-PCL and Poly(3-hydroxybutyrate)-PHB. Materials 2017, 10, 1339. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.biortech.2017.05.192
http://dx.doi.org/10.1016/j.ijbiomac.2017.05.184
http://dx.doi.org/10.1016/j.polymer.2015.05.050
http://dx.doi.org/10.1021/acssuschemeng.8b00267
http://dx.doi.org/10.1016/j.ijbiomac.2016.03.039
http://www.ncbi.nlm.nih.gov/pubmed/27012896
http://dx.doi.org/10.1021/ie503092w
http://dx.doi.org/10.1002/polb.22283
http://dx.doi.org/10.1002/app.40329
http://dx.doi.org/10.1016/j.polymer.2017.11.054
http://dx.doi.org/10.1002/app.44192
http://dx.doi.org/10.1007/s10853-016-9784-z
http://dx.doi.org/10.1021/am400482f
http://dx.doi.org/10.1021/am502735q
http://www.ncbi.nlm.nih.gov/pubmed/25105468
http://dx.doi.org/10.1016/j.polymer.2016.10.006
http://dx.doi.org/10.1016/j.eurpolymj.2008.01.008
http://dx.doi.org/10.1021/acssuschemeng.5b00816
http://dx.doi.org/10.1016/j.polymer.2017.07.009
http://dx.doi.org/10.1016/j.eurpolymj.2017.06.004
http://dx.doi.org/10.3390/ma10111339
http://www.ncbi.nlm.nih.gov/pubmed/29165359

Polymers 2018, 10, 1401 15 of 15

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Zhang, L.; Lv, S.S.I; Sun, C.; Wan, L.; Tan, H.; Zhang, Y. Effect of MAH-g-PLA on the Properties of Wood
Fiber/Polylactic Acid Composites. Polymers 2017, 9, 591. [CrossRef]

Phetwarotai, W.; Phusunti, N.; Aht-Ong, D. Preparation and Characteristics of Poly(butylene adipate
-coterephthalate) /Polylactide Blend Films via Synergistic Efficiency of Plasticization and Compatibilization.
Chin. ]. Polym. Sci. 2019, 37, 68-78. [CrossRef]

He, Y,; Yang, Z.; Qu, J. Super-toughed poly(lactic acid)/thermoplastic poly(ether)urethane nanofiber
composites with in-situ formation of aligned nanofibers prepared by an innovative eccentric rotor extruder.
Compos. Sci. Technol. 2019, 169, 135-141. [CrossRef]

Virgilio, N.; Marc-Aurele, C.; Basil, D. Favis, Novel Self-Assembling Close-Packed Droplet Array
at the Interface inTernary Polymer Blends. Macromolecules 2009, 42, 3405-3416. [CrossRef]

Harkins, W.D.; Feldman, A. Films. The spreading of liquids and the spreading coefficient. J. Am. Chem. Soc.
1922, 44, 2665-2685. [CrossRef]

Margolina, A.; Wu, S. Percolation model for brittle-tough transition in nylon/rubber blends. Polymer 1988,
29,2170-2173. [CrossRef]

Su, J; Zhu, F; Meng, Y, Han, ], Wang, K; Fu, Q. Significant toughness improvement in
iPP/PLLA/EGMA blend by introducing dicumyl peroxide as the morphology governor. Colloid Polym. Sci.
2018, 296, 31-39. [CrossRef]

Hristov, V.; Krumova, M.; Michler, G. The Influence of Excess Coupling Agent on the Microdeformation
Processes and Mechanical Properties of Poly(propylene)/Wood-Flour Composites. Macromol. Mater. Eng.
2006, 291, 677-683. [CrossRef]

Zhang, K.; Nagarajan, V.; Misra, M.; Mohanty, A.K. Supertoughened Renewable PLA Reactive Multiphase
Blends System: Phase Morphology and Performance. ACS Appl. Mater. Interfaces 2014, 6, 12436-12448.
[CrossRef] [PubMed]

Najafi, N.; Heuzey, M.C.; Carreau, PJ. Polylactide (PLA)-clay nanocomposites prepared by melt
compounding in the presence of a chain extender. Compos. Sci. Technol. 2012, 72, 608-615. [CrossRef]

Lan, H.; Wang, H.; Cao, L.; Wang, Z. Analysis on Stress Concentration Factor for Elliptical Hole Based on
FEM Theory. In Informatics and Management Science III. Lecture Notes in Electrical Engineering; Du, W., Ed.;
Springer: London, UK, 2013; Volume 206, pp. 707-715.

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3390/polym9110591
http://dx.doi.org/10.1007/s10118-019-2174-7
http://dx.doi.org/10.1016/j.compscitech.2018.11.002
http://dx.doi.org/10.1021/ma802544q
http://dx.doi.org/10.1021/ja01433a001
http://dx.doi.org/10.1016/0032-3861(88)90108-5
http://dx.doi.org/10.1007/s00396-017-4225-3
http://dx.doi.org/10.1002/mame.200500409
http://dx.doi.org/10.1021/am502337u
http://www.ncbi.nlm.nih.gov/pubmed/25029099
http://dx.doi.org/10.1016/j.compscitech.2012.01.005
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Fabrication of Samples 
	Mechanical Testing 
	Scanning Electron Microscopy (SEM) 
	Fourier Transform Infrared (FT-IR) Spectroscopy 
	Contact Angle Testing 

	Results and Discussion 
	The FT-IR Analysis 
	Mechanical Properties Analysis 
	Morphological Analysis 
	Compatibilizer EGMA Localization in the PLA/PBS Blend Analysis 
	Toughening Mechanism 

	Conclusions 
	References

