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Super tough poly(lactic acid) blends:
a comprehensive review
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Poly(lactic acid) or poly(lactide) (PLA) is a renewable, bio-based, and biodegradable aliphatic thermoplastic
polyester that is considered a promising alternative to petrochemical-derived polymers in a wide range of
commodity and engineering applications. However, PLA is inherently brittle, with less than 10% elongation at
break and a relatively poor impact strength, which limit its use in some specific areas. Therefore, enhancing
the toughness of PLA has been widely explored in academic and industrial fields over the last two decades.
This work aims to summarize and organize the current development in super tough PLA fabricated via
polymer blending. The miscibility and compatibility of PLA-based blends, and the methods and approaches
for compatibilized PLA blends are briefly discussed. Recent advances in PLA modified with various polymers
for improving the toughness of PLA are also summarized and elucidated systematically in this review. Various
polymers used in toughening PLA are discussed and organized: elastomers, such as petroleum-based
traditional polyurethanes (PUs), bio-based elastomers, and biodegradable polyester elastomers; glycidyl ester
compatibilizers and their copolymers/elastomers, such as poly(ethylene-co-glycidyl methacrylate) (EGMA),
poly(ethylene-n-butylene-acrylate-co-glycidyl ~ methacrylate) (EBA-GMA);  rubber;  petroleum-based
traditional plastics, such as PE and PP; and various biodegradable polymers, such as poly(butylene adipate-
co-terephthalate) (PBAT), polycaprolactone (PCL), poly(butylene succinate) (PBS), and natural
macromolecules, especially starch. The high tensile toughness and high impact strength of PLA-based
blends are briefly outlined, while the super tough PLA-based blends with impact strength exceeding 50 kJ
m~2 are elucidated in detail. The toughening strategies and approaches of PLA based super tough blends are
summarized and analyzed. The relationship of the properties of PLA-based blends and their morphological
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1. Introduction

Environment, economic, and safety challenges have prompted
scientists and producers to partially substitute petrochemical-
based polymers with biodegradable materials. The materials
science community has been striving for decades to generate
biodegradable plastics to substitute or complement conven-
tional synthetic plastics exclusively based on petroleum feed-
stock.” Biodegradable polymers,**® especially those derived
from renewable resources, have been widely considered in
solving environmental problems and resource crises associated
with traditional petroleum-based polymers.

Poly(lactic acid) or poly(lactide) (PLA)"** is a renewable, bio-
based, and biodegradable aliphatic thermoplastic polyester that
has been researched for its use in several applications over the
last two decades. PLA can be considered a promising alternative
to petrochemical-derived polymers in a wide range of
commodity and engineering applications.”®"* PLA is also one of
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parameters, including particle size, interparticle distance, and phase morphologies, are presented.

the most investigated sustainable polymers because of its
numerous advantages, such as biodegradability, biocompati-
bility, compostability, good mechanical properties, and proc-
essability. PLA has broad application prospects in the fields of
disposable products, such as food packaging, tableware, water
cups, nurseries, and electronic product buffer packaging, to
effectively prevent and alleviate environmental problems, such
as “white pollution”, caused by currently available non-
biodegradable petroleum-based plastics. Furthermore, PLA is
a leading biomaterial for numerous applications in medicine."
Therefore, vigorously promoting the application of biodegrad-
able materials represented by PLA is an important measure to
achieve sustainable green development.

However, PLA is inherently brittle, with less than 10%
elongation at break and relatively poor impact strength, thereby
limiting its use in some specific areas.”® Although its tensile
strength and elastic modulus are comparable with those of
poly(ethylene terephthalate) (PET) and polystyrene (PS), the
poor toughness of PLA limits its use in wide industrial and
medical applications that require plastic deformation at high
stress levels.'**?

This journal is © The Royal Society of Chemistry 2020
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For decades, enhancing the toughness of PLA has extensively
promoted in academic and industrial fields.***® PLA should be
enhanced to improve its performance and achieve balanced
mechanical properties so that it becomes a suitable alternative
to low-cost and flexible conventional petroleum-based polymers
for a wide range of applications. Research efforts have been
devoted to enhancing PLA. Various strategies and technologies,
including modifying PLA with plasticizers, blending with other
polymers, copolymerizing chemicals, and incorporating fillers,
have been applied to toughen PLA.*° In contrast to chemical
copolymerization, polymer blending with a carefully selected
component is an efficient and cost-effective method of
improving the toughness of PLA.

Polymer blending®** is an economical and convenient
strategy for developing new polymeric materials, combining the
advantages of numerous existing polymers. The properties of
the resulting polymer blends are also tunable by changing
components and compositions of blend. Therefore, many flex-
ible or elastic polymers have been blended with PLA to enhance
its toughness. In early studies, flexible or elastic polymers are
usually produced from petroleum resources, and they include
non-biodegradable polymers, such as polyethylene (PE),* acry-
lonitrile-butadiene-styrene (ABS) copolymer,**?* polyurethanes
(PU),2*7 and poly(ethylene-co-glycidyl methacrylate)
(EGMA),*** and biodegradable polymers, such as poly-
caprolactone (PCL).>**** Considering that the use of petroleum-
based species to toughen PLA partially compromises sustain-
ability, increasing attention has been given to toughening PLA
with renewable polymers. Some bio-based materials of natural
rubber, bio-elastomers obtained from some plant oils and their
derivatives, polyamide 11 (PA11),***® and biodegradable mate-
rials, such as poly(butylene adipate-co-terephthalate)
(PBAT),*** poly(butylene succinate) (PBS),*”** starch,* and
cellulose,* are extensively used to modify PLA without losing its
sustainability. Blending PLA with a flexible or elastic polymer,
which exhibits fine morphology and suitable compatibility of
blends, can provide an alternative method to considerably
improve its tensile toughness and impact toughness
simultaneously.

Some of these polymers show high toughening efficiency,
and super-tough PLA blends with an impact strength of higher
than 530 ] m™~" are achieved occasionally.* The resulting PLA
blends with drastically improved impact strength are referred to
as super toughened PLA. The term “super tough” is first
proposed by Wu*»* for convenience to denote polymer blends
with a notched impact strength of higher than 10 ft per 1b or 530
J m~! (energy lost per unit width, North American standard),
which is approximately equal to 53 k] m > (energy lost per unit
cross-sectional area, European standard) depending on the
dimension of a sample.

PLA-based polymer blends, especially those with a high
toughness performance, have been developed quickly, and
remarkable achievements have been attained. Over the last two
decades, several papers have summarized various aspects of
PLA materials, including compatibilization methods and strat-
egies, phase behavior and phase morphologies, and relation-
ship of structure-performances.*>* Hirt et al’’ reported
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various bulk and surface-modification strategies used to date
and their basic principles, drawbacks, and achievements. Wang
et al.” summarized the relationship between the crystalline
structure and properties of PLA. Other studies have also out-
lined some strategies for manipulating crystallization toward
high-performance PLA materials. Zeng et al.*® systematically
presented various strategies that compatibilized PLA blends
with different polymers.

Langer et al.* elaborated the mechanical and physical
properties that affect the stability, processability, immiscibility,
and potential suitability of PLA and other polymers for specific
applications. Other studies have discussed strategies regarding
component and plasticizer blending, nucleation agent addition,
and PLA modifications and nanoformulations. He et al.>® pre-
sented recent advancements in the synthesis of PLA-based
block/graft copolymers with complex architectures, such as
star- and comb-shaped blocks and various PLA-grafted struc-
tures. A stereocomplexation strategy can be used with these
copolymers to prepare a variety of new materials with novel
chemical functionalities, bioactivities, and smart (responsive to
external stimulus) properties. Zeng et al.*>* aimed to review the
progress in toughening PLA with renewable polymers,
including plant oils and their derivatives, natural rubber, bio-
based aliphatic polyesters, microbial polyesters, and bio-
elastomers. Hamad et al.*® discussed the miscibility and com-
patibilization strategies of polymer blends and the preparations
and characterization of PLA blends. Alias and Ismail et al.>*
provided general information regarding the progress in PLA
toughening by an elastomer. Nofar et al.>® reviewed the inves-
tigations related to PLA-based blends and compared the
composition/processing-morphology-property  relationships
developed for various applications.

However, few of these articles have elaborated the efforts
toward achieving PLA-based polymeric materials with super
toughness. Comprehensive papers that exclusively report the
progress in toughening PLA with super toughness are lacking.
Therefore, research progress in super tough PLA materials
should be recognized to show insights into PLA blends and to
guide future investigations on the toughness and ductility
modification of PLA.

Given that the preparation of super tough PLA and a series of
significant outputs have been achieved over the last decade,
detailed information about super tough PLA blends should be
summarized and analyzed. Therefore, current developments in
super tough PLA fabricated via polymer blending methods are
described and summarized in the present review. Various
polymers used in toughening PLA are discussed and organized
systematically. The following materials have also been
described: elastomers, such as petroleum-based traditional
polyurethanes (PUs), bio-based elastomers, and biodegradable
polyester elastomers; glycidyl ester compatibilizers and their
copolymers/elastomers, such as poly(ethylene-co-glycidyl
methacrylate) (EGMA), poly (ethylene-n-butylene-acrylate-co-
glycidyl methacrylate) (EBA-GMA); rubber; petroleum-based
traditional plastics, such as PE and PP; and various biode-
gradable polymers, such as PBS, PBAT, PCL, and natural
macromolecules, especially starch. Toughening PLA to achieve
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Fig. 1 The summarized approaches and toughening strategies for
super tough PLA-based blends.

super tough blends is reviewed. Properties such as high
toughness, especially super toughness of PLA-based polymer
blends are presented. The high tensile toughness and high
impact strength of PLA-based blends are briefly outlined, while
the super tough PLA-based blends with impact strength
exceeding 50 k] m ™2 are elucidated in detail. The toughening
strategies and approaches of PLA based super tough blends are
summarized and analyzed, as presented in Fig. 1. The rela-
tionships of the performance of PLA-based polymer blends with
their compatibility and phase structures, such as phase
morphologies, dispersed phase parameters of particle size, and
interparticle distance, are also outlined and discussed.

1.1. Miscibility/compatibility of polymer blends and chain
structures

The carbonyl group in the molecular structure of PLA presents
a coplanar rigid structure with adjacent oxygen atoms. The PLA
molecular chain segment is difficult to rotate, and the carbon
atom of the carbonyl group is close to the adjacent carbon atom,
resulting in a semi-rigid PLA molecular chain.** The critical
entanglement molecular weight ([Me]; 8300 g mol ™) of PLA is
higher than that of PC (1780 g mol™"),***” and the degree of the
molecular chain entanglement of the former is relatively
smaller than that of the latter. Therefore, the macroscopic
properties of PLA show negligible deformation and less energy
absorbed under an external force. PLA materials are brittle and
hard with low elongation at break. Given that PLA is a brittle
material, the key to toughening PLA is to achieve the combi-
nation of strength and ductility. Improving ductility (elongation
at break) is usually easy, but remarkably enhancing the impact
strength of a PLA material is difficult.

13318 | RSC Adv,, 2020, 10, 13316-13368
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1.1.1. Definition of toughness. Toughness mainly empha-
sizes the ability of a material to absorb energy before failure
during stress.”®* Generally, it can be classified as tensile
toughness and impact toughness. Tensile toughness describes
the ability to absorb tensile fracture energy during stretching,
whereas impact toughness indicates the ability to absorb
impact energy.”* Toughening®*** mainly refers to the ability of
a material to absorb external energy as much as possible during
failure and increase its failure energy (G) in eqn (1):

G=G,+ G, +G, (1)

In comparison with yield energy (Gy) and crazing energy (G.),
fracture surface energy (Gs) of polymer materials can be dis-
regarded because of its minimal contribution to the toughness
of materials. Toughening mainly increases energy absorption in
two aspects. (1) The number of crazes increases during the
stress process, leading to an increase in G.. (2) A material
undergoes plastic deformation (shear yield) to obtain a large G,.
An increase in material toughness is limited because of the
crazes produced by force, and the toughness of a material
cannot be improved sharply. Toughness can be remarkably
enhanced when a material undergoes plastic deformation
during stress, resulting in the rapid increase of the toughness of
a material.

1.1.2. Relationship of toughness and molecular structure.
The toughness of a material® is the result of the combination of
the effects of internal structures (internal factor) and external
conditions (external factor). External factors include tempera-
ture, humidity, material geometry, notched or unnotched,
notch mode, loading, mode, and fracture behavior. The
intrinsic molecular structure of materials is mainly character-
ized by chemical structures, chain structures, chain entangle-
ment, and phase behavior. Wu*»**¢>% qualitatively explained
and introduced the fracture behavior of materials in terms of
microstructure and molecular parameters. Wu*>* indicated
that entanglement density (V.) and characteristic ratio (C.) are
the two most important parameters that determine whether the
fracture behavior of a material is crazing or shear yield. Crazing
stress and yield stress are proportional to V.'? and C.,
respectively.

In the binary blends of typical rubber-toughened brittle
polymers, the fracture behavior of blends is determined by the
phase behavior of the rubber phase and the chain parameters of
the brittle polymers. The super-tough blends can be obtained
when V, of a brittle polymer is 0.1 mmol cm >, The considerable
fracture energy of materials can be absorbed due to the occur-
rence of massive combined crazing and shear yield of a matrix
at this entanglement density. For PLA-based blends with
different compositions, super toughening is generally predicted
to occur in the range of 0.12-0.14 mmol cm 2,54

Wu® studied the relationship of toughening efficiency with
phase morphology, particle size, and chain parameters and
found that the optimum particle size decreases obviously as V.
of brittle polymers/rubber blends increases when V. is less than
0.15 mmol cm ® and C., is greater than 7.5. Wu®® also reviewed
the detailed summary and analysis of these parameters. The

This journal is © The Royal Society of Chemistry 2020
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phase behavior (phase structure, dispersed phase size, and
particle size distribution) of PLA-based blends is introduced in
detail in Section 7.

1.1.3. Miscibility and compatibility of polymer blends. PLA
needs to be toughened because of its small elongation at break
(10%) and low impact strength (2.5 k] m~?) to further broaden
the application field of a PLA material. The strategies for
toughening PLA mainly include blending, copolymerization,
plasticization, and composite modification. Among these
strategies, blending with flexible or elastic polymers is the
simplest and most effective. However, preparing PLA blends
with high toughness through simple physical blending is diffi-
cult because of the inherent immiscibility, poor compatibility,
and weak interfacial bonding of blend components. The inter-
facial compatibility and phase behavior of blends have a deci-
sive influence on the properties of blends. The phase
morphology of polymer blends is mainly controlled by the
thermodynamics and kinetics of blending. Reviews and studies
on the miscibility of polymer blends®**” are few, so our review
only makes a simple analysis and introduction.

From the thermodynamics perspective, miscibility is a prop-
erty involved in interactions between blend components at
a molecular or nanoscale level.*** A homogeneous system with
molecular dispersion and thermodynamic stability can be formed
at any mixing ratio. Polymer macromolecules are uniformly
dispersed at a molecular or chain level, and miscibility affects the
phase morphology and phase behavior of the blends. Compati-
bility considers the final properties of the blends. A phase inter-
facial interaction exists in polymer components.” Hence, blends
with the desired physical and mechanical properties can be ob-
tained with uniform distribution and homogeneity of the
dispersed phase and fine phase particles. The final properties can
be achieved by the combined action of the intrinsic properties of
blend components and the phase behavior and phase
morphology of blends. The miscibility of polymer blends can be
described by the Gibbs free energy (AG) eqn (2):*>7%7

AG = AG — TAS (2)

Polymer blends are miscible when AG of a mixture is nega-
tive. When special interactions, such as strong ion interaction,
relatively weak hydrogen bonding, ion-dipole, dipole-dipole,
and donor-acceptor interaction, exist between polymers,
exothermic heat may be present during mixing, and AG can be
negative. However, only weak van der Waals forces exist in most
polymer components, and the interfacial tension between the
components is high, which is the cause of the poor miscibility of
most polymers.

Given the complexity of the chain structure of polymer
materials, Flory-Huggins formula (eqn (3)) with many param-
eters is used to describe the miscibility of polymer blends.

AGnix = kTV %llln @+ %ln @y + 010Xk TV /e (3)
2

The miscibility of blends is evaluated using the Flory-Hug-
gins formula; the interaction parameter i, is one of the key
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parameters.”® The miscibility and compatibility of blends can
also be predicted on the basis of the interaction parameter i,
as follows eqn (4):

Vi
X2 = ﬁ(él - 52)2 (4)

The closer to 0 the interaction parameter x;, is, the better the
miscibility of the blend components will be. Interaction
parameters are determined by the molecular structure of poly-
mers and do not change with the blending ratio or processing
conditions. Given the complexity of the macromolecular chain
movement of polymers and the low diffusion ability between
polymers, the application of equilibrium thermodynamics in
polymer blends is limited. The compatibility and relationship of
structure-properties should be determined in terms of ther-
modynamic and kinetic parameters.

Zhong and Al-Saigh et al.”* examined the miscibility and
compatibility of PLA/amylopectin (AP) blends, and the results of
thermodynamic calculations and phase morphologies indicate
that interaction parameters are also related to blend composi-
tion. The phase diagram of a binary polymer blend shows the
miscibility of a polymer blend as a function of temperature and
composition. The transition of blend from immiscibility to
miscibility can be determined on the basis of the results of this
diagram. Li and Woo et al.” reported similar findings on PLA/
poly(methyl methacrylate) (PMMA) blends and investigated
the effects of composition on the miscibility and compatibility
of blends. The immiscibility-miscibility transition behavior of
PLA/PMMA blends changes with composition. They also ob-
tained an upper critical solution temperature of 255 °C of
miscibility for PLA/PMMA blends (70/30, w/w). In another work,
Li and Woo et al’ further investigated the immiscibility-
miscibility transition behavior of PLA/PMMA blends and
observed that the phase separation at a low temperature
becomes miscible at a high temperature. Stoclet et al.”” con-
ducted a similar work on PLA/PA11 blends. The effects of the
blend ratio and viscosities of the two components on the
compatibility and morphological characteristics of PLA/PA11
binary blends in the whole range of composition have been
reported. The scanning electron microscope (SEM) images of
cryofractured blends show that PLA/PA11 blends containing
20 wt% or 40 wt% PLA have good compatibility. Their co-
continuous morphologies are formed in PLA/PA11 blends as
the PLA content increases to 50-60 wt%. At high contents of PLA
(60-80 wt%), PLA/PA11 blends display two different morphol-
ogies, namely, thread-like and globule-like morphologies. The
morphologies that form in binary blends are discussed on the
basis of the composition, the viscosities of components, and the
interfacial surface free energy.

The thermodynamical miscibility and phase morphologies
of blends are mainly influenced by the interactions among
chain segments, interfacial tension, and kinetics of blending.
The interfacial tension between blends can be reduced via
compatibilization, and the properties of polymers can be
improved by changing the ratio of blends, the viscosity ratio of
blends, and processing parameters, such as processing strategy,
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temperature, and time. The combination with compatibiliza-
tion for reducing the interfacial tension between blends, the
blend ratio, viscosity ratio of blends, and processing parame-
ters, such as processing strategy, temperature, and time, can
control the phase morphology and improve the mechanical
performance of polymer blends.

1.2. Methods and approaches for compatibilized blends

Given the poor compatibility of most polymers, the compati-
bility of PLA-based blends should be improved through com-
patibilization to obtain high-performance PLA-based blends.
Similar to toughening of other brittle polymers, blending with
flexible or elastic polymer is a practical, common, and effective
strategy to enhance the impact toughness of PLA.

The improvement of interfacial compatibility between a PLA
matrix and flexible or elastic polymers is a key to preparing
high-performance PLA-based blends. The approaches and
strategies used for compatibilized PLA are also described in
related reviews,*® and only a few brief explanations are given.
The compatibilizers of PLA blends mainly include non-reactive
compatibilizers, reactive polymer compatibilizers or active
small molecular substances, and in situ formed block copoly-
mers or graft copolymers. Zeng et al.**** reviewed the common
principles and characteristics of compatibilization for polymer
blends. The compatibilizers whether physical compatibilizers,
non-functional polymers, or highly reactive substances utilized
as compatibilizers for a PLA blend system should be miscible
with one component of a blend or reactive with functional
groups in other components. Hence, interfacial tension is
reduced, leading to an increase in dispersibility, and the inter-
facial adhesion between the components of PLA blends
improves.**”* In general, directly adding block or graft copoly-
mers and block or graft copolymers generated by in situ reactive
blending is the most effective way and toughening efficiency to
improve the compatibility of incompatible blends.

A compatibilizer is dispersed at the two-phase interface of
blends during blending under the action of shear force, thereby
reducing the interfacial tension of the blend system and the size
of dispersed phase, to stabilize the formed fine phase
morphology. The aggregation of dispersed phase particles is
prevented, and the morphological characteristics of the
dispersed phase are stabilized via interfacial compatibilization.
The interfacial entanglement in the block components of com-
patibilizers can facilitate the transfer of stress from one phase to
another via the dispersed phase as the stress concentration point
and prevent destructive cracking caused by multiple crazing.
Massive impact energy can effectively absorb through the
generation of new surfaces during fracture. Additionally, the
interfacial adhesion of polymer components is enhanced by
improving interfacial compatibility. However, an excessively high
interfacial bond of blends is not conducive to the improvement of
impact properties. Matrix yield is delayed when interfacial
adhesion is too strong, whereas premature interfacial failure is
caused by a very weak interfacial adhesion. The combination of
internal and debond cavitation is generated for suitable interfa-
cial adhesion to induce peaceable cavitation and achieve shear
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yielding without catastrophic crack propagation. Hence, the
super toughness of PLA materials can be achieved.

1.3. Toughening mechanisms of PLA-based polymer blends

Merz’®® first proposed the microcrack toughening mecha-
nisms of a typical rubber-toughened brittle polymer in 1956.
After decades of research and development, shear yield,***
multiple crazing,*** and their combined toughening mecha-
nism have been established. Shear yield is generally the main
approach to absorb impact energy, which is an important
parameter for brittle polymers to achieve high toughness.

The dispersed rubber particles can induce stress concen-
tration when a blend is subjected to impact force. Multiple
crazes dominate deformation if crazing that initiates stress is
less than the yield stress. Shear yielding is the toughening
mechanism characterized by craze initiating stress greater than
yield stress. In addition, craze initiating stress is comparable
with yield stress, and the combination of shear yielding and
multiple crazing is the main toughening mechanism.**

The fracture process of glassy amorphous polymers, such as
PS, is usually dominated by crazing. The main toughening
mechanism of brittle crystalline materials, such as PA, is shear
yield. PLA has two forms, namely, amorphous and semi-
crystalline forms, due to the stereochemical structure of PLA
and variations in processing parameters. Therefore, three
different toughening mechanisms are described for PLA/flexible
or elastic polymer blends.

2. Thermoplastic elastomer blend-
toughened PLA materials

A thermoplastic elastomer (TPE) with excellent toughness and
elasticity can deform considerably under weak stress. There-
fore, TPE is an ideal choice and material for toughening PLA
because of its flexibility and biocompatibility. The molecular
structure of TPE includes plastic segments (hard segments) and
rubber segments (soft segments), which form through tandem
function and grafted copolymerization. Hard segments
agglomerate into microzones (such as glass microzones or
crystal microzones) to form the physical “cross-linking”
between macromolecular chains, whereas soft segments are
high-elastic segments with a remarkable strong chain move-
ment ability.

PLA modified by TPE mainly includes a polyurethane ther-
moplastic elastomer (TPU), a polyolefin thermoplastic elastomer,
a polyamide thermoplastic elastomer, new bio-based elastomers,
and biodegradable elastomers prepared via bio-based mono-
mers. The results of mechanical properties of highly tough PLA/
elastomers blends are summarized in Table 1, and the super
tough PLA/elastomers blends are shown in Table 2.

2.1. Preparation of PLA/elastomer blends via physical
blending

PLA/elastomer blends with an elastomer effectively dispersed in
PLA are prepared via direct physical blending. A PLA matrix and
the dispersed phase of an elastomer are physically combined

This journal is © The Royal Society of Chemistry 2020
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Table 1 Mechanical performance results for highly toughened PLA/elastomer blends®

Comments Impact strength/(k] m?) Tensile strength/(MPa) Elongation at break/(%) Ref.
PLA/TPO/TPO-PLA (80/20/5) Good 34.6 107.2 91
PLA/PEA (90/10) 3.37 36.4 155.2 90
PLA/PUP (95/5) _ ~48 ~240 101
PLA/TPU/PDI (80/20/0.5) _ ~40 200-300 102
PLA/TPEE/MDI (80/20/3) _ 38 280 103
PLA/TPEE/MDI (80/20/5) _ 36 340

PLA/PLBSIS (60/40) 35.7 ~40 324 110
PLA/TPU (85/15) 15 ~40 168.9 111
PLA/copolyester (90/10) 6.12 33.4 358.7 112
PLA/copolyester (80/20) 9.96 30 251.5

PLA/PELu-50/ADR (85/15/0.4) ~ 43.8 340 113
PLA/Bio-TPU/L101 (90/10/0.1) 5.8 50 162 114
PLA/PAE (90/10) _ 40.9 194.6 115
PLA/PU (70/30) 315 m(64) 31.5 363 116
PLA/COPUP (80/20) 154.0 ] m~'(24.98) 45.15 229.14 117
PLA/COPUP (70/30) 269.6 ] m ! (24.98) 37.28 377.46

PLA/BE (bioelastomer) 10.3 ~35 ~200 118
PLA/COP-PU (95/5) 52.8 J m~1(33.9) 52.39 338 119
PLA/COP-PU (80/20) 2229 m™* ~35 >300 120

“ The values in brackets () are the impact strength corresponding to neat PLA.

through interfacial interaction. The elastomer is dispersed in
the form of spherical particles. The toughness of PLA/elastomer
blends can be improved through matrix shear yielding caused
by interfacial debonding, and the dispersed elastomer particle
acts as a stress concentration point to dissipate impact energy.

Huang et al.® succeeded in preparing PLA/TPU blends via
melt blending. They indicated that spherical TPU particles
disperse in the PLA matrix, and the matrix ligament thickness of
PLA/TPU blends is below the critical value. With 30 wt% TPU,
the elongation at break and notched Izod impact strength of the
blend reach 602.5% and 40.7 k] m™2 respectively, whereas
tensile strength considerably decreases. Cramail et al.®® used
thermoplastic elastomer poly(ester-amide) synthesized from

fatty acid-based precursors as an impact modifier to prepare
PLA with high toughness. Lee et al®* reported the effects of
thermoplastic polyolefin elastomer-graft-polylactide (TPO-PLA)
premade compatibilizer prepared by grafting PLA onto maleic
anhydride-functionalized TPO (TPO-MAH) on the performance
and microstructure of PLA/TPO blends. The interfacial adhe-
sion of PLA/TPO blends enhances. The tensile toughness and
notched Izod impact strength of compatibilized PLA/TPO
blends also considerably improves.

Elastomers with different properties can be prepared by
changing the ratio of the flexible and hard segments of the
elastomer. Blending with different kinds of elastomers can
control the structure and properties of PLA/elastomer blends

Table 2 Mechanical performance results for super toughened PLA/elastomer blends

Comments Impact strength/(k] m~?) Tensile strength/(MPa) Elongation at break/(%) Ref.
PLA/TPU (70/30) 40.7 36.8 602.5 89
PLA/TPU (70/30) 58 35 350 92
PLA/EAE (80/20) 59.5 57.8 104.1 93
PLA/PEBA (70/30) 60.5 36.8 335 94
95
PLLA/PU/PDLA (70/30/2.5) 60 _ _ 96
PLLA/TPU/PDLA (85/15/15) >70 ~45 _ 97
PLA/PU/SiO, (85/15/5) 59.42 38.84 301.81 99
PLA/PU/PLA/PU/SiO,, (85/15/6) 54.81 40.84 251.19
PLA/TPU/CNT (70/30/2) 53.7 25.9 45.3 100
PLA/CPU (90/10) 407.6] m! 43.2 303.10% 107
PLA/CPU (80/20) 419] m™! ~40 ~220% 108
PLA/PU (70/30) 55.02 ~44.9 516.45 109
PLA/LLDPE-TPV 586.6] m! 37.5 259.9 121
PLA/VUB (80/20) 575.9] m™* _ _ 122
PLLA/VUB/PDLA (72/20/8) 659.9 _ _

This journal is © The Royal Society of Chemistry 2020
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and prepare super tough PLA materials to achieve the super
toughness of PLA blends. Ye et al.®> used a TPU elastomer with
high strength, toughness, and biocompatibility to prepare
super tough PLA/TPU blends. These blends are partially
miscible systems because of hydrogen bonding between the
molecules of PLA and TPU. The spherical particles of TPU are
dispersed homogeneously in a PLA matrix. The elongation at
break and the notched impact strength of PLA/20 wt% TPU
blend reach 350% and 25 k] m™ 2, respectively.

Suttiruengwong et al.*® prepared a series of PLA-based blends
by using six different flexible copolymers, namely, acrylonitrile
butadiene styrene (ABS) powder, biomax, PBAT, polyether block
amide, ethylene-vinyl acetate (EVA), and ethylene acrylic elas-
tomer (EAE). The toughening efficiency of EAE is higher than
that of five other polymer materials. PLA/EAE blends exhibit
super toughness; the elongation at break and notched impact
strength increase to 59.5 k] m™ > and 104.1%, respectively.
Tensile strength is as high as 57.8 MPa.

Dong et al.®**® studied the morphologies, microstructures,
crystallization, and mechanical properties of PLA blends con-
taining different contents of poly(ethylene oxide-b-amide-12)
(PEBA). The blends are an immiscible system with evenly
dispersed PEBA domains in the PLA matrix. The super tough
PLA matrix produces an obvious shear yield in the blend during
tensile and impact tests, thereby inducing energy dissipation
and improving the toughness of PLA/PEBA blends, with elon-
gation at break and impact strength increasing to 346% and
60.5 k] m~ 2, respectively. The average particle size of PEBA in
the blend and impact strength of PLA/PEBA blends were shown
in Fig. 2. The effects of crystallization on the microstructure and
the mechanical properties of the blends suggest that annealing
crystallization treatment can improve the tensile strength of
PLA/PEBA blends to some extent.**

Bai and Fu et al.***” incorporated small amounts of poly(p-
lactide) (PDLA) into thermoplastic polyurethane (TPU) tough-
ened PLLA blends through melt-blending to fabricate super
toughened and heatresistant PLLA/elastomer blends to
improve the strength and modulus of PLA/elastomer blends.
The results indicate that introducing PDLA chains can readily
interact with PLLA matrix chains and rapidly co-crystallize into
stereocomplex crystallites (SC) in the PLA matrix of blend melts.
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Fig. 3 The effect of TPU content on the impact strength and
morphology evolution of PLLA/PU/PDLA blends. Ref. 97, copyright
2016. Reproduced with permission from American Chemical Society.

Thus, these SC crystallites can act as a highly efficient nucle-
ating agent to significantly accelerate matrix crystallization and
are beneficial to the preparation of PLLA blends with a highly
crystallized PLLA matrix through conventional injection
molding technology. SC crystallites can act as an efficient
rheology modifier and induce the morphological change in the
dispersed TPU phase from a typical sea-island structure to
a unique network-like structure, as shown in Fig. 3 and 4. The
impact strength of the PLLA/PU/PDLA blend (80/20/2.5) exceeds
70 k] m 2, and the tensile strength remains around 45 MPa. The
construction of SC crystallites in the matrix can be a simple and
promising strategy for fabricating super toughened and heat-
resistant PLLA/elastomer blends by simultaneously tuning
phase morphology and matrix crystallization.

The interfacial compatibility and interfacial bonding of PLA
matrix and elastomer components are improved by adding
inorganic fillers into a PLA/elastomer blend system, and inor-
ganic fillers are selectively dispersed at the dispersed phase and
phase interface of the elastomer by taking advantage of the
differences in the polarity of components. Bai and Fu et al.*®
used titanium dioxide (TiO,) nanoparticles to adjust the inter-
facial adhesion of PLA/poly(ether)urethane (PLA/PU) blends.
Introducing TiO, into these blends has no evident influence on
phase morphology; however, the selective localization of TiO,
nanoparticles at the interface remarkably improves impact
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Fig.2 The average particle size of PEBA in the blend (a) and impact strength of PLA/PEBA blends as a function of the content of PEBA (b). Ref. 94,
copyright 2012. Reproduced with permission from John Wiley and Sons.
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Fig.4 SEM micrograph of cryofractured surfaces of the blends: (a) PLLA/15TPU (b) PLLA/15TPU/5PDLA (c) PLLA/15TPU/10PDLA (d) PLLA/15TPU/
15PDLA (e) PLLA/1I5TPU/20PDLA (f) PLLA/15TPU/25PDLA. Ref. 97, copyright 2016. Reproduced with permission from American Chemical

Society.

toughness. Bai and Fu et al® also demonstrated that the
inclusion of hydrophilic silica (SiO,) nanoparticles into PLA/PU
blends can be applied to successfully prepare super toughened
poly(t-lactide) (PLLA) nanocomposites because hydrophilic
silica (SiO,) nanoparticles have self-networking capability,
thereby controlling the phase morphology and improving the
interfacial compatibility of these nanocomposites. The selective
localization of SiO, nanoparticles in the PU phase and at the
phase interface induces the morphological change from
a common sea-island structure to a unique network-like struc-
ture constructed by discrete PU particles with irregular shapes.
As the morphology evolution of blends is shown in Fig. 5. In
addition, the synergistic effect between the self-networking of
the interface-localized SiO, and the enhanced elasticity of the
SiO,-localized PU phase leads to the formation of a network-like
structure. The impact strength and elongation at break of PLLA/
PU/SiO, nanocomposites are 59.42 KkJ m~2 and 301.81%,
respectively. The morphological model of blend was con-
structed as seen in Fig. 6. Wang et al.*® reported a similar work
on super toughened PLLA/thermoplastic polyurethane (PLLA/
TPU)/carbon nanotube (CNT) ternary nanocomposites. The
results show that CNTs selectively localize in the TPU phase,
leading to a morphological change from the sea-island
morphology to the quasi-co-continuous morphology.

The direct physical blending of PLA with elastomer materials
is a simple and effective way to improve the toughness of PLA.
An elastomer is directly melted, blended with PLA, and
dispersed by the shear force of a mixer or an extruder. The types
of elastomer, dispersion, compatibility, and particle size of the
dispersed phase in the PLA matrix have a decisive influence on
the properties of PLA/elastomer blends. SiO, and CNT are

This journal is © The Royal Society of Chemistry 2020

added to a PLA/elastomer blend system to prepare nano-
composite materials and further improve the performance of
PLA/elastomer blends. The enhancement effect of nanoparticles
and the selective dispersion behavior among the components of
these blends can enhance the interfacial compatibility of the
blends and the dispersion behavior of the dispersed phase. The
development of new high-strength and high-elasticity systems is
also an important research direction for preparing high-

Fig. 5 SEM images of the cryofractured surfaces of PLA/15PU blend
with various amounts of SiO5: (a) O phr (b) 2.5 phr (c) 5 phr (d) 10 phr.
Ref. 99, copyright 2014. Reproduced with permission from Elsevier.
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performance PLA/TPE blends. Direct blending is simple and
easy to achieve, but it has drawbacks, such as unsatisfactory
compatibility between components, aggregation of dispersed
elastomer particles, and uneven dispersion behavior, thereby
affecting the structure and properties of materials and should
be solved.

2.2. PLA/elastomer blends fabricated via reactive blending

Given the immiscibility of blending components, an elastomer
dispersed phase easily aggregates and experiences difficulty in
uniformly dispersing in a PLA matrix during blending. There-
fore, the compatibility of blending components should be
further improved. The functional groups of polymers can react
at the phase interface and improve the compatibility of a PLA-
based blending system by adding polymers or small mole-
cules with reactive functional groups. For the elastomer-
toughened PLA system, reactive blending can be carried out
by adding a polyol component and an isocyanate component
with a highly reactive elastomer or by adding the third
component with high reactivity. The dispersed phase of a ther-
moplastic elastomer and the block or graft copolymer of PLA-
elastomers are simultaneously generated. The presence of
block or graft copolymer at the interface can reduce the inter-
facial tension and the size of the dispersed phase during
melting. The in situ compatibilization of the PLA/elastomer
blend system is achieved.”
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Wu et al.*** toughened PLA by melt blending with poly-
urethane prepolymer (PUP), thereby terminating with the
isocyanate group and formed through the reaction between
poly-1,4-butylene glycol adipate dio (PBA) and 4,4’-methylenedi-
p-phenyl diisocyanate (MDI). The in situ interfacial compatibi-
lization between PLA and elastomer is achieved through the
reaction of PLA with PUP, and the tensile toughness of PLA
materials considerably improves. Ozkoc et al.'®* and Yoon
et al.'® reported that 1,4 phenylene diisocyanate (PDI) and MDI
are used as the compatibilizers of PLA/elastomer to achieve in
situ reactive compatibilization, which significantly improves the
tensile toughness of PLA blends; however, the impact toughness
of PLA blends is not remarkably enhances. Zhao et al.'**°°
investigated the structure-morphology-performance interrela-
tionship of high strength and high toughness PLA/polyurethane
elastomer (PUS) blends prepared through reactive blending.
PUS is in situ formed via the reaction of polyester polyol (PPG)
and toluene-2,4-diisocyanate (TDI), whereas block or graft
copolymers are synthesized at the interface of blends through
the isocyanate group that reacts with the hydroxyl group or
carboxyl group of PLA. The interfacial adhesion of blends
enhances, and the size of the dispersed phase decreases. The
interfacial compatibility of PLA blends is quantitatively char-
acterized via positron annihilation lifetime spectroscopy. The
relationship between the free volume (the size and number of
free volume cavities) and performance of PLA/PUS blends is
established.

Zeng and Wang et al.'®” prepared ultra-tough PLA/CPU
blends through a cross-linking reaction among polyethylene
glycol (PEG), glycerol, and MDI. Aside from the isocyanate
group of MDI participating in generating CPU, it also reacts
with the end hydroxyl group or carboxyl group of PLA to improve
the interface compatibility of PLA/CPU blends. The model of
PLA/CPU blends was shown in Fig. 7. The morphological char-
acteristics of the blend and the size of the dispersed phase of
CPU are regulated by adjusting the amount of glycerin. The
dispersed phase size of CPU in PLA/CPU (90/10, w/w) blends is
about 0.7 pm and can be used as the stress concentration point
to obtain the matrix yield. The impact strength and elongation
at break are 407.6 ] m ™" and 303.1%, respectively, which are 21
and 38 times those of pure PLA(16.9 ] m™', 8%), as seen in
Fig. 8. The team'*® also prepared PLA blends with high tough-
ness by reacting PLA with PEG and polyisocyanate.
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+ *ﬁ LS l<
b
HO OH PLLA ./ { ey
Glycerol >
ycero PLLA-TM ] o ? -
OH e g e —
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Fig. 7 Preparation of PLLA blends with crosslinked polyurethane formed by in situ polymerization. Ref. 107, copyrights 2014. Reproduced with

permission from Royal Society of Chemistry.
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Qu et al.**” blended PLA with polyurethane elastomer pre-
polymer (PUEP) terminated with an isocyanate group to prepare
super-tough PLA blends via dynamic vulcanization. PUEP forms
the dispersed phase of a PU elastomer, while PUEP reacts with

View Article Online
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a compatibilizer, thereby facilitating the dispersion of PU in the
PLA matrix. The chemical routes of PLA reacted with PUEP and
the phase morphological model of PLA/PU blends are repre-
sented in Fig. 9. The impact strength and elongation at break of
PLA/PU (70/30, w/w) blend are up to 55.02 k] m~* and 516.45%,
which are 21 and 34.71 times those of pure PLA (2.55 k] m % and
14.88%), respectively (Fig. 10).

PU elastomer and PLA-elastomer copolymer are formed in
situ because of the high reactivity of the isocyanate group (-N=
C=O0) in the polyurethane component during reactive
blending, thereby effectively improving the interfacial bonding
of the blends and significantly improving the toughness of PLA/
elastomer blends. Reactive blending and dynamic vulcanization
are effective strategies for achieving the high toughness of PLA
blends. The modulus and strength of the blending system
should be further studied. Few studies on the addition of
a high-strength third component and inorganic nanoparticles
have been conducted.

2.3. Bio-based and biodegradable elastomer-modified PLA

A Dbio-based elastomer with green, environment-friendly,
renewable, and biodegradable characteristics is a new type of
elastomer that does not depend on petroleum and fossil

the end group of PLA to generate copolymers as regources. Toughening PLA via bio-based elastomers can
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Fig. 9 The chemical routes of PLA reacted with PUEP and the phase morphological model of PLA/PU blends. Ref. 109, copyright 2014.

Reproduced with permission from American Chemical Society.
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achieve environmentally friendly PLA blends and eliminates
dependence on petroleum resources. As such, this aspect is
considered a new research topic on PLA modification. PLA is
modified by melt blending with a bio-based and biodegradable
elastomer via dynamic vulcanization and blending with a poly-
ester elastomer prepolymer. The interfacial compatibilization of
PLA/bio-based elastomer blend systems is achieved, and high-
performance PLA/bio-based elastomer blends are prepared.
Zhang and Kang et al.'*® toughened PLA with a bio-based
copolymer (PLBSI) prepared from bio-based monomers, such
as lactic acid, butanediol, sebacic acid, and itaconic acid. The

13326 | RSC Adv, 2020, 10, 13316-13368

PLBSI chain segment contains lactic acid units and a polyester
structure, making it compatible with PLA, as presented in
Fig. 11. The impact strength and elongation at break of PLA/
PLBSI (60/40) blends increase to 35.7 k] m™> and 324%,
respectively, and the tensile strength decreases to about 40 MPa.
Zhu et al.'"* conducted a similar work on PLA modified using
a polyether polyurethane elastomer prepared with biodiol and
diacid. The bio-based polyether polyurethane elastomer can
improve the crystallization rate and crystallinity and achieve
a good toughening effect. Cramail et al.*** also investigated and
explained the compatibility and performance of PLA/bio-
copolyester blends with ultra-high tensile toughness. Copo-
lyesters are prepared from the polymerization of sebacic acid,
octanediol, and dimeric acid and employed to toughen PLA.
Chen and Bian et al™ prepared new biodegradable poly-
urethane (PELU) via the chain extension reaction between
polyethylene glycol-b-PLA copolymer and IPDI. PELU is melt
blended to toughen PLA, and industrial-grade oligomer of
multiple epoxy groups (ADR) is added to improve the interfacial
compatibility of PLA/PELU blends. The elongation at break of
PLA/PELU/ADR (85/15/0.4) blends is up to 340%, and their
tensile strength is 43.8 MPa.

Some related studies have been conducted on bio-based
toughened PLA, such as bio-based polyurethane elastomers
containing double bonds,"** biodegradable polyamide elas-
tomer," biodegradable polyether polyurethane,"® bio-based

This journal is © The Royal Society of Chemistry 2020
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polyurethane prepolymer for castor oil'” (Fig. 12),and bio-
elastomer (BE) prepared from bio-based diol and diacid
monomers.'*® These bio-elastomers are used to toughen PLA,
thereby considerably improving toughness.

This journal is © The Royal Society of Chemistry 2020

Zeng et al."* blended bio-based castor oil and MDI with PLA
and formed castor oil-based polyurethane elastomer (COP); the
COP phase is dispersed in the PLA matrix through dynamic
vulcanization. The effects of different kinds of isocyanates
(MDI, HDI, and IPDI) on the properties and structures of PLA/
COP blends have been further studied,* and PLA/castor oil-
based polyurethane elastomers with high tensile toughness
have been obtained. The impact strength and modulus of PLA/
COP blends should be further improved.

Environment-friendly elastomers, such as polyester, poly-
ether, and polyamide elastomers, are synthesized using bio-
based monomers. Elastomers with different structures are
designed and synthesized by selecting different bio-based
monomers and regulating the ratio of monomers to enhance
compatibility with PLA. Through simple melt blending, the
tensile toughness of PLA/bio-based elastomer blends signifi-
cantly enhances, but the impact strength is not sufficiently
improved. Reactive blending and dynamic vulcanization are
introduced in the blending of PLA/bio-based elastomer blends
to further improve the impact toughness of PLA/bio-based
elastomer blends. With the help of the strong shearing force
of the blending equipment, a bio-based elastomer formed in
melt blending and uniformly dispersed in a PLA matrix is
achieved, thereby improving the comprehensive properties of
PLA/bio-based elastomer blends.

Zeng and Wang et al.*** prepared bio-based super-tough PLA
thermoplastic vulcanizates (TPV) with PLA and bio-based
unsaturated aliphatic polyester elastomer (UPE) through
dynamic vulcanization induced by peroxides. The polyester
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elastomer (VUPE) formed in blending and the rubber dispersed
phase is correlated and produced a continuous structure. PLA/
VUPE blends exhibit a quasi-continuous morphology. The
internal cavities of VUPE can induce a large amount of the shear
yield of the PLA matrix, which plays a good toughening role, as
shown in Fig. 13. The impact strength of TPV is up to 586.6 J
m .

Zeng et al.*** further investigated different bio-based elasto-
mers, melt blended unsaturated bio-based resin (UBE) with
PLLA, and prepared super-tough PLA/UBE blends with an
impact strength of 575.9 J m ™ through dynamic vulcanization.
A small amount of PDLA is incorporated to the PLA/UBE binary
blending system, and the impact strength of PLA/UBE/PDLA
blends further increases to 659.9 ] m~". The improved tough-
ness of the blends is attributed to the formation of SC crystal-
lites. SC crystallites increase the molecular chain entangling
and promote PLLA matrix crystallization. Zeng et al.*** investi-
gated the effects of the chemical structure of biodegradable
elastomers on the mechanical and thermal properties and
revealed that interfacial SC crystallization can be provided by
poly(p-lactide)-b-polyurethane-b-poly(p-lactide) (DPUD) triblock
copolymer in PLA/DPUD blends, whose SC crystallites can
enhance the mechanical strength and work as efficient nucle-
ating agents for the crystallization of PLA matrix. In the case of
the annealed samples of PLLA/DPUD-15, the impact toughness
is up to 325.9 ] m ™', and excellent heat resistance is achieved.

Although bio-based elastomers improve in comparison with
traditional petroleum-based elastomers in strength and
modulus, bio-based elastomers can be comparable with or
better than petroleum-based elastomers in many aspects, such
as elongation at break and elasticity. Bio-based elastomers,
such as sebacic acid, butanediol, itaconic acid, and vegetable
oil, can be synthesized from bio-based monomers. The
compatibility of PLA/bio-based elastomers can be manipulated
from the perspective of molecular design through the regula-
tion of monomer type and content ratio and the designation of
bio-based elastomers with different molecular structures.
Toughened PLA modified with a bio-based elastomer has an
important research value, thereby guaranteeing the source of
bio-based materials and considerably improving the toughness
of PLA. Further research and development of bio-based elasto-
mers and the emergence of new biodegradable bio-based elas-
tomer will further expand the application of bio-based and PLA/
bio-based elastomer materials.

The blends prepared via TPE direct blend PLA toughening
have poor interfacial compatibility and weak interfacial adhe-
sion. As a result, effectively toughening PLA is difficult. The
strength and modulus of PLA blends are remarkably reduced.
The strategy of reactive blending and dynamic vulcanization
can effectively improve the interfacial compatibility and
dispersion between an elastomer-dispersed phase and a PLA
matrix. The compatibility and interface bonding between the
elastomer and the PLA matrix have been effectively improved by
dynamic vulcanization by adding initiators and cross-linking
agents. The super-toughened PLA blends with a relatively high
modulus and tensile strength can be obtained through in situ
compatibilization. Developing new high-strength and high-
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modulus elastomers, designing and synthesizing bio-based
and biodegradable elastomers, and applying them in tough-
ening PLA are emerging research fields and key research
direction of polymer blending.

3. Glycidyl ester material-toughened
PLA

Glycidyl ester materials are functional monomers/polymers
containing epoxy groups, with high reactive epoxy groups in
a molecular structure. In mixing with PLA or PLA blends, we
should form copolymers,’***** which play a role in self-
compatibilization or in situ compatibilization for different PLA
blend systems, which are widely used in PLA blending modifi-
cation. For example, glycidyl methacrylate (GMA)'*® is a mono-
mer that has an acrylate double bond and an epoxy group.
Acrylate double bond has high reactivity and can react with free
radicals or copolymerize with many other monomers. Epoxy
groups can react with hydroxyl, amino, carboxyl, or anhydride,
providing options and design ideas in the field of material
modification and introducing functional groups to provide
additional functionality to materials. Glycidyl ester materials
have a small GMA molecule,”® low-molecular-weight prepol-
ymer, such as styrene-glycidyl acrylate copolymer (Joncryl-R,
ADR series);"*”"*® high-molecular-weight copolymers, such as
ethylene-butyl acrylate-glycidyl methacrylate (E-MA-GMA),">*3°
poly(ethylene octene) grafted with glycidyl methacrylate (POE-g-
GMA),"31132 ethylene/methacrylate/glycidyl methacrylate
terpolymer (EGA),"** and EGMA."* The reactivity of glycidyl
ester materials containing epoxy groups is higher than that of
maleic anhydride (MAH), which can effectively improve the
sensitivity of PLA materials to notch impact strength. Glycidyl
ester materials are used to modify PLA and its blends,"*"%
which can effectively promote the uniform dispersion of the
dispersed phase in a PLA matrix, increase the interfacial
compatibility among blending components, and improve the
mechanical properties of the materials. The mechanical prop-
erties of high-tough and super-tough PLA/glycidyl ester copol-
ymer blends are presented in Tables 3 and 4, respectively.

3.1. Physical blending of PLA with glycidyl ester elastomer

Glycidyl ester elastomer has good compatibility with PLA. The
epoxy groups in glycidyl ester copolymer can react with PLA
during melt blending, which can effectively improve their
compatibility and significantly improve the flexibility and
impact properties of PLA blends.

Su and Han et al.**® used dicumyl peroxide (DCP) as an
initiator for preparing ultra-tough PLA by the reactive blending
of PLA and EGMA. The interfacial bonding of the blends is
enhanced, and EGMA particles become more evenly dispersed.
DCP promotes the reaction between PLA and EGMA and
improves the interface compatibility of blends. A PLA/EGMA/
DCP (95/5/0.1, w/w/w) blend has excellent tensile properties
with an elongation at break of 290% and a tensile strength of
67 MPa, but the impact strength increases slightly. The work

This journal is © The Royal Society of Chemistry 2020
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Comments Impact strength/(k] m™?) Tensile strength/(MPa) Elongation at break/(%) Ref.
PLA/EGMA (80/20) 5.54 67 290 138
PLA/E-AE-GMA (80/20) microalloys 331 (69.5) 40.2 252 139
PLA/E-AE-GMA (80/20) nanoalloys 183 40.2 329
PLA/BA-EA-GMA (80/20) 29.6 ~45 >300 140
PLA/PA11/EGMA-g-A5 (55/45/6) 361 (69.7) 55.11 321.6 161
PLA/PA11/EGMA-g-A5 (55/45/9) 365 48.1 287
PLA/EMA-GMA/EMA-GMA-g-PDLA (85/15/0.625) 35.1 _ _ 163
“ The values in brackets ( ) are the impact strength corresponding to neat PLA.
Table 4 Mechanical performance results for super toughened PLA/glycidyl ester materials blends
Comments Impact strength/(k] m~?) Tensile strength/(MPa) Elongation at break/(%) Ref.
PLA/EMA-GMA/DMSA (80/20/0.2) 83.5 ~40 MPa _ 141
PLA/EGMA (80-20) 72 40 >200 142
PLA/EGMA (80/20) 94 ~40 120 143
PLA/(EBA-GMA/EMAA-Zn) 80/20 >700 ] m ™" _ _ 144
PLA/EBA-GMA (75/25) 736] m! ~40 MPa ~80 148
PLA/EBA-GMA/EMAA-Zn (80/10/10) 737 Jm™* (210 °Q) ~35 — 149
150
PLA/EBA-GMA/EMAA-Zn (80/10/10) 777.2J m™" (240 °C) 36.2 229 151
PLA/EBA-GMA/EMAA-Zn (80/15/5) 680 ] m™" 37.4 23.5 152
PLA/VESO (80/20) 5423 m " ~34.4 445 153
PLA/EGA (80/20) 59.8 33.8 232 154
PLA/POE-g-GMA (80/20) 87.3 42.1 _ 155
PLA/MPOE (55/45) 54.7 36.3 282 157
PLA/PEBA/-g-GMA (70/30) 68.6 _ _ 156
PLA/ABS/-g-GMA (70/30) 540 Jm™" _ ~70% 158
PLA/MB-g-GMA (75/25) 59.5 38.1 200 159
PLA/NR-GMA (80/20) 73.4 35 130 160
PLA/SEBS/EGMA (70/20/10) 92 _ 185 164
PLA/PC/SEBS/EGMA (40/40/15/5) >60 _ ~90
PLA/OBC/EMA-GMA (90/7/3) 64.21 55 ~30 165
PLA/EMA-GM/PEBA (70/20/10) 500 J m " ~45 72.7 168

provides an effective way to largely improve the flexibility of PLA
without sacrificing its stiffness and transparency.

Li et al.** prepared PLA/ethylene-co-acrylic ester-co-glycidyl
methacrylate (E-AE-GMA) blend micron and nanometer alloys
by employing different melt blending techniques and investi-
gated the parameters of the dispersed phase particle on the
properties of PLA blends. The dispersed phase size of micron
alloy formed during melt blending is 200 nm, and a Y-shaped
graft copolymer is formed. The dispersed phase size of
a nano-alloy formed by blends ranges from 10 nm to 100 nm,
and a comb-like graft copolymer is formed. The toughness of
the blends greatly improves. The toughness of the PLA/E-AE-
GMA blend micron alloy enhances because the micron
dispersed phase as the stress concentration point is more
conducive to energy-dissipating stress. Dong et al.*** adopted
butyl acrylate (BA), ethylacrylate (EA) and glycidyl methacrylate
(GMA) copolymer (BA-EA-GMA) as a toughening component for
PLA modification. BA-EA-GMA is dispersed uniformly in the
PLA matrix with strong interface adhesion. The impact strength

This journal is © The Royal Society of Chemistry 2020

of PLA/BA-EA-GMA (80/20) blend is increased to 29.6 k] m 2,
the elongation at break is more than 300%, and the tensile
strength is maintained at approximately 45 MPa.

Zhao and Jiang et al.*** reported an example of super-tough
PLA blends. PLA/EMA-GMA (80/20, w/w) blends with ultra-
high toughness and an impact strength of 35.6 k] m~> were
fabricated. The notched Izod impact strength of PLA/EMA-GMA
(80/20, w/w) blend is further improved to 83.5 k] m~> by adding
0.2 wt% N,N-dimethylstearylamine (DMSA) as a catalyst. The
reaction between the epoxide group of EMA-GMA and the end
groups (-OH, -COOH) of PLA is promoted by DMSA. The reac-
tive compatibilization between PLA and EMA-GMA with DMSA
is studied via Fourier transform infrared spectroscopy. The
dispersion of EMA-GMA in the PLA matrix is promoted at
a particle size of 0.91 um. The morphology evolution of PLA
blends was exhibited in Fig. 14.

The reaction degree of PLA and glycidyl ester copolymer is
enhanced during blending. The crystallization behavior of
a PLA matrix can be improved via annealing post-treatment,

RSC Adv, 2020, 10, 13316-13368 | 13329
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Fig. 14 Proposed morphology evolution of PLA blends with and without catalyst. Ref. 141, copyright 2013. Reproduced with permission from

John Wiley and Sons.

Fig. 15 TEM micrographs of PLA/EGMA blends stained by RuO,4 vapor (a) (95/5) PLA-L/EGMA prepared with screw rotation speed of 30 rpm,
95-30, (b) (80/20) PLA-L/EGMA prepared with screw rotation speed of 30 rpm, L80-30, (c) (80/20) PLA-L/EGMA prepared with screw rotation
speed of 200 rpm, L80-200, and (d) (80/20) PLA-H/EGMA prepared with screw rotation speed of 200 rpm, H80-200.Ref. 142, copyright 2009.

Reproduced with permission from Elsevier.

thus further improving the toughness and strength of PLA
blends. Oyama et al.*** demonstrated a dramatic improvement
in the mechanical characteristics of PLA by its reactive blending
with poly(ethylene-glycidyl methacrylate) (EGMA) and examined
the influence of annealing treatment technology and crystal-
linity on the properties of PLA/EGMA blends. Their results
indicated that the crystallization of a PLA matrix plays

As-Prepared Annealed P

50

Impact Strength (kJ/m?)

i © c €
ol—=s 11
PLA-L PLA-H L80-200H80-200

Fig. 16 Notched impact strength of PLAs and PLA/EGMA blends [C:
complete break, P: partial break]. Ref. 142, copyright 2009. Repro-
duced with permission from Elsevier.
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a significant role in toughening. During reactive blending, PLA-
EGMA copolymers are in situ formed at the PLA/EGMA blend
interface, and the interface compatibility is enhanced with the
particle size of the dispersed phase is smaller than 100-300 nm,
as shown in Fig. 15. EGMA also promotes the crystallization of
PLA. When the blend is annealed at 90 °C for 2.5 h, the crys-
tallinity of PLA/EGMA blends is increased from 6% of pure PLA
to 40%. The resulting PLA/EGMA (80/20) blends exhibit high
toughness with an impact strength of 72 k] m™> (Fig. 16),
elongation at break of more than 200%, and a tensile strength
of 40 MPa.

Wang et al.'** found a similar result on PLA/EGMA blends,
they fabricated PLA/EGMA blends via reactive blending and
induced PLA/EGMA blends to crystallize by annealing to obtain
super-tough PLA with good heat resistance. The thermal
annealing model of PLA/EGMA blend was shown in Fig. 17.
After annealing is conducted at 80 °C for 8 h, the crystallinity of
the PLA matrix in the blend is approximately 25%, the impact
strength of the material is 94 k] m ™2, the elongation at break is
120%, and the tensile strength is approximately 40 MPa. The
heat resistance of the blend is also improved (Fig. 18).

The interfacial compatibility of polymer blends and the
reaction degree of glycidyl ester elastomer influence the
toughening effect of PLA/elastomer blends.***'* During the
melting of PLA blends, the dispersion of glycidyl ester elasto-
mers and the reaction degree of components are mainly

This journal is © The Royal Society of Chemistry 2020
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Fig.17 Schematic illustration of generation of negative pressure in the
interfacial layer causing the dropping of glass transition temperature
during the quench (from a to b) and thermal annealing (from b to c)
processes. Ref. 143, copyright 2018. Reproduced with permission from
American Chemical Society.

controlled by diffusion in the molten state. The temperature
and reaction time of molten blends have significant influences
on the phase structure and mechanical properties of the
resulting blends.

Mohanty and Misra et al**® prepared super-tough PLA/
poly(ethylene-n-butylene-acrylate-co-glycidyl methacrylate)
(EBA-GMA) blends via reactive blending and examined the
toughening effects of EBA-GMA on PLA. The chemical structure
of the EBA-GMA reacted with PLA was presented in Fig. 19. The
blending temperature greatly influences the impact toughness
of the blends. When the processing temperature exceeds 200 °C,
the reaction bonding between PLA and EBA-GMA effectively
increases, thereby significantly improving the interface
compatibility, reducing the dispersed phase particle size, and

View Article Online
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increasing the dispersion uniformity. The schematic of inter-
action between PLA/EBA-GMA blend components and the PLA/
EBA-GMA interface structure was proposed in Fig. 20. At the
blending temperature of 240 °C and an amount of EBA-GMA
that exceeds 20 wt%, the blend has excellent super toughness.

The impact strength of a PLA/EBA-GMA (75/25) blend reaches

736 ] m ™', and the tensile strength and elongation at break are
approximately 40 MPa and 80%, respectively.

A series of works has reported the preparation of PLA ternary
blends with super toughness.**'****> In previous works, the
super toughened PLA ternary blends comprising an EBA-GMA
elastomer and the zinc ionomer of ethylene/methacrylic acid
(EMAA-Zn) are obtained by simultaneous dynamic vulcaniza-
tion and interfacial compatibilization during reactive extrusion
blending."**'** The interaction of microstructures and the
interfacial adhesion on the impact performance of PLA ternary
blends have been investigated in detail. The reactions during
reactive blending process, together with schematic phase
morphologies of the PLA/EBA-GMA/EMAA-Zn ternary blends are
also shown in Fig. 21. And the phase morphology evolution as
a function of EMAA-Zn content in the PLA/EBA-GMA/EMAA-Zn
blends is also shown in Fig. 22. The results have shown that
zinc ions catalyze the cross-linking of an epoxy-containing
elastomer and promote the reactive compatibilization at the
interface of PLA and the elastomer. The “salami”-like phase
structure is formed in PLA ternary blends characterized by
transmission electron microscopy (TEM, Fig. 23). An increase in
blending temperature slightly affects the tensile properties of
the resulting blends but greatly changes the impact strength.
For the blends prepared by extrusion blending at 240 °C, the
resulting PLA ternary blends display super toughness with
moderate levels of strength and modulus. An increase in pro-
cessing temperature not only improves the cross-linking degree
of the elastomer but also promotes the reactivity and compati-
bilization of the blend components with decreasing dispersed
phase particle size and particle size distribution. The impact
strength and elongation at break of PLA/EBA-GMA/EMAA-Zn
(80/10/10) blends reach 777.2 ] m™~ " and 229.1%, respectively.

110 ¢
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0 4 8§ 12 16 20

Fig. 18 Changes of notched Izod impact strength as functions of annealing time for PLA/EGMA 80/20 blend annealed at 70 and 80 °C,
respectively. Ref. 143, copyright 2018. Reproduced with permission from American Chemical Society.
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Fig.19 The chemical structure of the EBA-GMA reacted with PLA. The
hydroxyl group of PLA reacted with epoxy group was shown. Ref. 148,
copyright 2016. Reproduced with permission from John Wiley and
Sons.

Specially, the ternary blend with 15 wt% EBA-GMA and 5 wt%
EMAA-Zn exhibits the impact strength of up to 860 ] m~". The
impact strength of PLA ternary blends can be further increased
to 860 ] m ™' by increasing the amount of EBA-GMA. The effects
of reactive blending temperature and the ratio of EBA-GMA/
EMAA-Zn on the impact toughness of PLA ternary blends have
also been examined."* A sharp brittle to ductile transition
(BDT) of the resulting blends occurs when the blending
temperature increases to 195-210 °C, and the EBA-GMA/EMAA-
Zn ratio is equal to or larger than 1. The dispersed phase
particle size and particle size distribution decrease when the
processing temperature increases. The particle size of the
dispersed phase ranges from 0.8 pm to 1.5 um, and the impact
strength of blends exceeded 700 J m~*.*** The effects of ionomer
characteristics on the reactions and properties of PLA ternary
blends prepared by reactive blending have been further inves-
tigated.” The results indicate that ionomers derived from
a precursor with a high MAA content and a high degree of
neutralization (DN) of ionomer tend to yield PLA blends with
a superior impact strength. The zinc ion in the zinc ion-
containing ionomer can promote the reaction of PLA with
EBA-GMA and EBA-GMA  cross-linking.  Interfacial

Chain extender PLA/EBA-GMA interface

® PLA/Chain extender
reacted epoxy group

@ PLA/EBA-GMA
reacted epoxy group

Fig. 20 A schematic of proposed interaction between PLA/EBA-GMA
blend components and the PLA/EBA-GMA interface structure.
Ref. 148, copyright 2016. Reproduced with permission from John
Wiley and Sons.
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Fig.21 Proposed reactions during reactive blending process, together
with schematic phase morphologies of the PLA/EBA-GMA/EMAA-Zn
ternary blends prepared at 185 and 240 C, respectively (More PLA
molecules were grafted at interfaces, and higher cross-linking degree
inside EBA-GMA domains resulted for the ternary blend prepared at
240 C). Ref. 149, copyright 2010. Reproduced with permission from
American Chemical Society.

compatibilization reaction and crosslinking reaction of EBA-
GMA with ionomer during melt compounding were shown in
Fig. 25. Zhang et al.**> demonstrated the effects of metal ion type
on the ionomer-assisted reactive toughening of PLA blends.
They also evaluated four commercial ionomers of zinc,
magnesium, sodium, and lithium ions based on an EMAA
precursor in the toughening of PLA through reactive blending
with epoxy-containing elastomer. Notably, the toughening
effects of the metal ions of ionomers are in the order of Zn > Mg
> Li = Na. A high blending temperature and a high elastomer/
ionomer ratio promote the effective toughening of PLA ternary
blends. The effects of blending temperature and ionomer
content on impact strength of PLA/EBA-GMA/EMAA-M ternary
blends were shown in Fig. 24. Hence, the balance between the
interfacial compatibilization and cross-linking of the elastomer
are critical to achieve super-tough PLA blends.

To obtain super-tough and sustainable PLA blends, Zeng
et al.**® fabricated fully bio-based and bio-based PLA/sebacic
acid cured epoxidized soybean oil (VESO) blends by the
dynamic vulcanization of PLA with sebacic acid (SA)-cured ESO
precursors. A series of SA-cured ESO precursors (SEPs) is
prepared with different carboxyl/epoxy equivalent ratios (R),
which play a critical role in obtaining super-tough PLA blends.
ESO precursors with different chemical structures (from dimer

This journal is © The Royal Society of Chemistry 2020
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Fig.22 Proposed morphology evolution as a function of EMAA-Zn content in the PLA/EBA-GMA/EMAA-Zn (80/20-x/x, w/w/w) blends. Ref. 150,
copyright 2011. Reproduced with permission from American Chemical Society.

Fig. 23 TEM micrographs of stress-whitening zone: (a) PLA/EBAGMA
(80/20) binary blend, low-magnification (7500); (b) PLA/EBA-GMA (80/
20) binary blend, high magnification (30 000) at the localized area; (c)
PLA/EBA-GMA/EMAA-Zn (80/15/5) ternary blend; (d) PLA/EBA-GMA/
EMAA-Zn (80/5/15) ternary blend. Ref. 150, copyright 2011. Repro-
duced with permission from American Chemical Society.

to branched and cross-linked: Fig. 26) are constructed by
adjusting the ratio of SA to ESO, which can regulate PLA/VESO
phase structure, dispersed phase particle size, and toughening
mechanism. The results indicate that the dynamic vulcaniza-
tion of SA with ESO and the reactive interfacial compatibiliza-
tion simultaneously occur in molten blending, thus achieving
the super toughening of PLA. A morphological study on the
toughening mechanism has confirmed that the chemical
structure of VESO is a key indicator of toughening efficiency.
The interfacial compatibilization mechanisms and phase
morphologies for the dynamic vulcanization of PLA with SEP

This journal is © The Royal Society of Chemistry 2020

were shown in Fig. 27 and 28. The super toughened blends are
available with an optimized R-value of 0.3-0.5, which is related
to the uniformly dispersed morphology with suitable interfacial
adhesion. The elongation at break increases to 629%, and the
impact strength of the resulting blends increases to 542.3 Jm ™"
compared with those of pure PLA (7% and 34.1 J m ™', respec-
tively). For the PLA/VESO blends, at the optimized R-value, the
fracture energy can be dissipated efficiently through the shear
yielding of the PLA matrix induced by internal VESO cavitation
to achieve super toughening.

In another approach, Dong et al.*** investigated the effects of
reactive compatibilization and crystallization behavior on the
mechanical properties of PLA/EGA blends, which are prepared
by subjecting PLA to reactive molten blending with an EGA
ternary copolymer containing epoxy groups. The reaction
between the epoxy group of EGA and the end group of PLA
effectively improves the interface compatibility. The crystalli-
zation rate and crystallinity of the PLA matrix in blends are
promoted by the addition of EGA. The super-tough PLA/EGA
blend with the dispersed particle size of EGA is 0.67 pm,
which is obtained by the addition of 20 wt% EGA. The impact
strength and elongation at break of super-tough PLA/EGA
blends increase to 59.8 k] m~> and 232%, respectively.

3.2. Glycidyl ester graft copolymer toughened PLA

The toughening modification of a PLA material is difficult to
achieve through simple blending modification because most
blending systems are incompatible. Glycidyl ester materials
containing epoxy groups have high reactivity and can react with
the end groups of PLA, which can significantly improve the
compatibility of blends. The macromolecular glycidyl ester graft
copolymer is employed to toughen the PLA blend system
because the graft copolymer has high reactivity, which can

RSC Adv, 2020, 10, 13316-13368 | 13333
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Fig. 24 (a) Interfacial compatibilization reaction catalyzed by Zn?* in the ionomer (b) schematic crosslinking reaction of EBA-GMA with ionomer
during melt compounding. Ref. 151, copyright 2012. Reproduced with permission from Elsevier.

improve the interfacial compatibility of PLA blend components
and the strength and modulus of blends.

Zhao and Jiang et al.**® reported the reaction of PLA with
POE-g-GMA. The reactive compatibilization between PLA and
POE-g-GMA and the relationship between toughness and
morphology of PLA/POE-g-GMA blends have been studied. The
dispersibility and the critical inter-particle distance of the
dispersed domains for the super impact toughness of PLA/POE-
g-GMA blend system have been determined. The dispersed
phase particle size of POE-g-GMA increases, whereas the critical
inter-particle distance of the dispersed domains decreases as
the POE-g-GMA content increases. The morphology images were
presented in Fig. 29. The impact strength of the PLA/POE-g-
GMA blend increases to 87.3 k] m 2, the tensile strength is
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Fig. 26 Dependence of VESO structures during the curing process of
ESO and SA by varying carboxyl/epoxy equivalent ratio (R). Ref. 153,
copyright 2018. Reproduced with permission from American Chemical
Society.
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42.1 MPa, the particle size of the dispersed phase is 1.3 um, the
distribution index is 1.06, and the interparticle distance (L) is
0.35 pm.
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Zhao and Jiang et al.**® similarly explored the compatibility
and super tough of PLA blends and prepared super tough PLA/
polyether-block-amide-graft-glycidyl methacrylate (PEBA-g-GMA)
blends via reactive blending. The impact strength of PLA/PEBA-
g-GMA (70/30) blends increases from 4.4 kJ m 2 of pure PLA to
68.6 k] m >, as shown in Fig. 30. For a decreased cost, starch is
incorporated into the PLA/PEBA-g-GMA binary blends to obtain
biodegradable PLA/PEBA-g-GMA/starch blends with high
notched impact resistance. The influences of thermoplastic
starch acetate (TPSA) with different esterification degrees on the
mechanical properties are examined. The results show that the
impact strength of the blend increases from 11.4 k] m ™ to 46.9
k] m~? as the esterification degree increases from 0 to 0.04
when the added amount of TPSA is 18 wt%.

Wu and Hu et al.*” investigated the compatibility, phase
structure, and component interaction of PLA and glycidyl
methacrylate grafted poly(ethylene octane) (GMA-g-POE) deno-
ted as (mPOE) blend through FTIR spectroscopy, dynamic
mechanical analysis (DMA), scanning electron microscopy
(SEM), and wide-angle X-ray diffraction (WAXD). The impact
strength and elongation at break of PLA/mPOE (55/45, w/w)
blends reach 54.7 k] m™> and 282%, respectively, and the
tensile strength decreases significantly. Zhang et al.**® used ABS-
g-GMA to toughen PLA and achieve the reactive compatibiliza-
tion between ABS-g-GMA and PLA in the molten blending.
Chemical reaction analysis suggests that compatibilization and
cross-linking reactions occur simultaneously between the epoxy

Fig. 28 SEM images for the cryofractured surfaces of neat PLA (a), PLA/ESO (b), PLA/VESO-0.2 (c), PLA/VESO-0.3 (d), PLA/VESO-0.4 (e), PLA/
VESO-0.5 (f), PLA/VESO-0.6 (g), PLA/VESO-0.8 (h), and PLA/VESO-1.0 (i). Ref. 153, copyright 2018. Reproduced with permission from American

Chemical Society.
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Fig. 29 SEM micrographs of freeze-fractured surfaces of the blends.
(a) 10 wt% POE, (b) 20 wt% POE, (c) 10 wt% POE-g-GMA, and (d)
20 wt% POE-g-GMA. Ref. 155, copyright 2012. Reproduced with
permission from John Wiley and Sons.

groups of ABS-g-GMA and the end carboxyl or hydroxyl groups of
PLA. The impact strength and elongation at break of PLA/ABS-g-
GMA (70/30, w/w) with the dispersed phase particle size of 0.41
um increase to 540 ] m~ " and 70%, respectively, as presented in
Fig. 31.

Using another approach to prepare super tough PLA, Zhang
and Dong et al* fabricated glycidyl methacrylate-
functionalized methyl methacrylate-butadiene (MB-g-GMA)
copolymers via emulsion polymerization and blended with PLA.
As the MB-g-GMA content increases, the tensile strength of the
blends decrease, whereas the elongation at break and impact
strength increase significantly. Super tough PLA/MB-g-GMA (72/
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Fig. 31 Mechanical properties of PLA/ABS-g-GMA blends with
different GMA contents. Ref. 158, copyright 2011. Reproduced with
permission from John Wiley and Sons.

25, w/w) blends are prepared with increased impact strength
and elongation of 59.5 k] m~> and 200%, respectively, and
decreased tensile strength of 38.1 MPa. Investigations on the
toughening mechanism have revealed that shear yielding
occurs in the PLA matrix as induced by the cavitation of MB-g-
GMA particles.

Wu et al.**® toughened PLA by using natural rubber graft-
modified glycidyl methacrylate (NR-GMA). The interfacial reac-
tive compatibilization of super tough PLA/NR-GMA TPV is
achieved by in situ dynamic vulcanization with DCP as a free
radical initiator (Fig. 32). Good interfacial bonding and excel-
lent micron and nanometer dispersed phase structure effec-
tively improve the toughness of the blends. The well-dispersed
super-tough PLA-based thermoplastic vulcanizate with 20 wt%
NR-GMA exhibits greatly improved notched impact strength of

Fig. 30 SEM photographs of PLA/PEBA-g-GMA/TPSA blends (70/12/18, w/w/w) at different esterification degrees of starch acetate: (a) O; (b)
0.04; and (c) 0.17. Ref. 156, copyright 2015. Reproduced with permission from Elsevier.
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Fig. 32 Schematic diagram of interfacial compatibilization mecha-
nism during dynamic vulcanization of PLA/NR-GMA. Ref. 160, copy-
right 2017. Reproduced with permission from American Chemical
Society.

73.4 k] m~? and an elongation yield of 136%, which represent
a 26- and 33-fold increase, respectively, compared with pure
PLA. This strong interfacial interaction, in combination with
a fine microscale and nanoscale dispersed phase structure, is
responsible for the high toughness of PLA/NR-GMA TPV. The
SEM images taken at cryofracture surface of PLA/NR-GMA TPV
were shown in Fig. 33.

3.3. PLA blends compatibilized with glycidyl ester materials

Glycidyl ester materials are used as efficient compatibilizers to
toughen PLA via the reaction of epoxy groups in glycidyl ester
materials with hydroxyl, amino, carboxyl, or anhydride.
Through the interfacial bonding and improvement of interfa-
cial compatibility, the aggregation and the particle size of the

View Article Online
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dispersed phase decrease, thus greatly enhancing the
mechanical performance of PLA blends.

To improve the modulus and strength of PLA blends, Li et al.
blended bio-based PA11 with high modulus and strength to
toughen PLA.' Ethylene glycidyl methacrylate-graft-styrene-co-
acrylonitrile (EGMA-g-AS) is used to compatibilize the PLA/PA11
blends. The epoxide groups in EGMA-g-AS can react with PA11
and PLLA. Thus, EGMA-g-AS can be manipulated to locate
mainly in either PA11 phase or PLLA phase by varying the
blending sequence. PLA is premixed with EGMA-g-AS, and
blending with PA11 is facilitated to enhance the mechanical
properties. The results suggest that the blends with EGMA-g-AS
are mainly found in the PA11 phase fracture in a brittle mode
with low toughness. By contrast, the blend with a salami
structure with EGMA-g-AS predominantly dispersed in the PLLA
phase not only significantly improves the tensile ductility but
also results in an excellent film impact strength while keeping
a relatively high modulus. Zhao et al.*** also reported a similar
work. High-performance fully bio-based poly(lactic acid)/
polyamide11 (PLA/PA11) blends are prepared by reactive
blending with multi-functionalized epoxy as a reactive compa-
tibilizer. The interfacial compatibility of PLA/PA11 blends is
greatly enhanced by the reactive multifunctional epoxy com-
patibilizer. The fine average particle size and narrow distribu-
tion of PA11 dispersed phase can be obtained in the presence of
compatibilizer. The compatibilized PLA/PA11 blend exhibits
a significantly improved tensile strength, elongation at break,
and notch impact strength of 77.57 MPa, 454.41%, and 9.59 k]
m ™2, respectively, in comparison with those of pure PLA
(58.26 MPa, 13.64%, and 2.97 k] m™?, respectively). The
enhancement and toughening are attributed to the excellent
interfacial adhesion and the resultant morphologies with

Fig. 33 SEM images taken at cryofracture surface of (a) PLA/20 wt% NR. (b) PLA/30 wt% NR, (c) PLA/20 wt% NR-GMA vulcanizate, and (e) PLA/
30 wt% NR-GMA vulcanizate. SEM images impact-fracture surface of (d) PLA/20 wt% NR-GMA and (f) PLA/30 wt% NR-GMA. Ref. 160, copyright

2017. Reproduced with permission from American Chemical Society.
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Fig. 34 Summarized stream for the development of super-tough 4
component alloy. Ref. 164, copyright 2010. Reproduced with
permission from Elsevier.

transition from typical sea-island morphology to a strip form.
Our work provides an effective method to greatly improve the
mechanical properties with high strength and toughness, which
are important for the wide application of PLA polymeric
materials.

Bai and Fu et al.*® reported a unique and facile strategy to
prepare PLA blends with high toughness. PLA/EMA-GMA blends
with PDLA with good properties are prepared by melt com-
pounding. The stereocomplex (SC) crystallites are formed
between poly(i-lactide) (PLLA) and poly(p-lactide), which are
selectively distributed at the interface of PLLA blends, and SC
exhibits a great potential for application to substantially
enhance the crystallization rate of PLLA-based materials as an
eco-friendly nucleating agent. The results demonstrate the

View Article Online
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dispersion and distribution of SC crystallites within the PLLA
matrix by using elastomeric E-MA-GMA as a carrier for the
incorporation of PDLA. SC simultaneously improves the
nucleation efficiency of PLA matrix and interface bonding.
Therefore, the impact toughness of PLA/EMA-GMA (85/15)
blends are effectively increased to 35.1 kJ m 2.

Nishitsuji et al.*** used hydrogenated SEBS to toughen PLA
by the addition of EGMA as a compatibilizer to improve the
compatibility of PLA/SEBS blends, suggesting an obvious
toughening effect. The impact strength for the development of
super-tough component alloy was shown in Fig. 34. The impact
strength and elongation at break of PLA/SEBS/EGMA (70/20/10)
blends significantly increase to 92 k] m~? and 185%, respec-
tively, but the tensile strength and stiffness decrease sharply.
Therefore, PC is incorporated into a PLA/SEBS/EGMA blend
system to balance the toughness, heat resistant, and stiffness of
PLA blends. The tensile modulus of PLA/PC/SEBS/EGMA (40/40/
15/5) is the same as that of pure PLA, and the heat resistance is
increased. The impact strength exceeds 60 k] m™>, and the
elongation at break reaches approximately 90%.

Fu et al.'® investigated the compatibility and crystallization
behavior of super tough PLA. Polyolefin block copolymer elas-
tomer is blended to toughen PLA by adding EMA-GMA as
a compatibilizer to improve the compatibility of blend compo-
nents. When 3 wt% EMA-GMA is added, the dispersed phase
size of EMA-GMA decreases from 0.96 um to 0.38 pum, and
several nanoparticles with a size range of 50-100 nm are
formed. Then, the particle size of the dispersed phase is
increased by 0.76 pm after annealing at 90 °C for 5 h. High
crystallinity, large size of elastomer-phase droplets, and thick-
ening interfacial layer resulted from quiescent annealing,
indicating a more thermodynamically favorable compatibility

G
ab..
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d 2]

00.250.5

Annealing Time (h)

5 24

Fig. 35 SEM micrographs of PLA/OBC/EMA-GMA 90/7/3 blends with various annealing time: (a) O h, (b) 0.25 h, (c) 0.5 h, (d) 5 h, (e) 24 h and the
number average particle size as a function of annealing time. Ref. 165, copyright 2014. Reproduced with permission from Elsevier.
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Fig. 36 Schematic diagram of micro-morphology evolution of PLA/
OBC/EMA-GMA blends during annealing. Ref. 165, copyright 2014.
Reproduced with permission from Elsevier.

and morphology. The phase morphology of PLA/OBC/EMA-GMA
blends with various annealing time was shown in Fig. 35. The
ternary blend of PLA/OBC/EMA-GMA (90/7/3) experiences
a quiescent thermal annealing at 90 °C for 5 h. The impact
strength of 64.2 k] m ™ is increased by 25 times compared with
that of pure PLA, and a tensile strength of about 55 MPa can
preserve as 87% of pure PLA. The schematic diagram of micro-
morphology evolution of PLA/OBC/EMA-GMA blends during
annealing was proposed in Fig. 36.

Wu et al'*® prepared super-tough PLA/PBAT blends via
reactive blending by using the active epoxy group of EMA-GMA

View Article Online
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as a reactive compatibilizer, which effectively improves the
compatibility of blend components. The unique dispersed
phase with a core-shell structure is formed in the blend system,
and the phase morphology is transferred from a sea-island
structure to a continuous structure. The strong interfacial
bonding between the matrix and dispersed phase and the high
shear yield of PLA matrix significantly improve the toughness of
blends. The evolution of phase morphology of PLA/PBAT/EMA-
GMA blends was presented in Fig. 37. The impact strength and
elongation at break of PLA/PBAT/EMA-GMA (75/10/15) blends
reach 61.9 k] m~? and 278%, respectively, whereas the tensile
strength decreases to 37 MPa.

Zhao et al.*” reported fully biodegradable PLA/PBAT blends
with high toughness. Different ratios of PLA/PBAT blends are
prepared by melt blending in the presence of a multifunctional
epoxy oligomer as a reactive compatibilizer. The reaction
mechanism of the blends was proposed in Fig. 38. During
reactive blending, a compatibilizer can react with PLA and PBAT
chains to increase melt elasticity, viscosity, and compatibility,
as indicated by rheological curve and Han plot analyses. Adding
a compatibilizer improves the tensile and impact toughness at
all ratios of PLA/PBAT blends. The elongation at break and the
notched impact strength of blends reach 579.9% and 29.6 k]
m~?, which are 75.3 and 12.3 times of that of pure PLA,
respectively. The shear yield deformation of the impact frac-
tured surface and the fuzzy phase interface of a cryofractured
surface shows that high toughness can be attributed to the
reaction of the epoxy group of a reactive compatibilizer with the
terminal carboxyl and hydroxyl groups of PLA and PBAT to form
many branched copolymers. And the toughening mechanism of
PLA/PBAT blends was shown in Fig. 39.

To improve the toughness of PLA, Misra and Mohanty
et al**® fabricated multiphase blends of PLA, EMA-GMA
terpolymer, and a series of renewable poly(ether-b-amide)

Fig. 37 SEM images of PLA/PBAT (90/10) (a and @') and PLA/PBAT/EMA-GMA (82/10/8) (b and b’) and PLA/PBAT/EMA-GMA (75/10/15) (c and c/)
blends at impact fracture and cryofracture surfaces. Ref. 166, copyright 2017. Reproduced with permission from Elsevier.

This journal is © The Royal Society of Chemistry 2020
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Fig. 38 Predicted mechanism of the reaction between polyester (PLA or PBAT) and multifunctional epoxy oligomer. Ref. 167, copyright 2019.

Reproduced with permission from Elsevier.

elastomeric copolymer (PEBA) through reactive melt blending.
The correlation between the morphological characteristics and
their significant effects on the improved toughness of multi-
phase blends is investigated and elaborated. A unique “multiple
stacked structure” with the partial encapsulation of EMA-GMA
and PEBA minor phases is observed in PLA/EMA-GMA/PEBA
(70/20/10), revealing the importance of particular blend
composition in enhancing toughness. The synergistic effect of
good interfacial adhesion and interfacial cavitation followed by
the massive shear yielding of the matrix is attributed to the
enormous toughening effect observed in these multiphase
blends. Detail structure of the PLA/EMA-GMA/PEBA (70/20/10)
blend with the SEM and AFM phase images, and the sche-
matic structure were presented in Fig. 40 and 41. Super tough
PLA/EMA-GMA/PEBA (70/20/10) blends with an impact strength
of 500 ] m~ ", elongation at break of 72.7%, and tensile strength
of approximately 45 MPa are achieved.

Glycidyl ester materials can be used as effective reactive
compatibilizers and high-efficient toughening components.

FLA Melt Failure
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Fig. 39 Toughening mechanism of PLA/PBAT blends. Ref. 167,
copyright 2019. Reproduced with permission from Elsevier.
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During melt blending, chemical reactions with blend compo-
nents occur at the interface, and block or graft copolymers can
be generated in situ to reduce interfacial tension and form
a stable phase structure.'*'”® A copolymer forms during reactive
compatibilization at the interface of polymer blends, while the
kinetic barrier of the interfacial diffusion of the copolymer
phase decreases. The efficiency of compatibilization improves.
The compatibilization of PLA blend systems with a glycidyl ester
material is an effective method to improve the interface
compatibility of blend components and the mechanical prop-
erties of materials. It is an important research direction for
developing new types of highly reactive compatibilized systems

Super-toughened PLA, a Multiphase Blend System
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Fig. 40 The relationship of interface adhesion, morphology with
mechanical properties of PLA/EMA-GMA/PEBA blends. Ref. 168,
copyright 2014. Reproduced with permission from American Chemical
Society.
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Fig. 41 Detail structure of the PLA/EMA-GMA/PEBA (70/20/10) blend
with the SEM and AFM phase images: (A) SEM images of cryofractured
surface (4000x), (B) AFM image, (C) SEM images of cryofractured
surface after etched (10 000x), and (D) the schematic structure.
Ref. 168, copyright 2014. Reproduced with permission from American
Chemical Society.

View Article Online

RSC Advances

and studying the structure and properties of PLA-based reactive
multiphase blend systems.

4. High-performance PLA/traditional
petroleum-based plastic blends

Traditional petroleum-based polymer materials have been widely
used in daily and industrial fields. Traditional petroleum-based
polymer materials have been used to modify PLA for improving
its mechanical properties, reducing the cost of PLA materials,
and contributing to the application promotion of PLA materials,
which are essential for the research and application of biode-
gradable materials. The molecular structures of traditional
petroleum-based polymer materials are different from that of
PLA. Preparing high-performance PLA blends is difficult because
of poor miscibility and compatibility. The interfacial compati-
bility between components needs to be improved effectively by
adding block/graft copolymers and reactive compatibilizers. In
this manner, the mechanical properties of PLA/petroleum-based
polymer blends can be improved, and the application field of PLA
materials can be broadened. Table 5 shows the properties of
highly and super tough PLA-based blends.

Table 5 Mechanical performance results for highly and super toughened PLA/traditional petroleum-based polymer blends®

Comments Impact strength/(k] m~?) Tensile strength/(MPa) Elongation at break/(%) Ref.
PLA/LLDPE/PLLA-b-PE (80/20/5) 760] m’ 24.3 31 172
PLA/LLDPE/n,1-PLA-b-PE (80/20/5) 730 m ™" 23 26

PLA//LLDPE/PLL-b-PEP (80/20/5) 710y m™* 23 19

PLA//LLDPE/p,.-PLA-b-PEP (80/20/5) 660] m~* 22.6 27

PLLA/LLDPE/PLLA-b-PE(5-30) (80/20/5) 510] m* N _ 171
PLLA/LLDPE/PLLA-b-PE(30-30) (80/20/5) 660] m ™ _ _

PLA/EVA (80/20) 64 45 340 173
PLA/EVA (70/30) 83 37 400

PLA/EVA/DCP (40/60/1) _ 20 300 174
PLA/EVA/AD (40/60/1) _ 21 200 175
PLA/EVA50/starch (50/23/23) ~13 ~20 >100 177
PLA/EVA (0.65/0.35 v/v) 53.73 35 164 176
PLA/ACR3 (80/20) 77.1 31.8 93.9 178
PLA/ACR (80/20) 77.2 36.9 79.3 179
PLA/ACR (75/25) 98.0 33.0 85.1

PLA/BPM (85/15) _ 48.4 134.7 180
PLA/MBS (85/15) 44.7 42.7 360 181
PLA/MBS (80/20) 83.1 38.1 334

PLA/MBS (75/25) 97.2 33.9 300

PLA/PEGDA (85/15) 50 490 140 182
PLA/PPA (75/25) 106.5 14.4 410 183
PLA/MAPEG/L101 (79.75/20/0.25) 60 _ 241 184
PLA/MAPEG/L101 77.5 _ 279

PLA/L101/AcrylPEG (80/1/20) 101.6 _ 155 185
PLA/PDLA-PEPG-PDLA (65/35) _ _ 424 186
PLA/PEG-PPG (90/10) 100 (65) 30 286 187
PLA/PETG/MDA (80/20/3) _ ~50 ~90 188
PLA/PC/ADR/BPM (70/30/0.3/5) 50 57 _ 189
PLA/ABS/RC (50/50/3) — 64.8 196.2 190
Biaxially oriented PLA film (BOPLA) _ 180 80 191
PLA/PBA (95/15) _ 41.02 174.52 192
PLA/PBA (89/11) 40.82 ~173.98

% The values in brackets () are the impact strength corresponding to neat PLA.

This journal is © The Royal Society of Chemistry 2020
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Fig. 42 Representative SEM images of cryofractured surfaces of (a) 80 : 20 PLA/LLDPE; (b) 80 : 20 : 5 PLA/LLDPE/PLLA-PE(5-30); (c)80:20: 5
PLA/LLDPE/PLLA-PE(30-30). Ref. 171, copyright 2003. Reproduced with permission from John Wiley and Sons.

4.1. Super tough PLA/polyolefin blends

Hillmyer et al.*’*'”? analyzed the influence of PE types with
various values of modulus and toughness on the structure and
mechanical properties of PLA/PE blends to achieve super tough
PLA/PE blends. They prepared a series of PLA/PE with different
modulus blends by melt blending with different PLA-polyolefin
block copolymers (PLLA-PE) as compatibilizers. They suggested
that all the compatibilizers of PLA-polyolefin block copolymers
effectively improve the interfacial adhesion between PLA and
PE. In addition, the use of linear low density polyethylene
(LLDPE) with a modulus of 8 MPa and elongation at break of
960% is conducive to the preparation of super tough blends.
The PLA/LLDPE/PLLA-PE blends containing 80 wt% PLA,
20 wt% LLDPE, and 5 wt% PLLA-b-PE exhibit super toughness
with impact strength and elongation of break reaching 760 J
m~' and 31%, respectively, but the tensile strength is greatly
reduced to 24.3 MPa. The phase morphologies evolution of the
blends was presented in Fig. 42. And the research works

Fig. 43 Morphology of stretched PLA/EVA50 (80/20) blends taken
from different zones of a tensile bar after necking as schematically
indicated in (d). Ref. 173, copyright 2012. Reproduced with permission
from Elsevier.

13342 | RSC Adv, 2020, 10, 13316-13368

suggested that subtle differences in the degree of adhesion
between the matrix and dispersed phase can have a significant
influence on the resultant toughening in these blends.

Ma et al.'” studied super tough effects by investigating the
effect of ethylene-co-vinyl acetate (EVA) containing a high vinyl
acetate content on compatibility in PLA/EVA blends. The dis-
persibility of EVA in PLA matrix tends to improve as a result of
the inclusion of EVA with a high vinyl acetate content of 50—
60%. With the inclusion of EVA with an amount exceeding
20 wt%, PLA/EVA blends exhibit super toughness with impact
strength and elongation at break reaching 64 k] m~> and 340%,
respectively. Moreover, as the amount of EVA increases, the
toughness of PLA/EVA blends can be further enhanced, but the
tensile strength and modulus decrease. When PLA/EVA blends
are subjected to force, the PLA matrix generates shear yield
without crazing. The phase morphology of stretched PLA/EVA
blends was presented in Fig. 43. Therefore, internal cavities
and matrix yield are the main toughening mechanisms. Ma'’*
and Chen'”® utilized dicumyl peroxide (DCP) and 2,5-dimethyl-
2,5-di(tert-butylperoxy) hexane (AD) as free radical initiators to
prepare high-toughness PLA/EVA bio-based TPV. They indicated
that EVA is cross-linked during melt blending, and the reactivity
of EVA with free radicals is higher than that of PLA. The phase
morphologies of PLA/EVA blends evolve from a typical sea-
island structure to a co-continuous-like morphology, and the
phase inversion is mainly due to the increased viscosity of the
EVA phase caused by dynamic cross-linking. Maiti et al.’’® ob-
tained similar results when they prepared high-toughness PLA/
EVA blends and investigated the effect of EVA volume fraction
on the phase structure and properties of PLA/EVA blends. The
EVA droplets of dispersed phase become elongated from
spherical-shaped EVA particles. The size increases to 1.91 um,
the critical value of ligament thickness ranges from 0.54 mm to
0.27 mm, and volume fraction varies from 0.06 to 0.35 at high
EVA contents. Subsequently, the impact strength and elonga-
tion at break of PLA/EVA blends reach 53.73 k] m 2 and 164%,
respectively, but the tensile strength decreases to 35 MPa. The
fibrillation of EVA, crazing, and the shear yield of PLA are the
main mechanisms to achieve the super toughness of PLA/EVA
blends. Ma et al.'”’” fabricated PLA/EVA/thermoplastic starch
(TPS) blends with high toughness via the synergistic effect of

This journal is © The Royal Society of Chemistry 2020
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Fig. 44 TEM photographs for PLA/ACR blends: (a) PLA/ACRL, (b) PLA/ACR2, (c) PLA/ACRS, (d) PLA/ACR4, and (e) PLA/ACRS. Ref. 178, copyright

2015. Reproduced with permission from John Wiley and Sons.

(a)

e——o (b)
f— (¢)

e—— ()

Fig. 45 (a) The internal locations of the tensile sample of PLA/ACR3 for
SEM analysis, (b) morphology in location (b), (c) morphology in location
(c), and (d) morphology in location (d). Ref. 178, copyright 2015.
Reproduced with permission from John Wiley and Sons.

plasticization and compatibilization by using the reactive
compatibilization method. They utilized glycerol to plasticize
starch and improve the processability and dispersibility of
starch and maleic anhydride (MA) as a reactive compatibilizer to
enhance interfacial compatibility. The synergistic effect results
in a significant reduction in starch particle size and an increase
in interfacial adhesion. Starch plasticized with glycerol is
uniformly distributed in ternary blends with a dimension of
0.5-2 um. Furthermore, EVA-coated starch or a starch-in-EVA

This journal is © The Royal Society of Chemistry 2020

type of morphology is observed in the reactively compatibi-
lized PLA/EVA/TPS blends in which the co-continuous phase
involves an increase in MA content.

4.2. PLA/impact modifier blends

Zhang and Dong et al.'”® prepared methyl methacrylate-ethyl
acrylate core-shell copolymer (ACR) via seed emulsion poly-
merization and used it as an impact modifier for melt blending
to toughen PLA. The core-shell ratio has an important effect on
the properties of PLA-based materials. The effect of the core-
shell ratio of ACR with a core-shell weight ratio ranging from
85.5/14.5 to 71.9/28.1 on toughening PLA has been investigated.
The particle size and particle size distribution of ACR can be
controlled via seed emulsion polymerization. The agglomera-
tion of ACR particles can be overcome through a synthesis
process. When the ACR core-shell ratio is 79.2/20.8, the PLA/
ACR (80/20) blend has partial compatibility, and the impact
strength and elongation at break reach 77.1 k] m > and 93.9%,
respectively. However, the tensile strength is relatively low,
which is only 31.8 MPa. TEM (Fig. 44) and SEM (Fig. 45) results
suggest that the PLA/ACR (80/20) blend has partial compati-
bility, and ACR is dispersed uniformly in the PLA matrix. Plastic
deformation and cavitation are the major mechanisms of
toughening PLA/ACR blends.

From an industrial point of view, Zhang and Dong et al.'”
employed industrial-grade ACR (industrial grade KM-365) con-
taining a PBA core and a PMMA shell to toughen PLA and
investigated the isothermal crystalline behavior, rheological
behavior, and compatibility of PLA/ACR blends. The isothermal
crystalline behavior reveals that the incorporation of ACR

RSC Adv, 2020, 10, 13316-13368 | 13343
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In situ chemical reactions taking place during the reactive extrusion of the ternary reactive blends PLA/MAPEG/L101 and PLA/AcrylPEG/

L101. Ref. 184, copyright 2013. Reproduced with permission from John Wiley and Sons.

significantly prevents the crystallization of PLA. The dis-
persibility of ACR in the PLA matrix and the compatibility and
mechanical properties of PLA/ACR blends can be improved by
adding ACR. The inclusion of 20 wt% ACR leads to an
improvement in the impact strength of PLA from 2.3 kJ m > to
77.2 k] m 2, and the elongation at break of PLA increases from
5.7% to 79.3%. The impact strength and elongation at break of
PLA/ACR blends further improve to 98.0 k] m~> and 85.1%,
respectively, by the inclusion of 25 wt% ACR. The tensile
strength and Young's modulus of PLA/ACR remarkably
decrease.

Ge et al.*® conducted similar works on PLA/acrylic impact
modifier (BPM) blends and investigated the thermal properties,
melting behaviors, and interfacial compatibility of PLA/BPM
blends fabricated via the melt blending method by using
a laboratory twin-screw extruder. Mechanical test results show
that the flexibility of PLA/BPM blends is relatively higher than
that of pure PLA. However, the notched Izod impact strength
improves only when the BPM content is higher than 15 wt%.
Dong et al.'® used methyl methacrylate-butadiene-styrene
(MBS) copolymer as an effective impact modifier to toughen
PLA and enhance the impact strength. They studied the
mechanical properties, crystallization behaviors, and phase
structures and compatibility of PLA/MBS blends containing 5-
25 wt% MBS. DSC, DMA and SEM micrographs indicate that
MBS can act as an effective heterogeneous nucleation agent for
PLA and significantly improve the crystallinity degree of PLA.
Meanwhile, PLA and MBS are compatible. As the MBS content
increases to 25 wt%, the tensile strength of the blends decrease
to 33.9 MPa. However, the elongation at break and impact
strength increased significantly to 300% and 97.2 kJ m 2,
respectively. Therefore, shear yielding occurs in the PLA matrix
as induced by the cavitation of MBS particles.

4.3. PLA/polyols plastics blends

Wang et al.'® prepared super tough biodegradable PLA blends
via the reactive blending of PLA with a poly(ethylene glycol)
diacylate (PEGDA) monomer. During blending, the acrylic
group of PEGDA can be polymerized via a free radical reaction,

13344 | RSC Adv, 2020, 10, 13316-13368

and cross-linked PEGDA (CPEGDA) is in situ formed. The in situ
polymerization of PEGDA leads to a phase-separated
morphology with CPEGDA as the dispersed particle phase
dominates. As the amount of CPEGDA increases, the viscosity
and elasticity of the blend increase. Moreover, the impact
strength and elongation at break of PLA/CPEGDA blends reach
50 k] m~? and 140%, respectively, whereas tensile strength
decreases to 49 MPa. The significant improvement in toughness
can be attributed to the fine dispersion state of CPEGDA parti-
cles in the PLA matrix with a mass-average particle diameter of
0.35 um and a size polydispersity of 1.5. The toughening
mechanisms of PLA/CPEGDA blends can be ascribed to the joint
contributions of crazing and shear yielding during deformation
based on the analysis of stress-whitening and fracture surface
and the measurement of matrix ligament thickness.

Dong et al.'®® investigated the thermal, mechanical, and
rheological properties of the PLA/poly(1,2-propylene glycol
adipate) (PPA) blends fabricated via melt blending in a Thermo-
Haake mixer. The morphological results of PLA/PPA blends
show that PPA is compatible with PLA. Mechanical results
indicate that the brittle-ductile transition of the blends is ob-
tained when the PPA content varies from 15% to 20%. The
impact strength changes significantly from 4.7 k] m~> for pure
PLA to 106.5 k] m~? for PLA/PPA (75/25) blend. Furthermore,
the elongation at break increases from 5.7% of pure PLA to
410% for the PLA/PPA (75/25) blend. As the flexibility of the PLA/
PPA blends increases, tensile strength, yield stress, and
modulus decrease.

Hassouna and Dubois et al.*®* tuned the toughness of PLA by
melt mixing PEG methyl ether methacrylate (MAPEG) and PEG
methyl ether acrylate (AcrylPEG) with PLA in the presence of 2,5-
dimethyl-2,5-di(tert-butyl peroxy) hexane (L101) as a free radical
initiator. Two unsaturated functional reactive PWG plasticizers
of MAPEG and AcrylPEG can be successfully homo-oligomerized
and grafted onto PLA chains via a reactive extrusion process.
Fig. 46 shows the in situ chemical reactions routes during the
reactive extrusion of the ternary reactive blends. The results
reveal that the grafting efficiency of AcrylPEG is much higher
than that of MAPEG. The functional end-group of the plasticizer

This journal is © The Royal Society of Chemistry 2020
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copyright 2015. Reproduced with permission from John Wiley and
Sons.

significantly affects the grafting efficiency mainly because of the
difference in the reactivity between methacrylic and acrylic
functional groups. The elongation at break and impact strength
of blends significantly increase compared with that of pure PLA.
For PLA/AcrylPEG binary blends, the inclusion of 20 wt%
AcrylPEG into PLA improved the elongation at break and impact
strength of pure PLA from 4% and 2.8 k] m > to 230% and 86.0
k] m~2, respectively. Furthermore, PLA/AcrylPEG/2,5-dimethyl-
2,5-di(tert-butylperoxy) hexane (L101) (79.75/20/0.25) ternary
blends exhibit elongation at break and impact strength of
254%, and 101.6 k] m~?, respectively.

Hassouna and Dubois et al.** further investigated PLA/Acryl
PEG blend systems and compared the performance of
poly(lactide)-based blends fabricated via reactive and physical
blending for designing high-performance PLA-based materials.
The reactive routes are shown in Fig. 47. The PLA-based blends
prepared by reactive blending demonstrate substantially
improved impact strength and tensile toughness.

Coughlin et al.*®® and Pluta et al.* found that the mechan-
ical properties of PLA blends can be improved significantly by
reactive blending with multiblock copolymers, such as PDLA-
poly(ethyleneglycol-random-propylene  glycol) midblock
(PEPG)-PDLA triblock copolymers and poly(ethylene glycol)
(PEG)-b-poly(propylene glycol) (PPG)-b-PEG multiblock copoly-
mers. For PLA/PDLA-PEPG-PDLA triblock copolymer blends,**®

This journal is © The Royal Society of Chemistry 2020
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PEPG in PDLA-PEPG-PDLA triblock copolymer copolymerizes
with ethylene glycol and propylene glycol. The chain segment of
PEPG is miscible with PLA. The end block of PDLA in a triblock
copolymer can form stereocomplex crystals with the PLLA
matrix. Additionally, the PDLA60-EB10k-PDLA60 triblock
copolymer is synthesized by replacing PEPG with a poly(-
ethylene butylene) copolymer (EB). The difference in the
chemical nature of the midblock remarkably influences the
stereocomplex crystallization between the PDLA end blocks, the
PLLA matrix polymer, and the morphological characteristics of
PLA-based blends. The results suggest that the miscible mid-
block results in a soft continuous amorphous phase. Therefore,
highly toughened PLA/PDLA-PEPG-PDLA (65/35) triblock
copolymer blends are obtained with elongation at break of
424%. Pluta et al.'® prepared PLA toughened with PEG-b-PPG-b-
PEG multiblock copolymer blends by melt blending PLA with
a set of PEG-b-PPG-b-PEG block copolymers with varying ratios
of hydrophilic PEG and hydrophobic PPG blocks. The molar
mass of PEG and PPG and the PEG content in PEG-b-PPG-b-PEG
block copolymers strongly affect the miscibility of PLA blends.
Under optimum conditions, the elongation at break and tensile
impact strength of pure PLA increase from 8% and 65 k] m > to
300% and 100 k] m™2, respectively.

Yang et al'®® utilized highly flexible poly(ethylene tere-
phthalate glycol) (PETG) to toughen PLA and methylene
diphenyl diisocyanate (MDI) to function as a reactive compati-
bilizer of PLA/PETG blends. During reactive blending, a cross-
linking reaction occurs between PLA chains and MDI. Interfa-
cial compatibilization also occurs between PLA and PETG
through the reaction of free isocyanate groups on the cross-
linked PLA chains with the terminal hydroxyl groups of PETG
chains. An elongation at break of 90% is obtained for the
reactive compatibilized PLA/PETG/MDI (80/20/3) blends. The
improvement is accompanied by a high tensile strength of
50 MPa, which is equivalent to that for pure PLA.

4.4. Super tough and high strength engineering plastics
PLA/engineering plastics blends

To simultaneously improve the toughness and heat resistance
of PLA, Deng and Wang et al.*® incorporated polycarbonate (PC)
into PLA to prepare high-PLA-content (=66 wt%) PLA/PC blends
via in situ reactive compatibilization. They enhanced interfacial
compatibility of PLA/PC blends by using an industrial copol-
ymer of styrene and glycidyl methacrylate (coded as ADR) as
a reactive compatibilizer and utilized a core-shell impact
modifier (BPM) to further improve the impact strength of PLA/
PC blends. In their experiment, PLA/PC blends are annealed in
a vacuum oven at 120 °C for 6 h to promote PLA phase crys-
tallinity and improve the heat distortion temperature (HDT) of
PLA/PC blends. TEM images show that the sea-island structure
of the PLA/PC/ADR/BPM (70/30/0.3/5) blends transforms into
a lamella-like morphology because of the enhanced interfacial
bonding between PLA and PC. For the annealed PLA/PC/ADR/
BPM (70/30/0.3/5) blends, the impact strength reach approxi-
mately 60 k] m~?, and the HDT of pure PLA increases from 61 °C
to 136 °C under the load of 1.82 MPa. The significant
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(a) Representative ideal model of the change of PLA structure after annealing. (b) Representative ideal three-dimensional model for the

inner structure of the annealed PLA/PC/ADRO.3/BPM5 blend. Ref. 189, copyright 2015. Reproduced with permission from American Chemical

Society.

improvement of impact strength for the annealed PLA/PC
blends is attributed to the coexistence of shear-yielding and
crazing. PC, as a polymer with high T, and HDT, is considered
arigid unit. Hence, a rigid three-dimensional network structure
or framework, which can play an excellent role in distortion
resistance, can be simultaneously formed in these blends after
annealing because of the presence of rigid PC particles and PLA
crystals. A model corresponding to the network formed in PLA/
PC/ADRO.3/BPMS5 blends is proposed (Fig. 48).

Li et al.*® prepared a reactive comb (RC) polymer, which is
composed of one poly(methyl methacrylate) (PMMA) backbone,
two PMMA side chains, and a few epoxy groups distributed
randomly along the PMMA backbone and utilized this polymer
as a reactive compatibilizer for immiscible poly(i-lactic acid)/
acrylonitrile-butadiene-styrene (PLLA/ABS) blends. The anal-
ysis of morphological structures and rheological behaviors
reveals that the PLLA-grafted RC polymers in situ formed at the
interface of PLA and ABS drastically improve the interfacial
adhesion between the two phases. For the compatibilized PLLA/
ABS blends, double T, depression results indicate that the free
volume of both PLLA and ABS phases is enlarged. The analysis
of energy to break and ductility suggests that all compatibilized
blends show significantly increased ductility and toughness
compared with those of pure PLLA and pure ABS. This finding
indicates the drastic synergistic effects of PLLA and ABS com-
patibilized by the RC polymer. The SEM images of tensile
fracture surfaces show that the morphological fracture surface
of PLLA/ABS/RC blends comprises homogeneously and densely
distributed and oriented fibrillars, which are parallel to the
stress direction. The formation of a fibrillar structure exhibits
a typical plastic deformation, and high energy dissipates,
resulting in a significantly improved ductility. The high
performance of PLA/ABS/RC (50/50/3) blends is achieved with
a tensile strength of 64.8 MPa, which is comparable with that of
pure PLA at 64.4 MPa. The modulus of these blends is higher
than that of ABS. Moreover, the energy at break of the compa-
tibilized blends exceeds 80 MJ m >, and the elongation at break
is as high as 196.2%.

Considering the processing technique to improve the
performance of PLA materials, Tashiro, Chirachanchai et al.**
used biaxial-stretching (BO) to regulate the microstructure and
properties of PLA films and investigated the influences of the
stretching rate and draw ratio of biaxial stretching parameters

13346 | RSC Adv, 2020, 10, 13316-13368

on the microstructure and properties of PLA films. They also
systematically analyzed the development of microstructures,
especially in the crystalline phase, the regular chain packing in
the crystal lattice, and the evolution of a higher-order structure.
Their results reveal that super-tough and high-strength biaxially
oriented PLA (BOPLA) with a tensile strength of 180 MPa and
elongation at break of 80% is successfully fabricated when the
stretching rate and the draw ratio exceed 75 mm s~ 'and 5 x 5,
respectively, thus forming approximately 10 nm 3-crystallites
with isotropic orientation. The microstructural change in
BOPLA films under varied biaxial stretching rates is shown in
Fig. 49. The crystallinity of BOPLA is increased by approximately
30%. A good linear relationship between the mechanical prop-
erties and the inversed crystallite size of the BOPLA films
prepared under different conditions is successfully established.
The well-dispersed higher-order structure consisting of many
but small d-crystallites induced by biaxial stretching remarkably
enhances BOPLA.

Wau et al.*** utilized polybutyl acrylate (PBA) prepared via free
radical polymerization to toughen PLA by melt blending. Their

(A) PLA precursor sheet
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Fig. 49 lllustration for microstructure change of BOPLA films under
varied biaxial-stretching rates. Ref. 191, copyright 2015. Reproduced
with permission from Elsevier.
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results indicate that PBA can promote PLA crystallization with
less than 15 wt% PBA. The tensile toughness and elongation at
break of PLA/PBA (85/15) blends greatly increase to 47.02 M]
m* and 174.52%, respectively, whereas the tensile strength
decreases to 41 MPa.

High-performance PLA/traditional petroleum-based polymer
blends can be obtained through compatibilizer addition, reac-
tive blending, and processing. The application fields of PLA
materials in industrial and 3C fields are broadened by
improving mechanical properties and greatly reducing the costs
of PLA-based blends, especially by blending engineering mate-
rials with PLA to prepare PLA multiphase blends with high
toughness, high modulus, and high strength. However, the
addition of traditional petroleum-based polymer materials
affects the biodegradability of PLA materials. The environ-
mental impact and assessment of PLA-based material applica-
tion should be further studied.

5. PLA/rubber blend system

5.1. Direct blending of rubber and PLA

PLA and NR are two major renewable resources of polymer
materials. However, resulting blends do not meet engineering
needs largely because of the lack of interfacial adhesion
between a continuous PLA phase and dispersed NR droplets.
To maximize the excellent performance of rubber with
reversible deformation, high elasticity, excellent mechanical
properties, and heat resistance, researchers toughened PLA,
thereby increasing the elasticity and impact resistance and
effectively improving the low-temperature brittleness of PLA
materials.’*"”” Rubber-toughened PLA blends are prepared by
melt blending through which rubber is dispersed as a stress
concentration point in a PLA matrix to form a blend system with
a sea-island phase structure. A rubber component is co-
vulcanized through dynamic vulcanization. The vulcanization
cross-linking during the mixing process can facilitate the
formation of a co-continuous phase structure of a rubber
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elastomer and a PLA matrix material, leading to a significant
improvement in the mechanical properties of PLA blends. The
use of highly tough and highly elastic rubber is an effective
strategy to toughen PLA. The mechanical performance results
for highly and super toughened PLA/rubber blends are
summarized in Table 6.

Ning and Fu et al*® employed ultrafine full-vulcanized
powdered ethyl acrylate rubber (EA-UFPR) with a particle size
of only 30 nm as a toughening agent. They found that EA-UFPR
can be uniformly dispersed in a PLA matrix. Morphological
analysis reveals the excellent compatibility of PLA/EA-UFPR
blends. With the addition of 1 wt% EA-UFPR, the elongation
at break of PLA/EA-UFPR blends increases significantly to
219.93%, and the tensile strength and modulus are comparable
with those of pure PLA.

NR is a bio-based material with excellent elasticity and
ductility; it is considered an ideal candidate for toughening
PLA. Generally, rubber-toughened PLA can notably improve the
toughness of brittle materials, but this improvement is
accompanied with a great loss in mechanical strength and
modulus. Considering PLA and NR complementary properties,
Dan et al.* fabricated high-toughness PLA/NR blends with
a slight loss in tensile stress by melt blending with pre-hot
sheared NR. Structural characterization reveals that the gener-
ation of carbonyl groups in NR chains after hot shearing
enhances the interfacial adhesion between PLA and NR. The
results of SEM and rheological behavior analyses suggest that
the compatibility of the blends is enhanced with the pre-hot
shearing of NR for a prolonged time, and NR is uniformly
dispersed in the PLA matrix. The mechanical analysis results
also demonstrate that the elongation at break and tensile
toughness of PLA/NR blends are significantly improved from
16.3% and 8.8 MJ m > of pure PLA to 196.2% and 77.5 MJ m >,
respectively, with as low as 3% pre-hot sheared NR for 10 min.

Lopez-Manchado and Bitinis et al.>**>* also reported the
preparation and characterization of PLA/NR blend systems.
Rubber content and melt blending parameters, such as

Table 6 Mechanical performance results for highly and super toughened PLA/rubber blends®

Comments Impact strength/(k] m~?) Tensile strength/(MPa) Elongation at break/(%) Ref.
PLA/NR-GMA (80/20) 73.4 35 130 160
PLA/SEBS/EGMA (70/20/10) 92 _ 185 164
PLA/PC/SEBS/EGMA (40/40/15/5) >60 _ ~90

PLA/OBC/EMA-GMA (90/7/3) 64.21 55 ~30 165
PLA/UFPR (99/1) 2.2 66.26 219.93 198
PLA/NR (95/5) 3.5(2.1) 76.9(84.5) 196.2(16.3) 199
PLA/NR (90/10) _ 40 200 200
PLA/NR/C15A (90/10/1) _ 45 275 202
PLA/NR/C30B (90/10/1) _ 38.2 118 201
PLA/NR (65/35) 58.3 _ _ 205
PLA/NR/DCP (80/20/1.5) 58.3 23 ~200 206
PLA/NR (60/40) 42.5 ~22 >100 207
PLA/ENR (60/40) 47 ~28 ~150 208
PLA/NBR/DCP (90/9.955/0.045) ~18 ~48 >300 249

“ The values in brackets () are the impact strength corresponding to neat PLA.

This journal is © The Royal Society of Chemistry 2020
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(@) The NR phase in elongated D65/35; (b) illustration of the deformation of crosslinked NR phase with net-like structure during

stretching. Ref. 206, copyright 2014. Reproduced with permission from Elsevier.

processing windows, temperature, time, and rotor rate, are
optimized to obtain high-toughness PLA/NR blends. The
incorporation of NR not only increases the crystallization rate
but also enhances the crystallization of PLA. For PLA/NR (90/10)
blends, the dispersed phase of NR is evenly distributed in the
PLA matrix with a dispersed phase particle size of only 1.1-2.0
pm. Furthermore, the elongation at break of the blend increases
to approximately 200%, and the tensile strength reduces to
40 MPa.” To further improve the mechanical properties of PLA/
NR blends, the team>”* incorporated several montmorillonites
(MMTs) into PLA/NR blends to prepare a novel toughened PLA/
NR bio-nanocomposite with tunable properties by melt
blending. The results indicate that organoclays are preferen-
tially located at the interface and act as compatibilizers between
PLA and NR phases. As a result, the tensile toughness of PLA/
NR/MMT blends remarkably improves. Another study®** has
investigated the micromechanical deformation mechanisms of
PLA/NR/organoclay bio-nanocomposites through small and
wide-angle X-ray scattering under tensile conditions. With the
addition of an organoclay, the formation of cavities between
PLA and NR is prevented because the organoclay is mainly
located at the interface of the PLA/NR blends. The results show
the synergetic effects of the mechanical reinforcement mecha-
nism of the PLA matrix obtained with the addition of NR and an
appropriate amount of nanofillers.

5.2. Dynamic vulcanization of PLA/rubber blend system

The PLA/rubber blend is prepared through dynamic vulcaniza-
tion in the melt blending process. The blends are subjected to
a strong shearing force in special plastic processing equipment,
such as an internal mixer and an extruder, which dynamically
vulcanizes and uniformly disperses the rubber component in
the PLA matrix.?***** The formation of a stable cross-linked
structure is promoted by a micron-sized rubber. A PLA-rubber
copolymer is formed during dynamic vulcanization to
improve the compatibility of the blend components and the
mechanical properties of the PLA/rubber blends.

To improve the interfacial adhesion between the continuous
PLA phase and dispersed NR droplets, Chen et al.>*>*°® designed
super toughened bio-based PLA/NR blends by using DCP as
a cross-linking agent and adopting dynamic vulcanization

13348 | RSC Adv, 2020, 10, 13316-13368

techniques. SEM and dissolution/swell experiment data show
that a continuous cross-linked NR phase is formed. Peroxide
initiates reactive compatibilization at the interface between PLA
and NR, leading to the cross-linking of the NR phase with
a specific continuous “net-like” structure. In addition, the PLA-
NR graft copolymer is formed during blending, which effectively
increases the interfacial compatibility of PLA and NR. There-
fore, a sharp brittle-ductile transition occurs in the blend with
35 wt% NR, obtaining impact strength and elongation at break
of 58.3 k] m~? and approximately 200%, respectively; however,
the tensile strength is reduced to approximately 23 MPa only.
The reduction in tensile strength is mainly attributed to the
rubbery nature of NR and the reduction in the rigid PLA phase,
as shown in Fig. 50. These results can provide evidence of
a continuous “net-like” NR located in the PLA matrix with good
interfacial adhesion and enhanced mechanical properties for
various functional applications.

ENR chamns PLA chaing
.\A/ \\é/ \J/ R;dim'ripn. T
’ - - - \
~— . e |
™

Fig. 51 Scheme of possible in situ compatibilization and the transition
layer at the interface between PLA and ENR phases. Ref. 208, copyright
2015. Reproduced with permission from American Chemical Society.
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Xu and Chen et al*” fabricated PLA/NR blends through
dynamic vulcanization by using DCP, S, and phenolic resin as
curing agents. The cross-linked NR phase is found to be
a continuous structure in all the prepared PLA/NR blends.
Based on the results of FT-IR and SEM for studying the inter-
facial compatibility, the cross-linking reaction of NR with DCP
as a curing agent is carried out to form a continuous phase
distribution in the PLA matrix. Meanwhile, a small amount of
PLA with a cross-linking or branching structure is also
produced, which improves the interfacial compatibility of the
blended components. The PLA/NR blends (60/40 w/w) fabri-
cated by DCP-induced dynamic vulcanization exhibit optimum
comprehensive properties, with a strength of 42.5 k] m ™2, which
is approximately 16 times that of pure PLA, elongation at break
of 100%, and tensile strength of 22 MPa. Chen et al.*® further
fabricated a PLA/epoxy NR bio-based thermoplastic elastomer
through dynamic vulcanization by using DCP as an initiator.
The scheme of possible in situ compatibilization and the tran-
sition layer at the interface between PLA and ENR phases was
illustrated in Fig. 51. The morphological characteristics of
brittleness-toughness transformation are formed with “sea-
sea” bicontinuous morphology. The impact strength and elon-
gation at break of the blend reach 47 k] m™? and 150%,
respectively, and the tensile strength decreases to 28 MPa.

Wu et al.** utilized NR-GMA to toughen PLA for preparing
a super tough TPV through dynamic vulcanization. The chem-
ical reaction between NR-GMA and PLA matrix via bulk-free
radical polymerization dramatically improves the interfacial
adhesion and compatibility between the PLA matrix and the
rubber phase. FT-IR spectra show that an interfacial chemical
reaction occurs between the epoxy group of NR-GMA and the
terminal carboxyl or hydroxyl group of the PLA matrix during
dynamic vulcanization. The size of the dispersed phase with
micron or even nanometer can effectively improve the tough-
ness of PLA/NR-GMA TPVs. The impact strength and elongation
at break of PLA/NR-GMA blends significantly increase to 73.4 kJ
m~? and 130%, respectively, representing 26 and 33 fold
increases, respectively, compared with those of pure PLA; the
tensile strength decreases to 35 MPa. The fine microscale and
nanoscale rubber phase structure and strong interfacial adhe-
sion play key roles in achieving the high toughness of PLA/NR-
GMA TPVs.

Nishitsuji et al.'** utilized hydrogenated SEBS-toughened
PLA and improved the compatibility of blends by adding
EGMA and balanced the heat resistance and stiffness of the
blends by adding PC. They successfully fabricated highly tough
PLA/SEBS/EGMA and PLA/PC/SEBS/EGMA. Duan*” used DCP as
an initiator to prepare PLLA/NBR TPVs by dynamic vulcaniza-
tion. During the blending process, DCP promoted the forma-
tion of the cross-linked structure of NBR rubber and triggered
the branching reaction of PLA, leading to the increase in the
entanglement of the PLA molecular chain. Therefore, the
interfacial compatibility and adhesion of PLLA/NBRTPVs and
the toughness of the resulting blends are greatly improved.

The toughening modification of PLA by utilizing the elas-
ticity and flexibility of rubber is an effective strategy to improve
the toughness of PLA. The cavity of the rubber phase causes the

This journal is © The Royal Society of Chemistry 2020
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local relaxation of the triaxial stress around the dispersed
phase, resulting in the shear yield of the matrix and a large
amount of energy dissipation'®>*'**** during the stress process.
This process is the mechanism of the rubber toughening of PLA.
The size of the dispersed phase is closely related to the tough-
ness of the PLA material. Within a certain range, the cavitation
resistance decreases as the rubber size increases, and this
condition is favorable to the shear yielding in the PLA matrix.
With the combination of a compatibilizer, reactive compatibi-
lization, and dynamic vulcanization, the interfacial bonding
and interfacial compatibility between PLA and rubber phase can
be increased; thus, the mechanical properties of PLA/rubber
blend can be improved. Although rubber can effectively
improve the toughness of PLA, it greatly reduces the strength
and modulus of PLA. This occurrence in rubber-toughened PLA
should be further investigated.

6. Biodegradable polymer-material-
toughened and modified PLA

Considering the fact that the use of petroleum-based plastics to
toughen PLA would partially sacrifice the sustainability, the
flexible petroleum-based synthesis polymers or biobased poly-
mers, such as PBAT, PBS, PCL, PHAs et al.****'7 have recently
been employed to toughen PLA. The wide application of
biodegradable materials provides a good approach to reduce
plastic pollution caused by non-biodegradable materials. Fully
biodegradable polymer blends have attracted more and more
attention due to their environmentally benign. Therefore, fully
biodegradable polymer blends has become a very active and
important research field of materials science. Generally, the
high performances with good tensile toughness and impact
toughness of fully biodegradable PLA blends could be obtained
via enhancing interfacial action and refining phase
morphology. And some important achievements of fully PLA-
based biodegradable polymer blends with high toughening
efficiency and even super toughness have been obtained. The
mechanical performance results for highly and super tough-
ened PLA/bio-based and biodegradable polymer blends are
summarized in Table 7.

6.1. Super tough PLA/PBS blends

PBS has good biodegradability and impact toughness, excellent
processability, good elongation at break, and good heat resis-
tance. The temperature of PBS materials ranges from 30 °C to
100 °C. PLA/PBS blends can maintain good biodegradability
and biocompatibility and complement one another in terms of
performance. However, the interfacial compatibility of PLA and
PBS is poor; hence, it must be enhanced to obtain high-
performance fully biodegradable PLA/PBS blends. The high
toughness of materials can be achieved by adding an efficient
compatibilizer, especially in combination with reactive
blending to improve the interfacial compatibility between PLA
and PBS.

DCP, as a free radical initiator, has been utilized extensively
to compatibilize PLA/PBS blends. Zhang et al.>*® fabricated
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Table 7 Mechanical performance results for highly and super toughened PLA/bio-based and biodegradable polymer blends”

Elongation at
Comments Impact strength/(k] m—?) Tensile strength/(MPa) break/(%) Ref.
PLA/PBAT/EMA-GMA (75/10/15) 61.9 ~37 278 166
PLA/PBAT/ADR (60/40/0.75) 29.62 40.88 579.91 167
PLA/PBS/DCP/PBS-g-CNC (70/30/0.2/2.0) 726] m! 43.3 298 218
PLA/PBS/DCP (80/20/0.1) 30 49.3 249 219
PLA/PBS/DCP (80/20/3) _ 80(89) 205 220
PLA/PBS/LTI (90/10/0.3) 50-70 ~55 ~220% 221
PLA/PBS (80/20) _ 32.6 242 222
PLA/PBS/CBC (80/20/1) _ 40 340
PLA/PBS/CBC/PBO (80/20/1/1) _ 40.6 309
PLA/PBS/PBO (80/20/2) _ 41.3 398
PLA/PBS/PBO (80/20/4) _ 43.7 402
PLA/PBS/PLA-g-MA (80/20/4) _ 38.3 390
PLA/PBS (90/10) _ ~63 ~100 223
PLA/PBSL (90/10) _ ~58 ~180
PLA/PBAT (80/20) 4.5 ~47 200 227
PLA/PBAT/BOZ/PA (80/20/1/1) _ 45.3 515.7 231
PLA/PBAT/BOZ/PA (70/30/1/1) _ 39.8 567.8
PLA/PBAT/ADR (43 705) (80/20/1) _ ~40 ~450 232
PLA/PBAT/HDE (80/20/1) _ ~40 ~450
PLA/PBAT/ADR (80/20/0.5) _ 47 135 233
PLA/PBAT/TBT (70/30/0.5) 9 45 298 234
PLA/PBAT/DCP (80/20/0.5) 110 m™! 45 ~230 235
PLA/PBAT/ESA (85/15/0.3) ~30 ~46 >150 236
PLA/PCL/0.3TMC-130 (85/15/0.3) ~25 _ _ 241
PLA/PCL (80/20) 31 _ _ 242
PLA/PCL/LTI (80/20/0.5) 17.3 47.3 268 243
PLA/dPHB (80/20) — ~30 538 245
PLA/PHBYV (80/20) 11 42 230 246
PLA/p(3HB-co-4HB)/DCP (70/30/0.1) _ 28.2 317 247
PLA/p(3HB-co-4HB)/DCP/TAIC (70/30/0.1/0.1) _ 29.3 310
PLA/PBSA/ADR (60/40/0.6) 38.4 _ 179% 248
PLA/PBSA/TPP (90/10/2) 16.4(6.8) 86.2(78.8) 36.8 249
PLA/PBSA/TPP/C20A (90/10/2/2) 11.8 88.7 31 250
PLA/PBSA/SiO, (70/30/10) 116 ] m~'(28) 42.7 261 251
PLA/MGST/ESO (80/10/10) 42(18) 43 140 257
PLA/TKGM (60/40) 14(18) 36.5 234.8 258
PLA/P(CL-co-LA)/SiO, (90/10/5) 27.3 47 42 259
PLA/P(CL-co-LA) (90/10) 11.4 48 ~20
PLA/P(CL-co-LA)/SiO, (90/10/10) 39.7(2.7) 42 18 260
PLA/PCO-g-PLA (80/20) _ ~40 ~125 261
PLA/SGC/MDI (40/10/2) 48.6 _ 236% 262
PLA/PCNL _ ~60 >250 263
PLA/PBAC (70/30) 10.1 44 196.1 269

a PLA/PBS blend by using DCP as an initiator to achieve blends
with high impact toughness. Biodegradable PBS-g-CNC is added
to further increase the impact strength and modulus of the PLA/
PBS/DCP blends. The addition of DCP and PBS-g-CNC simul-
taneously promotes the dispersion of PBS (Fig. 52) and the
crystallization of PLA. The dispersibility of PBS-g-CNC in PLA
and PBS is improved. The cross-linking effect initiated by DCP
in the blend increases the thermal stability of the PLA/PBS
blends. The PLA/PBS/DCP/PBS-g-CNC blend maintains high
modulus and strength and exhibits excellent toughness. The
impact strength and elongation at break of PLA/PBS/DCP/PBS-g-
CNC (70/30/0.2/2.0) blends are up to 726 ] m~" and 298%,
respectively. The tensile strength remains at a moderate level of
43.3 MPa.

13350 | RSC Adv, 2020, 10, 13316-13368

Zhang and Ma et al.** investigated the effects of DCP as an
initiator on the morphological characteristics, rheological
behaviors, and thermal and mechanical properties of PLA/PBS
blends. They showed that DCP induces the in situ compatibili-
zation of the blended components, promotes the uniform
dispersion of PBS, and improves the interfacial adhesion
properties of the blends. The SEM images of the impact fracture
surface of PLA blends were shown in Fig. 53. With the addition
of a small amount of DCP, the impact strength and elongation
at break of the PLA/PBS/DCP (80/20/0.1) blends are significantly
improved to 30 k] m~? and 249%, respectively, and the tensile
strength is 49.4 MPa. Liu et al**° also successfully obtained
high-toughness PLA/PBS blends via reactive blending by adding
DCP as a free radical initiator. The in situ formation of a PLA-

This journal is © The Royal Society of Chemistry 2020
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Fig.52 SEM images of cryogenically fractured surface of composites with PBS/PLA/DCP/(PBS-g-CNC) ratio of (al) (30/70/0/0), (b1) (30/70/0.2/
0), (c1) (30/70/0/2) and (d1) (30/70/0.2/2). (a2)-(d2) present the dispersed-phase morphology of PBS and CNC after etching the PLA matrix of
(a1)—(d1), which produce the quantitative analyses in terms of the distribution of PBS phase size as shown in (a4)—-(d4), respectively. The higher
resolution version of (a2)—-(d2) are exhibited in (a3)-(d3). The average area (A) is marked in the right up corner of (a4), (b4), (c4) and (d4). Ref. 218,

copyright 2016. Reproduced with permission from Elsevier.

Fig. 53 SEM micrographs of the impact fracture surface of (a) PLLA
and PLLA/PBS/DCP blends, (b) 80/20/0, (c) 80/20/0.05, and (d) 80/20/
0.1. Ref. 219, copyright 2008. Reproduced with permission from John
Wiley and Sons.

This journal is © The Royal Society of Chemistry 2020

PBS copolymer effectively enhances the compatibility of the
blended components; thus, high strength and tensile toughness
of PLA/PBS blends are obtained.

Highly reactive lysine triisocyanate (LTI) is used as an effi-
cient reactive compatibilizer for PLA/PBS blends. For instance,
Iida et al.*** utilized LTI as a reactive compatibilizer to fabricate
super tough PLA/PBS blends through extrusion. The isocyanate
groups of LTI react with the terminal carboxyl or hydroxyl
groups of PLA and PBS during melt extrusion, improving the
interfacial compatibility of the blends. PBS is uniformly
dispersed in the PLA matrix with spherical particles of approx-
imately 1 pm. The impact strength and elongation at break of
the PLA/PBS/LTI (90/10/0.5) blends are increased to approxi-
mately 50-70 k] m~? and 220%, respectively.

Dubois et al*? investigated the effect of 1,1’-carbon-
ylbiscaprolactam, 2,2-(1,3-phenylene)-bis-(2-oxazoline), PLA-g-
MA, and PBS-g-MA as compatibilizer on the compatibility of PLA
and PBS components. A series of high-toughness PLA/PBS
blends has also been prepared through reactive blending. Shi-
bata et al.>***** toughened PLA by melt blending with PBS and
poly(butylene succinate-co-i-lactate). The tensile toughness of

RSC Adv, 2020, 10, 13316-13368 | 13351
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the resulting blends is greatly improved, and a high tensile
strength is maintained.

6.2. Super tough PLA/PBAT blends

PBAT is a thermoplastic elastomer polymer with a hard segment
and a soft segment. It has a long aliphatic soft chain and a rigid
side group composed of an aromatic ring. It has the properties
of PBA and PBT, which are also biodegradable polyesters. The
PBAT chain segment is softer and more ductile than PLA, which
is inherently brittle.**>*** The addition of PBAT to PLA can
improve the toughness and elongation at break of PLA.>*” The
properties of the blends are highly dependent on their
morphological characteristics when PBAT and PLA are simply
physically blended because of the difference in the molecular
segments between components.*”® Furthermore, when the PBAT
content is between 20% and 50%, PLA is almost incompatible
with PBAT. Defects in crystallinity and compatibility lead to the
poor mechanical properties of blends.*”® Interfacial structure
and compatibility should be enhanced to improve the perfor-
mances of PLA/PBAT blends and the dispersibility of PBAT in
the PLA matrix.

Zhang et al.*®" prepared high-toughness PLA/PBAT blends
through physical blending with a twin-screw extruder.
Morphological results indicate that PBAT as a dispersed phase
is uniformly distributed in the PLA matrix with a particle size of
approximately 300 nm, which improves the tensile toughness of
PLA, but the PLA strength and modulus decrease, and the
impact strength is not considerably improved. Wu et al.**®
prepared super tough PLA/PBAT/EMA-GMA multicomponent
blends through reactive blending. The inclusion of highly
reactive EMA-GMA promotes the in situ reactive compatibiliza-
tion of the blended components. The morphological charac-
teristics of the blend also change from a sea-island structure to
a continuous structure. As shown in Fig. 54. The impact
strength and elongation at break of PLA/PBAT/EMA-GMA
blends are as high as 61.9 k] m~> and 278%, respectively, and
the tensile strength decreases to 37 MPa. Zhao et al.**” prepared
high toughness fully biodegradable PLA/PBAT blends with high
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Fig. 54
Reproduced with permission from Elsevier.
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toughness by melt blending in the presence of a multifunc-
tional epoxy oligomer as a reactive compatibilizer.

Ma and Chen et al.**' examined PLA/PBAT blends by melt
blending with 2,2'-(1,3-phenylene)bis(2-oxazoline) and using PA
as compatibilizers. The interface bonding and compatibility of
the blends are significantly improved with the addition of
a small amount of the compatibilizer. The elongation at break
increases to as high as 515.7%, but the tensile strength reduces
to 45.3 MPa. They*** also used multifunctionally active epoxy
oligomers (ADR) and hexanediol glycidyl ether as chain
extenders and a reactive compatibilizer, respectively, to toughen
PLA/PBAT blends. The results show that the compatibility and
tensile toughness of the PLA/PBAT blend are effectively
improved. Maazouz et al.*** added ADR as a reactive compati-
bilizer to PLA/PBAT blends, and the compatibility and tensile
toughness of the PLA/PBAT blends are significantly improved.

Wang et al.*** studied the melt extrusion characteristics of
PLA/PBAT blends by using tetrabutyl titanate (TBT) as a catalyst.
The results show that the addition of TBT promotes trans-
esterification reaction, resulting in the improvement of the
compatibility, mechanical properties, strength, and resilience
of the PLA/PBAT blends. Ma et al.*** incorporated DCP as a free
radical initiator into PLA/PBAT blends to achieve in situ reactive
compatibilization. Ren et al*** found that the interfacial
compatibility and bonding in PLA/PBAT blends can be
enhanced through the inclusion of epoxy-functional styrene
acrylic (ESA) copolymer as an efficient compatibilizer. As
areactive processing agent, ESA elicits a certain chain extension
effect, which enhances melt strength and elasticity and results
in the excellent toughness of the blend. The impact strength of
PLA/PBAT/ESA (85/15/0.3) blend increases to 30 k] m 2, the
elongation at break is more than 150%, and the tensile strength
is approximately 46 MPa.

6.3. Super tough PLA/PCL blends

PCL is an excellent material with comprehensive and excellent
mechanical properties, biodegradability, and biocompati-
bility.?*” It can be compatible with a variety of conventional
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(a) Notched impact strengths and (b) stress—strain curves of PLA, PLA/PBAT and PLA/PBAT/EMA-GMA blends. Ref. 166, copyright 2017.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra01801e

Open Access Article. Published on 01 April 2020. Downloaded on 1/17/2026 12:49:58 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

polymers. In addition, PCL has a good shape memory and can
be used for the toughening modification of PLA.**®* PLA/PCL
blends exhibit good toughness balance and special properties;
hence, they have great potential for application in medical,
packaging, and dairy fields.>****

Bai and Fu et al.*** investigated the influence of the crystal-
linity of a PLA matrix on PLA/PCL blends prepared by melt
blending. They controlled the crystallinity of the PLA matrix by
adding different amounts of TMC-328 nucleating agent and by
annealing and systematically studied the relationship between
the crystallinity of PLA and the impact strength of PLA/PCL
blends. They found that the crystallinity of the matrix is in
a good linear relationship with the impact strength of the PLA/
PCL blends. When the crystallinity of PLA is increased to
approximately 50%, the impact strength of the PLA/PCL blends
is approximately 25 k] m~2. The particle size of PCL dispersed
phase is controlled through the adjustment of the processing
technology to further improve the compatibility.>*> When the
high-crystallinity PLA and the dispersed phase PCL particle size
of 0.39 um, the impact strength of the blend is further increased
to 31 kJ m™2.

lida et al.**® studied the reactive compatibilizing efficiency of
different isocyanates and industrial-grade epiclon 725 for PLA/
PCL blends. The comparison data show that LTI has the most
obvious compatibilization effect. The tensile strength of the
PLA/PCL/LTI (80/20/0.5) blends can be maintained at 47.3 MPa,
and the impact strength and elongation at break increase to
17.3 k] m~? and 268%, respectively. Zhao et al.>** used a PCL-
based polyurethane elastomer to toughen PLA through an in
situ reaction of PCL polyol with isocyanate in a melt blending
process. The interfacial compatibility is markedly improved by
the reaction of the terminal hydroxyl groups of PLA and the
N=C=0 groups of IPDI, as confirmed by FTIR spectroscopy.
The elongation at break and impact strength of the blends
prepared by reactive blending are as high as 242.4% and 14.5 k]
m~?, respectively. The blends exhibit an excellent tensile
strength of 52.7 MPa and a tensile modulus of 1496.46 MPa.
Excellent interfacial adhesion enables the dispersed poly-
urethane elastomeric particles to act as effective stress
concentration areas. The shearing yielding of PLA matrix trig-
gered by internal cavitation is the main mechanical toughening
mechanism.

To maintain the strength and modulus and improve the heat
resistance of PLA, Fu et al.** utilized TMC-328 to improve the
crystallinity of the PLA matrix and adjusted the processing
technology to regulate the particle size of the dispersed phase.
PLLA matrix crystallinity is controlled by adding a highly
effective nucleating agent, and PCL particle size is tailored
under varying processing conditions while maintaining
constant interfacial adhesion. The results suggest that the
crystallinity of the PLA matrix increases, and the impact
toughness of the PLA/PCL blends significantly enhances. The
combined effects of matrix crystallization and impact modifier
particle size in toughening are systematically characterized. The
results indicate that a suitable particle size of 0.3-0.5 um is the
precondition for a highly crystalline matrix to work effectively in
the toughening and for the range of particle size to be effective
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in the trigger shear yielding mechanism of the matrix. By
contrast, relatively large particles (0.7-1.1 pm) can effectively
toughen an amorphous matrix by initiating the multiple crazing
of the matrix. The present work can provide a general guideline
for the fabrication of flexible polymer-toughened PLLA blends
with good heat resistance.

6.4. Super tough PLA/PHB blends

Hakkarainen et al.>*® prepared high-toughness PLA/PHB blends
by using a two-step extrusion process. A PLA-g-dPHB copolymer
is formed via the reaction of PLA with PHB oligomer (dPHB),
which is produced through the thermal degradation of PHB
during melt processing. Thus, the segmental mobility and
crystallization of PLA are improved with the formation of PLA-g-
dPHB copolymer; the toughness and processability of PLA/PHB
blends also increase. Although the tensile strength of the PLA/
dPHB blends decreases to 30 MPa, the elongation at break
increases to 538%. Ma et al.>* fabricated PLA/PHBV blends by
melt blending. The results reveal that the PLA/PHBV blends
exhibit excellent compatibility when the content of B-hydrox-
yvalerate is high (more than 40 mol% in a PHBV structure).

Han and Dong et al.>*’” prepared PLA/poly(3-hydroxybutyrate-
co-4-hydroxybutyrate) [P(3HB-co-4HB)] blends through reactive
blending by using DCP as an initiator to form a graft copolymer.
The PLA/P(3HB-co-4HB) blends exhibit excellent tensile tough-
ness with enhanced compatibility between PLA and P(3HB-co-
4HB) components. A similar toughening effect is also achieved
by adding triallyl isocyanate (TAIC) as a cross-linking agent to
the blend system. However, with the combination of DCP with
TAIC, the elongation at break decreases because the cross-
linking network limits the mobility of polymer chains to
deform under a tensile load. The fracture surface morphology in
the SEM images (Fig. 55) shows that the toughening mechanism
involves the plastic deformation of a PLA matrix and
a debonding process.

6.5. Super tough PLA/poly[(butylene succinate)-co-adipate]
(PBSA) blends

Ray et al.**® prepared super tough PLA/PBSA blends by adding
multifunctionally active epoxy oligomers (ADR) to achieve in situ
reactive compatibilization of PLA and PBSA. During blending,
ADR acts as a chain extension, and the reactive compatibilizer
improves the melt strength and thermal stability of the blends.
The crystallization nucleation ability of PLA is promoted. A
nonlinear copolymer forms during blending and induces a good
compatibilizing effect on PLA and PBSA components. When the
amount of PBSA exceeds 30 wt%, the interfacial morphologies of
PLA/PBSA blends undergo a transition from a sea-island struc-
ture to a co-continuous phase. After the addition of 0.6 wt% ADR
PLA/PBSA (60/40) blend, the particle size of the dispersed phase is
greatly reduced from 2.69 um to 0.7 um, the impact strength of
the blend increases to 38.4 k] m ™%, and the elongation at break is
improved to 179%.Ray et al. also** obtained a high toughness of
PLA/PBSA blends through in situ reactive blending by using tri-
phenyl phosphite (TPP) as a reactive compatibilizer. The inter-
facial compatibility of the blends is enhanced, and the particle
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Fig. 55

(a) A schematic diagram of the measurement locations (B), fractured surface, and (C), surface parallel tensile direction near the broken

points and the SEM of the PLA/P(3HB-co-4HB) blends in tensile strength tests, (b and b’) PLA, (c and ¢’) XPLA, (d and d’) P(3HB-co-4HB) and (e
and ¢€’) XP(3HB-co-4HB) in tensile strength tests. ((b—e), fractured surface, (b’—¢’), surface parallel tensile direction near the broken points).
Ref. 247, copyrights 2014. Reproduced with permission from Royal Society of Chemistry.

size of the dispersed phase is reduced. Microfibrillation between
the dispersed phase of PBSA and PLA matrix is formed, effectively
ensuring the strength and toughness of PLA/PBSA blends. The
tensile strength of PLA/PBSA/TPP blends increases to 86.2 MPa
compared with that of pure PLA at 78.8 MPa, and the impact
strength and elongation at break increase to 16.4 k] m > and
36.8%, respectively. The improvement in the impact strength and
elongation at break is attributed to the yielding deformation in
the matrix, as initiated by the debonding between PLA/PBSA
phases. The intraphase chain extension and interphase compa-
tibilization of blends was illustrated in Fig. 56. On the basis of
a previous work, another research group®® further studied the
effect of clay-montmorillonite clay (C20A) on blends. The
toughness of C20A-based compatibilized blends is greater than
that of the pure PLA because of the lesser crystallinity of the PLA
component and the enhanced chain extensions/coupling in the
C20A-based samples. In addition to the improved barrier
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Fig. 56 (a) "Cartoon” model depicting intraphase chain extension and

interphase compatibilization, (b) torque/time graph for the neat PLA
and PLA/TPP2% samples showing intraphase chain extension, and (c)
high magnification of SEM images of compatibilized blends. Ref. 249,
copyright 2013. Reproduced with permission from American Chemical
Society.
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properties and thermal stability, the toughness of C20A-based
compatibilized blends is greater than that of pure PLA.

Zhang et al.®' investigated the mechanical properties,
rheological and thermal behavior, and phase morphology of
PLLA/PBSA/SiO, composites by using two types of SiO, (hydro-
philic or hydrophobic). The results reveal that hydrophobic SiO,
is more uniformly dispersed in the blends than hydrophilic SiO,
and mainly located in the PLLA matrix, which is desirable for
the optimum reinforcement of the PLLA/PBSA blend. The
notched impact strength, tensile strength, and elongation at
break of PLLA/PBSA/hydrophobic SiO, (70/30/10) composites
are greatly improved from 28 ] m ™", 69.3 MPa, and 4% of pure
PLA to 116 ] m™ !, 42.7 MPa, and 261%, respectively.

6.6. Other fully biodegradable super tough PLA blends

Starch is a low-cost, biodegradable, and biocompatible poly-
saccharide obtained from renewable resources. It can be
utilized as a filler or thermoplastic polymer to modify PLA. The
utilization of starch in modifying PLA is of great interest in
a wide range of applications, especially food packaging.>**>*¢
Zhu et al.*’ fabricated high-performance PLA/starch blends by
using ESO as a reactive compatibilizer through reactive extru-
sion. Starch granules are grafted with MA during extrusion to
improve the reactivity of starch with ESO and dispersibility in
the PLA matrix. The impact strength of PLA/MGST/ESO (80/10/
10) blends increase from 18 k] m 2 for pure PLA to 42 k] m 2,
elongation at break is as high as 140%, and tensile strength is
maintained at 43 MPa.

Luo et al.**® synthesized a new biodegradable thermoplastic
konjac glucomannan (TKGM) through the graft copolymeriza-
tion of vinyl acetate and methyl acrylate onto konjac gluco-
mannan (KGM). In addition, TKGM is utilized to toughen PLA
by melt blending. The addition of TKGM facilitates an increase
in the elongation at break of the PLA blend. The elongation at
break of the PLA/TKGM (60/40) blend is 234.8%, the impact
strength is slightly increased, and the tensile strength is
reduced to 36.5 MPa.

Raquez et al.** prepared rubbery random aliphatic P(CL-co-
LA) copolyesters with different molar ratios of caprolactone (CL)
and LA monomers. P(CL-co-LA) copolyesters are used as

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra01801e

Open Access Article. Published on 01 April 2020. Downloaded on 1/17/2026 12:49:58 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

View Article Online

RSC Advances

Fig. 57 TEM images of room-temperature notched surfaces of PLA-based materials containing 10 wt% of P[CL-co-LA] copolyester without
silica nanoparticles (a), with 5 wt% (b and b’) and 10 wt% of silica nanoparticles (c and c’). Scale bar: 0.5 pm (a—c) and 100 nm (b'and c’). Ref. 260,

copyright 2013. Reproduced with permission from Elsevier.

biodegradable impact modifiers to tailor phase morphology
with P(CL-co-LA) as random copolyesters. SEM, TEM, and AFM
reveal that the dependence between the improvement of
toughness and the morphological characteristics of the result-
ing blends is established in terms of domain shape, average
size, and related size distribution of the dispersed rubbery
microdomains within a PLA matrix. The results indicate that
the dispersion of P(CL-co-LA) copolymer containing 28 mol% LA
comonomer is increased by four times, which is approximately
11.4 kJ m~> for the resulting PLA blend. This occurrence can be
attributed to the presence of ribbon-like rubbery micro-
domains. The same team®° also tailored the interfacial
compatibility and morphological characteristics of PLA/P(CL-co-
LA) blends through the inclusion of SiO, nanoparticles and
altered the morphological characteristics of the blends to
a continuous one, as TEM images shown in Fig. 57. The high
toughness of PLA/P(CL-co-LA) blends is achieved with an impact
strength of 39.2 k] m™>.

Chen et al.*** synthesized graft PLLA with a hydroxyl end group
through the ring opening polymerization of L-LA. Branched

poly(castor oil) (PCO) polymers are synthesized by reacting castor
oils with HDI and then grafting into PCO to produce renewable
and biodegradable branched PCO-g-PLLA copolymers. Thus, the
tensile toughness of PLA is improved by melt blending PLLA with
PCO-g-PLLA, an efficient modifier and compatibilizer. A strong
interfacial interaction, the homogeneous dispersion of the
copolymer in the PLLA matrix, and the cross-linking structure of
PCO and PLLA play important roles in the enhancement of
toughness. The elongation at break of 130% of PLLA/PCO-g-PLLA
(80/20) blends is 30 times higher than that of pure PLLA (4%). The
tensile strength of the blend is maintained at 40 MPa. Zhang and
Ito et al.*** prepared highly toughened PLA with a novel sliding
graft copolymer through in situ reactive compatibilization, cross-
linking, and chain extension. A “sliding graft copolymer” (SGC)
is fabricated with PCL as side chains connected to the cyclodextrin
rings of polyrotaxane (PR). SGC is used to toughen PLA, and MD],
as a reactive compatibilizer, is added to improve the interfacial
compatibility. SGC is in situ cross-linked and therefore trans-
formed from a crystallized plastic into a totally amorphous elas-
tomer during reactive blending. FTIR, GPC, SEM, and TEM reveal

Cross-linked SGC

a—Foreed direction —s

“pulley efTect™

Fig. 58
copyright 2014. Reproduced with permission from Elsevier.
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(a) Schematic illustration of the preparation of a sliding graft copolymer (SGC), (b) structure schematic of SGC, (c) pulley effect. Ref. 262,
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that a PLA-co-SGC copolymer is formed at the interface to greatly
improve the compatibility between PLA and SGC, and the chain
extension of PLA also occurs. Moreover, the formation of the SGC
elastomer containing the sliding cross-linking point exhibits
a pulley effect, as illustrated in Fig. 58, which effectively improves
the toughness of the blend. The impact strength and elongation at
break of the PLA/SGC/MDI blends significantly increase to 48.6 kJ
m~? and 236%, respectively.

Hillmyer et al.*** prepared poly(1,5-cyclooctadiene-co-5-norbor-
nene-2-methanol-graft-o,.-lactide) [PCNL] through ring opening
metathesis polymerization and ring opening transesterification
polymerization. PCNL is used to toughen PLA by melt blending. A
good toughening effect is obtained without a major loss of
strength or rigidity of PLA/PCNL blends. The PLA/PCNL blend
tensile strength of 65 MPa is comparable with that of pure PLA,
and the elongation at break is significantly improved to 250%.

According to previous studies,***>*® the materials containing
nonplanar ring structures possess good rigidity and toughness.
Nonplanar ring structures can be used as effective toughening
agents. Na and Zhu et al.>*® synthesized a poly(butylene adipate-
co-1,4-cyclohexanedicarboxylate) (PBAC) containing
a nonplanar ring structure and utilized it as a toughening agent
for the melt-toughening modification of PLA. The structural
model of high tough PLA with non-planar ring contained
polyester was shown in Fig. 59. With the addition of 40 wt%
PBAC, the elongation at break and the notched impact strength
increase from 3.8% and 3.5 k] m~2 of pure PLA to 196.1% and

approximately 10 k] m ™2, respectively.

7. Strategies for the formation of
super tough PLA via controlling phase
structure parameters

7.1. Particle size of flexible or elastic polymers in PLA matrix

For PLA-based blends toughened with flexible or elastic poly-
mers, the parameters of the blend components influence the
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final properties of PLA bio-based blends:”***"**> (1) the type and
amount of flexible or elastic polymers; (2) particle shape,
particle size, particle size distribution, and interparticle
distance of the dispersed phase; (3) and the interfacial adhesion
and phase structure of PLA-based blends. The type and amount
of flexible or elastic polymers are discussed above, and the
influence of interfacial adhesion on the properties of PLA-based
blends is presented. The interfacial adhesion and phase
morphology parameters of blends can be achieved by applying
a compatibilization strategy and adjusting processing tech-
niques."**'"* The particle size parameters of the dispersed phase
are the most studied structure parameters in flexible polymer-
toughened PLA systems, and they are essential for the deter-
mination of the impact toughness of PLA blends.

The interfacial bonding and parameters of the particle size
of the dispersed phase are mutually influenced and correlated
with the compatibility of PLA-based blends. With the enhanced
interfacial compatibility, the improvement of the interfacial
adhesion of blend components and the reduction of the particle
size of dispersed phase result in a remarkable increase in
impact strength. For example, for PLA/PE blend systems,"”* the
average particle size of the LDPE dispersed phase decreases
from 6.4 pm for pure PLA/PE binary blends to 0.9 um for
compatibilized PLA/PE blends with the addition of 5 wt% PLLA-
PE block copolymer as a compatibilizer. The impact strength of
compatibilized PLA/PE blends increase from 34 ] m~* for PLA/
PE binary blends to 460 ] m™'. The reduction in the particle
size is the goal for PLA-based blends. However, the optimum
particle size of the dispersed phase is necessary for super tough
PLA.*” In fact, extremely large particle size leads to the reduc-
tion in the sufficient area between the dispersed phase and
a PLA matrix, which likely induce premature crack propagation
due to the coalescence of crazes.”*> By contrast, an extremely
small particle size cannot be used as a stress concentration
point, so it is inefficient in initiating cavitation and terminating
the growth of crazes.

Wu*>* indicated that entanglement density (V) is consid-
ered one of the main factors governing the deformation
mechanism. For brittle polymers in general super toughening is
predicted to occur at an optimum V. of 0.1 mmol cc >, as
massive crazing and yielding go the matrix occurs at this level of
Ve.*” Depending on the composition, V. of PLA is predicted to be
in the range of 0.12-0.14 mmol cm 3.6 Using Wu's proposed
relationship between optimum flexible or elastic polymer
particle size (d,) and V., as follows eqn (5):

log dy = 1.19-1.41 v, (5)

Therefore, the optimum particle size is determined by matrix
chain parameters. The optimum particle size varies among
different flexible or elastic polymers because of the different
matrix chain parameters. d, for PLA can be calculated to be in
the range of 0.16-0.31 um. Theoretical investigations indicate
that this range can be used as a reference value of particle size in
future PLA work to achieve a successful super toughening effect.

After correlating toughening efficiency with particle size and
matrix chain parameters, Wu*® concluded that optimum

This journal is © The Royal Society of Chemistry 2020
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particle size decreases as V. of flexible- or elastic-polymer-
toughened brittle polymers (V. <0.15 mmol cm™® and C..
>7.5) increases. In the case of an amorphous brittle PLA matrix
(Ve = 0.1 mmol cm™?), Bai et al>* estimated the optimum
particle size to be ca. 0.75 pm, which is in agreement with the
experimental results in various studies, showing that the
optimum particle size for the high toughening efficiency of
amorphous PLA-based blends is 0.7-1.1 um.'*”*%'*52%> Notably,
the optimum particle size for a highly crystalline PLA matrix is
small at 0.3-0.5 pm.>*?

The difference in the optimum particle size between amor-
phous and highly crystalline PLA matrixes is attributed to the
different dominating toughening mechanisms. Generally, large
particles are efficient in initiating multiple crazes, which
dominate in an amorphous PLA matrix. By contrast, relatively
small particles are effective in triggering the matrix shear
yielding, which dominate in a highly crystalline PLA matrix.

Several works have reported the effect of particle size on the
properties of PLA blends. The optimum particle size in PLA/
EMA-GMA/DMSA,***  PLA/LLDPE/PLA-co-PE,""*'”>  PLA/PBS/
LTI,*** and PLA/TPU blends® is approximately 0.9 pm. Similar
findings have been obtained in other works; that is, optimum
particle size ranges from 0.7 pm to 0.9 um in PLA/CPU,"”'%®
PLA/PBSA/ADR,*** PLA/EBA-GMA,"** and PLA/EMA-GMA/EMAA-
Zn blends.™* "> For example, the impact strength reaches
777.2] m~ " when the optimum particle size is 0.82 pm. In other
studies, a large particle size of more than 1 um is also obtained.
When the particle size is 1.91 pm, the impact strength of super
tough PLA/LLDPE/PLA-co-PE blends reaches 510 ] m™*.”* Small
particle size is also revealed in some studies, especially for
highly crystalline PLA matrix. When the optimum particle size
is 0.67 um,"* the impact strength of PLA/EGA blends is up to
59.8 k] m 2 as the crystallinity of the PLA matrix increases from
2.7% for pure PLA to 29.0%. Highly tough PLA/PCL blends
containing a highly crystalline PLA matrix with an optimum
particle size of 0.39 um are also obtained. These results
demonstrate that a suitable particle size can lead to a dramatic
enhancement in the performance of PLA-based blends.

Differences in optimum particle size are mainly attributed to
the complexities of polymer chain movements and polymer
blending systems. In addition to V. and crystallinity of a PLA
matrix, the optimum particle size strongly depends on material
characteristics, such as viscosity and viscosity ratio, modulus of
flexible or elastic polymers, and interfacial tensions of polymer
blends; mechanical parameters, such as blending temperature
and shear rate; and morphological characteristics of the dispersed
particles.

7.2. Interparticle distance of PLA-based blends

Another factor to consider for efficient flexible or elastic poly-
mer toughening is interparticle distance (L). This factor plays an
important role in controlling the toughness of PLA-based
blends. According to toughening theories," interparticle
distance is directly related to particle size and flexible or elastic
polymer content. It must be below the critical value of polymer
blends to obtain high-toughness PLA-based blends, which
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dispersed particles of flexible or elastic polymers can effectively
initiate plastic deformation in the surrounding matrix. The
critical value is affected by many intrinsic properties, such as
the modulus of flexible or elastic polymers, modulus ratio,
blend component fraction, and dispersed phase. Hillmyer
et al."* revealed that the impact strength of PLA/LLDPE/PLA-co-
PE blends increasesas the interparticle distance decreases for
LLDPE-toughened PLA systems, and the critical interparticle
distance of PLA blends is approximately 1.0 um. Hillmyer
et al.'* further investigated the influence of a block copolymer
microstructure on the toughness of compatibilized PLA/LLDPE
blends. The results also indicate that the impact strength of
PLA/LLDPE/PLA-co-PE blends sharply increases to 760 J m ™" as
the interparticle distance decreases to 0.4 um. In addition, the
super tough PLA blends are obtained through in situ reactive
blending with a PEG-based diacrylate monomer. The impact
strength increases to 50 k] m~2? when the interparticle distance
is 0.27 um." The same findings are also observed in PLA/PU
blends with an interparticle distance of 0.91 um.* In general,
a high or super tough PLA blend can be obtained if the inter-
particle distance is less than 1.0 um.

In another work, the interparticle distance of PLA/POE-g-
GMA blends is reduced with the increase in rubber content and
particle size. The critical value of interparticle distance for the
effective toughening of the blend is found to be 0.5 pm.**

The amount of flexible or elastic polymers and compatibiliza-
tion can tailor the size and distribution of dispersed phases; thus,
the interparticle distance below the critical value of interparticle
distance. The relation of interparticle distance with the amount of
dispersed phase and particle size should be studied further.

7.3. Phase morphologies of PLA-based blends

The improvement in the final properties is determined by the
intrinsic properties of blend components and significantly
depends on the morphological characteristics of blends.
Therefore, the factor to consider for super tough PLA blends is
phase morphology. This factor significantly affects the final
performance of PLA blends. Sea-island morphology, laminar,
fibrillar, co-continuous morphology, quasi co-continuous
structure, and network-like structure are typical morphologies
in polymer blends. The blend component ratio and its corre-
sponding viscoelastic properties, interfacial tension, and
process conditions, such as blend methods, processing tech-
nology, blending temperature, and time, are considered
important factors in the evolution of the morphologies of
polymer blends. Sea-island morphology with a flexible or elastic
polymer dispersed in a PLA matrix is normally observed.
However, with this morphology, highly tough PLA is difficult to
obtain. The formation of a co-continuous phase structure,
a quasi co-continuous structure, and a network-like structure is
a highly efficient way to prepare super tough PLA.°7'?1,205,206,208
For PLA/EBA-GMA/EMAA-Zn blends,"**'** salami-like phase
morphologies are formed, leading to the improvement in
impact strength, exceeding 700 ] m ™.

The morphological transition of a dispersed TPU phase from
a sea-island structure to a unique network-like structure is
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observed in super tough PLA/TPU/PDLA blend systems.”*?”
Unique network-like morphologies are also observed in super
tough PLA/PU/SiO, blends with an impact strength of 59.42 k]
m ™2 Some related studies on continuous phase morphology
have also been conducted. The quasi-co-continuous morphol-
ogies induced by CNTs are selectively localized in the TPU
phase. Consequently, super tough PLA/TPU/CNTs blends are
fabricated successfully.'® Quasi-co-continuous morphologies
are also obtained in fully bio-based and super tough PLA-based
thermoplastic vulcanizates fabricated via peroxide-induced
dynamic vulcanization and interfacial compatibilization.'**
Furthermore, specific co-continuous phase morphologies are
found in super tough PLA/PBAT/EMA-GMA blends,"*® dynami-
cally vulcanized PLA/NR blends,** and highly tough poly(lac-
tide)/ethylene-co-vinyl acetate thermoplastic vulcanizates.'”®

Therefore, PLA-based multicomponent blends containing
reactive copolymers are being developed to tune phase
morphology and obtain PLA-based blends with moderate stiff-
ness and sufficient toughness. Hence, techniques such as in situ
reactive compatibilization and dynamic vulcanization are
effective in achieving the desired phase morphology. These
processes increase interfacial strength by promoting chemical
reactions between blending components, establishing a strong
bridge for the transmission of stresses, and obtaining the
desired particle parameters of the dispersed phase and phase
morphologies of PLA-based blends. The improved properties of
PLA blends demonstrate their high potential for use in envi-
ronmentally friendly materials.

8. Conclusion and future
perspectives

PLA is a bio-based biodegradable and biocompatible plastic
that shows great potential for various applications because of its
excellent mechanical properties, such as high modulus and
high strength. However, the application fields of PLA are limited
because of its inherent brittleness, low elongation at break, and
sensitivity to notches with low impact strength. Thus, PLA
should be toughened and modified. Conventional toughening
systems generally include plasticizers, inorganic/organic rigid
particles, thermoplastic elastomers, and biodegradable plastics.
Among them, plasticizers belong to a small-molecule tough-
ening system, and they easily migrate. The interface compati-
bility between rigid particles and a PLA matrix is poor, and an
excellent toughening modification effect is difficult to obtain.
Thermoplastic elastomers and degradable plastics cannot
obtain excellent toughening modification effects because of
PLA's excellent mechanical properties, such as high modulus,
high strength, and degradability.

However, the sustainability of materials is decreased by
blending with petroleum-based polymers. As such, elastic
fossil-based polymers are not ideal toughening components for
PLA. Even though this area has remarkably improved, further
studies should be conducted.

(1) The designation, synthesis, and application of high-
performance bio-based materials, especially biodegradable
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elastomers, in toughening PLA are new research topics. The
design and development of environmentally friendly compati-
bilizers with high reactivity through a combination of reactive
compatibilization methods can effectively regulate the phase
structure and morphological characteristics of PLA. Thus, high-
performance PLA-based blends can be achieved.

(2) Nanoparticles may be used to enhance PLA blend
systems, especially with the selective dispersion effect, and
manipulate the compatibility and phase structure of blends.
The synergistic strengthening and toughening effects of nano-
particles on PLA blends will be realized, and these aspects have
important research and industrial values.

(3) Crystallinity influences the properties of PLA-based
blends. The improvement in the crystallinity of a PLA matrix
in PLA-based blends is promoted by using nanoparticles,
annealing techniques, and PDLA to form SC crystallites. Various
parameters, including crystallization morphology, crystallite
dimension, and crystallinity, and the crystallization mechanism
of super tough PLA-based blends should be considered in future
research.

(4) Many studies have been carried out to toughen PLA.
Research on PLA-based blends with excellent heat resistance
and high toughness should be conducted in the future.

(5) Common natural polymer materials, such as starch,
cellulose, chitosan, and so on, should be further strengthened
for modifying PLA materials. The development of low-cost and
high-performance PLA/natural polymer materials plays an
important role in the application and promotion of bio-based
and biodegradable materials.

(6) Many works have been carried out on the structure and
properties of PLA blends, but few studies have focused on
evaluating the biodegradability of PLA blends and the whole life
cycle of PLA products. Strengthening the evaluation of the
biodegradability of PLA materials can effectively promote the
development and application of biodegradable materials and is
essential for promoting the development of industrial chains in
the field of biodegradable materials.
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PLA Poly(lactic acid) or poly(lactide)

PET Poly(ethylene terephthalate)

PS Polystyrene

PE Polyethylene

ABS Acrylonitrile-butadiene-styrene copolymer
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EGMA Poly(ethylene-co-glycidyl methacrylate)
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TPU Polyurethane thermoplastic elastomer

TPO-PLA  Thermoplastic polyolefin elastomer-graft-
polylactide

TPO-MAH  Grafting polylactide onto maleic anhydride-
functionalized TPO

EVA Ethylene-vinyl acetate

EAE Ethylene acrylic elastomer

PEBA Poly(ethylene oxide-b-amide-12)

PDLA Poly(p-lactide)

SC Stereocomplex crystallites

CNT Carbon nanotube

SiO, Hydrophilic silica

TiO, Titanium dioxide

PUP Polyurethane prepolymer

MDI 4,4'-Methylenedi-p-phenyl diisocyanate

PBA Poly-1,4-butylene glycol adipate dio

PDI 1,4 phenylene diisocyanate

PUS Polyurethane elastomer

PPG Polyester polyol

TDI Toluene-2,4-diisocyanate

PEG Polyethylene glycol

PUEP Polyurethane elastomer prepolymer terminated
with an isocyanate group

PLBSI Bio-based copolymer prepared from bio-based
monomers, such as lactic acid, butanediol,
sebacic acid, and itaconic acid

PELU Biodegradable polyurethane via the chain
extension reaction between polyethylene glycol-b-
PLA copolymer and IPDI

ADR Industrial-grade oligomer of multiple epoxy
groups

BE Bioelastomer

UPE Bio-based unsaturated aliphatic polyester
elastomer

VUPE Polyester elastomer

UBE Unsaturated bio-based resin

DPUD Poly(p-lactide)-b-polyurethane-b-poly(p-lactide)

GMA Glycidyl methacrylate

EMA-GMA Ethylene-methyl acrylate-glycidyl methacrylate
random terpolymer

EGA Ethylene/methacrylate/glycidyl methacrylate
terpolymer

MAH Maleic anhydride

POE-g-GMA Poly(ethylene octene) grafted with glycidyl
methacrylate

DCP Dicumyl peroxide

E-AE-GMA Ethylene-co-acrylic ester-co-glycidyl methacrylate

BA-EA- Butyl acrylate (BA), ethylacrylate (EA) and glycidyl

GMA methacrylate (GMA) copolymer

EGMA Poly(ethylene-glycidyl methacrylate)

EMAA-Zn  Zinc ionomer of ethylene/methacrylic acid

VESO Sebacic acid cured epoxidized soybean oil

ESO Epoxidized soybean oil

SA Sebacic acid

SEPs Sebacic acid cured epoxidized soybean oil
precursors

TPSA Thermoplastic starch acetate

PEBA-g- Polyether-block-amide-graft-glycidyl methacrylate

GMA
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MB-g-GMA Glycidyl methacrylate-functionalized methyl
methacrylate-butadiene copolymers

NR-GMA Natural rubber graft-modified glycidyl
methacrylate

EGMA-g-AS Ethylene glycidyl methacrylate-graft-styrene-co-
acrylonitrile

PA11 Polyamide11

LLDPE Linear lowdensity polyethylene

ACR Methyl methacrylate-ethyl acrylate core-shell
copolymer

BPM Acrylic impact modifier

MBS Methyl methacrylate-butadiene-styrene

PEGDA Poly(ethylene glycol)diacylate

PPA Poly(1,2-propylene glycol adipate)

MAPEG PEG methyl ether methacrylate

AcrylPEG  PEG methyl ether acrylate

L101 2,5-dimethyl-2,5-di(tert-butylperoxy)hexane

EB Poly(ethylene butylene) copolymer

PEPG Poly(ethyleneglycol-random-propylene glycol)
midblock

PEG Poly(ethylene glycol)

PPG Poly(propylene glycol)

PETG Poly(ethylene terephthalate glycol)

BPM Core-shell impact modifier

PBA Polybutyl acrylate

EA-UFPR  Ultrafine full-vulcanized powdered ethyl acrylate
rubber

MMTs Montmorillonites

LTI Lysine triisocyanate

TBT Tetrabutyl titanate

P(3HB-co-  Poly(3-hydroxybutyrate-co-4-hydroxybutyrate)

4HB)

TPP Triphenyl phosphite
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