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Abstract: In this report, poly(lactic acid) (PLA) and Poly(butylene adipate-co-terephthalate) (PBAT)
with three kinds of compatibilizers were melt blended under intensive shear flow. A self-made
parallel three-screw extruder was developed to generate such flow during the process. Mechanical
properties, chemical reactions among PLA, PBAT and compatibilizers, rheological behavior and
morphology were investigated. The mechanical tests showed that the notched impact strength of
super-tough composite with 10 wt% EGMA is about 20 times than that of pure PLA. The Fourier
transform infrared spectroscopy (FT-IR) results showed that the epoxy functional groups or maleic
anhydride functional groups of KT-20, KT-915 and EGMA reacted with the hydroxyl groups of PLA or
PBAT macromolecules, resulting in a bridge of PLA and PBAT. About rheological properties, the tan
δ—angular frequency curves and the η”- η’ curves confirmed the chemical reactions mentioned above
and indicated better compatibility of η”- η’ between PLA and PBAT, respectively. Meanwhile, the loss
modulus and storage modulus—angular frequency curves demonstrated the discrepancy of different
compatibilizer components. In particular, from scanning electron microscopy (SEM) images, it can be
seen that the phase size and dispersion uniformity of PBAT adjusted by compatibilizer, corresponding
to better compatibility that is described in the η”- η’ curves. The approach for producing super-tough
PLA/PBAT/compatibilizer by intensive shear flow provides a viable direction for further improving
PLA performance.

Keywords: toughening; poly(lactic acid); poly(butylene adipate-co-terephthalate); extrusion;
compatibilization; intensive shear flow

1. Introduction

Poly(lactic acid) (PLA), a green polymer material, can be synthesized via polymerization of
lactic acid which is fermented by glucose [1]. Renewable agricultural resources such as corn
can provide inexhaustible resources for the synthesis of PLA [2], and its products are recyclable
and compostable [3]. Moreover, PLA products, with excellent mechanical strength, have good
bioabsorbability and biocompatibility with the human body [4], which enables more potential
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applications. However, the broad application prospect of PLA has been limited due to its poor
toughness, especially its low notched impact strength.

Poly(butylene adipate-co-terephthalate) (PBAT), a copolymer derived from 1,4-butanediol, adipic
acid and terephthalic acid possesses a tunable balance between biodegradation and desirable physical
properties. Therefore, PBAT has many excellent properties such as outstanding ductility, high heat
resistance and prominent impact resistance [5]. PLA/PBAT blends have received extensive attention
from researchers all around the world [6–10] due to the complementary properties of PLA and PBAT.
However, S.W.Ko et al. confirmed that PLA and PBAT are immiscible through scanning electron
microscopy (SEM) images [11]. Long Jiang et al. also studied the immiscibility of the blends through
DMA and DSC testing [12].

Copolymerization, plasticization and blending are three methods commonly industrially used to
modify PLA, and can effectively improve the mechanical properties of composites [13–16], such as
toughness and degradability. Among all the processing methods, blending is the most economical
and simple approach by adding compatibilizer for better miscibility. Xue Bin [17,18] prepared
super-tough PLA/PBS/EGMA composites and found that EGMA, which contains epoxy functional
groups, mostly distributed in the phase interface of two incompatible systems, improving the interfacial
bonding between the two phases. Teamsinsungvon [19] prepared PLA/PBAT blends using maleic
anhydride grafted PLA (PLA-g-MA) by melt processing and found that tensile properties of PLA/PBAT
blend were enhanced, because the interfacial adhesion between PLA and PBAT in the compatibilized
blend was improved and even the thermal stability of the blends was also improved with the presence
of PLA-g-MA as the compatibilizer. Generally, compatibilizers containing maleic anhydride and
epoxy functional groups are effective in improving the microstructure between PLA and incompatible
toughening agents, obtaining composites with excellent properties.

The shear flow completes the blending of different materials, and the effective utilization of the
shear flow during the blending process generally results in excellent performance [20,21]. Sheng-Yang
Zhou [21] introduced strong shear flow into the processing of PLA/PBAT blends. It constructed a
coexisting structure of tightly arranged shish-kebabs and PBAT fibers at the interface by strong shear
flow, which improved the comprehensive mechanics of the material. However, these mentioned
equipment with strong shear flow only have a small yield, while the self-made parallel three-screw
extruder (L/D = 40, D = 24.5 mm and resident time = 150–180 s at screw speeds of 180 rpm) shown
in Figure 1 can produce strong shear flow and has a large yield. Although the size of the equipment
may be a small part of the reason that affects the performance of the blend, type and arrangement of
the screw elements in the extruder used in this work and the process conditions of the equipment
operation are the key factors that affect the performance of the blend. Based on this equipment with
fixed type and arrangement of the screw elements as well as fixed process conditions, the effect of three
different compatibilizers for PLA/PBAT was investigated to achieve excellent mechanical properties.
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2. Materials and Methods

2.1. Materials

All information and chemical structures of materials used in this work are display in Table 1 and
Figure 2, respectively.
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Table 1. Raw material information and basic properties.

Material Trademark Density(g/cm−3) MFI(190 ◦C, 2.16 kg) Factory

PLA (semi-crystalline
material containing 2%

D-lactide units)
SC M310–A2-HP 1.24 6 g/10 min COFCO Biomaterial Co., Ltd. Jilin China

PBAT PBAT 1.20 43 g/10 min Kingfa SCI. & TECH. Co., Ltd. Guangzhou, China
Compatibilizer1: EGMA AX 8900 0.95 6.0 g/10 min Arkema Investment Co., Ltd. (Shanghai, China)
Compatibilizer2: KT-20 KT-20 0.94 1.3 g/10 min Shenyang Ketong Plastic Co., Ltd. Shenyang, China
Compatibilizer3: KT-915 KT-915 0.85 0.87 g/10 min Shenyang Ketong Plastic Co., Ltd. Shenyang, China

(Note: Mn of poly(lactic acid) (PLA), poly(butylene adipate-co-terephthalate) (PBAT), KT-915, KT-20 and EGMA
were provided by factories as follows: 2.50 ∗ 105 g/mol, 2.12 ∗ 105 g/mol, 1.08 ∗ 104 g/mol, 5.42 ∗ 104 g/mol and 3.25 ∗
104 g/mol.).
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2.2. Sample Preparation

The PLA was dried in a blast oven at 85 ◦C for 10 h. PBAT and three compatibilizers were dried at
80 ◦C for 10 h. Each group of a final blend is mixed uniformly according to the ratio in Table 2 and
then added to the extruder. The temperature forming the feed section to the die of the self-made triple
screw extruder was set as 100—125—150—175—190—190—190—190—180 ◦C. The rotation speed
was 120 rpm/min, and the blends were pelletized after extrusion. The pelletized material was pressed
into a sheet 1 mm thick at 190 ◦C and 15 MPa after dried completely, and then cut into wafers with a
diameter of 25 mm for rheological testing. Standard samples were obtained for mechanical testing and
SEM by applying an injection molding machine (105GE Welltec Machinery Ltd., shanghai, China),
wherein the temperature from the feed section to the nozzle was 190—190—190—200 ◦C.

2.3. Scanning Electron Microscopy (SEM)

After the sample was immersed in liquid nitrogen for 30 min, brittle fracture was performed,
and then the obtained surface was coated with gold for scanning electron microscopy (S-3700N, Hitachi,
Tokyo, Japan) observation at an applied voltage of 5 kV.

2.4. Fourier Transform Infrared (FT-IR) Spectroscopy

FT-IR spectroscopy (Bruker vector 3, Bruker Optics, Karlsruhe City, Germany) was used to study
the molecular group reactions between PLA and PBAT with presence of compatibilizers. Each sample
was scanned by FT-IR spectroscopy with a frequency of 64 scans in a range of 400 to 4000 cm−1 after
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getting a small amount of PLA, PBAT, PLA/PBAT Blend, 10 wt% EGMA/Blend, 10 wt% KT-915/Blend,
10 wt% KT-20/Blend and three compatibilizers samples, and pressing the samples into films with a
hot stamper.

Table 2. Component mass ratio.

Abbreviation Various Matrix Weight

Blank group (Blend) PLA/PBAT (75 wt%/25 wt%)
2.5 wt% EGMA/Blend PLA/PBAT/EGMA (75 wt%/25 wt%/2.5 wt%)
5 wt% EGMA/Blend PLA/PBAT/EGMA (75 wt%/25 wt%/5 wt%)

7.5 wt% EGMA/Blend PLA/PBAT/EGMA (75 wt%/25 wt%/7.5 wt%)
10 wt% EGMA/Blend PLA/PBAT/EGMA (75 wt%/25 wt%/10 wt%)
2.5 wt% KT-915/Blend PLA/PBAT/KT-915 (75 wt%/25 wt%/2.5 wt%)
5 wt% KT-915/Blend PLA/PBAT/KT-915 (75 wt%/25 wt%/5 wt%)

7.5 wt% KT-915/Blend PLA/PBAT/KT-915 (75 wt%/25 wt%/7.5 wt%)
10 wt% KT-915/Blend PLA/PBAT/KT-915 (75 wt%/25 wt%/10 wt%)
2.5 wt% KT-20/Blend PLA/PBAT/KT-20 (75 wt%/25 wt%/2.5 wt%)
5 wt% KT-20/Blend PLA/PBAT/KT-20 (75 wt%/25 wt%/5 wt%)

7.5 wt% KT-20/Blend PLA/PBAT/KT-20 (75 wt%/25 wt%/7.5 wt%)
10 wt% KT-20/Blend PLA/PBAT/KT-20 (75 wt%/25 wt%/10 wt%)

2.5. Rheological Characterization Measurements

The rheological behavior of the PLA/PBAT blend and the PLA/PBAT/compatibilizer blends were
investigated by using a rotational rheometer (MCR 302, Anton Paar Gmbh, Graz, Austria). All tests
were implemented at a temperature of 190 ◦C with a scanning frequency ranging from 0.0628 to
628 rad/s, and the strain amplitude was kept at 1%.

2.6. Mechanical Testing

Referring to GB/T 1843-2008, the Izod Impact Tester (Zwick5117, Zwick GmbH, Ulmer, Germany)
was used to test the impact strength.

3. Results and Discussion

3.1. Morphological Analysis

The microstructures of the PLA/PBAT/compatibilizer blends observed by SEM are shown in
Figure 3. In Figure 3a, the pure PLA section is very smooth and level, while the PLA/PBAT control
group in Figure 3b presents island structures which consist of PBAT in a dispersed phase with a circular
cross section and the PLA in a continuous phase. In order to make a subtle discussion, four identifiers
are used as follows: yellow circles are used to show significant phase gaps with the PLA matrix and
approximate circular PBAT dispersed phase morphology; red circles indicate a morphology of tight
interfacial bonding between PBAT and PLA; yellow squares represent an irregularly shaped PBAT
dispersed phase morphology; and red squares are assumed to have a very small PBAT dispersed
phase morphology in this paper. For details, first, it can be observed from the yellow circles in
Figure 3b that PBAT dispersed phases are elliptical-like shaped with not only obvious gaps between
PBAT and PLA but also significant holes formed by the debond of PBAT. After using the 2.5 wt%
dosage of any one of those three compatibilizers, as Figure 3c–e show, the size of PBAT dispersed
phases got smaller and phase gaps became less and narrower. When the dosage of compatibilizer
is 10 wt%, as shown in Figure 3d’, the holes decrease conspicuously, and the shape of the dispersed
phase even gets into a shape that we cannot define. Secondly, from red circles in Figure 3, it is easy
to find the perfectly indistinct gaps as the dosage of compatibilizer is just 2.5 wt%. Furthermore,
the area of fairly tight interfacial bonding between PBAT and PLA as described above spread more
when the usage of compatibilizer was up to 10 wt%; typically we can see the most area like that in
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Figure 3e’. Thirdly, the yellow squares show the irregular shapes of PBAT dispersed phases which
transformed from the elliptical-like shapes into some irregular shapes as shown in Figure 3 by using
compatibilizer. At the same time, it is worthy to note that the area of irregular PBAT dispersed phases
became bigger and more collective when the usage of the compatibilizer KT-915 was added up to
10 wt%, which is not reasonable because the changes can be seen, from Figure 3d to Figure 3d’ and
from Figure 3e to Figure 3e’, that irregular parts got less and got more dispersive with the increase
of compatibilizer. In addition, there are some very tiny PBAT dispersed phases that turned up after
introducing compatibilizers as the red squares show, and it is interesting that the size of tiny PBAT
dispersed phases in KT-915 components is smaller than those in KT-20 and EGMA components. On the
other hand, it seems to be a contradiction that the KT-915 component with 10 wt% compatibilizer in
Figure 3c shows some PBAT dispersed phases observably bigger than the KT-915 component with
2.5 wt% compatibilizer in Figure 3c’, while KT-20 components and EGMA components display smaller
PBAT dispersed phases.
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Figure 3. Scanning electron microscopy (SEM) micrographs of cross-sections (a) neat PLA, (b) Blend,
(c) 2.5 wt% KT-915/Blend, (c’) 10 wt% KT-915/Blend, (d) 2.5 wt% KT-20/Blend, (d‘) 10 wt% KT-20/Blend,
(e) 2.5 wt% EGMA/Blend and (e’) 10 wt% EGMA/Blend.

The statistics, calculated using the software called “Image Pro”, of the particle size and dispersion
of the blends are shown in Figure 4; they are based on 5 SEM micrographs with 150–250 counts and use
a nonparametric regression method to fit the distribution curve. It can be seen that when compatibilizer
was added up to 10 wt%, the peaks of size distribution curves moved to the left compared with 2.5 wt%
compatibilizer components’ peaks respectively, and the size of distribution curves of the dispersed
phases of PBAT were concentrated in lower size values and narrower range. The reason is that the
compatibility between two phases was enhanced by the compatibilizer, which drives PBAT from
agglomeration into dispersion.
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phases: (a) Blend, (b) 2.5 wt% KT-915/Blend, (c) 10 wt% KT-915/Blend, (d) 2.5 wt% KT-20/Blend,
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Additionally, it can be seen that when the dosage of compatibilizer is 2.5 wt%, the small dispersed
phases, especially the very tiny PBAT dispersed phases described by red circles in Figure 3 and red
arrows in Figure 4b of PBAT in the KT-915 component were remarkably more than the KT-20 and
EGMA components and the control group, according to the distribution curves from Figure 4a,d,f.
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Due to the dispersion trait of PBAT in the KT-915 component, the component might have a better
mechanical property. When the dosage of compatibilizer is 10 wt%, even though there were a number
of very tiny PBAT dispersed phases as depicted by the left arrow in Figure 4c, dramatically bigger
PBAT dispersed phases as depicted by the right arrows in Figure 4d could impair its mechanical
property. In stark contrast, despite no tiny small PBAT dispersed phases, small PBAT dispersed phases
distribute more widespreadly and uniformly. This dispersion trait of PBAT in the EGMA component
tends to facilitate the mechanical property of the blend.

It can be seen from Figure 5 that the characteristic absorption peak of maleic anhydride in the
KT-915 curve appeared at 1712 cm−1 and 1780 cm−1 [22–24], indicating that its chemical structure is
roughly as shown in the Figure 2. Characteristic absorption peaks of the epoxy group in the EGMA
curve and the KT-20 curve can be seen at 910 cm−1 [25], indicating that the two compatibilizers contain
a large number of epoxy groups and the structures of EGMA and KT-20 according to what is shown in
Figure 2. The reaction of the reactive functional group with the hydroxyl group necessarily drives the
amount of the reactive functional groups to be less, meaning the characteristic absorption peak curves
rise. However, there are a large number of C = O groups corresponding to the characteristic peak at
1750 cm−1 which shields the characteristic peaks at 1712 cm−1 and 1780 cm−1 of maleic anhydride.
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The Blend component has the lowest peak (blending vibration peak) height at 1407 cm−1 [26],
which indicates that its hydroxyl group content is the most, and the same characteristic peak of the
KT-915 component is significantly higher than that of the Blend component in Figure 6, demonstrating
that the reaction between maleic anhydride and the hydroxyl group [27,28] caused a decline of the
hydroxyl group content. Similarly, the introduction of the other two compatibilizers also consumes the
hydroxyl group so that the peaks at 1407 cm−1 are higher than the peak of the Blend component. It is
worth noting that the peak at 1407 cm−1 of the KT-20 component is the highest, as shown in Figure 6,
but in Figure 7, the KT-20 curve is just slightly lower than the EGMA curve at the characteristic peak
(910 cm−1) of the epoxy group. It means that the content of KT-20 epoxy groups is relatively small.
However, the highest characteristic absorption peak of the KT-20 component in Figure 6 means that
most of the hydroxyl groups were consumed. Therefore, this contradiction confirmed the presence of
maleic anhydride in KT-20, although the characteristic peak of maleic anhydride is shielded by the
peak of C = O at 1750 cm−1. In summary, the structure of the three compatibilizers can be proved
to correspond to the structure shown in Figure 2 and “bridge macromolecules” are exhibited in red
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dotted boxes formed by chemical reactions among each compatibilizer and PLA or PBAT, as illustrated
in Figure 8 in the melting process, as discussed above.
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3.2. Dynamic Rheology Properties Analysis

In this study, the rheological behavior of the PLA/PBAT/Compatibilizer blends in response to
shear frequency via the dynamic rheological technique illustrates the compatibility [29–31] between
PLA and PBAT. A number of literature articles indicated that the Cole–Cole diagram can judge the
compatibility of a blend [32–35]: If the curve contains one and only one smooth semi-circular arc,
the compatibility of the blend is good; if the curve contains two semicircles or only one semicircle
with the right end upturned, it indicates poor compatibility. In Figure 9d, the curve of the PLA/PBAT
control group typically has two semicircles, indicating that the compatibility of the two phases is
very poor, which is also reflected in the significant phase gap in the SEM image shown in Figure 3b.
The Cole–Cole curve of the system is no longer a distinct semi-circular shape when the EGMA dosage
is 2.5 wt%; just half of the right semicircle exists and the curvature of the arc is larger than that of
the blank group. As the amount of compatibilizer increases, the left semicircle becomes more and
more flat and the right semicircle no longer shows a downward bending tendency, but a significant
upturn, and the slope of the upturn gets larger, which is equivalent to greater dynamic viscosity and
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loss viscosity. The shape changes of the curves indicate that the chemical reaction between EGMA
and PLA or PBAT leads to “bridge macromolecules” as the tight interfacial bonding between PBAT
and PLA shown by Figure 3, which significantly improves the compatibility between PLA and PBAT.
In Figure 9e, the curves of KT-20 components with the same compatibilizer content gradient in the
Cole–Cole diagram present little changes in dynamic viscosity compared with the curves of EGMA
components. It shows a remarkable decline of loss viscosity (η”(EGMA/Blend)> η” (KT-20/Blend)),
but the compatibility of the PLA and PBAT is also significantly improved due to the very similar
changing trend of KT-20 components curves with EGMA components curves. However, in Figure 9f the
shape of curves for KT-915 components does not show the same change pattern as that of the KT-20 and
EGMA components. The four curves of the KT-915 components with the same compatibilizer content
gradient are significantly different: the 2.5 wt% KT-915/Blend curve position is the highest, while the
KT-20 and EGMA components with dosage of 2.5 wt% have the lowest curve position. With the
increase of KT-915 dosage, the dynamic viscosity and loss viscosity tend to be getting smaller, which is
different from the phenomenon that the dynamic viscosity and loss viscosity of the components using
EGMA and KT-20 are getting larger. As shown in the average diameters distribution curve of the
PBAT dispersed phase in Figure 4b,c and the yellow squares in Figure 3c’, with the increase of the
compatibilizer KT915, the subjects of more large-sized dispersions of the PBAT dispersed phases
might have negative effects on the ability for deformation of “bridge macromolecules “ and the ability
for force transmission of “bridge macromolecules”, since the “bridge macromolecules” are situated
between PLA and PBAT. Therefore, the decrease of dynamic viscosity and loss viscosity may be caused
by the increase of PBAT dispersed phase size.
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Moreover, it can be seen from Figure 9a–c, that in the low frequency region the tanδ (value of
the loss factor) decreases as the amount of compatibilizer increases, continuously. The decrease in the
tan δ value of the composite indicates that the elastic response of the composite becomes stronger
and the viscoelastic response of the composite melt changes from liquid-like behavior to solid-like
behavior [36,37]. The low tan δ value reveals less energy loss and better interface strength [38–40],
which can be verified by the morphology of tight interfacial bonding that is indicated by the red circles
in Figure 3. Obviously, the loss factor-angular frequency curve of the KT-915 component is significantly
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different from the curves of KT-20 and EGMA components. The KT-20 and EGMA components have
lower curves than the Blend component over the entire shear frequency range. But the curves of the
2.5 wt% KT-915/Blend component and the 10 wt% KT-915/Blend component are higher than the curve
of the Blend component around the peak of tan δ value; additionally, the 10 wt% KT-915/Blend curve is
also higher than the Blend curve in the high frequency region. This indicates that simply increasing the
‘bridge macromolecules’ by using more KT-915 compatibilizer may not further improve compatibility
and dynamic rheology properties.Materials 2020, 13, x FOR PEER REVIEW 11 of 15 
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Dynamic rheology properties could confirm chemical reactions among compatibilizers, PLA and
PBAT molecules corresponding with the FT-IR analysis. For the EGMA component, the loss modulus
curve and the storage modulus curve of each component increase with the increase of the scanning
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frequency, and the complex modulus value and the loss modulus value of the Blend component are
smallest in the low frequency region, but the corresponding values of the Blend component in the high
frequency region are the largest. The loss modulus is significantly larger than the storage modulus
in the high scanning frequency range from the low scanning frequency, and the storage modulus
curves and the loss modulus curves are higher with more use of EGMA. The loss modulus value in
the high frequency region is smaller than the storage modulus value, and the loss modulus curve
and the storage modulus curve are lower as the EGMA dosage increases. It demonstrates that the
viscosity response is dominant and the response gets stronger with increasing amounts of EGMA,
while the elastic response is dominant in the high frequency region and the elastic response is weaker
with increasing EGMA usage. As analyzed by infrared characterization, the reactive functional groups
of the compatibilizer chemically bond with the PLA molecular chain and the PBAT molecular chain
to form a macromolecule with a longer molecular chain, such a longer molecular chain having a
longer segment. The kinematics of the kinematic unit are weaker, so that the material exhibits a more
pronounced viscous response in the low frequency region and a more pronounced elastic response
in the high frequency region. The storage modulus and loss modulus of the KT-20 component also
have similar features. Different from the features of the above two compatibilizer components, KT-915
components cause similar viscoelastic response as caused by the other two compatibilizers only when
the dosage is 2.5 wt%. After the dosage of KT915 was added, both storage moduli–the angular
frequency curve of the 10 wt% KT-915 component and the loss modulus–are lower than the curves of
the Blend component in Figure 10. At the same time, the viscous response is dominant over the entire
scanning frequency range. The improvement of storage modulus and loss modulus of the 2.5 wt%
KT-915/Blend component and the consumption of hydroxyl groups in the infrared spectrum indicate
that maleic anhydride has reacted with both PLA and PBAT macromolecules to form a similar structure
(”bridge macromolecules”) with longer molecules and the branched chain shown in Figure 2. However,
the storage modulus and loss modulus decreased when the introduction of KT-915 compatibilizer was
more than 2.5 wt%, since the maleic anhydride reaction was incomplete, making the ethylene soft
segment of KT-915 molecular chain impair the storage modulus and loss modulus.

From the complex viscosity-angular frequency curve in Figure 10d, as the shear frequency
increases, the complex viscosity decreases, showing a significant shear thinning phenomenon of the
power law fluids. The behavior of power law fluids [41] is more pronounced with the increase of EGMA
dosage according to the increasing of complex viscosity with increased EGMA dosage. It contributes
to the result mentioned above that larger molecular chains formed by reactions between the epoxy
functional group and PLA or PBAT, following the increased chain entanglement of the molecular
chains of the system. The complex viscosity curves of the compatibilizer KT-20 component also show
the same trend. It can be seen that the complex viscosity curves of 5 wt% KT-20/Blend and 7.5 wt%
KT-20/Blend are higher than the Blend curve in the high frequency region, and different from the
curves of the EGMA component, which are lower than the Blend curve in the high frequency region.
It is likely that the discrepancy in flexibility between the two compatibilizer molecules of EGMA
and KT-20 occurred after uniform dispersion by an intense shear field. As shown in Figure 10f, the
complex viscosity curve of the KT-915 component at the dose of 2.5 wt% is higher than the Blend
component in the low frequency region. Compared with the 2.5 wt% EGMA/Blend curve and the
2.5 wt% KT-20/Blend curve in Figure 10d,e respectively, the 2.5 wt% KT-915/Blend curve is higher
than the Blend curve in a larger shear frequency range. However, using more KT-915 led to the result
that KT-915 component complex viscosity curves are below the complex viscosity curve of the Blend
component over the entire shear frequency range and the complex viscosity of the composite decreases
as the KT-915 content increases. The reason for this phenomenon could also be the poor dispersion
and distribution of PBAT dispersion phases mentioned above.
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3.3. Mechanical Properties Analysis

In this section, as seen in Figure 11, The toughness of the PLA/PBAT blend has been significantly
improved after the introduction of compatibilizer. The pure PLA notched impact strength was only
2.0 ±0.1 kJ/m2 through the same processing. When the 25 wt% PBAT was added, the notched impact
strength of the two-component system was just 3.2 ± 0.5 kJ/m2. Furthermore, at the minimum
compatibilizer amount (2.5 wt%) the components with compatibilizers EGMA, KT-20 and KT-915
were compared with pure PLA. In these cases, the notched impact strength was up to 5.7 ± 1.1 kJ/m2,
(2.9 times), 10.5 ± 1.6 kJ/m2 (5.2 times) and 14.6 ± 2.5 kJ/m2 (7.3 times), respectively. The remarkable
enhancement of toughness is mainly because of the enhanced interfacial bond since the “bridge
macromolecules” formed by the chemical reaction promoting the compatibility of the two phases.
As the red square in Figure 3c and the distribution curve of the diameters of PBAT dispersed phases
in Figure 4b show, the very small-sized PBAT dispersed phases in 2.5 wt% KT-915/Blend were more
than those in 2.5 wt% KT-20/Blend and 2.5 wt% EGMA/Blend. The feature of PBAT dispersed phases
in 2.5 wt% KT-915/Blend contributes to the best impact strength among the blends with 2.5 wt%
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compatibilizer. With the gradual increase of the amount of the compatibilizer, the impact strength of
each component was obviously improved. When the amount of compatibilizer is 5 wt% or 7.5 wt%,
impact strength of the KT-20 component is better than the KT-915 or the EGMA component, which is
probably due to the two kinds of reaction functional groups. When the amount of each compatibilizer
(EGMA, KT-20 and KT-915) is the largest (10 wt%) respectively, the notched impact strength is increased
to 38.8 ± 1.4 kJ/m2 (up 19.4 times), 35.8 ± 2.3 kJ/m2 (up 17.9 times) and 29.0 ± 3.6 kJ/m2 (up 14.5 times).
As the red square and circle in Figure 3e’ and the distribution curve of the diameters of PBAT dispersed
phases in Figure 4g show, the small-sized PBAT dispersed phases in 10 wt% EGMA/Blend are more
than those in 10 wt% KT-20/Blend and 10 wt% KT-915/Blend. The feature of PBAT dispersed phases in
10 wt% EGMA/Blend contributes to the dramatic improvement of impact strength.
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4. Conclusions

In this paper, a series of blends consisting of three different compatibilizers and PLA/PBAT was
prepared by a self-made parallel three-screw extruder with intense shearing flow. The impact resistance,
compatibility and microscopic morphology of different blends with the same compatibilizer content
gradient were studied and compared. The results of FT-IR spectroscopy indicated that the epoxy
groups or maleic anhydride groups in the three compatibilizers reacted with the hydroxyl groups
of PLA or PBAT, and the changes of storage and loss modulus of dynamic rheology also confirmed
the reaction. The occurrence of the micro-interface bond improvement also reflects the effect of the
reaction. Comparison of the dynamic rheological properties of the different compatibilizer components
manifests that the introduction of the compatibilizer promotes the compatibility of PLA and PBAT,
moreover, the SEM cross-section also demonstrates the improvement of compatibility. By analyzing
the SEM cross-section morphology, the interface bonding between the PBAT phase and the PLA
matrix phase caused by compatibilizer is the main factor for toughness. Furthermore, the size and
size uniformity of the PBAT phase play a nonnegligible effect on the toughening. Finally, the smaller
size, better uniformity of size of PBAT phase and tighter interface bonding could have synergistic
effect on improving toughness, which matches the interesting change in impact strength of different
compatibilizer components shown in Figure 11.

Author Contributions: Conceptualization, H.H. and G.W.; investigation, G.W., M.C. and C.X.; writing—original
draft preparation, G.W.; writing—review and editing, H.H. and Y.T.; project administration, Y.L. and Y.T. All authors
have read and agree to the published version of the manuscript.



Materials 2020, 13, 2094 14 of 16

Funding: This research was funded by National Natural Science Foundation of China (Grant No. 51435005 and
51873075).

Acknowledgments: We thank laboratory administrator Mengmeng Wang and Guixiang Tang for their
administrative support, and we appreciate Zhiwen Zhu, Zhaoxia Huang and Yi Tong for their help in review
and editing.

Conflicts of Interest: The authors declare that there is no conflict of interest regarding the publication of this paper.

References

1. Albertsson, A.; Varma, I.K. Recent developments in ring opening polymerization of lactones for biomedical
applications. Biomacromolecules 2003, 4, 1466–1486. [CrossRef]

2. Sawyer, D.J. Bioprocessing no longer a field of dreams. Macromol. Symp. 2003, 201, 271–282. [CrossRef]
3. Drumright, R.E.; Gruber, P.R.; Henton, D.E. Polylactic acid technology. Adv. Mater. 2000, 12, 1841–1846.

[CrossRef]
4. Ouchi, T.; Ohya, Y. Design of lactide copolymers as biomaterials. J. Polym. Sci. Pol. Chem. 2004, 42, 453–462.

[CrossRef]
5. Zhu, K.; Zhu, W.; Gu, Y.; Shen, Z.; Chen, W.; Zhu, G. Synthesis and characterization of poly(butylene

adipate-co-terephthalate) catalyzed by rare earth Stearates. Chin. J. Chem. 2007, 25, 1581–1583. [CrossRef]
6. Moustafa, H.; El, K.N.; Abou-Kandil, A.I.; Abdel-Aziz, M.S.; Dufresne, A. PLA/PBAT bionanocomposites

with antimicrobial natural rosin for green packaging. ACS Appl. Mater. Interfaces 2017, 9, 20132–20141.
[CrossRef] [PubMed]

7. Ding, Y.; Lu, B.; Wang, P.; Wang, G.; Ji, J. PLA-PBAT-PLA tri-block copolymers: Effective compatibilizers for
promotion of the mechanical and rheological properties of PLA/PBAT blends. Polym. Degrad. Stabil. 2018,
147, 41–48. [CrossRef]

8. Sun, Z.; Zhang, B.; Bian, X.; Feng, L.; Zhang, H.; Duan, R.; Sun, J.; Pang, X.; Chen, W.; Chen, X. Synergistic
effect of PLA–PBAT–PLA tri-block copolymers with two molecular weights as compatibilizers on the
mechanical and rheological properties of PLA/PBAT blends. RSC Adv. 2015, 5, 73842–73849. [CrossRef]

9. Al-Itry, R.; Lamnawar, K.; Maazouz, A. Rheological, morphological, and interfacial properties of
compatibilized PLA/PBAT blends. Rheol. Acta 2014, 53, 501–517. [CrossRef]

10. Kim, T.J.; Kim, T.H.; Kim, S.G.; Seo, K.H. Structural, thermal, and mechanical properties of PLA/PBAT/MEA
blend. Polym. Korea 2016, 40, 371–379. [CrossRef]

11. Ko, S.W.; Hong, M.K.; Park, B.J.; Gupta, R.K.; Choi, H.J.; Bhattacharya, S.N. Morphological and rheological
characterization of multi-walled carbon nanotube/PLA/PBAT blend nanocomposites. Polym. Bull. 2009, 63,
125–134. [CrossRef]

12. Jiang, L.; Wolcott, M.P.; Zhang, J. Study of biodegradable Polylactide/Poly(butylene adipate-co-terephthalate)
blends. Biomacromolecules 2006, 7, 199–207. [CrossRef] [PubMed]

13. Ouchi, T.; Kontani, T.; Ohya, Y. Modification of polylactide upon physical properties by solution-cast blends
from polylactide and polylactide-grafted dextran. Polymer 2003, 44, 3927–3933. [CrossRef]

14. Wang, Y.; Li, Y.; Pei, X.; Yu, L.; Feng, Y. Genome-shuffling improved acid tolerance and l-lactic acid volumetric
productivity in Lactobacillus rhamnosus. J. Biotechnol. 2007, 129, 510–515. [CrossRef]

15. Martin, O.; Avérous, L. Poly(lactic acid): Plasticization and properties of biodegradable multiphase systems.
Polymer 2001, 42, 6209–6219. [CrossRef]

16. Murariu, M.; Da Silva Ferreira, A.; Pluta, M.; Bonnaud, L.; Alexandre, M.; Dubois, P. Polylactide
(PLA)–CaSO4 composites toughened with low molecular weight and polymeric ester-like plasticizers
and related performances. Eur. Polym. J. 2008, 44, 3842–3852. [CrossRef]

17. Xue, B.; He, H.; Huang, Z.; Zhu, Z.; Xue, F.; Liu, S.; Liu, B. Fabrication of super-tough ternary blends by
melt compounding of poly(lactic acid) with poly(butylene succinate) and ethylene-methyl acrylate-glycidyl
methacrylate. Compos. Part B Eng. 2019, 172, 743–749. [CrossRef]

18. Xue, B.; He, H.; Zhu, Z.; Li, J.; Huang, Z.; Wang, G.; Chen, M.; Zhan, Z. A facile fabrication of high toughness
poly(lactic acid) via reactive extrusion with poly(butylene succinate) and ethylene-methyl acrylate-glycidyl
methacrylate. Polym. Basel 2018, 10, 1401. [CrossRef]

http://dx.doi.org/10.1021/bm034247a
http://dx.doi.org/10.1002/masy.200351130
http://dx.doi.org/10.1002/1521-4095(200012)12:23&lt;1841::AID-ADMA1841&gt;3.0.CO;2-E
http://dx.doi.org/10.1002/pola.10848
http://dx.doi.org/10.1002/cjoc.200790292
http://dx.doi.org/10.1021/acsami.7b05557
http://www.ncbi.nlm.nih.gov/pubmed/28548818
http://dx.doi.org/10.1016/j.polymdegradstab.2017.11.012
http://dx.doi.org/10.1039/C5RA11019J
http://dx.doi.org/10.1007/s00397-014-0774-2
http://dx.doi.org/10.7317/pk.2016.40.3.371
http://dx.doi.org/10.1007/s00289-009-0072-9
http://dx.doi.org/10.1021/bm050581q
http://www.ncbi.nlm.nih.gov/pubmed/16398516
http://dx.doi.org/10.1016/S0032-3861(03)00308-2
http://dx.doi.org/10.1016/j.jbiotec.2007.01.011
http://dx.doi.org/10.1016/S0032-3861(01)00086-6
http://dx.doi.org/10.1016/j.eurpolymj.2008.07.055
http://dx.doi.org/10.1016/j.compositesb.2019.05.098
http://dx.doi.org/10.3390/polym10121401


Materials 2020, 13, 2094 15 of 16

19. Teamsinsungvon, A.; Jarapanyacheep, R.; Ruksakulpiwat, Y.; Jarukumjorn, K. Melt processing of
maleic anhydride grafted poly(lactic acid) and its compatibilizing effect on poly(lacticacid)/poly(butylene
adipate-co-terephthalate) blend and their composite. Polym. Sci. Ser. A+ 2017, 59, 384–396. [CrossRef]

20. Xie, X.; Li, Y.; Xu, J.; Yan, Z.; Zhong, G.; Li, Z. Largely enhanced mechanical performance of poly(butylene
succinate) multiple system via shear stress-induced orientation of the hierarchical structure. J. Mater. Chem. A
2018, 6, 13373–13385. [CrossRef]

21. Zhou, S.; Niu, B.; Xie, X.; Ji, X.; Zhong, G.; Hsiao, B.S.; Li, Z. Interfacial shish-kebabs lengthened by coupling
effect of in situ flexible nanofibrils and intense shear flow: Achieving hierarchy to conquer the conflicts
between strength and toughness of polylactide. ACS Appl. Mater. Interfaces 2017, 9, 10148–10159. [CrossRef]
[PubMed]

22. Abbate, M.; Liello, V.D.; Martuscelli, E.; Musto, P.; Ragosta, G.; Scarinzi, G. Molecular and mechanical
characterization of reactive ethylene-propylene elastomers and their use in PA6-based blends. Polymer 1992,
33, 2940–2948. [CrossRef]

23. Mohanty, S.; Nayak, S.K. Biodegradable nanocomposites of poly(butylene adipate-co-terephthalate) (pbat)
and organically modified layered silicates. J. Polym. Environ. 2012, 20, 195–207. [CrossRef]

24. Kim, K.Y.; Kim, S.C. Side chain extension of polypropylene by aliphatic diamine and isocyanate.
Macromol. Symp. 2004, 214, 289–298. [CrossRef]

25. Kumar, M.; Mohanty, S.; Nayak, S.K.; Rahail Parvaiz, M. Effect of glycidyl methacrylate (GMA) on the
thermal, mechanical and morphological property of biodegradable PLA/PBAT blend and its nanocomposites.
Bioresour. Technol. 2010, 101, 8406–8415. [CrossRef]

26. Auras, R.; Harte, B.; Selke, S. An overview of polylactides as packaging materials. Macromol. Biosci. 2004, 4,
835–864. [CrossRef]

27. Zhang, L.; Lv, S.; Sun, C.; Wan, L.; Tan, H.; Zhang, Y. Effect of MAH-g-PLA on the properties of wood
fiber/polylactic acid composites. Polym. Basel 2017, 9, 591. [CrossRef]

28. Phetwarotai, W.; Phusunti, N.; Aht-Ong, D. Preparation and characteristics of poly(butylene
adipate-co-terephthalate)/polylactide blend films via synergistic efficiency of plasticization and
compatibilization. Chin. J. Polym. Sci. 2019, 37, 68–78. [CrossRef]

29. Hao, M.Y.; Wu, H.W.; Zhu, Z.H. In situ reactive interfacial compatibilization of polylactide/sisal fiber
biocomposites via melt-blending with an epoxy-functionalized terpolymer elastomer. RSC Adv. 2017, 7,
32399–32412. [CrossRef]

30. He, H.; Xue, F.; Jia, P.; He, G.; Huang, Z.; Liu, S.; Xue, B. Linear low-density polyethylene/poly(ethylene
terephthalate) blends compatibilization prepared by an eccentric rotor extruder: A morphology, mechanical,
thermal, and rheological study. J. Appl. Polym. Sci. 2018, 135, 46489. [CrossRef]

31. Zou, W.; Chen, R.; Zhang, G.; Zhang, H.; Qu, J. Mechanical, thermal and rheological properties
and morphology of poly (lactic acid)/poly (propylene carbonate) blends prepared by vane extruder.
Polym. Adv. Technol. 2016, 27, 1430–1437. [CrossRef]

32. Graebling, D.; Muller, R.; Palierne, J.F. Linear viscoelastic behavior of some incompatible polymer blends in
the melt. Interpretation of data with a model of emulsion of viscoelastic liquids. Macromolecules 1993, 26,
320–329. [CrossRef]

33. Dil, E.J.; Carreau, P.J.; Favis, B.D. Morphology, miscibility and continuity development in poly(lactic
acid)/poly(butylene adipate-co-terephthalate) blends. Polymer 2015, 68, 202–212.

34. Ajji, A.; Choplin, L.; Prud’Homme, R.E. Rheology of polystyrene/poly(vinyl methyl ether)blends near the
phase transition. J. Polym. Sci. Part B Polym. Phys. 1991, 29, 1573–1578. [CrossRef]

35. Tian, J.; Yu, W.; Zhou, C. The preparation and rheology characterization of long chain branching polypropylene.
Polymer 2006, 47, 7962–7969. [CrossRef]

36. Winter, H.H.; Chambon, F. Analysis of linear viscoelasticity of a crosslinking polymer at the gel point. J. Rheol.
1986, 30, 367–382. [CrossRef]

37. 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]

38. Hristov, V.; Vasileva, S. Dynamic mechanical and thermal properties of modified poly(propylene) wood fiber
composites. Macromol. Mater. Eng. 2003, 288, 798–806. [CrossRef]

http://dx.doi.org/10.1134/S0965545X1703018X
http://dx.doi.org/10.1039/C8TA03778G
http://dx.doi.org/10.1021/acsami.7b00479
http://www.ncbi.nlm.nih.gov/pubmed/28252280
http://dx.doi.org/10.1016/0032-3861(92)90080-G
http://dx.doi.org/10.1007/s10924-011-0408-z
http://dx.doi.org/10.1002/masy.200451021
http://dx.doi.org/10.1016/j.biortech.2010.05.075
http://dx.doi.org/10.1002/mabi.200400043
http://dx.doi.org/10.3390/polym9110591
http://dx.doi.org/10.1007/s10118-019-2174-7
http://dx.doi.org/10.1039/C7RA03513F
http://dx.doi.org/10.1002/app.46489
http://dx.doi.org/10.1002/pat.3811
http://dx.doi.org/10.1021/ma00054a011
http://dx.doi.org/10.1002/polb.1991.090291301
http://dx.doi.org/10.1016/j.polymer.2006.09.042
http://dx.doi.org/10.1122/1.549853
http://dx.doi.org/10.1021/am502735q
http://dx.doi.org/10.1002/mame.200300110


Materials 2020, 13, 2094 16 of 16

39. Mohanty, S.; Nayak, S.K. Interfacial, dynamic mechanical, and thermal fiber reinforced behavior of MAPE
treated sisal fiber reinforced HDPE composites. J. Appl. Polym. Sci. 2006, 102, 3306–3315. [CrossRef]

40. Hristov, V.N.; Krumova, M.; Vasileva, S.; Michler, G.H. Modified polypropylene wood flour composites. II.
Fracture, deformation, and mechanical properties. J. Appl. Polym. Sci. 2004, 92, 1286–1292. [CrossRef]

41. Xu, H.; Fang, H.; Bai, J.; Zhang, Y.; Wang, Z. Preparation and characterization of high-melt-strength
polylactide with long-chain branched structure through gamma-radiation-induced chemical reactions.
Ind. Eng. Chem. Res. 2014, 53, 1150–1159. [CrossRef]

© 2020 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/10.1002/app.24799
http://dx.doi.org/10.1002/app.20081
http://dx.doi.org/10.1021/ie403669a
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Sample Preparation 
	Scanning Electron Microscopy (SEM) 
	Fourier Transform Infrared (FT-IR) Spectroscopy 
	Rheological Characterization Measurements 
	Mechanical Testing 

	Results and Discussion 
	Morphological Analysis 
	Dynamic Rheology Properties Analysis 
	Mechanical Properties Analysis 

	Conclusions 
	References

