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A B S T R A C T   

The widely used plastic products which became a part of our everyday life are produced almost entirely from 
crude oil. There are various estimates on oil resources, but there is an increasing need to use other, preferably 
renewable resources to produce plastic products. Although plastics from renewable resources, bio-based, and 
inherently biodegradable plastics, or so-called bioplastics/biopolymers, are already on the market, their prop-
erties are not always adequate compared to those of “ordinary” petroleum-based plastics, which the bioplastic is 
supposed to replace. One of the most promising bioplastics nowadays is Poly(lactic acid) (PLA). Despite the great 
potential of PLA to replace petroleum-based engineering plastics, such as Acrylonitrile Butadiene Styrene (ABS), 
Polypropylene (PP), and others, the inherent brittleness and low Heat Deflection Temperature (HDT) hinders the 
widespread application of PLA. Many methods have been developed to improve the properties of PLA, but its 
widespread industrial application is still rather an exception than the rule. The current study aims to survey the 
progress in the modification of the properties of PLA. We focused on the most effective additives to improve the 
properties of injection molded PLA products, which we selected from a comprehensive literature review. Most of 
the modification possibilities presented in this review can also be used for other processing technologies, but in 
the discussion, we focused on their use in injection molding.   

1. Introduction 

Today biodegradable polymers extracted from biomass attract more 
and more attention due to requirements of eco-design and sustainable 
development. Poly(lactic acid) (PLA) is one of the most widely used and 
studied biodegradable polymers [1–5]. Its annual production reached 
almost 300,000 tons in 2019, which is approximately 14% of all 
biodegradable plastics produced [6]. Moreover, it is expected that PLA 
production will triple in the next few years. The leading role of PLA is 
ensured by its good mechanical and functional properties, flexible pro-
cessability, and reasonable cost [1]. 

PLA can potentially replace Polypropylene (PP), Polyamide (PA), 
Acrylonitrile Butadiene Styrene (ABS), and some other petroleum-based 
plastics in various applications [1,7]. Neat PLA exhibits a higher 
Young’s modulus than PP, ABS, or PA (Fig. 1), and its tensile strength is 
higher than that of PP and ABS but lower than PA. The production of 

PLA generates a far smaller carbon dioxide footprint than the production 
of conventional petroleum-based plastics. The average price of PLA is 
slightly higher than that of conventional plastics and amounted to 
2.1–4.7 USD/kg in 2020 [8]. However, the main drawback of PLA is its 
inherent brittleness and relatively low Heat Deflection Temperature 
(HDT) [9]. 

Its favorable properties make PLA suitable for a broad range of ap-
plications. Excellent biocompatibility, together with its high mechanical 
performance, offers many applications in the medical field (drug de-
livery systems, orthopedic devices, etc.) [10–12]. High stiffness and 
transparency, together with flavor and aroma barrier characteristics, 
make PLA a perfect alternative for packaging [5,13]. Excellent insu-
lation properties accompanied by moisture resistance makes PLA suit-
able for use in the construction sector [14]. High mechanical 
performance, together with light weight, should ensure ubiquitous use 
of PLA in automotive structural parts [15]. 
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Nevertheless, the inherent brittleness and low HDT of PLA hinder its 
widespread application and it is especially challenging to improve both 
in an injection molded part. At the same time, the properties of PLA can 
be widely modified by different methods, thus the ductility of PLA can 
be increased with various plasticizers, impact modifiers, and by 
blending, co-polymerization, etc., while the HDT of PLA can be 
improved by increasing crystallinity. Adding bio-based reinforcements 
and thus producing biocomposites increase the overall mechanical 
performance of PLA as well as its HDT. Considerable progress in the area 
of PLA modification has been achieved in the last few decades, which is 
proved by the increasing number of scientific publications dedicated to 
the modification of the properties of PLA (Fig. 2). 

Although the science community are developing a number of 
methods to modify the properties of PLA, its widespread use in the in-
dustry is still more the exception than the rule. Therefore, this study 
aims to survey the progress in the field of PLA properties modification 
and will be useful for the scientific and industrial community. This study 
covers the following modification methods: plasticizing, the addition of 
different impact modifiers, blending, copolymerization, nucleation, 
stereocomplexation, and, finally, the addition of bio-based reinforce-
ment. We focused on presenting the most effective additives and rein-
forcing agents to enhance the properties of injection molded PLA. At the 

same time, most of the modification possibilities and additives (selected 
from a comprehensive literature review that covers a 20-year timespan) 
presented are also applicable for other processing technologies as well. 
In our review, we concentrated on introducing all these literature results 
from an injection molding processing point of view. Accordingly, the 
data presented can effectively help engineers bring the properties of PLA 
closer to those of engineering plastics and thus widen the range of its 
industrial applications. 

2. Synthesis of PLA 

PLA is a linear, thermoplastic, and aliphatic polyester. Its monomer, 
lactic acid (C3H6O3) or also known as 2-hydroxy propionic acid, has one 
asymmetric carbon atom resulting in two types of stereoisomers (Fig. 3). 

Two lactic acid compounds create lactic acid’s dimer (with the 
expulsion of water), which is a cyclic compound named lactide. Ac-
cording to the variety of lactic acid, three types of lactides can be 
distinguished (Fig. 4). 

lactic acid was first isolated by Carl Wilhelm Schele in 1780. It can be 
found in nature, for example, in intestines (guts) or in the mouth, having 
a weak fertilization effect, but also in milk or muscle tissues in the case of 
muscle cramps. Previously, lactic acid was synthesized from petro-
chemical compounds for a long time but since the 1980s, it has been 
mass-produced from agricultural plants through fermentation. Nowa-
days, lactic acid can be entirely produced from renewable resources like 
starch and thus plants containing glucose (corn, wheat, rice, potato, 
tapioca, etc.) and from plants containing saccharose (sucrose) (e.g. sugar 

Fig. 1. Comparison of the normalized properties of PLA and conventional 
petroleum-based polymers (Data are normalized by means of dividing each 
value by the maximum value in the row; the “green factor” is the inverse value 
of CO2 footprint). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 2. Number of scientific articles published since 2010 based on the Science Direct search using keywords PLA plasticization; PLAblending; PLA impact modi-
fication; PLA copolymerization; PLA nucleation and stereocomplexation; and Biocomposite PLA. 

Fig. 3. Stereoisomers of lactic acid: D-lactic acid (a) and L-lactic acid (b).  
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beet). Being an antioxidant, lactic acid is an important food industry 
compound (E270) as a preservation agent, therefore it is produced in 
high amounts. 

PLA can be produced from lactic acid or lactide, in mainly three 
ways: direct polycondensation (from lactic acid), azeotropic condensa-
tion (from lactic acid), and ring-opening polymerization (from lactide) 
(Fig. 5). The resulting PLA has the roughly same properties indepen-
dently of the process used. 

PLA can be considered the copolymer of L-lactic and D-lactic acid, in 
most cases of L-lactic acid as the main component since the bacteria used 
for fermentation usually produce this type of lactic acid. When PLA is 
made entirely from L-lactic or D-lactic acid, it is referred to as PLLA and 
PDLA, respectively. PLA refers to a general Poly(lactic acid) grade 
containing typically about 1–15% of D-lactic acid (or D-lactide). Most 
properties of PLA (mechanical, thermal, crystallization, degradation 
properties), change with L-lactic acid (or lactide) content. 

3. Properties of PLA 

3.1. Main mechanical and thermal properties 

We compared the basic properties, such as mechanical, thermal, 

HDT, Vicat softening, and shrinkage properties of amorphous and 
annealed PLA, to those of PP, ABS, and Polycarbonate (PC) (Table 1). 
Note that the properties may vary according to the various grades 
(primarily due to molecular weight (Mw)). Still, we can use these data to 
compare these thermoplastics. 

3.2. Crystal structure 

Related to its crystal structure, PLA can be crystallized into α, β, γ and 
η (also called stereocomplex) crystalline forms [16–24]. The most 
common and stable crystal form is α with an orthorhombic unit cell. This 
form develops when PLA is cooled from a melt or solidified from a so-
lution [17,18]. The β form with a trigonal unit cell can be obtained by 
the recrystallization of the α form with the use of a high drawing force 
and a high temperature [19,20], while the γ form with an orthorhombic 
unit cell develops by epitaxial crystallization on a hexamethyl benzene 
substrate [21]. Most papers examine the α crystal form, since this 
polymorph develops during the melt processing of PLA. Accordingly, 
this form has the most practical significance from a processing point of 
view. Besides the α form, there is a less ordered, less stable form called α’ 
with greater lattice spacing. 

Many authors have examined the structure of the α′ and α form, how 

Fig. 4. Lactide types: L-lactide (a), D-lactide (b), D,L-lactide or meso-lactide (c).  

Fig. 5. Producing techniques for PLA (reprinted from “L.T. Lim, R. Auras, M. Rubino, Processing technologies for poly(lactic acid), Prog. Polym. Sci., 33 (2008), 
820–852”, Copyright (2008), with the permission from Elsevier). 
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they develop, and how the crystallization temperature (Tc), crystalliza-
tion time (tc) and molecular weight (Mw) influence the melting behavior 
of PLA [25–30]. They used Differential Scanning Calorimetry (DSC), 
Wide-Angle X-ray Diffraction (WAXD) and Fourier Transformation 
Infrared Spectroscopy (FTIR). According to our current knowledge, the 
development of the α and α’ forms is highly dependent on Tc (Fig. 6). 

Only the less ordered α′ and only the more ordered α crystal form 
develops when PLA is crystallized below 100 ◦C or above 120 ◦C, 
respectively. When PLA is crystallized between these two temperatures, 
a mixture of the α′ and α forms will be generated, and as Tc is increased, 
the higher the α to α′ ratio will be. When examining the melting of these 
crystal forms, we found that depending on Tc, and thus the α′ and α 
crystal form content, a multiple melting behavior exists. A small 
exothermic peak appeared just before melting when Tc was below 
100 ◦C. This could be related to the α′ to α phase transition, directly 
followed by the melting of the newly formed α phase. This small 
exothermic peak just before melting—representing the α′ to α tran-
sition—was found not to be a melt-recrystallization process but a solid 
phase transition without the melting of the α′ phase [26]. On the other 
hand, this small exothermic peak disappears, and an additional melting 
endothermic peak appeared when Tc was between 100 ◦C and 120 ◦C. 
Accordingly, the melting process becomes bimodal. Both endothermic 

peaks were considered to relate with the melting of the α phase, while 
the height of this newly appeared endothermic peak increases with 
increasing Tc. The lower temperature endothermic peak is related to the 
synchronous melting of the original α form crystals and the α′ to α 
crystalline phase transition (in this case, in a melt-recrystallization 
process and not in a solid state), while the higher temperature endo-
thermic peak is related to the melting of the crystals formed during the 
α’ to α crystalline phase transition. Only one melting endothermic peak 
appeared when Tc was above 120 ◦C, which was due to the melting of the 
α phase. 

Finally, by melt mixing optically pure PLLA and PDLA, the η or 
stereocomplex crystal structure develops with a triclinic unit cell. The 
stereocomplex PLA crystal structure has unique properties including 
increased melt temperature, increased heat deflection temperature (as a 
product) or hydrolysis resistance, just to name a few. Its properties, and 
the methods for developing a stereocomplex crystal structure are dis-
cussed in Chapter 5.2. 

3.3. Thermomechanical properties 

The thermomechanical properties, and mainly the storage modulus 
of PLA as a function of temperature, are very important because they 
directly relate to its practical usability. In most cases, thermomechanical 
properties are measured by Dynamic Mechanical Analysis [397]. The 
storage modulus of injection molded and thus practically amorphous 
PLA can be seen in Fig. 7. 

As can be seen, PLA has a storage modulus of around 3 GPa, which 
sharply drops right above the glass transition temperature (Tg, ~60 ◦C) 
to an unacceptable level of a few MPas. In this region, the material is 
rubber-like. Interestingly, when the temperature is further increased, 
the modulus of PLA increases, which can be explained by cold crystal-
lization. During cold crystallization, the crystallinity of the specimen 
increases, resulting in a higher modulus. Finally, as crystallization fin-
ishes and the temperature is further increased, the PLA ends up in a 
molten (plastic) state—its modulus drops around 140–150 ◦C (for PLLA, 
it is around 170 ◦C). If cold crystallization is exploited as an annealing 
process to increase crystallinity, the storage modulus curve of the 
specimens will be different based on the crystalline ratio developed 
during annealing (Fig. 8). 

If PLA specimens are annealed, thus their crystallinity is increased, a 
huge drop in modulus above Tg can be avoided (there will always be a 
certain drop), and therefore, almost a constant modulus can be main-
tained in the region of 80 ◦C–120 ◦C. Accordingly, and most importantly, 
the main advantage of crystalline PLA compared to amorphous PLA is an 
increase in HDT, since amorphous PLA only has an HDT around 

Table 1 
Main properties of PLA compared to PP, ABS, and PC [33].  

Property/Material PP ABS PC Amorphous 
PLA 

Annealed 
PLA 

Density, g/cm3] 0.9 1.06 1.20 1.24 1.29 
Tensile strength, 

MPa 
30 50 65 59 66 

Tensile modulus, 
MPa 

1600 2400 2400 3750 4150 

Elongation at break 
(ε), % 

>150% 40 6 2.2 2.0 

Flexural strength, 
MPa 

40 75 85 106 119 

Flexural modulus, 
MPa 

1400 2500 2400 3650 4150 

Charpy impact 
strength 
(unnotched), kJ/ 
m2 

45 60 not 
broken 

20 35 

Charpy impact 
strength 
(notched), kJ/m2 

10 22 70 3 7 

Glass transition 
temperature, ◦C 

0 110 150 55 55 

Melting 
temperature, ◦C 

165 220 250 155 155 

Heat Deflection 
Temperature 
(HDT at 0.45 MPa 
load), ◦C 

65 95 130 55 120 

Vicat softening, ◦C 62 85 118 53 115 
Shrinkage, % 0.8 0.5 0.6 0.4 0.4  

Fig. 6. Proposed model for the crystal modifications acquired under various 
crystallization temperatures (reprinted from “J. Zhang, K. Tashiro, H. Tsuji, A.J. 
Domb, Disorder-to-order phase transition and multiple melting behavior of poly 
(L-lactide) investigated by simultaneous measurements of WAXD and DSC, 
Macromolecules, 41 (2008), 1352–1357”, Copyright (2008), with the permis-
sion from American Chemical Society). 

Fig. 7. The storage modulus of injection-molded PLA specimen (reprinted from 
“T. Tábi, I.E. Sajó, F. Szabó, A.S. Luyt, J.G. Kovács, Crystalline structure of 
annealed polylactic acid and its relation to processing, Express Polym. Lett., 4 
(2010), 659–668”, Copyright (2010), with the permission from Express Poly-
mer Letters). 
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50–55 ◦C. In comparison, fully crystallized (annealed) PLA has a much 
higher HDT, even above 100 ◦C. Unfortunately, injection-molded PLA 
products cannot simply be annealed above Tg for a high HDT, due to 
three reasons:  

• The stiffness of the PLA part will drop, so it will lose dimensional 
accuracy.  

• All the molding internal stresses will be relieved, resulting in loss of 
dimensional accuracy.  

• During cold crystallization, as crystallinity increases, the density of 
PLA increases, which leads to slightly shrunken parts and again a loss 
of dimensional accuracy. 

In the literature, the relationship between crystallinity and HDT is 
only reported a few times. Tábi et al. [31] measured the connection 
between crystallinity and HDT using crystallized (annealed) samples 
(Fig. 9). 

They found that up to 35% crystallinity, the HDT of 3001D grade 
PLA, only slightly improves, from 55 ◦C to 58 ◦C. A further increase in 
crystallinity, up to its maximum of 44% (for 3001D and annealing at 
80 ◦C), the HDT linearly increased from 58 ◦C to 97 ◦C. Additionally, 
they also investigated the effect of crystallization temperature (Tc), and 

found that despite practically the same crystallinity reached, the HDT 
further improved from 97 ◦C up to 151 ◦C, due to the gradual change in 
the crystal structure from the less ordered α’ to the more ordered α 
crystal form (Fig. 10). 

4. Methods to enhance the ductility of PLA 

Since PLA is an inherently brittle polymer, its ductility needs to be 
improved for wider applicability. There are two groups of methods to 
achieve this. The first includes physico-chemical ways of improving the 
ductility of PLA through plasticizers, impact modifiers, blending, or 
copolymerization. However, PLA can be made more ductile by me-
chanical modification techniques, such as stretching (uni-or bi-axial), 
for instance. All these possibilities are discussed in this Section. 

4.1. Plasticizing 

The use of plasticizers has two effects. Firstly, PLA is a high-strength, 
high-stiffness, but low impact strength material. Thus, it behaves as a 
rigid polymer when it is exposed to dynamic effects. In this case, plas-
ticizers are used to make the polymer behave in a more plastic way and 
make it tougher, increasing its impact strength and elongation at break. 
However, this can only be achieved at the cost of some strength and 
stiffness reduction. Moreover, elongation at break usually only increases 
at higher plasticizer content (>10 wt%). Secondly, plasticizers can also 
be used to enhance the molecular chain mobility of the given polymer by 
diffusing into the polymer chains and decreasing the glass transition 
temperature (Tg). Thus, in this case, the purpose of a plasticizer is to 
improve the overall crystallization of the base polymer. Moreover, 
crystallization is also enhanced by the widened crystallization window 
between Tg (decreased by the plasticizer) and the melting temperature 
(Tm). Note that Tm is also decreased by the plasticizer, but usually, the 
temperature difference between Tg and Tm increases [32,33]. For PLA, 
both reasons for using a plasticizer are essential. 

In general, all plasticizers are carbon-based compounds with a linear 
or cyclic carbon chain. The smaller molecular size of a plasticizer 
compared to the that of the base polymer allows it to occupy intermo-
lecular spaces between the base polymer chains, reducing secondary 
forces among them and thus leading to increased molecular chain 
mobility. The lower the Mw, the higher the plasticizing effect is, and 
generally, the better miscibility/solubility is. However, low Mw com-
pounds tend to migrate out of the polymer over time. Higher Mw com-
pounds, like oligomers, are less likely to migrate out of the polymer, but 

Fig. 8. The storage modulus of injection-molded PLA specimen as a function of 
annealing time (crystallinity) (reprinted from “T. Tábi, I.E. Sajó, F. Szabó, A.S. 
Luyt, J.G. Kovács, Crystalline structure of annealed polylactic acid and its 
relation to processing, Express Polym. Lett., 4 (2010), 659–668”, Copyright 
(2010), with the permission from Express Polymer Letters). 

Fig. 9. HDT and a function of crystallinity for 3001D grade PLA annealed at 
80 ◦C for various times (reprinted from “T. Tábi, S. Hajba, J.G. Kovács, Effect of 
crystalline forms (α′ and α) of poly(lactic acid) on its mechanical, thermo- 
mechanical, heat deflection temperature and creep properties, Eur. Polym. J., 
82 (2016), 232–243”, Copyright (2016), with the permission from Elsevier). 

Fig. 10. HDT and a function of annealing temperature for 3001D grade PLA 
annealed at 1 h (reprinted from “T. Tábi, S. Hajba, J.G. Kovács, Effect of 
crystalline forms (α′ and α) of poly(lactic acid) on its mechanical, thermo- 
mechanical, heat deflection temperature and creep properties, Eur. Polym. J., 
82 (2016), 232–243”, Copyright (2016), with the permission from Elsevier). 
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they have a far reduced plasticizing effect and are less miscible/soluble 
in the polymer (higher possibility of phase separation) as well. 

Typically, the amount of plasticizer necessary for both a substantial 
reduction of Tg of PLA and good mechanical properties is 10–20 wt% but 
adding more than 20–30 wt% plasticizer to the polymer usually leads to 
phase separation (depending on the Mw of the plasticizer). Plasticization 
is thus limited by the amount of plasticizer to be compounded with PLA. 
Moreover, plasticizing efficiency depends on miscibility with the host 
polymer, Mw and the amount of plasticizer used. 

A suitable plasticizer for PLA should reduce the Tg and increase 
elongation at break while being renewable resource-based, biodegrad-
able, non-volatile, non-toxic (for food packaging), and biocompatible 
(for medical applications) and it should have minimal leaching or 
migration during storage. When plasticized PLA is used to make injec-
tion molded parts, an inadequately selected plasticizer may migrate out 
of the base polymer, causing product safety problems, which is unac-
ceptable in food contact applications. Accordingly, one of the goals of 
the literature review was to find out what kind of plasticizers have been 
used for PLA, how effective they have been, and, most importantly, 
which ones can be used in applications where migration is not allowed. 
We found a large number of papers on PLA plasticization [32–50], 
[51–71], [72–92], [93–113], [114–133]. The most investigated plasti-
cizers are listed in Table 2. 

A thorough examination of the literature revealed that a great 
number of plasticizers were tested. However, a truly suitable plasticizer 
for PLA must satisfy many criteria such as compatibility, miscibility 
(solvation), low volatility, resistance to migration (stability over time), 
being non-toxic, and others. Compatibility between plasticizer and 
polymer is vital for effective plasticization, and various parameters can 
indicate this feature, including polarity, hydrogen bonding, dielectric 
constant, and solubility parameters. Another essential factor is solva-
tion, as plasticizers with solubility parameters close to those of the base 
polymer require less energy to fuse or solvate the polymer. If a plasti-
cizer is soluble in the polymer, the plasticized polymer will show a single 
Tg in a DSC test. Moreover, permanence is related to volatility and 
resistance to migration and extraction in water, solvents, and oils. 
Finally, a suitable plasticizer should not crystallize over time, should not 
be hydrophilic (migration upon contact with water), and should not be 
polar (water-soluble). 

Low Mw plasticizers (<500–1000 g/mol) have the problem of 
migrating, owing to their high mobility within the PLA. Therefore, 
plasticizers with relatively high Mw and low mobility are desirable 
because of their higher stability. Consequently, oligomers appear to be 
ideally suited to be blended with PLA to provide enough plasticization 
and to avoid migration. However, even if the plasticizer meets all re-
quirements, the crystal structure of PLA can still cause problems. 

PLA is a semi-crystalline polymer, and plasticizers are incorporated 
primarily into the amorphous regions. Thus an increase in crystallinity 
over time can change the compatibility of the plasticizer with PLA and 
induce phase separation and/or migration of the plasticizer. Generally, 
any factor influencing the crystallinity or crystalline behavior of PLA can 
disturb distribution and the compatibility of plasticizers with PLA. This 
includes the crystallization of the plasticizer over time, for example, in 
the case of PEG. Unfortunately, PLA can crystallize over time as it is 
susceptible to physical aging, where the amorphous structure rearranges 
and crystallinity increases. Aging is a well-known phenomenon typical 
of glassy materials like PLA and is responsible for a change in properties 
over time. It happens when the glassy polymer is stored at a temperature 
near Tg. For PLA, the temperature difference between storage tempera-
ture (~20–25 ◦C) and Tg (50–55 ◦C) is only 25–35 ◦C, while plasticizers 
can decrease Tg, even more, decreasing this temperature difference and 
speeding up physical aging. Physical aging of the amorphous phase can 
induce phase separation or the migration of the plasticizer, which in-
creases brittleness to the brittleness of neat PLA. Moreover, a plasticizer 
will most likely migrate at elevated temperatures (>100 ◦C), which is 
called thermally induced migration. The main question is whether the 

Table 2 
The most investigated plasticizers for PLA.  

Plasticizer Reference 

Single plasticizers 
Acetyl Glycerol Monolaurate (AGM) [57] 
Acetyl Tributyl Citrate (ATB) [43,44,58,61–72,118] 
Acetyl Triethyl Citrate (ATC) [38,61,62,72] 
Adipate ester [120] 
Cardanol oil [124] 
Citrate Ester (CE) [39] 
Coconut oil [122] 
Di(Isonyl) Cyclohexane-1,2-Dicarboxylate (DICD) [73] 
Di- or Bis(2-ethylhexyl)-adipate (known as Dioctyl 

Adipate (DOA)) 
[84,85,87] 

Diethyl Bishydroxymethyl Malonate (DBM) [77,94] 
Dibutyl Sebacate (DBSE) [57] 
Diethyl Adipate (DEA) [62] 
Diethyl Hexyl Phthalate (DEHP) [54] 
Diethyl Bishydroxymethyl Malonate reacted with 

adipoyl dichloride 
[94] 

Diethyl Bishydroxymethyl Malonate reacted with 
succinyl dichloride 

Diisodecyl Adipate (DIA) [62] 
Dioctyl Terephthalate (DOTP) [98] 
Epoxidized cardoon seed oil [127] 
Epoxidized jathropa oil [125] 
Epoxidized Karanja Oil (EKO) [131] 
Epoxidized Linseed Oil (ELO) [95,96,258] 
Epoxidized Palm Oil (EPO) [99] 
Epoxidized rubber seed oil [126] 
Epoxidized Soybean Oil (ESO) [258,259] 
Epoxidized Palm and Soybean Oil mixture (EPSO) [99] 
Glucose Monoester (GM) [260] 
Glycerol [39] 
Glycerol Triacetate (also known as Triacetine) (GTA) [37,72,74,83,84] 
Isosorbide Dioctoate (ISDO) [98] 
Lapol (trade name, industrial polyester plasticizer) [101] 
Limonene [88–90] 
Maleinized cottonseed oil [128] 
Maleinized hemp seed oil [130] 
Maleinized linseed oil [128,129] 
Monoglyceride [37] 
N-Octyl Lactate (NOL) [102] 
Oligomeric Lactic Acid (OLA) [132,133] 
Oligomeric Malonate Esteramide (OME) [103] 
Partial fatty acid ester [53] 
Poly(1,3-Butylene Adipate) (PBA) [67,97] 
Poly(Ethylene Adipate) (PEA) [97] 
Poly(Ethylene Glycol) (PEG) [37–40,42–60,113,117, 

259,261–263] 
Poly(Ethylene Glycol) (PEG) monolaurate [39] 
Poly(Propylene Glycol) (PPG) [51,52] 
Poly(1,3-Butanediol) (PBOH) [57] 
Poly(Diethylene Adipate) (PDEA) [97] 
Poly(Hexamethylene Adipate) (PHMA) [97] 
Polymeric adipate [84–87] 
Rice bran oil [123] 
Ricionelic acid [60] 
Soybean oil [123,258] 
Sunflower oil-based oligoester [264] 
Thymol [91–93] 
TriButyl Citrate (TBC) [37,61,62,72–77] 
Tributyrin [265] 
Triethyl Citrate (TEC) [119] 
Triphenyl Phosphate (TPP) [105] 
Various oils including linseed oil [258] 
β-carotene [106] 
Reactive blended plasticizers 
Reactive blended ATB [107] 
Reactive blended PEG [47] 
Reactive blended Poly(Ethylene Glycol MonoAcrylate) 

(PEGA) 
[109] 

Reactive blended TBC [108] 
Copolymer or mixed plasticizers 
Mixture of GTA and Oligomeric Poly(1,3-Butylene 

Glycol Adipate) (OBGA) 
[109] 

PDLLA-Poly(Ethylene Glycol) (PEG) copolymer [76] 

(continued on next page) 
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plasticizer migrates at room temperature during storage (aging) or at an 
elevated temperature (during crystallization). Luckily, increasing the 
crystalline ratio or decreasing the D-lactide content of PLA will reduce 
aging (including enzymatic and hydrolytic degradation) of the final 
product [134,135]. Accordingly, to avoid the change of crystallinity of 
PLA caused by the plasticizer migration, the highest possible crystalline 
ratio needs to be developed during the processing of PLA. 

To date, various monomers and oligomers have been investigated as 
potential plasticizers for PLA. However, only a few studies report on the 
change of properties with time. Even fewer systematically address the 
related phenomena of phase separation and aging, and their correlation 
with the resulting macroscopic properties. Based on only their effec-
tiveness in decreasing Tg, we chose the most effective plasticizers. We 
compared them based on Tg reduction at a plasticizer content of 10 wt%. 
When plasticizer content was not exactly 10 wt%, we calculated Tg 
reduction by interpolation or extrapolation. The most effective plasti-
cizers are listed in Table 3. 

The results presented in Table 3 are difficult to compare since various 
PLA grades (Mw, D-lactide content) were used. Nevertheless, we found 
several plasticizers to be effective. Among them are PEG, PEG mono-
laurate, reactive blended PEG, OLA, PPG, PEPG, DBSE, ATB, DEA, TBC, 
GTA, polymeric adipate, limonene, and ELO (in these cases, the plasti-
cizers decreased the Tg of PLA by more than 20 ◦C when added in 10 wt 
%). At the same time, most of the selected plasticizers fails the storage 
test according to their stability over time (migration), or there was no 
information about it because it was not investigated in the given paper. 
Evidence of migration or phase separation was found in multiple papers 
for ATB, DBM, DOA, GTA, NOL, PEG, PEPG, polymeric adipate, PPG, 
reactive blended ATB, TBC, TEC, and thymol, which were thus rejected 
from further investigations. What is left as potentially suitable plasti-
cizers are DBSE, DEA, ELO, limonene, OLA, PDEA copolymer, PEG 
monolaurate, reactive blended PEG, and reactive blended TBC. Unfor-
tunately, these plasticizers only passed because there was no data on 
their migration except for OLA and reactive blended TBC, which were 
not only effective, but also exhibited no migration in the investigated 90 
days (at 23 ◦C) and 6 weeks (also at 23 ◦C) of storage time. Although 
these plasticizers are the most suitable (as discussed previously), there is 
still a risk of migration at elevated temperatures or during the physical 
aging of PLA (the latter effect should be minimized if adequate crys-
tallinity has already developed during injection molding). 

As a short conclusion, oligomeric lactic acid (OLA) seems to be a 
good or maybe the best choice as a PLA plasticizer due to its similar 
chemical structure, relatively high molar mass, and renewable source 
(OLA is also produced during PLA production). On the other hand, 
reactive blended TBC also seems to be a good choice. It uses a different 
approach, namely to chemically bond the very effective but migrating 
TBC plasticizer onto the backbone of PLA to avoid migration and phase 
separation. 

4.2. Impact modification 

In this subsection, the effect of impact modifiers on the impact 
properties of PLA is discussed. We define impact modifiers as 
elastomeric-like materials to distinguish them from blends, where the 
latter is the mixture of two or more thermoplastics. In this subsection, 
we review the effect of Natural Rubber (NR), Ethylene-Vinyl Acetate 
(EVA), and commercially available impact modifiers like Elvaloy and 

Table 2 (continued ) 

Plasticizer Reference 

Poly(Ethylene Glycol-co-Citric Acid) copolymer 
(PEGCA) 

[110] 

Poly(Ethylene Gylcol-co-Propylene-Glycol) copolymer 
(PEPG) 

[55] 

Lactic acid and Ethylene Oxide copolymer (PMDO) [111]  

Table 3 
The selected most effective plasticizers of PLA.  

Plasticizer 
(Mw, g/mol) 

ΔTg 
◦C (at 10 

wt% 
plasticizer 
content) 

Migration (or 
phase 
separation) 

Elongation 
at break, % 

Ref. 

ATB (402) − 17 Unknown 240 
(at 15 wt%) 

[43] 

− 34 Unknown 2 [61] 
− 15 Unknown – [65] 

ATB (-) − 18 Thermally- 
induced 
migration 
(125 ◦C) 

– [64] 

− 16 Unknown 50 [67] 
− 17 Unknown – [68] 
− 16 Unknown 85 [71] 
− 16 Unknown – [72] 

DBM (220) − 15 
(at 15 wt%) 

Phase 
separation and 
migration 
during storage 
(6 weeks, 23 ◦C) 

– [77] 

− 15 
(at 15 wt%) 

Unknown – [94] 

DBSE (-) − 20 Unknown 2.3 [57] 
DEA (202) − 24 Unknown – [62] 
DOA (371) − 17 Phase 

separation 
above 5 wt% 

– [84] 

− 17 No phase 
separation (no 
ageing test was 
performed) 

259 [87] 

ELO (-) − 25 Unknown – [95] 
GTA (218) − 23 Unknown – [225] 
GTA (-) − 17 Phase 

separation 
above 25 wt%, 
migration 
during storage 

– [72] 

− 20 Migration 
during storage 

355 
(at 15 wt%) 

[74] 

Limonene (136) − 20 Unknown 258 
(at 20 wt%) 

[90] 

NOL (-) − 18 Phase 
separation 
above 10 wt% 

267 [102] 

OLA (671) − 15 Unknown 243 (at 15 
wt%) 

[78] 

OLA (706) − 15 Unknown 235 (at 15 
wt%) 

[78] 

OLA (1340) − 15 No migration 
during storage 
(90 days, 25 ◦C) 

183 (at 15 
wt%) 

[80] 

OLA (-) − 21 Unknown 32 [39] 
− 15 Unknown – [46] 

PDEA (2000) − 15 Unknown 750 
(at 20 wt%) 

[97] 

PDLLA-PEG (750) 
copolymer 

− 17 Unknown 220 
(at 20 wt%) 

[76] 

PEG (200) − 23 Phase 
separation 

2 [57] 

PEG (300) − 23 Phase 
separation 

10 (at 15 wt 
%) 

[43] 

PEG (400) − 28 Phase 
separation 

9 [39] 

− 26 Unknown – [47] 
− 19 Unknown 2.4 [57] 
− 26 Unknown – [58] 

PEG (600) − 21 Unknown – [40] 
− 22 Unknown – [53] 

PEG (1000) − 15 Phase 
separation 

97 (at 20 wt 
%) 

[49] 

− 19 Phase 
separation 

3 [57] 

− 24 3 [59] 

(continued on next page) 
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Biomax Strong. 

4.2.1. Natural rubber 
One of the most suitable ways to enhance the impact strength or 

ductility of PLA is to add another renewable resource-based material, 
which is ductile [136]. One of these bio-materials is cis-1,4-Poly 
(isoprene), which is the main component of Natural Rubber (NR) and 
Isoprene Rubber (IR) [137]. NR is still the most important material in 
the rubber industry, used for the production of tires, among other 
products, while Synthetic Rubber (SR) is used to substitute NR. The sap 
of the “rubber-tree” (Hevea brasiliensis) is called latex, which is obtained 
by tapping. Latex is a water suspension of cis-1,4-Poly(isoprene) 
(Fig. 11), where the Poly(isoprene) ratio is around 30–38 wt%. 

Nowadays, NR is still mainly obtained from the “rubber tree” by 
tapping and making a solid material from the suspension. In its unpro-
cessed state, NR is an amorphous elastomer with a density of 0.934 g/ 
cm3. It has poor mechanical properties, and is combustible. It is usually 
cross-linked (cured) or vulcanized, as it is called in the rubber industry, 
usually with sulphur. The degree of curing influences mechanical 
properties and divides rubbers into soft and hard rubbers. The excellent 
properties of NR, including high toughness, low modulus, biocompati-
bility, a renewable source, and low cost, make it a perfectly suitable 
candidate for toughening rigid polymers like PLA [138]. 

Examining the morphology of PLA/NR blends, we found that there 
are “island-like” phases of NR in the PLA matrix, and the adhesion be-
tween the two phases is weak. The cross-section of PLA/NR and PLA/ 
epoxidized NR (ENR) blends was investigated by Santawitee et al. [139] 
(Fig. 12). The authors found that the epoxidation of NR leads to better 

Table 3 (continued ) 

Plasticizer 
(Mw, g/mol) 

ΔTg 
◦C (at 10 

wt% 
plasticizer 
content) 

Migration (or 
phase 
separation) 

Elongation 
at break, % 

Ref. 

Phase 
separation 
above 10 wt% 

PEG (1500) − 28 Unknown – [50] 
PEG (2000) − 18 Unknown – [58] 
PEG (3400) − 16 Unknown – [58] 
PEG (8000) − 25 Phase 

separation 
during ageing 
(30 days, 23 ◦C) 

– [46] 

− 22 No phase 
separation 

200 [45] 

− 21 Phase 
separation 
during ageing at 
30 wt% 

180 [46] 

PEG (10000) − 19 Phase 
separation 
during storage 
(2 month, 
23 ◦C) 

190 [55] 

PEG monolaurate 
(400) 

− 24 Unknown 18 [39] 

Poly(Ethylene 
Gylcol-co- 
Propylene- 
Glycol) 
copolymer 
(PEPG) (12000) 

− 20 Phase 
separation 
during storage 
(2 month, 
23 ◦C) 

340 [55] 

Polymeric adipate 
(2000) 

− 22 Unknown – [84] 
− 21 Unknown 148 [85] 

Polymeric adipate 
(3400) 

− 21 Unknown – [84] 
− 18 Phase 

separation 
above 20 wt% 

50 [85] 

Polymeric adipate 
(1532) 

− 19 Migration 
above 10 wt% 
during storage 
(150 days, 
23 ◦C) 

5 [86] 

− 19 No phase 
separation (no 
ageing test was 
performed) 

5 [87] 

Polymeric adipate 
(2565) 

− 16 Migration 
above 10 wt% 
during storage 
(150 days, 
23 ◦C) 

7 [86] 

− 16 No phase 
separation (no 
ageing test was 
performed) 

7 [87] 

PPG (425) − 23 Unknown 524 [51] 
PPG (1000) − 22 Phase 

separation 
above 10 wt% 

473 [52] 

Reactive blended 
ATB (402) 

− 18 Migration 
during storage 
(6 months, 
23 ◦C) 

– [107] 

Reactive blended 
PEG (400) 

− 27 Unknown – [47] 

Reactive blended 
TBC (360) 

− 19 No migration 
during storage 
(6 months, 
23 ◦C) 

– [107] 

TBC (360) − 19 Unknown 6 [61] 
− 15 Unknown 10 [62] 
− 21 Unknown 7 [73] 
− 17 Unknown – [75] 
− 18 Phase 

separation and 
– [77]  

Table 3 (continued ) 

Plasticizer 
(Mw, g/mol) 

ΔTg 
◦C (at 10 

wt% 
plasticizer 
content) 

Migration (or 
phase 
separation) 

Elongation 
at break, % 

Ref. 

migration 
during storage 
(6 weeks, 23 ◦C) 

TBC (-) − 17 Phase 
separation 
above 25 wt%, 
migration 
during storage 

– [72] 

− 20 Migration 
during storage 

350 
(at 15 wt%) 

[74] 

− 20 Unknown 320 
(at 20 wt%) 

[76] 

TEC (276) − 17 Unknown 21 [61] 
TEC (-) − 15 Phase 

separation 
above 25 wt% 

– [72] 

Thymol (-) − 17 Thermally 
induced 
migration 
(100 ◦C) 

13 [92]  

Fig. 11. The repeating unit of cis 1,4-Poly(isoprene).  
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size distribution (smaller droplets) due to partial compatibility between 
PLA and ENR. In another study, the morphology of 80/20 wt% and 
65/35 wt% PLA/NR blends was investigated. The authors found that the 
blend which contained 35% NR, had superior mechanical properties, for 
example, seven times higher impact strength compared to pristine PLA. 
It is believed that this effect was caused by the web-like structure 
developed by the NR. This structure was shown by etching the NR 
content for 1 and 4 min (Fig. 13) [140]. 

Lopez-Manchadoa et al. [138] also found that NR forms a 
droplet-like dispersed phase in PLA, and the processing parameters can 
influence the diameter of the droplets. For instance, an increase in melt 
temperature during internal mixing caused the size of the NR droplets to 
increase, which was the effect of lower PLA viscosity causing the NR 
droplets to fuse. With this internal mixing technique, an average NR 
droplet of 1–2 μm was reached. When a cross-linking (or curing) agent is 
also added to the compound, the 80/20 wt% PLA/NR blend vulcanized 

with dicumyl peroxide increased adhesion between the phases. More-
over, the NR phase formed a web-like structure in the PLA, which highly 
improved the blend’s mechanical properties [141]. This web-like, or 
so-called co-continuous structure is advantageous for high impact 
resistance and high strain, not only in PLA/NR but also in PLA/other 
biopolymer blends as well. 

It was shown that the addition of NR to PLA improves the crystalli-
zation kinetics of the resulting PLA/NR blends. NR has some nucleating 
effect on PLA, and due to the very slow crystallization of PLA, there was 
only a minor increase in the final crystallinity of PLA [138–142]. 

We found that the addition of NR to PLA significantly reduced tensile 
strength and tensile modulus but highly increased strain at break 
(Table 4). 

As Table 4 shows, above 10 wt% NR content, strain significantly 
decreased, which was the effect of too large NR droplets, since 
increasing NR content leads to the fusion of the NR droplets. We found 

Fig. 12. The fracture surface of PLA/NR and PLA/ENR blends at various NR content (reprinted from “K. Pongtanayut, C. Thongpin, O. Santawitee, The effect of 
rubber on morphology, thermal properties and mechanical properties of PLA/NR and PLA/ENR blends, Energy Procedia, 34 (2013), 888–897”, Copyright (2013), 
with the permission from Elsevier). 

Fig. 13. Scanning electron micrograph of 65/35 wt% PLA/NR blends etched with dichloride-methane for 1 (a) and 4 (b) minutes (reprinted from “C. Xu, D. Yuan, L. 
Fu, Y. Chen, Physical blend of PLA/NR with co-continuous phase structure: Preparation, rheology property, mechanical properties and morphology, Polym. Test., 37 
(2014), 94–101”, Copyright (2014), with the permission from Elsevier). 
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that optimal NR content is 10 wt% concerning mechanical properties, 
crystallization and thermal stability in the investigated 0–30 wt% range 
[138–140,143,144]. This ductility-increasing effect was also visible on 
the SEM images (Fig. 14). 

Tanrattanakul et al. [143] investigated the mechanical properties of 
PLA/NR and PLA/ENR blends, and found that ENR had better compat-
ibility with PLA. However, the blend with NR had higher impact 
strength. They also investigated the effect of the mastication of the NR. 
During mastication, the Mw and the viscosity of NR decrease, and as a 
result, particle size decreases. Masticating of the NR significantly 
increased impact strength when NR droplet size was optimal, around 
0.5–1 μm. Below this droplet size, impact strength decreased. Modarress 
et al. [145] demonstrated that adding 3 wt% ENR increases the elon-
gation at break and impact strength of PLA 45 and 16 times, respec-
tively. The compatibility of PLA/ENR blends compatibility can be 
improved even more by grafting with maleic anhydride [146]. Another 
possible compatibilizer for PLA/ENR blends is liquid natural rubber 
[147]. Chen et al. [141] investigated PLA/NR blends of 80/20 wt% and 
60/40 wt% with and without dicumyl peroxide as a vulcanization ad-
ditive (Fig. 15). 

Fig. 15 shows the use of dynamic vulcanization resulted in a PLA/NR 
(65/35 wt%) blend with a very significant impact strength of ~60 kJ/ 
m2, while the impact strength of pristine PLA was around 3 kJ/m2. 
Moreover, the same blend did not only have high impact strength but 
also very high strain (>200%) [142]. Tessanan et al. [148] mixed PLA 
with 10 wt% epoxidized hydrogenated NR that contained 29.84 mol% 
epoxide and 20.19 mol% hydrogen. The experimental results showed 
that impact resistance increased to 32.4 kJ/m2, and elongation at break 
increased to 348%, whereas neat PLA has an impact strength of 3.6 
kJ/m2 and an elongation at break of 7.1%). At the same time, tensile 
strength decreased from 60.0 MPa to 41.8 MPa. 

Chen et al. [142] demonstrated that PLA/ENR blends have some-
what better thermal stability than PLA/NR blends, due to the better 
interfacial adhesion. 

The compatibility of NR and PLA can be improved by modifying the 

surface of NR particles. For example, Phromma and Magaraphan [149] 
created a shell on NR particles by admicellar polymerization of the 
ε-caprolactone monomer (NR-ad-PCL). The authors demonstrated that 
only 5% of NR-ad-PCL increases the impact strength of PLA more 
effectively than unmodified NR particles (12.5 kJ/m2 and 9.8 kJ/m2, 
respectively). Moreover, modified NR particles generated better crystals 
in PLA that readily transformed into perfect crystals of high melting 
temperature. 

Lopez-Manchado et al. [138] investigated the degradation of a 
PLA/NR blend (90/10 wt%) based on laboratory composting according 
to the ISO 20200 standard (Fig. 16). Fig. 16 shows that the PLA/NR 
blend took longer to degrade than pristine PLA, which can be explained 
by the slower degradation rate of NR, which reduced the overall 
degradation rate of the PLA/NR blend. 

As a short conclusion, NR is a useful bio-based polymer to increase 
the ductility of PLA. There are NR droplets a dispersed phase in PLA at 
lower NR content (<30 wt%), but with NR content of about 35 wt%, a 
co-continuous PLA–NR phase structure developed with significantly 
enhanced impact strength of 60 kJ/m2 (the impact strength of pristine 
PLA is 3 kJ/m2). 

4.2.2. Ethylene-vinyl acetate 
Ethylene-Vinyl Acetate (EVA) (Fig. 17) is a copolymer of Ethylene 

and Vinyl Acetate (VA), and a thermoplastic elastomer (not vulcanized) 
material with high flexibility and toughness. 

EVA is a widely used copolymer in the plastic industry. The weight 
percent of VA in EVA usually varies from 10% to 40%, with the 
remainder being Ethylene. With increasing VA content, EVA changes 
from a semi-crystalline thermoplastic polymer (Low-Density Poly-
ethylene (LDPE)) into rubber and again into an amorphous thermo-
plastic polymer (Poly(Vinyl Acetate) (PVA)). Since PLA shows 
miscibility with PVA and phase separation when blended with LDPE, the 
compatibility between PLA and EVA can be tuned with the VA content of 
EVA, without the need for a further compatibilizer. For high-toughness 
PLA-based blends, compatibility between the phases is essential. EVA is 
currently produced from crude oil like “ordinary” plastics and not from 
biomass, like PLA. However, since both bio-based Ethylene and VA are 
already on the market, EVA can also be made from renewable resources 
[150]. 

Ma et al. [151] examined the VA content in PLA/EVA (80/20 wt%) 
blends. They found that in a specific range of VA content (between 40 
and 70%), both impact strength (from 3 kJ/m2 to 50–60 kJ/m2) and 
strain at break (from 4% to 300–350%) significantly increased. With 
lower (<40%) or higher (>70%) VA content EVA, the PLA/EVA blend is 
brittle (Fig. 18). As Fig. 18 shows, impact strength considerably in-
creases above 15 wt% EVA content (50% VA content EVA), even higher 
than the impact strength of ABS (~20 kJ/m2). The usability of high VA 

Table 4 
Mechanical properties of PLA/NR blends [141].  

Material Tensile modulus, 
GPa 

Elongation at break, 
% 

Tensile strength, 
MPa 

PLA 3.1 ± 0.04 5.3 ± 0.7 58.0 ± 1.5 
PLA + 5 wt% 

NR 
2.5 ± 0.06 48 ± 22 50.4 ± 1.6 

PLA + 10 wt% 
NR 

2.0 ± 0.05 200 ± 14 40.1 ± 1.5 

PLA + 20 wt% 
NR 

1.8 ± 0.08 73 ± 45 24.9 ± 0.9  

Fig. 14. Scanning electron micrograph of the fracture surface of pristine PLA (a) and PLA/10 wt% NR blend (b) (reprinted from “N. Bitinis, R. Verdejo, P. Cassagnau, 
M.A. Lopez-Manchado, Structure and properties of polylactide/natural rubber blends, Mat. Chem. Phys., 129 (2011), 823–831”, Copyright (2011), with the 
permission from Elsevier). 
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content EVA in increasing the ductility of PLA was also demonstrated by 
the same research group not only on compression molded specimens 
[151] but also on films [152,153]. Yoon et al. [154] pointed out that the 
strain at break of blends of PLA and high VA content EVA only started to 
significantly increase above 50 wt% EVA content. This can be explained 
by the very high VA content of EVA. 

Cong et al. [155] investigated the mechanical properties and 
biodegradation of PLA/EVA (80/20 wt%) blends. In this case, the EVA 
used had 18% VA content. Ma et al. [151] found that higher VA content 
EVA is needed for highly ductile PLA/EVA blends, thus with this EVA 
only moderate results were achieved. 20 wt% EVA content was not 
enough to increase the strain at break of PLA, and even 40 wt% EVA 
content only increased the strain of the blend to four times that of neat 
PLA. 

In another set of studies [156–159], scientists used compatibilizers to 
enhance the compatibility between PLA and EVA. However, Ma et al. 

[151] found that PLA shows good miscibility with PVA, thus also when 
EVA has high VA content. In these studies, various materials were used 
as compatibilizers, such as Elvaloy (DuPont) [156], 2,5-dimethyl-2,5-di 
(tert-butylperoxy)hexane (AD) for dynamic vulcanization [157,158] 
and titanium propoxide or titanium phenoxide for reactive extrusion 
through transesterification [159]. Elvaloy in 2.5 wt% and 5 wt% [156] 
did not change the strain of the PLA/EVA (75/25 wt%) blends notice-
ably. Thus the ductility of PLA only increased when 85–95% EVA was 
used (Fig. 19). Note that in this study, 18% VA content was used, which 
is too low to enhance the ductility of PLA at low EVA contents 
effectively. 

Zhang and Lu [157] used the 2,5-dimethyl-2,5-di(tert-butylperoxy) 
hexane compatibilizer for dynamic vulcanization of the PLA/EVA 
(70/30 wt%) with 28% VA content in EVA. The authors found that 
adding 0.3 wt% compatibilizer highly increased the impact strength of 
the blend. They also found that with 0.3 wt% compatibilizer content, at 

Fig. 15. Mechanical properties of blended PLA/NR (abbreviated as “B”) and dynamically vulcanized PLA/NR (abbreviated as “D”) blends (reprinted from “D. Yuan, 
C. Xu, Z. Chen, Y. Chen, Crosslinked bicontinuous biobased polylactide/natural rubber materials: Super toughness, “net-like”-structure of NR phase and excellent 
interfacial adhesion, Polym. Test., 38 (2014), 73–80′′ Copyright (2014), with the permission from Elsevier). 

Fig. 16. Composting decomposition of PLA and 90/10 wt% PLA/NR blends. The images of the columns from left to right represent day number 1; 2; 10; 15; 17; 23, 
and 28 from the start of composting (reprinted from “N. Bitinis, E. Fortunati, R. Verdejo, J. Bras, J.M. Kenny, L. Torre, M.A. López-Manchado, Poly(lactic acid)/ 
natural rubber/cellulose nanocrystal bionanocomposites. Part II: Properties evaluation, Carbohydr. Polym., 96 (2013), 621–627”, Copyright (2013), with the 
permission from Elsevier). 
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least 30 wt% EVA was needed to significantly increase ductility 
(Fig. 20). 

Moura et al. [159] used titanium phenoxide for reactive extrusion 
through transesterification between PLA and EVA. The researchers used 
very high EVA content (60 wt%). Even though the applied reactive 
extrusion made the component compatible, due to the very high EVA 
content, this blend lacks practical uses. 

Finally, Tábi [160] investigated the effect of annealing on the 
properties of PLA/EVA blends in 0–20 wt% EVA content range with 60% 
VA content. When PLA was unannealed, even 20 wt% EVA only 
increased impact strength from 2.3 kJ/m2 to 8.7 kJ/m2. When pure PLA 
was annealed at 100 ◦C, its impact strength increased from 2.3 kJ/m2 

(unannealed) to 15.2 kJ/m2 due to the crystal structure that developed. 
However, annealed PLA/EVA blends had a very high impact strength of 
over 65 kJ/m2 (Fig. 21). Tábi proved the existence of a toughening 
mechanism and a positive cross-effect between the crystal structure of 
PLA and impact modifiers. This finding can be used to achieve very high 
(even 60 kJ/m2) notched Charpy impact strength with a certain VA 
content EVA grade and a certain crystal structure of PLA, developed 
through annealing. 

The results indicate that EVA is a very effective impact modifier, and 
at certain VA contents (between 40% and 70%), it is inherently 

compatible with PLA. However, for maximum impact modification ef-
fect, the PLA must be crystallized (annealed), which activates a tough-
ening mechanism of a positive-cross effect between the crystal structure 
of PLA and EVA. In this case, over 65 kJ/m2 notched Charpy impact 
strength can be achieved with only 15 wt% EVA. 

4.2.3. Elvaloy 
Elvaloy is the trade name of an impact modifier produced by DuPont. 

It is a terpolymer of ethylene, butylacrilate, and Glycidylmethacrylate 
(GMA), or in other literature, it is referred to as Ethylene-Vinyl-Acetate- 
Glycidylmethacrylate (EVA-GMA). There is a limited number of publi-
cations in this field. Pracella et al. [161] added Elvaloy to PLA, and 
investigated its mechanical properties (Fig. 22). Fig. 22 shows that at 
least 30 wt% Elvaloy was needed to improve elongation at break 
significantly, but it came at the cost of a huge loss in strength and 
modulus. 

Aghjeh et al. [162] used Elvaloy more like a compatibilizer between 
EVA and PLA, but unfortunately, did not measure mechanical proper-
ties. They did not only use EVA-GMA to improve the ductility of PLA, but 
also used Poly(Ethylene-Glycidylmethacrylate) (EGMA) [163], which 
increased the elongation at break of PLA to over 200%. Furthermore, 
after EGMA was added, the Charpy notched impact strength of PLA 
increased several times. The impact strength of PLA with EGMA 
increased even more after post-production crystallization (annealing) 
and reached 72 kJ/m2, which is significantly higher than even that of 
ABS (~20 kJ/m2) (Fig. 23). 

4.2.4. BioMax Strong 
BioMax Strong is the trade name of another impact modifier pro-

duced by DuPont. It is an Ethylene-Acrylate Copolymer (EAC). There are 
only a few publications investigating the use of BioMax Strong for 
enhancing the ductility of PLA [164–166]. Afrifah and Matuana [166] 
examined its effect on the ductility of PLA with various D-lactide con-
tents (1.4%, 4%, and 14%). The authors demonstrated that BioMax 
Strong improved the ductility of low D-lactide content PLA more than the 
ductility of PLA grades with high D-lactide content. Moreover, 15 wt% of 
this impact modifier highly increased the impact strength of PLA, and 
during the tensile tests, the impact-modified PLA showed yielding and 
improved strain at break (Fig. 24). 

4.3. Blending 

A polymer blend (thermodynamically stable and compatible) or an 

Fig. 17. Structure of ethylene-vinyl acetate (EVA).  

Fig. 18. Mechanical properties of PLA/EVA (80/20 wt%) blends in a function of VA content (reprinted from “P. Ma, D.G. Hristova-Bogaerds, J.G.P. Goossens, A.B. 
Spoelstra, Y. Zhang, P.J. Lemstra, Toughening of poly(lactic acid) by ethylene-co-vinyl acetate copolymer with different vinyl acetate contents, Eur. Polym. J., 48 
(2012), 146–154”, Copyright (2012), with the permission from Elsevier). 
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alloy (neither thermodynamically stable, nor compatible) is the physical 
mixture of two or more thermoplastic polymers, where there is inter-
molecular interaction between the molecular chains of the mixed 
polymers. By blending, the main goal is to improve the disadvantageous 
properties of the components [167,168]. Also, it is a far less complicated 
and faster process than copolymerization. Our literature review focuses 
on biopolymer blends, where all of the components are biodegradable 
polymers, and one of the components is PLA. We found studies on 
various PLA-based biopolymer blends, where the second component was 
[3,34]:  

• Poly(Butylene Succinate) (PBS) and its copolyesters (Poly(Butylene 
Succinate-co-Adipate) (PBSA) with the trade name Bionolle [169], 
Poly(Butylene Succinate-co-L-Lactate) (PBSL) with the trade name 
GS PLA by Mitsubishi Chem.) [170].  

• Aliphatic polyesters and their copolyesters (Poly(ε-Caprolactone) 
(PCL))  

• Poly(HydroxyAlkanoate) (PHA) [171,172] and its copolyesters (Poly 
(HydroxyOctanoate) (PHO)) 

• Poly(Hydroxy Butyrate) (PHB) [173] and its copolymers (Poly(Hy-
droxy Butyrate-co-Valerate) (PHBV))  

• Aliphatic-Aromatic Copolyesters (Poly(Butylene Adipate-co- 
Terephtalate) (PBAT)) 

The main properties of the most important biopolymers, namely PBS, 
PCL, PHA, PHB, PHBV, and PBAT, are collected in Table 5 and compared 
to PLA. 

4.3.1. PLA/PBS blends 
PLA/PBS blends are thermodynamically immiscible, and phase sep-

aration occurs [174–178]. PBS can be well dispersed into the PLA phase 
below 8.4 wt%, while in the 8.4–42 wt% range, PLA and PBS develop a 
co-continuous phase. Above 42 wt%, crystallization induced phase 
separation occurs, where the PLA will take the role of the dispersed 
phase [174,175,179,180]. 

Due to the immiscibility of the components, adhesion between the 
Fig. 19. Tensile strength and elongation at break of PLA/EVA blends with 
various EVA content (18% VA content EVA was used) (reprinted from “M.R. 
Aghjeh, M. Nazari, H.A. Khonakdar, S.H. Jafari, U. Wagenknecht, G. Heinrich, 
In depth analysis of micro-mechanism of mechanical property alternations in 
PLA/EVA/clay nanocomposites: A combined theoretical and experimental 
approach, Mat. Des., 88 (2015), 1277–1289”, Copyright (2015), with the 
permission from Elsevier). 

Fig. 20. The impact strength of PLA/EVA blends with various compatibilizer content (AD) for fixed, 30 wt% EVA content (a) and the impact strength of PLA/EVA 
blends with various EVA content with fixed 0.3 wt% of compatibilizer content (b) (reprinted from “N. Zhang, X. Lu, Morphology and properties of super-toughened 
bio-based poly(lactic acid)/Poly(ethylene-co-vinyl acetate) blends by peroxide-induced dynamic vulcanization and interfacial compatibilization, Polym. Test., 56 
(2016), 354–363”, Copyright (2016), with the permission from Elsevier). 

Fig. 21. The Charpy impact strength of PLA/EVA blends as a function of EVA 
content and annealing conditions (reprinted from “T. Tábi, The application of 
the synergistic effect between the crystal structure of Poly(Lactic Acid) (PLA) 
and the presence of Ethylene Vinyl Acetate copolymer (EVA) to produce highly 
ductile PLA/EVA blends, Journal of Thermal Analysis and Calorimetry, 138 
(2019), 1287–1297”, distributed under the terms of the Creative Commons CC 
BY and does not require permission to reuse). 
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two phases is low [180]. Qu et al. [181] tested various additives 
(nanoparticles, molecular chain extenders and compatibilizers) to in-
crease adhesion between the two phases. They found that calcium sul-
fate can increase the flexural strength and modulus of PLA by 5% and 
15%, respectively. At the same time, 2 wt% of the chain extender Tri-
phenyl Phosphite (TPH) and 10 wt% of the copolyester PBSA improved 
the impact strength of NatureWorks 2002D grade PLA from 6.76 kJ/m2 

to 16.4 kJ/m2 [182]. 
Researchers found that 0.15 wt% of the reactive processing agent 

Lysine Triisocyanate (LTI) in a blend of 90/10 wt% PLA/PBS produced 
an impact strength of 60 kJ/m2, while the same amount of LTI in a 80/ 
20 wt% PLA/PBS blend prevented breakage during impact tests alto-
gether [183–186]. 

4.3.2. PLA/PCL blends 
The PLA and PBS are immiscible as well, and there is only weak 

adhesion between the phases [187,188]. Washburn et al. [187] found 
that above 50 wt% PLA content, the PLA forms a continuous phase, 
while PCL is in the form of isolated droplets. At 50 wt% PLA and PCL 
content, the blend has co-continuous morphology. Elongation at break 
increases, while tensile strength and modulus significantly decrease 

with increasing PCL content (Fig. 25). 
Shin and Han [189] tested numerous agents to improve the 

compatibility between PLA and PCL. One of them is a widely used 
reactive compatibilizer named Glycol Methacrylate (GMA) [189]. GMA 
increased the tensile strength of an 80/20 wt% PLA/PCL blend by 150%. 

Another compatibilizer tested was LTI, and it improved the flexural 
strength and modulus of an 85/15 wt% PLA/PCL blend by 15%; at the 
same time, it increased impact strength significantly even when it was 
used in small amounts [190,191] (Table 6). 

Also, Chavalitpanya and Phattanarudee [192] improved interfacial 
adhesion with the PEG/PPG block copolymer. 7.5 wt% of PEG/PPG in 
an 80/20 wt% PLA/PCL blend increased the crystallinity of the blend 
from 23.8% to 33.5%. 

Bai et al. [193] added 20 wt% PCL and 1 wt% of the nucleating agent 
TMC-328, and injection molded the compound into a cold and a hot 
mold to achieve various degrees of crystallinity of PLA. Interestingly, 
they found that with a cold mold, they achieved the highest impact 
strength when the average particle size of PCL was around 1 μm, while 
with a hot mold, the highest impact strength was measured when the 
average PCL particle size was around 0.4 μm. 

We found that crystallized PLA/EVA blends had higher impact 
strength [160]. Also, in another study, Bai et al. [194] added 5, 10, 15 
and 20 wt% of PCL and 1 wt% of the nucleating agent TMC-328 to PLA, 
and injection molded the compound into molds of various temperatures 
between 50 ◦C and 130 ◦C to vary the crystallinity of PLA. They found 
that PLA/PCL compounds with highly crystalline PLA have greatly 
improved impact properties. 

4.3.3. PLA/PHA blends 
Poly(hydroxy alkanoates) (PHA) are ductile, aliphatic, semi- 

crystalline, thermoplastic bio-polyesters. PHA polymers can be pro-
cessed with conventional processing equipment and are ductile and 
more or less elastic, depending on their composition. They differ in their 
properties due to their chemical composition. Processability, impact 
strength, and flexibility improve with a higher percentage of valerate in 
the material. PHB is similar in its material properties to PP. It has good 
resistance to moisture, and good aroma barrier properties, while PHBV 
is tougher and less stiff, and it may be used as a packaging material. The 
Tg of PHBV is around 5 ◦C, while its Tm is around 150 ◦C, which makes it 
a tough polymer at room temperature with a tensile modulus of 900 MPa 
and an elongation at break of around 15%. These properties make it 
similar to PP. Amor et al. [195] investigated PLA/PHBV blends with 
added OLA as plasticizer. Adding 10 wt% PHVB to PLA did not change 
elongation at break significantly, but an additional 1% of OLA increased 
elongation to 15%. 

4.4.4. PLA/PBAT blends 
Poly(butylene adipate terephthalate) (PBAT) is a ductile, aliphatic, 

semi-crystalline, thermoplastic bio-polyester, which is generally mar-
keted as a fully biodegradable alternative to low-density polyethylene. 
They have many similar properties, including low elastic modulus and 
stiffness, but high flexibility and toughness, making PBAT suitable for 
many similar applications, such as plastic bags. It can be blended with 
the stiff and high-strength PLA, resulting in biopolymer blends with 
properties in between those of the two polymers. 

Jiang et al. [196] produced PLA/PBAT blends with 5, 10, 15, and 20 
wt% PBAT content. They found the components incompatible and a 
typical two-phase blend developed with the PBAT evenly dispersed in 
the PLA matrix. With increasing PBAT content, the blend showed 
decreasing strength and modulus but increasing impact strength. Un-
fortunately, this increase in impact strength was rather small, and again 
the cross-effect between crystallized PLA and the presence of the PBAT 
was not investigated. In another study, Zhang et al. [197] prepared 
PLA/PBAT blends using GMA as a reactive compatibilizer. They added 1 
wt% GMA to PLA/PBAT blend containing 30 wt% PBAT, and the Charpy 
impact strength of the blend increased from 15 kJ/m2 to 32 kJ/m2. 

Fig. 22. Mechanical properties of PLA/Elvaloy (EVA-GMA) blends (reprinted 
from “M. Pracella, M.M.-U. Haque, M. Paci, V. Alvarez, Property tuning of poly 
(lactic acid)/cellulose bio-composites through blending with modified ethylene- 
vinyl acetate copolymer, Carbohyd. Polym., 137 (2016), 515–524”, Copyright 
(2016), with the permission from Elsevier). 

Fig. 23. Impact strength of not crystallized and crystallized PLA with 20 wt% 
of EGMA content. PLA-L and PLA-H refers to low and high Mw PLA grades 
(reprinted from “H.T. Oyama, Super-tough poly(lactic acid) materials: Reactive 
blending with ethylene copolymer, Polym., 50 (2009), 747–751”, Copyright 
(2009), with the permission from Elsevier). 

T. Tábi et al.                                                                                                                                                                                                                                     



Polymer Testing 101 (2021) 107282

15

Fig. 24. Impact strength (a) and tensile curve (b) of PLA impact modified with BioMax Strong. EAC refers to the BioMax Strong being an Ethylene-Acetate Copolymer 
(reprinted from “K.A. Afrifah, L.M. Matuana, Impact modification of polylactide with a biodegradable ethylene/acrylate copolymer, Macromol. Mat. Eng., 295 
(2010), 802–811”, Copyright (2010), with the permission from John Wiley and Sons). 

Table 5 
The most important properties of PBS, PCL, and PLA biopolymers (based on [266–271].  

Property/Material PBS PCL Amorphous PLA Annealed PLA PHA PHB PHBV PBAT 

Density, g/cm3 0.9 1.06 1.24 1.29 1.25 1.25 1.25 1.22 
Tensile strength, MPa 30 50 59 66 15–40 15–45 18–40 21 
Tensile modulus, MPa 1600 400 3750 4150 2000 400–3800 1200–4600 85 
Elongation at brake (ε), % >150% 400 2.2 2.0 1–15 6–27 2.5 to 50 670 
Flexural strength, MPa 40 75 106 119 – – ~62 7.5 
Flexural modulus, MPa 1400 2500 3650 4150 – – ~3300 126 
Charpy impact strength (unnotched), kJ/m2 45 60 20 35 – – – not broken 
Charpy impact strength (notched), kJ/m2 10 22 3 7 – 3 – – 
Glass transition temperature, ◦C 0 − 110 55 55 2 − 10 to 15 − 10 to 25 – 
Melting temperature, ◦C 165 60 155 155 160–175 153 to 175 145 to 180 115–125 
Heat Deflection Temperature 

(HDT at 0.45 MPa load), ◦C 
65 95 55 120 – – 105 55 

Vicat softening, ◦C 62 85 53 115 – 53 to 148 143 91 
Shrinkage, % 0.8 0.5 0.4 0.4 – – – –  

Fig. 25. Elongation at failure (a) and yield stress (b) for PLA/PCL blends (reprinted from “M.E. Broz, D.L. VanderHart, N.R. Washburn, Structure and mechanical 
properties of poly(d,L-lactic acid)/poly(ε-caprolactone) blends, Biomaterials, 24 (2003), 4181–4190”, Copyright (2003), with the permission from Elsevier). 
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Table 7 contains all the relevant data of the biopolymer blends. 
To sum it up, using an inherently tough biopolymer to increase the 

impact properties of PLA is the best way to keep the final blend “green”. 
However, the phases in PLA-based biopolymer blends are incompatible. 
At the same time, some moderate improvements in impact and strain 
properties can still be achieved without compatibilizing agents. The 
toughness of PLA-based biopolymer blends can be significantly 
increased without compatibilization with the appropriate ratio of the 
phases; In the right ratio, they develop a co-continuous phase. Finally, 
annealing can also be a powerful way to increase toughness by 
exploiting the synergistic effect between the crystal structure of PLA and 
a second, inherently tough phase. 

4.4. Copolymerization of PLA-based biopolymer blends 

Usually, the disadvantages of a particular polymer can be compen-
sated for by copolymerization. However, in most cases, simply making a 
polymer blend will not solve the problems since polymer blends as 
usually not compatible or miscible. In this case, copolymerization is the 
solution. It can be done in two ways. Either the different monomers are 
united before polymerization and then polymerized together, or the 
polymers are combined with the use of an additional reactive compa-
tibilization agent. The former method requires whole polymerization 
plants (or if performed in laboratories, only small amounts can be pro-
duced), while the latter method is a much simpler process, where block 
or graft copolymers are produced ‘in-situ’ in an extruder during 
continuous processing. Below we will discuss the latest developments in 
the copolymerization of PLA. 

4.4.1. Copolymerization of PLA/PBS blends 
Harada et al. [183] copolymerized a 90/10 wt% PLA/PBS blend by 

using 0.15 wt% of the reactive processing agent Lysine Triisocyanate 
(LTI). The authors found that with the addition of LTI, the impact 
strength of PLA/PBS blends increased from 18 kJ/m2 to 60 kJ/m2. The 
80/20 wt% PLA/PBS blend with LTI did not even break during the 
impact test. Wang et al. [198] used dicumyl peroxide (DCP) as a reactive 
compatibilization agent for PLA/PBS blends. They found that the addi-
tion of only 0.1 wt% DCP increased the impact strength of the 80/20 wt 
% PLA/PBS blend from 3.7 kJ/m2 to 30.0 kJ/m2 and the elongation at 
break was also higher than 200%. Hu et al. [199] found that elongation 
at break reached approximately 400% when 1 wt% Poly(Butylene 
Succinate) (PBS) was added to an 80/20 wt% PLA/PBS blend. 

4.4.2. Copolymerization of PLA/PCL blends 
Tuba [191] used an LTI processing agent to copolymerize an 80/20 

wt% PLA/PCL blend. He found out that the impact strength of the blend 
increased significantly even when LTI was used in small amounts. 
Harada et al. [200] also used LTI as a compatibilizer for 80/20 wt% 
PLA/PCL blends. The impact strength of the blends increased from 2 
kJ/m2 to 17.3 kJ/m2 with the use of 0.5 wt% LTI. Odent et al. [201] 
investigated the effect of the co-addition of the rubber-like Poly(ε-cap-
rolactone-co-lactide) (P(CL-co-LA)) copolymer as an impact modifier 
and N,N′-Ethylene Bis (12-Hydroxystearamide) (EBS) as nucleating 

agent. The authors used 10 wt% P(CL-co-LA) and various amounts of 
EBS between 0 and 5 wt% in 4032D grade PLA with 1.4% D-lactide 
content. When 10 wt% copolymer was added to PLA, its notched Izod 
impact strength of 2.7 kJ/m2 increased to 11.4 kJ/m2. However, when 4 
wt% EBS was also added, impact strength further increased to 30.5 
kJ/m2 (Fig. 26). This could be explained by a strong cross-effect between 
the impact modifier and the crystalline structure of PLA, as Tábi [160] 
proved for PLA toughened by EVA. 

Wang et al. [202] demonstrated that a PLLA/PCL blend compatibi-
lized with 3.5 phr poly(D-lactide)-poly(ε-caprolactone)-poly(D-lactide) 
(PCDL) exhibited an elongation at break of 43%, compared to 18% of 
uncompatibilized PLLA/PCL. 

4.4.3. Copolymerization of PLA/PBAT blends 
Zhang et al. [197] used GMA as a reactive compatibilizer for 

PLA/PBAT blends. They demonstrated that the addition of 1 wt% GMA 
to a PLA/PBAT blend containing 30 wt% PBAT, increased the Charpy 
impact strength from 15 kJ/m2 to 32 kJ/m2. Zhao et al. [203] found that 
the addition of 0.75 wt% multifunctional epoxy oligomer reactive 
compatibilizer to a 60/40 wt%. PLA/PBAT blend increased elongation at 
break and notched impact strength to 579.9% and 29.6 kJ/m2, which 
were 75.3 and 12.3 times that of neat PLA, respectively. Ji et al. [204] 
added 3 wt% monomethoxy poly(ethylene glycol)-polylactide (MPEG--
PLA) di-block copolymer as compatibilizer to a 70/30 wt% PLA/PBAT 
blend. The addition of MPEG-PLA helps to increase the elongation at 
break from 30% (uncompatibilzed blend) to 296%. Torre et al. [205] 
used epoxidized and maleinized cottonseed oil (ECSO and MCSO, 
respectively) to compatibilize a 80/20 wt% PLA/PBAT blend. They 
obtained maximum elongation at break (about 320%) for the PLA/PBAT 
blend compatibilized with 7.5 wt% MCSO. 

In sum, studies found that compatibilized blends were far tougher 
than uncompatibilized blends. In most cases, LTI, DCP or GMA is used as 
a reactive compatibilizing agent in typical amounts of 0.1–1.0 wt%. 
These were found highly effective in enhancing compatibility between 
PLA and the second biopolymer phase. An enormous increase in impact 
strength was achieved, which could not have been achieved without the 
compatibilizing agents, by simple blending. However, non-green com-
patibilizers are not the best choice in biopolymer blends. Thus the di-
rection of development is bio-based and biodegradable compatibilizing 
agents. 

4.5. Stretching of PLA at a high temperature 

Uniaxial or biaxial stretching of semi-crystalline PLA at temperatures 
between Tg and Tm influences the structure of the polymer and can 
therefore help improve the mechanical performance of PLA without any 
additives [206–212]. The strain-hardening behavior of PLA is explained 
by the molecular orientation and the transformation of the crystal 
structure that occurs during drawing. The deformation behavior of 
stretched PLA is primarily the result of a synergetic effect of the 
stretching temperature and strain rate. Thus the α′-form crystals, which 
usually develop when PLA is crystallized below 120 ◦C, can be trans-
formed to the more ordered α-form crystals when PLA is uniaxially 
drawn in the temperature range between 80 ◦C and 90 ◦C [207]. Hsu 
et al. [208] proved that at the drawing below 80 ◦C, the α′–α trans-
formation did not occur, although crystallinity and the degree of 
deformation greatly improved. Sawai et al. [209] demonstrated that 
α-form crystals gradually transform into β-form crystals, and the relative 
amount of the β-form crystals increases with increasing drawing tem-
perature from 80 ◦C to 140 ◦C reaching a maximum (~0.8) at 130 ◦C. 
The authors also proved that the amount of β-form crystals increases 
with increasing Mw of PLA. Takahashi et al. [213] showed that 
increasing strain rate (draw rate) increases the stress and improves the 
uniformity of the drawing of PLA. The influence of the strain rate on the 
ductility of PLA is more complex. Thus the draw ratio of PLA increased 
gradually from 1 to 3 as the strain rate was increased from 0.5 to 

Table 6 
Effect of various isocyanates as compatibilizers on the impact strength of 80/20 
wt% PLLA/PCL blends [191].  

Reactive compatibilizer Charpy impact strength, kJ/ 
m2 

None 17 
L-Lysine Triisocyanate 64 
L-Lysine Diisocyanate Not broken 
1,3,5-tris-(6-izocyantohexil)-1,3,5-triazin-2,4,6- 

trion 
58 

1,3,5-tris-(6-izocyantohexil)-biuret 30 
trimethylolpropane-triglycidil-ether 17  
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Table 7 
Properties of biopolymer blends.  

PLA used second bio–polymer 
phase used 

Amount of second 
phase, wt% 

Max. Xc of 
PLA, % 

Results Comment Ref. 

4032D, Natureworks, 
L-lactide content not 
shown 
(Mw = -) 

G4460 EnPol, Ire 
Chemicals 
(Mw = –) 

0, 10, 20,50, 80, 90, 
100 

– σ = 42 MPa, E = 800 MPa (20 wt 
% PBS) 

Elongation at break of blends is 
quite similar to neat PLA 

[179] 

4032D, Natureworks, 
L-lactide content 98.6% 
(Mw = 94.000 g/mol) 

EnPol G4560–M, Ire 
Chemicals, 
(Mw = 88.000 g/mol) 

0, 20, 40, …, 100 16% 
(20 wt% PBS) 

σ = 45 MPa, E = 1200 MPa (20 wt 
% PBS) 

Crystallinity increases up to 20 
wt% PBS content 

[180] 

-, Korea Inst of Sci and 
Tech. 
D-lactide content not 
shown 
(Mw = 367.000 g/mol) 

–, Saehan Industries 
(Mw = 120.000 g/mol) 

0, 10, …,100 41.6 
(10 m% PBS) 

PBS component was expelled out 
of the interlamellar regions of 
PLA (Small-angel X-ray) 

Less than 30 wt% PBS large 
number of small spherulites 

[174] 

LACEA, Mitsui Chemicals, 
D-lactide content not 
shown 
(Mw = 350.000 g/mol) 

GsPLA, Mitsubishi 
Chemical 
(Mw = 150.000 g/mol) 

5, 10, 20, 100 – Crystallization peak intensity 
increases with increasing PBS 
content (DSC, cooling curve) 

Applied 0.5 wt% thermal 
stabilizer (Ciba Irganox 1010, 
Ciba Irgafos 168) 

[175] 

3051D, Natureworks, 
D-lactide content not 
shown 
(Mw = -) 

–, Mitsubishi Chemical 
(Mw = –) 

0, 10, 20, …50, 100 50.8% 
(50 wt% PBS) 

σ = 40 MPa, E = 1200 MPa (20 wt 
% PBS) 

Immiscible and exhibited phase 
separation 

[176] 

EcoPLA, Cargill, 
D-lactide content not 
shown 
(Mw = -) 

B1001 Bionolle 
B3010 Bionelle, Showa 
Highpolymer Co Ltd. 
(Mn = – g/mol) 

5, 10, 20, …, 50 43.97 
(40 wt% 
B3010 PBS) 

– – [177] 

2002D, Natureworks, 
L-lactide content <0.3% 
(Mn = 100.000 g/mol) 

Bionelle 1001, Showa 
Highpolymer Co Ltd. 
(Mn = 60.000 g/mol) 

20, 30, …, 80 – G′ dynamic storage modulus 
shows the phase inversion point 
of the blend at 50 wt% PBS 

Elongated fibrous structure of 
the discrete phase (PBS 40 wt%) 

[178] 

4032D, Natureworks, 
L-lactide content - 
(Mn = -) 

–, Anqing Hexing 
Chemical 
(Mn = –) 

0,10, 20,30, 40, 60, 
80, 100 

23.8% (10 wt 
% PBS) 

Thermal stability of PLA/PBS 
(60/40 wt%) is higher compared 
to the neat PLA 

Tg of PLA decreased when 
content of PBS increased 

[272] 

2032D, Natureworks, 
L-lactide content not 
shown 
(Mw = -) 

GS Pla FZ91PD, 
Mitsubishi Chemical 
(Mw = –) 

0, 40, 50, 60, 100 31.95% 
(40 wt% 
PBS+
Sb 0.1 phr) 

σ = 38 MPa, ε = 3%, 
Energy at break = 0.5 J 
(40 wt% PBS) 

Nucleating agents: Sodium 
benzoate (SB), calcium 
carbonate (NPCC201) 

[273] 

4032D, Natureworks, 
L-lactide content - 
(Mn = -) 

B1001 MD Bionolle 
,Showa Highpolymer Co 
Ltd. 
(Mn = –) 

10, 30, 50, 70, 90, 
100 

23.8% (10 wt 
% PBS) 

5 wt% calcium sulfate whiskers 
effect heterogenous nucleation 

Phase separation at 50 wt% PBS 
content 

[181] 

2002D, Natureworks, 
D-lactide content 4% 
(Mw = 235 kg/mol) 

3001 Bionolle, Showa 
Highpolymer Co Ltd. 
(Mw = 190 kg/mol) 

10, 30, 40, 50 39.5 (30 wt% 
PBS+6 wt% 
TPP) 

E = 2300 MPa, ε = 20%, 
Impact energy = 11.4 kJ/m2 
(30 wt% PBS+2 wt% TPP) 

Compatibilized blends showed 
improved toughness 

[182] 

40529 PLA, Toyota 
Motors, 
D-lactide content: - 
(Mn = -) 

1020 Showa 
Highpolymer Co Ltd 
(Mn = –) 

0, 10, 20, 100+
lysine triisocyanate 
(LTI), 

– Impact strength increased 2–4 
times that of PLA 
(10 wt% PBS+0.15 wt% LTI) 

Isocyanate as reactive 
processing agent 

[183] 

Lacty 5000, Shimadzu Co 
Ltd., 
D-lactide content: - 
(Mw = 145.000 g/mol) 

GS Pla AZ PBSL, 
Mitsubishi Chemical 
(Mw = 147.000 g/mol) 

0, 10, 20, 30, 100 46.7 (30 wt% 
PBS) 

σ = 45 MPa E = 1540 MPa, 
ε = 90%, 
(30 wt% PBS) 

Phase-separated system with 
the dispersed PBSL phase 
having a spherical shape 

[184] 

LACEA H-100 PLLA, 
Mitsubishi Chemical, 
D-lactide content: - 
(Mw = -) 

GS Pla AZ PBSL, 
Mitsubishi Chemical 
(Mw = 147.000 g/mol) 

0, 1, 5, 10, 20, 40, 
60, 80, 100 

12.0 
(10 wt% 
PBSL) 

σ = 58 MPa E = 2500 MPa, 
ε = 180%, 
(10 wt% PBSL) 

Higher elongation at break than 
PBS 

[185] 

LACEA H-100 PLLA, 
Mitsubishi Chemical, 
D-lactide content: - 
(Mw = -) 

1020 Bionolle, PBS 
Showa Highpolymer Co 
Ltd 
(Mw = –) 

0, 1, 5, 10, 20, 40, 
60, 80, 100 

18.6 (10 wt% 
PBS) 

σ = 65 MPa E = 2800 MPa, 
ε = 100%, 
(10 wt% PBS) 

Decreasing Tg ΔT = 2 ◦C [185] 

-PLLA, 
BoehringerIngelheim, 
D-lactide content: - 
(Mn = 180.000 g/mol) 

3001 Bionolle, PBSA 
Showa Highpolymer Co 
Ltd 
(Mn = 46.000 g/mol) 

0, 20, 40, 60, 80, 100 – – Two independent Tg [186] 

PLA, Polysciences 
D-lactide content: - 
(Mw = 100.000 g/mol) 

PCL, Aldrich 
(Mw = 80.000 g/mol) 

0, 20, 40, 60, 80, 100 – σ = 25 MPa E = 2000 MPa, 
ε = 5%, 
(20 wt% PCL) 

Morphology changing at 50 
above wt% PLA content 

[187] 

4042D PLA, Natureworks 
D-lactide content: - 
(Mw = - g/mol) 

6400 Capa PCL, 
Perstorp 
(Mw = –g/mol) 

0, 50, 100  σ = 29 MPa E = 800 MPa, 
ε = 7%, 
(50 wt% PCL) 

Incompatible blend [188] 

PLA, - 
D-lactide content: - 
(Mw = - g/mol) 

PCL, – 
(Mw = –g/mol) 

0, 10, 20, 30 25.53 (10 wt 
% PCL) 

– Degree of crystallinity of PLA 
decreasing increasing PCL 
content 

[274] 

2002D PLA, Natureworks 
D-lactide content: 4% 
(Mw = - g/mol) 

6500 Capa, Southern 
Chemicals in 

0, 30, 50, 70, 100 
(+1, 3, 5 wt% TiO2) 

– – TiO2 improved the thermal 
stability of PLA 

[275] 

(continued on next page) 
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50/min. However, a further increase of the strain rate reduces the 
ductility of PLA. 

Stam et al. [206] proposed a schematic representation of the 
deformation-induced formation of superstructure (molecular orienta-
tion and crystallization) as well as morphology change (cavitation) in 
amorphous PLA at various strain rates (Fig. 27). To exclude the effect of 
temperature on crystal formation, they chose a drawing temperature of 
75 ◦C, at which the crystallization of PLA is severely depressed. The 
authors suggested that during drawing, the structure of PLA develops in 
three stages. In the first stage, when the stretching strain is lower than 
100%, the molecular chains start to be oriented in one direction, and 
some regions of amorphous PLA start to crystallize. In the range of strain 
from 100% to 160%, the orientation of polymer molecules further 
progresses while some of the crystals start to break, and therefore cav-
ities are formed. When stretching strain exceeds 160%, the polymer 
molecules get disentangled, and thus, more oriented chains are formed 

in the amorphous region, which promotes the further crystallization of 
PLA. 

Although it is believed that the most important factors that improve 
the crystallization of drawn PLA are stretching temperature and strain 
rate, several recent studies [211,214,215] have proved that the D-lactide 
content can also have a significant influence on stretching-induced 
crystallinity. Chen et al. [214] showed that the elongation at break of 
PLA increased to 145%, 175%, and 190% at the pre-stretching ratio of 
0.5 for PLA with 2%, 4%, and 12% D-lactide content, respectively, which 
is 26–33 times greater than that of undrawn PLA. Tábi et al. [215] also 
demonstrated that the tensile behavior of PLA films exposed to uniaxial 
deformation greatly differs due to the difference in D-lactide content. 
The crystallinity of 1.4% D-lactide content PLA films increased from 
5–6% to 45–47%, and that of 4.3% D-lactide content PLA from 1–2% to 
33–36%, as a result of elevated temperature stretching. Tábi et al. [215] 
investigated the effect of the annealing of unstretched PLA films, with 

Table 7 (continued ) 

PLA used second bio–polymer 
phase used 

Amount of second 
phase, wt% 

Max. Xc of 
PLA, % 

Results Comment Ref. 

Joannesburg 
(Mw = –g/mol) 

2002D PLA, Natureworks 
D-lactide content: 4% 
(Mw = - g/mol) 

6500 Capa, Southern 
Chemicals in 
Joannesburg 
(Mw = –g/mol) 

0, 30, 50, 70, 100 
(+1, 3, 5 wt% TiO2) 

– – PCL glass transition peaks 
increased using TiO2 

[276] 

2002D PLA, Natureworks 
D-lactide content:- 
(Mw = - g/mol) 

TONE–787 Dow/Union 
Carbide 
(Mw = –g/mol) 

20 (3 phr glycidyl 
methacrylate GMA) 

– GMA good monomeric 
compatibilizer 

Electron-beam irradiation 
process improved the interfacial 
adhesion 

[189] 

Lacty 9030, PLA Shimadzu 
Co Ltd. 
D-lactide content:- 
(Mw = - g/mol) 

CelgreenH7 Daicel 
Chemistry Ind. Co Ltd. 
(Mw = –g/mol) 

15 – Dramatic improvement of the 
mode I fracture energy 

used lysine triisocanate 
(1 wt%) 

[190] 

4042D PLA, Natureworks 
D-lactide content: 4% 
(Mw = - g/mol) 

PCL, Sigma Aldrich 
(Mw = 70.000–90.000 
g/mol) 

20 (+0, 2.5, 5.0, 7.5, 
10 phr PEG–PPG) 

– σ = 25 MPa E = 1400 MPa, 
ε = 74.4%, 
(20 wt% PCL+7.5 PEG-PPG) 

polyethylene glycol (PEG), 
Polypropylene glycol (PPG) 

[192]  

Fig. 26. Notched Izod impact strength (I.S.) and elasticity modulus (E) of PLA with 10 wt% of P(CL-co-LA) copolymer and various EBS nucleating agent content 
(reprinted from “J. Odent, J.-M. Raquez, P. Leclère, F. Lauro, P. Dubois, Crystallization-induced toughness of rubber-modified polylactide: combined effects of 
biodegradable impact modifier and effective nucleating agent, Polym. Adv. Tech., 26 (2015), 814–822”, Copyright (2003), with the permission from John Wiley 
and Sons). 
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the same thermal history as stretched films. They annealed the 
unstretched films for about 2 min, and they stretched the other set of 
films at a high temperature for the same time. They found that the effect 
of annealing (only the influence of temperature), was much smaller than 
the effect of stretching at elevated temperatures. This means that the 
increase in the crystallinity of PLA films was the result of a synergetic 
effect of stretching and an elevated temperature. 

To sum up, uniaxial and biaxial stretching at high temperatures has 
been proved to be an effective method of improving the ductility and 
crystallinity of PLA without additives and thus it is a very important 
technique in blow molding. 

5. Methods to increase the HDT of PLA 

Since the HDT of injection-molded PLA product (with the use of 
general processing parameters, like a mold temperature of 20–40 ◦C) is 
around 50–60 ◦C. It needs to be increased so that PLA products can be 
used in more engineering applications. There are basically two routes to 
increase the HDT of PLA parts. The first adding reinforcements. In this 
case, high reinforcement content should be used to improve the lowest 
modulus (the lowest value is found above Tg but before cold crystalli-
zation takes place) to an acceptable level (Fig. 7). Usually, this means a 
high reinforcement content of at least 40 wt% even with the use of rigid 
fibers, like basalt. This possibility is discussed in Section 6. There are two 
other methods to increase the HDT of PLA. The first one is post- 
production crystallization (PPC), or annealing, where the final part is 
put into a heat chamber for crystallization. The disadvantage of this 
method is that the part will first deform due to shrinkage, released re-
sidual stresses, changing density, and low modulus, and then this 
deformed shape will be fixed as a crystalline structure develops. Another 
possibility is to use efficient nucleating and/or stereocomplex agents 
and create this crystalline structure during production by in-mold 
crystallization (IMC) with a mold temperature above the Tg of PLA. 
The disadvantage of this method is increased cycle time. In our literature 
review, we focused on using nucleating agents and stereocomplexation 
of PLA. 

5.1. Nucleation 

Crystallinity plays an essential role in the HDT of PLA. The crystal-
line structure, including the crystallization rate and the overall crystal-
linity (or crystalline ratio) of PLA, is highly dependent on its D-lactide 
content and Mw. The lower the D-lactide content, the higher the crys-
tallization rate (and the price of PLA). The rule of thumb is that with 
every wt% of D-lactide, the time needed for complete crystallization 
increases by 40–45%. The dependency of crystallinity on Mw can be seen 
in Fig. 28. 

The ability of semi-crystalline thermoplastics to crystallize is char-
acterized by the crystallization half-time (t1/2) (Fig. 29 (a)), referring to 
the time needed to develop half the possible maximum crystallinity 
(Fig. 29 (b)). Naturally, the lower t1/2 is, the faster crystallization is. As 
can be seen in Fig. 29 (a), for a conventional PLA with 1–4% D-lactide 

Fig. 27. Schematic representation of structure evolution of amorphous PLA at different strain rates (reprinted from “X. Zhang, K. Schneider, G. Liu, J. Chen, K. 
Bruning, D. Wang, M. Stamm, Structure variation of tensile-deformed amorphous poly(L-lactic acid):Effects of deformation rate and strain, Polymer, 52 (2011), 
4141–4149”, Copyright (2011), with the permission from Elsevier). 

Fig. 28. The crystallinity of PLLA grades with various Mw (reprinted from “R. 
Auras, L.T. Lim, S.E.M. Selke, H. Tsuji, Poly(Lactic Acid): Synthesis, Structures, 
Properties, Processing, and Applications, John Wiley & Sons, Inc., Hoboken, 
New Jersey, USA, 2010”, Copyright (2010), with the permission from John 
Wiley and Sons). 
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content, this value is a few minutes, and even the lowest value is around 
2–3 min (PLLA), which is still unacceptably long for rapid processing 
technologies, like injection molding. 

As it was demonstrated, the overall crystallization rate of PLA during 
homogeneous crystallization is relatively low. At the same time, nucle-
ating agents produce nuclei, which start to grow before they could 
appear from the homogenous melt. Nucleating agents can decrease t1/2 
dramatically (below 2 min). These nucleating agents can be physical or 
chemical. Physical nucleating agents can be categorized into mineral, 
organic and mineral-organic hybrids. A considerable number of single 
nucleating agents have been tested for PLA (Table 8) (in decreasing 
order of the number of papers found and in alphabetical order if the 
same number of papers were found). In some cases, two or more 
nucleating agents were used simultaneously (Table 9). 

There are numerous papers in the literature focusing on the nucle-
ation of PLA. However, it is difficult to compare these results because 
various PLA grades (with various Mw and D-lactide content), various 
amounts of nucleating agents, and various measurement conditions 
(cooling rate for non-isothermal mode and crystallization temperature 
for isothermal mode) were used. Nevertheless, we selected he most 
effective nucleating agents based on crystallization temperature (Tc, 

◦C) 
(the higher the better), and crystallization half-time (the shorter the 
better) (Table 10). The literature analysis showed that the most effective 
nucleating agents were Zinc PhenylPhosphonate (PPZn), Ecopromote 
and Ecopromote HD (commercially available nucleating agents for 
PLA). 

Finally, we also investigated the combined use of nucleating agents 
and plasticizers, and found that these materials have a positive syner-
gistic effect on crystallinity. The crystallization of a polymer shows a 
bimodal aspect because in the higher temperature range, it is driven by 
the growth of the nucleus, while in the lower temperature range, it is 
driven by nucleation (appearing of a nucleus). The combined use of 
nucleating agents and plasticizers enhances both low and high- 
temperature driving forces, since nucleating agents promote the 
appearance of nuclei in the high-temperature range (when the driving 
force for homogenous nucleation is weak), while plasticizers promote 
the growth of nuclei in the low-temperature range (when it is hindered 
by the lack of chain mobility). Li and Huneault [38] examined the 
combined use of Talc (nucleating agent) and PEG (plasticizer). They 
demonstrated the positive synergistic effect between these two additives 
on the crystallization of PLA (Fig. 30). 

In sum, effective nucleating agents promote the crystallization of 
PLA during cooling from melt starting in the 120–130 ◦C temperature 

range and have a crystallization half time of a minute or less, opening 
the possibility of in-mold crystallization for a continuous injection 
molding cycle with an increased, but reasonable cycle time. 

5.2. Stereocomplexation 

By melt mixing semi-crystalline PLLA and PDLA grades, a special 
crystalline structure, a so-called stereocomplex can develop [22–24,32, 
33,216–228]. Stereocomplex crystallites typically exhibit a Tm of 
220–230 ◦C, which is 50 ◦C higher than that of PLLA and PDLA. More-
over, the stereocomplex crystallization rate is faster than that of 
homocrystallization. Thus, PLA parts can crystallize even without 
further heterogeneous nucleating agents. Stereocomplexation improves 
mechanical performance and HDT [229], hydrolytic/thermal degrada-
tion resistance [230], and gas barrier properties [226]. The stereo-
complex crystal structure most effectively forms when around 50 wt% of 
PLLA is blended with about 50 wt% of PDLA, and either PLLA or PDLA 
has low Mw (one order of magnitude lower than the Mw of the other type 
of PLA). Thus the crystal structure is highly dependent on the optical 
purity (thus the L-lactide and D-lactide content) of PLLA and PDLA 
(Fig. 31) as well as on Mw. 

As Fig. 31 shows, if the PLA grades to be blended contain more than 
10% D-isomers, the blended PLA can only be amorphous. For stereo-
complex crystallization, both enantiomers must have high optical pu-
rity. Other variations such as homocrystals and amorphous regions, or 
stereocomplex, homocrystals, and amorphous regions, can also develop 
if PLA grades with suitable isomer contents are chosen. 

As for the Mw aspect, simply melt mixing high molecular weight 
PLLA and PDLA is not likely to promote stereocomplex crystallization. 
The maximum threshold Mw for stereocomplexation is dependent on 
processing: If PLA is produced from melt its Mw is around 6 000 g/mol, 
while it increases to 40,000 g/mol and 400,000 g/mol in the case of 
solution casting and precipitation, respectively [33]. Thus, by increasing 
Mw, stereocomplexation is hindered by the homocrystallization of PLLA 
and PDLA. To promote stereocomplex crystallization, stereoblock PLA, a 
block polymer of PLLA and PDLA, can also be used produced by either 
solid-state polycondensation of the mixture of medium molecular 
weight PLLA and PDLA, or the stepwise ring-opening polymerization of 
D- and L-lactides. 

If a stereocomplex crystalline structure is successfully developed, 
another peak appears during a DSC heating scan around 230 ◦C, which is 
related to the melting of the stereocomplex crystallites (the homo- 
crystallites may also melt around 180 ◦C for PLLA) [217]. 

Fig. 29. Crystallization half-time of PLA with various Mw and D-lactide content as a function of crystallization temperature (a) and relative crystallinity in the 
function of time and temperature (b) (reprinted from “S. Saeidlou, M.A. Huneault, H. Li, C.B. Park, Poly(lactic acid) crystallization, Prog. Polym. Sci., 37 (2012), 
1657–1677”, Copyright (2012), with the permission from Elsevier). 
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A “full” stereocomplex develops when an equimolar (or close to 
equimolar) PLLA and PDLA blend is produced as indicated by one 
melting peak around 230 ◦C, while in other blending ratios a mixture of 
stereocomplexes and homocrystals develop indicated by two meting 

Table 8 
Single nucleating agents used for PLA.  

Nucleating agent Reference 

Talc [277–292] 
Multiwalled carbon nanotubes and derivatives [293–300] 
Hydrazide compounds [301–306] 
PDLA [216,282,286, 

307,308] 
Ethylene-Bis-Stearamide compounds [278,301, 

309–311] 
Montmorillonite derivatives [286,295, 

312–314] 
Multiamide compound (TMC-328) [315–319] 
Phenylphosphonate derivatives including zinc, calcium, 

barium, zirconium phenylphosphonates (PPZn, PPCa, PPBa, 
PPZr) 

[282,312, 
320–325] 

Polyhedral oligomeric silsesquioxane derivatives (POSS) [326–331] 
Starch or thermoplastic starch and derivatives [284,286, 

332–334] 
Cellulose derivatives [286,335–338] 
Graphene or graphite oxide derivatives [339,340] 
P-tert-butylcalixarene (TBC) based compounds (TBC8-eb, 

TBC8-t) 
[279,341] 

Titanium Dioxide (TiO2) derivatives [342,343] 
Aromatic Phosphonate (commercialized under trade name 

EcoPromote) 
[344] 

Alumina (Al2O3) [345] 
Amide ammonium acetate organic vermiculite [346] 
Barium Sulfate (BaSO4) [342,347] 
Bisurea compounds [348] 
Cadmium phenylmalonate [349] 
Calcium Carbonate (CaCO3) [342] 
Carbon black derivatives [350] 
Cashew gum [351] 
Cellulose nanocrystals [352] 
Cellulose nanocrystal-g-PLLA [353,354] 
Cellulosic fibers and Poly(Ethylene Glycol) (PEG) [355] 
Chitin, chitosan [286] 
Clay nanoparticles [356] 
Cyanuric acid [357] 
Dilithium Hexahydrophtalate (HHPA-Li) [358] 
Fluorohectorite [313] 
Fullerene [286] 
Fulvic acid amide [359] 
Fulvic acid – thiourea amide derivative grafted polystyrene [360] 
Graphene nanosheet [361,362] 
Graphene oxide [363] 
Guanine, adenine, cytosine, thymine [287] 
HNT [56] 
Immersion into acetone [364] 
Multiamide compound (TMC-300) [365] 
Kraft lignin [366] 
LAK-301 (Commercially available nucleating agent for PLA) [56,367] 
Mixture of PPZn (15%) and Zinc Oxide (ZnO) (85%) [323] 
Multi-branched PLA [368] 
Myo-inositol [369] 
Nanoclay, nanosilica [290] 
Nanocrystalline hydroxyapatite [370] 
N-Aminophtalalimide compound (NA-S) [371] 
NT-20 (commercial nucleating agent) [292] 
Nucleating agent for PET [316] 
Nucleator consisting of aluminium complex of phosphoric ester 

and hydrotalcite (NA) 
[289] 

N,N′-bis(2-hydroxyethyl)terephthalamide [372] 
Octamethylenedicarboxylic di(2-hydroxybenzohydrazide) [373] 
Organosolv lignin [366] 
Orotic Acid [367,374] 
Oxalamide based organic compound [375] 
PEG-grafted-graphene oxide [376] 
Poly(Ethylene Glycol) (PEG) [41,50] 
Polyglycolide [377] 
Phtalimide [378] 
Rectorite [379] 
Uracil [287] 
Sepiolite [312,313] 
Silicon Dioxide (SiO2) [295] 
Sodium benzoate [288]  

Table 8 (continued ) 

Nucleating agent Reference 

Star-structured PLLA [224] 
Talc [56,366,367,380] 
TMP-5 [367] 
TMC-306 [367] 
Xylan propionate, butyrate [381] 
Zinc citrate derivatives [283] 
α-cyclodextrin complex [382]  

Table 9 
Two or more nucleating agents used for PLA at the same time.  

Nucleating agent Ref. 

PDLA and Talc [286,383] 
Talc and PEG [38,285, 

292] 
EBHSA and Talc [305] 
NT-20 + PEG [292] 
NT-20 + PEG + EBS [292] 
NT-20 + PEG + Talc [292] 
PBS + Talc [384] 
PDLA and Aromatic Phosphonate (Ecopromote) [343] 
PDLA and Aromatic Phosphonate (Ecopromote) and PEG [343] 
PDLA and fullerene; montmorillonite [286] 
PDLA and Nucleator consisting of an aluminium complex of 

phosphoric ester and hydrotalcite (NA) 
[289] 

1,3:2,4-dibenzylidene D-sorbitol (DBS) and PEG [383]  

Table 10 
The most effective nucleating agents for PLA.  

Nucleating agent Crystallization 
temperature 
(Tc), ◦C 

Crystallization 
half-time 
(t1/2), min 

Reference 

TBC8-eb 134 1.6 [279] 
TBC8-t 133 no data [341] 
Zinc PhenylPhosphonate 

(PPZn) 
130 0.6 [341] 

Zinc Citrate Complex 
(ZnCC) 

126 0.8 [283] 

Uracil 122 1.0 [287] 
Talc 107 0.6 [278] 
PDLA 135 1.3 [308] 
Hydrazide compound 131 no data [301] 
OMBH 120 0.6 [305] 
TMC-306 131 no data [306] 
TMC-328 128 1.3 [319] 
Aromatic phosphonate 

(Ecopromote) 
127 no data [344] 

NT-20 (commercial 
nucleating agent) 

119 no data [292] 

Cadmium phenylmalonate 128 no data [349] 
Orotic Acid 124 0.7 [385] 
EBS no data 0.8 [310] 
Xylan butyrate 94 0.8 [381] 
Xylan propionate 110 1.0 [381] 
PDLA with Talc 139 no data [286] 
PDLA with Ecopromote 128 no data [344] 
PDLA with Ecopromote 

and PEG 
129 no data [344] 

Talc with PEG 105 0.9 [386] 
EBHSA with Talc 120 1.0 [305] 
Long-chain branched PLA 

with DBS and PEG 
123 0.6 [383] 

NT-20 with PEG 122 no data [292] 
NT-20 with PEG and EBS 120 no data [292] 
NT-20 with PEG and Talc 120 no data [292]  

T. Tábi et al.                                                                                                                                                                                                                                     



Polymer Testing 101 (2021) 107282

22

peaks around 230 ◦C and 180 ◦C. Naturally, pure PLLA or PDLA will only 
give one homocrystal melting peak [23]. 

Several studies [24,219,220,231] proved that the crystallization 
behavior of a PLLA/PDLA blend depends on the melt state (processing). 
PLLA and PDLA chains preserve their interactions like a “melt memory” 
effect, and thus this heterogeneous melt crystallizes easily, while at 
higher temperatures or longer residence times, a homogenous melt de-
velops, which prevents stereocomplex crystallization. Narita et al. [24] 
analyzed the crystallization behavior of a 10 wt% PDLA/90 wt% PLLA 
blend prepared by simple melt extrusion. They found that stereocomplex 
crystallization is highly dependent on the state of the stereocomplex 
crystallites, and thus on the processing temperature. Since stereo-
complex crystallites melt in the range of 211–227 ◦C, the melted and 
recrystallized stereocomplex crystals crystallize in the temperature 
range of 228–238 ◦C and have the strongest nucleation effect, while at 
higher temperatures, crystallization upon cooling does not occur 
(Fig. 32). 

Yamane and Sasai [220] demonstrated that when a 95 wt% PLLA/5 
wt% PDLA solution blend was heated up to 200 ◦C and cooled, stereo-
complex crystals acted as a nucleating site for PLLA. At the same time, 
when the blend was heated up to 240 ◦C and cooled, no nucleation was 
observed. 

Rahman et al. [216] proved that pre-crystallized PLLA/PDLA films at 
100 ◦C show a much faster crystallization rate from melt than the cast 
and not crystallized films (Fig. 33), supporting the statement that the 
thermal history of stereocomplex formation affects the overall crystal-
lization rate even when the stereocomplex is melted. 

Srithep et al. [232] injection-molded 50/50 wt% PLLA/PDLA blends 
skipping twin-screw extrusion and feeding the PLLA and PDLA pellets 
directly into the hopper of the injection molding machine. Compound-
ing stereocomplex PLA is difficult, due to the increased melt viscosity, 
but without twin-screw extrusion, the stereocomplexation of PLA 
occurred in the barrel of the injection molding machine. By setting the 
melt temperature in the right range where stereocomplexation can 
occur, they produced crystalline PLA specimens with surprisingly high 
elongation at break (>150%) (Fig. 34). 

At 200 ◦C, it was possible to produce a highly crystalline PLA sample, 
while at 230 ◦C, crystallinity decreased as the temperature was not 
optimal for stereocomplexation. 

Finally, the efficiency of stereocomplexation can also be increased by 
the addition of biodegradable poly(butylene adipate-co-terephthalate) 

Fig. 30. Crystallinity as a function of cooling rate for various nucleated PLA 
materials) (reprinted from “S. Saeidlou, M.A. Huneault, H. Li, C.B. Park, Poly 
(lactic acid) crystallization, Prog. Polym. Sci., 37 (2012), 1657–1677”, Copy-
right (2012), with the permission from Elsevier). 

Fig. 31. Amorphous (A), stereocomplex crystalline (S), and homocrystalline 
(H) phases in 50-50 wt% PLA blends. XD (A and B) represents the D-lactide ratio 
for the A and B PLA used for blending (reprinted from “H. Tsuji, Poly(lactide) 
stereocomplexes: formation, structure, properties, degradation, and applica-
tions, Macromol. Biosci., 5 (2005), 569–597”, Copyright (2005), with the 
permission from John Wiley and Sons). 

Fig. 32. Crystallization upon cooling from various processing temperatures 
(Tp). Red lines represent the cooling curves started within the melting range of 
the stereocomplex crystallites (reprinted from “J. Narita, M. Katagiri, H. Tsuji, 
Highly enhanced nucleating effect of melt-recrystallized stereocomplex crys-
tallites on poly(L-lactic acid) crystallization, Macromol. Mat. Eng., 296 (2011), 
887–893” Copyright (2011), with the permission from John Wiley and Sons). 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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to a PLLA/PDLA blend during low temperature (190 ◦C) extrusion 
[233]. 

In sum, the following parameters influence stereocomplexation from 
melt:  

• Optical purity of PLLA and PDLA (L and D-lactide content, 
respectively).  

• The blending ratio of PLLA and PDLA (deviation from equimolar 
blending).  

• Mw of PLLA and PDLA.  
• Annealing (time and temperature) of the PLLA/PDLA blend to 

develop a stereocomplex before processing.  
• Properly selected processing (melt) temperature not to “overmelt” 

the stereocomplex. 

Finally, the impacts of using stereocomplex PLA are: 

• Stereocomplex crystallization rate is faster than that of homo-
crystallization. Thus, PLA parts can crystallize even without further 
nucleating agents (the maximum cooling rate for full crystallization 
is unknown for stereocomplexes).  

• Stereocomplex crystallization is, in most cases, accompanied by 
homocrystallization of PLLA or PDLA (if the blend is not equimolar).  

• Higher cold crystallization rate.  
• Higher melt temperature (around 220 ◦C).  
• Better mechanical properties.  
• Higher HDT; full stereocomplex PLA has an HDT of around 150 ◦C.  
• Better thermal stability resulting in longer allowable residence time 

(or temperature) in the barrel of the injection molding machine 
[223].  

• Higher resistance against hydrolytic degradation [225,230].  
• The bottleneck of stereocomplexation is still the price of PDLA. 

However, some Lactobacilli are reported to produce D-lactic acid 
exclusively. 

5.3. Applying the in-mold crystallization method 

According to the literature, the HDT of PLA can be improved with 
fiber reinforcement, by blending, or by increasing crystallinity. The first 
two options are not discussed in this article because increasing the HDT 
significantly would require 30–60 wt% stiff synthetic fibers or other 
polymers needed for reinforcing or blending, which greatly reduce the 
“green” nature of the final product, although cellulose-based fibers or 
other biopolymers can also be used. The third and most important op-
tion to improve HDT is to develop significant crystallinity during pro-
cessing. This can be performed with the help of nucleating agents, 
plasticizers, stereocomplexed PLA, or the combination of these, as well 
as using a mold temperature higher than Tg. A mold temperature higher 
than Tg decreases the cooling rate during the cooling phase (until the 
melt reaches the temperature of the mold) and enables additional 
annealing after cooling since PLA will crystallize in the mold. In the 
literature, HDT is only measured a few times, and even fewer papers 
focus on measuring the HDT of in-mold crystallized injection-molded 
nucleated PLA parts (Table 11) 

In most cases, 110 ◦C molds were used for annealing nucleated PLA 
parts within the mold, but the authors still used a rather long annealing 
time despite the effective nucleating agents used. These annealing times 
are not the possible shortest annealing times, but the authors simply 
used these parameters. Nevertheless, it is still evident that the use of 
nucleating agents or a PLLA/PDLA stereocomplex increased the HDT of 
pure PLA (55 ◦C) above 100 ◦C in most cases, sometimes even to 124 ◦C. 
Also, in all cases, HDT B measurement was performed, which applies the 

Fig. 33. Crystallization temperature as a function of PDLA content with high (Mw = 228000) and low (Mw = 30800) molecular weight for pre-crystallized (at 100 ◦C) 
(a) and not crystallized (b) samples (reprinted from “N. Rahman, T. Kawai, G. Matsuba, K. Nishida, T. Kanaya, H. Watanabe, H. Okamoto, M. Kato, A. Usuki, M. 
Matsuda, K. Nakajima, N. Honma, Effect of polylactide stereocomplex on the crystallization behavior of poly(L-lactic acid), Macromolecules, 42 (2009), 4739–4745”, 
Copyright (2009), with the permission from American Chemical Society). 

Fig. 34. PLLA and stereocomplex PLA (mixture of 50/50 wt% of PLLA and 
PDLA) injection molded with a barrel temperature of 200 ◦C and 230 ◦C 
(reprinted from “Y. Srithep, D. Pholharn, Lih-ShengTurng, O. Veang-in, Injec-
tion molding and characterization of polylactide stereocomplex, Polym. Deg. 
Stab., 120 (2015), 290–299” Copyright (2015), with the permission 
from Elsevier). 
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smallest load (0.45 MPa) on the specimens and thus it is the easiest to 
comply with, even though a great increase in crystallinity is needed to 
significantly increase the HDT of PLA products. 

6. PLA based biocomposites 

In the last few decades, due to increasing environmental conscious-
ness, biopolymers effectively entered the field of polymer composites, 
referred to as biocomposites. A biocomposite can be a reinforced ma-
terial in a broader understanding of the definition of biocomposite, 
where either the polymer or the reinforcement is renewable resource- 
based (or bio-based) and/or biodegradable. The stricter understanding 
of this definition requires that both the polymer and the reinforcement 
are bio-based and/or biodegradable. A good example of biocomposites is 
PLA reinforced with cellulose-based natural plant fibers [33,234,235]. 

Due to its high strength and stiffness, PLA is in the center of bio-
composite research nowadays [33,36,234–236]. Although PLA has some 
drawbacks, such as low impact strength and low HDT, these properties 
can be enhanced with fiber reinforcements. Moreover, if cellulose-based 
natural plant fibers are used as reinforcement, the resulting composite 
will be fully bio-based. Unfortunately, the disadvantage of 
cellulose-based fibers is hydrophilicity, and low decomposition tem-
perature, which makes their processing more complicated [234, 
237–241]. 

The properties of the cellulose-based fibers are influenced by several 
factors, including composition (cellulose-hemicellulose ratio) or the 
conditions of cultivation and harvesting (weather, quality of the soil). 

Generally, the more the cellulose content, the better the mechanical 
properties of the given fiber (Table 12) [237–241]. 

In the literature, jute, kenaf, flax, hemp, and cellulose fibers are used 
as a reinforcing fiber for PLA most often, and the optimal reinforcement 
content was found to be around 30 wt% [237–252]. However, with 
natural fiber reinforcement, one must pay attention to the relatively 
high natural water content of the fibers, which might degrade PLA hy-
drolytically during processing. Another problem is the limited process-
ing temperature and residence time due to the quick decomposition of 
the cellulose and hemicellulose at elevated temperatures (Fig. 35). 
Moreover, the adhesion between polymer and natural fiber reinforce-
ment is not always adequate [241]. 

There are many studies on biocomposites processed by compression 
molding or injection molding [242–244,246–250,252–255]. Both tech-
nologies have pros and cons. Although long fibers, rovings, or even 
fabrics can be processed by compression molding, the residence time at 
an elevated temperature is relatively long, and only sheet or shell-like 
products can be produced. On the contrary, complex parts can be 
manufactured by injection molding, but typically short (chopped) fibers 
are used. As discussed previously, we focus on injection molded, 
PLA-based biocomposites. 

Bledzki et al. [247,248] give a good overview of cellulose-reinforced, 
injection-molded PLA biocomposites. The addition of 30 wt% abaca or 
cellulose fibers improved tensile, flexural and Charpy impact strength 
(notched) to twice or three times those of pristine PLA (Fig. 36, Fig. 37). 
Bledzki et al. [248] also found by SEM that the adhesion between cel-
lulose fibers and the PLA matrix was not perfect and needed to be 
enhanced by surface treatment of the fibers. Improving the adhesion 
between fiber and polymer further improved the properties of the 
biocomposite. 

Besides cellulose fibers, basalt fibers can also be used. They are 
volcanic rock-based mineral fibers. These fibers are chemically and 
biologically inert, and although basalt is not a renewable resource, it can 
be found in nature all around the Globe in great quantities, therefore 
basalt fibers are also considered natural [255]. Basalt fibers have better 
mechanical and thermal properties than cellulose-based plant fibers, 
meaning that basalt fibers are not susceptible to thermal degradation at 
the generally applied injection molding temperatures. However, they 
are brittle and therefore more susceptible to fiber breakage. Tábi et al. 
[255] used chopped basalt fibers to reinforce-injection molded PLA. 
They found that basalt highly improved both tensile strength (120 MPa) 
and flexural strength (185 MPa) as well as tensile modulus (8.5 GPa) and 
flexural modulus (12 GPa). Notched and unnotched Charpy impact 
strength also greatly increased from 2.7 kJ/m2 to 9 kJ/m2, and from 23 
kJ/m2 to 38 kJ/m2, respectively. Tábi et al. [256] also used long basalt 
fibers. They used 20 wt% 10 mm basalt fibers; as a result, tensile 
strength increased from 98 MPa to 124 MPa, flexural strength increased 
from 144 MPa to 182 MPa, while notched impact strength increased 
from 5.8 kJ/m2 to 18.3 kJ/m2. 

Wang et al. [257] demonstrated that fibers also have a minor 
nucleating effect on PLA, as it creates a so-called transcrystalline 
structure around the fiber (Fig. 38). At the same time, this nucleating 
effect is almost negligible compared to the impact of dedicated nucle-
ating agents. Nevertheless, by enhancing both the stiffness of the part 
and its crystallinity, both plant-based (cellulose) and mineral-based 
(basalt) natural fibers can increase HDT. 

Finally, we collected all relevant data from studies focusing on 
injection-molded, PLA-based biocomposites, and summarized them in 
Table 13. 

In most cases, cellulose-based plant fibers produced weak or mod-
erate reinforcing effect, due to the worse mechanical properties of plant 
fibers compared to rigid, synthetic fibers. The curved shape of plant fi-
bers means they do not have exact orientation, their mechanical prop-
erties vary greatly, they are susceptible to thermal degradation and due 
to their high inherent water uptake, they may degrade PLA during 
processing. Basalt fibers produced a stronger reinforcing effect. 

Table 11 
Heat deflection temperature of in-mold crystallized PLA parts nucleated with 
various additives.  

PLA used Nucleating 
agent 

Injection 
molding 
temperature/ 
annealing time, 
◦C/min 

Heat Deflection 
Temperature/ 
Method used, 
◦C/A, B or C 

Ref. 

3001D, 
NatureWorks, 
1.4% D-lactide 
content 

2 wt% Talc 110/4 88/B [278] 

6202D, 
NatureWorks, 
D-lactide 
content not 
shown 
(Mw =

unknown) 

1 wt% 
EBHSA + 1 
wt% Talc 

110/6 110/B [305] 

6202D, 
NatureWorks, 
D-lactide 
content not 
shown 
(Mw =

unknown) 

1 wt% OMBH 110/2 124/B [305] 

4032D, 
NatureWorks, 
D-lactide 
content not 
shown 
(Mw =

unknown) 

8 wt%; 25 wt 
% PDLA 

Compression 
molded 

103; 109/B [310] 

70 wt% of 
3001D, 
NatureWorks, 
5% D-lactide 
content 
(Mw =

unknown) in a 
blend with 20 
wt% EMA- 
GMA and 10 
wt% of PEBA 

1 wt% LAK- 
301 + 10 wt 
% miscanthus 
fibers 

120/1 88/B [387]  
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However, basalt fibers alone did not improve HDT significantly, even 
though the drop in storage modulus above Tg was greatly reduced. With 
cellulose fibers as reinforcement, the HDT of PLA was in some cases 
increased to 73 ◦C due to the joint effect of enhanced crystallinity 

(nucleating ability of the fibers) and increased modulus. In-mold crys-
tallization could have increased HDT when biocomposites were injec-
tion molded. However, we did not find a single paper on this. Finally, 
researchers found great potential in using long fiber reinforcements in 
injection molding. For this, continuous fiber coating extrusion is needed 
to produce pellets consisting of an inner fiber roving core and an outer 
PLA coating. After cutting this pre-product to the desired length, they 
can be injection molded directly as long fiber reinforced pellets; the 
resulting PLA-based long fiber reinforced injection-molded bio-
composite parts have excellent properties. 

7. Conclusion 

Biopolymer products are increasingly used today instead of “ordi-
nary” plastic products as they are renewable resource-based (bio-based) 
and inherently biodegradable. These two exceptional properties 
contribute to protecting our environment and satisfy the requirements of 
a circular economy. One of the most promising biopolymers is Poly 
(Lactic Acid) (PLA) due to its availability, moderate price, and good 
properties. 

It is desirable to replace as many petroleum-based plastics with 
biopolymers as possible, especially with PLA. PLA has good properties 
(high stiffness and strength), but also two main drawbacks: low impact 
strength and low Heat Deflection Temperature (HDT) properties. As a 
result, this replacement is only possible if PLA is modified according to 
the requirements of the given application. There are several possibilities 
for modifying PLA, including plasticizing, impact modification, 
blending, nucleation, stereocomplexation, biocomposite preparation, 

Table 12 
Properties of natural and man-made fibers [240].  

Fibers Cellulose, % Density, g/cm3 Diameter, μm Tensile strength, MPa Young’s modulus, GPa Elongation at break, % 

Coir 32–43 1.15–1.46 100–460 121–220 4–6 15–40 
Kenaf 45–57 – – 930 53 1.6 
Oil palm mesocarp 60 – – 80 0.5 17 
Oil palm EFB 65 0.7–1.55 150–500 248 3.2 25 
Jute 61–71.5 1.3–1.49 25–200 393–800 13–26.5 1.16–1.5 
Sisal 66–78 1.45 50–200 469–700 9.4–22 3–7 
Ramie 68.6–76.2 1.55  400–938 61.4–128 1.2–3.8 
Flax 71 1.5 40–600 345–1500 25.6 2.7–3.2 
Hemp 70–74 1.47 25–500 690 70 1.6 
RALF 70–82 – 20–80 413–1627 34.5–82.5 1.6 
Nettle 86 – – 650 38 1.7 
Cotton 85–90 1.5–1.6 12–38 287–800 5.5–12.6 7–8 
E–glass – 2.55 <17 3400 73 2.5 
Kevlar – 1.44  3000 60 2.5–3.7 
Carbon – 1.78 5–7 3400–4800 240–425 1.4–1.8  

Fig. 35. Decomposition of the components of natural fibers (reprinted from “M. 
M. Kabir, H. Wang, K.T. Lau, F.Cardona, Effect of chemical treatments of hemp 
fibre structure, Appl. Surf. Sci., 276 (2013), 13–23”, Copyright (2013), with the 
permission from Elsevier). 

Fig. 36. Strength (a) and modulus (b) of natural fiber reinforced, injection-molded PLA biocomposites (reprinted from “A.K. Bledzki, A. Jaszkiewicz, D. Scherzer, 
Mechanical properties of PLA composites with man-made cellulose and abaca fibres, Compos. Part A Appl. Sci. Manuf., 40 (2009), 404–412”, Copyright (2009), with 
the permission from Elsevier). 
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and in-mold crystallization. Our goal with this review paper was to 
present the most effective additives, reinforcing agents, and modifica-
tion methods used to enhance the HDT and impact properties of injec-
tion molded PLA products in the last two decades. Most methods can 
also be used for other processing technologies as well, but in our review, 
we concentrated on introducing all these literature results from an in-
jection molding processing point of view. This data, with more than 380 
references in this paper, can be used as an effective tool or a manual for 
PLA processors to bring the properties of PLA close to those of engi-
neering plastics and thus widen its industrial applications. A great deal 
of research has been performed in the last two decades to find the most 
suitable additives to increase the HDT and impact properties of PLA 
(Table 14). 

A few of the most suitable additives to increase impact properties are 
Oligomeric Lactic Acid (OLA) as plasticizer, Natural Rubber (NR) and 

Ethylene-Vinyl Acetate (EVA) as impact modifiers, and Poly(Butylene 
Adipate-co-Terephtalate) (PBAT) or Poly(Butylene Succinate) (PBS) as a 
second and inherently tough biopolymer phase for blending (with or 
without reactive compatibilizers like dicumyl peroxide). The most 
important observation was that the PLA phase must be crystallized 
(annealed) for maximum impact modification effect, since research 
shows a toughening mechanism of a positive-cross effect between the 
crystal structure of PLA and the dispersed and inherently tough impact 
modifier phase. 

The HDT of injection molded PLA products can be increased in two 
ways (or their combination). One way is to induce crystallization and 
thus improve crystallinity with the use of a low D-lactide PLA (or PLLA) 
grade along with effective heterogeneous or stereocomplex (PDLA) 
nucleating agents like Zinc PhenylPhosphonate (PPZn) or Hydrazide 
compounds (OMBH, DMBH). At the same time, due to the rapid cooling 
typically during injection molding, the use of nucleating agents should 
also be supported by either post-crystallization (PPC) or in-mold crys-
tallization (IMC). Another way to improve HDT is to add additives to 
PLA that significantly enhance the stiffness of the part (most probably 
have some nucleating ability as well) so that it can enter the rubbery 
state at elevated temperatures without major deformation until the 
product undergoes cold crystallization. These stiffness increasing addi-
tives can be talc or natural plant fibers (biocomposite preparation). 
However, plant fibers have several drawbacks, including high natural 
water content, high susceptibility to thermal degradation, limited fiber 
length and fiber content and a curved shape of flexible fibers. These 
restrict their widespread use in injection molding applications, due to 
the moderate achievable improvement in properties. At the same time, 
the possibility is still open for long fiber injection molding (extrusion- 
coated fiber roving pelletized and fed into the injection molding ma-
chine) with natural plant or natural mineral (basalt) fibers. Long fiber 
injection molding produces much greater improvement in properties 
than classical short fiber injection molding, as was reported in the 
literature. 

Finally, to sum it up, a crystalline structure and a high level of 
crystallinity are essential in PLA for a high HDT and good impact 
modification, but at the same time, one of them can typically only be 
improved at the expense of the other one. Accordingly, there is no 
universal solution and HDT and impact properties must usually be 
balanced and designed according to the given application. 

Fig. 37. Charpy impact strength of natural fiber reinforced, injection-molded PLA biocomposites (reprinted from “A.K. Bledzki, A. Jaszkiewicz, D. Scherzer, Me-
chanical properties of PLA composites with man-made cellulose and abaca fibres, Compos. Part A Appl. Sci. Manuf., 40 (2009), 404–412”, Copyright (2009), with the 
permission from Elsevier). 

Fig. 38. Optical micrograph of transcrystalline structure around a natural fiber 
(reprinted from “Y. Wang, B. Tong, S. Hou, M. Li, C. Shen, Transcrystallization 
behavior at the Poly(lactic acid)/sisal fibre biocomposite interface, Compos. 
Part A Appl. Sci. Manuf., 42 (2011), 66–74”, Copyright (2011), with the 
permission from Elsevier). 
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Table 13 
Properties of biopolymer composites.  

PLA used Reinforcement 
type 

Amount, 
wt% 

Tensile 
strength, 
MPa 

Tensile 
modulus, 
GPa 

Flexural 
strength, 
MPa 

Flexural 
modulus, 
GPa 

Charpy impact strength, 
kJ/m2 

HDT, 
◦C 

Crystallinity, 
% 

Ref. 

Notched Unnotched 

Biomer L9000 kenaf 20 – – 90 4.5 – – – – [242] 
rice husk 20 – – 85 4 – – – – 

3051D PLA, 
Natureworks 

kenaf 20 26 2.3 42 5.5 – 12 – – [243] 
kenaf + nanoclay 20 + 3 35 2.4 45 6.2 – 65 – – 

3051D PLA, 
Natureworks 

kenaf 5, 10, 15, 
20 

59; 61; 
63; 75 

3.4; 3.8; 
4.1; 5.3 

101; 110; 
112; 117 

4; 5; 5.7; 7 – 26; 17; 16; 
12 

– – [244] 

2002D PLA, 
Natureworks 

Cellulose 
Cordenka 700 

25 108 4.2 – – 8.4 69 – – [245] 

6202D PLA, 
Natureworks 

flax 10, 20, 30 42.7; 
49.2; 
54,.2 

3.9; 5.1; 
6.3 

– – – 10; 10.5; 
11.1 

– – [246] 

Cellulose 
Cordenka 700 

10, 20, 
30, 40 

50.4; 
50.8; 
58; - 

3.3; 4.0; 
4.9; - 

– – – 43.4; 63; 
72.2; 51.3 

– – 

4042D PLA, 
Natureworks 

abaca 30 92 8 – – 6 – – – [247, 
248] jute 30 74 9.6 – – 5 – – – 

Cellulose 
Cordenka 700 

30 81.9 5.8 – – 7.5 – – – 

4032D PLA, 
Natureworks 

Cellulose BC200 
arbocel 

10 64.8 4.5 – – – – – 4 [249] 

Biomer L9000 cellulose 
CreaMix TC 1004 

10, 20, 
30, 40 

61.3; 
53.7; 
47.3; 39.4 

3.2; 4.5; 
6.3; 6.8 

–; –; 77.7; 
– 

–; –; 6.7; – – – –; –; 
73.1; 
– 
HDT B 

–; 48.5; 53.6; 
32.2 
2nd heat 

[250] 

cellulose 
CreaMix 
R0083 

30, 40 67; 55 6.1; 6.4 82.6; – 6.2; – – – 72.5; 
– 
HDT B 

43.8; 28.4 
2nd heat  

cellulose 
CreaMix R0084 

30, 40 72; 59 6.7; 6.6 76.3; – 6.0; – – – 73.0; 
– 
HDT B 

40.6; – 
2nd heat  

3052D PLA, 
Natureworks 

banana/sisal 
(benzoyl 
peroxide) 

30 79 4.1 125 5.6 – 47.8 – – [251] 

3251D PLA, 
Natureworks 
+30 wt% 
PHI002 PHA, 
Natureplast 

eucalyptus fibers 10, 20, 30 44; 49; 79 4.3; 5.1; 
10 

82.5; 
89.0; 85.4 

4.5; 5.6; 
6.4 

– – 49.2; 
56; 
51.7 
HDT B 

– [252] 

AI1001, PLA 
eSUN 

chopped basalt 
fiber, 
(silane treated) 

5, 10, 15, 
20, 30, 40 

70; 80; 
90; 100; 
120; 123 

3.8; 4.2; 
5.2, 6.0; 
7.6; 8.3 

118; 122; 
138; 142; 
180; 185 

4; 5; 6; 7; 
10.2; 12.5 

3; 5; 6; 
6.5; 9; 
9.3 

23; 26; 28; 
30; 38; 38 

–; –; –; 
–; –; 
59 
HDT B 

4; 14; 18; 19; 
19; 19 
1st heat 

[255] 

Ingeo 3251D 
(Nature Works 
LLC) 

long basalt fibers 
(extrudion 
coated basalt 
roving) 

14.8, 
20.4, 
25.8 

107; 125; 
127 

4.9; 5.9; 
6.5 

165; 182; 
197 

6.3; 7.7; 
8.8 

16.1; 
18.3; 
18.7 

67.9; 70.1; 
68.8 

59.2; 
60.4; 
60.8 

2; 5; 10; 1st 
heat 

[256] 

PLA 3052-D 
(Nature Works 
LLC) 

Flax fibers 
With the silane 
treatment 

7.9; 13.6; 
17.6 

8.27; 
16.68; 
30.58 

12.2; 16.4; 
30.6 

– – – – – – [388] 

PLA Ingeo™ 
3052D (Nature 
Works) 

bleached 
softwood kraft 
pulp 

40 80.7 6.7 – – 2.6 16.5 54.1 – [389] 

PLA Ingeo™ 
3260HP 
(Nature Works) 

Aloe Vera fibers 30 52.5 ~7.2 ~90 ~7.2 – – – – [390] 

Injection molding 
grade PLA 
(Zhejiang 
Haizheng 
Biomaterials 
Co., Ltd., 
China) 

Bamboo fibers 10; 15; 
20; 25; 30 

~58; 60; 
65; 64; 62 

– ~97; 94; 
93; 89; 87 

~4.2; 4.5; 
4.8; 5.5; 
6.0 

~3.4; 
3.3; 
3.25; 
3.2; 3.0 

– – 44.02; 44.19; 
40.57; 39.86; 
35.69; 48.22 

[391] 

PLA Ingeo 3052D 
(Nature Works) 

unbleached 
hardwood kraft 
pulp fibers 

30 73.1 6.4 – – – 33.3 – 13.8 [392] 

bleached 
hardwood 
kraft pulp fibers 

30 79.3 6.5 – – – 24.8 – 9.1 

NatureWorks PLA 
Ingeo 3100HP 
(NatureWorks) 

Sisal fibers 5, 10, 15 ~66; 70; 
70.7 

3.3; 3.7; 
4.6 

~120; 
125; 
135.1 

n/a; n/a; 
5.6 

3.28; 
3.56; 
3.87 

– – 58.4; 61.2; 
57.3 

[393] 

Flax fibers 20 70.4 ~7 – – 3.7 – – 34.1 [394] 

(continued on next page) 
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PLA used Reinforcement 
type 

Amount, 
wt% 

Tensile 
strength, 
MPa 

Tensile 
modulus, 
GPa 

Flexural 
strength, 
MPa 

Flexural 
modulus, 
GPa 

Charpy impact strength, 
kJ/m2 

HDT, 
◦C 

Crystallinity, 
% 

Ref. 

Notched Unnotched 

NatureWorks 
PLLA and PDLA 

Nature Works 
PLA 3052 D 

Banana fiber 20 ~51  ~104 – – ~98 – 17 [395] 

Nature Works 
PLA Ingeo 
2003D 

Walnut shell 20, 30, 40 38; 36; 36 3.4; 3.3; 
3.3 

– – – – – – [396]  

Table 14 
Comparative mechanical properties of pure and modified PLA and petroleum-based engineering plastics (PP and ABS).  

Property PP ABS Unmodified 
PLA 

PLA +
OLA 

PLA + NR PLA/ 
EVA 

PLA/ 
PBS 

PLA + PPZn PLA + NF 

Cellulose Basalt long 
fibers 

ref. [9] [9] [78] [78] [141] [151] [183] [282] [250] [256] 

wt% of an additive, 
% 

– – – 15 20 35 40 20 10 2 5 10 15 70 25 

Young modulus, GPa 1.2 2.0 2.5 1.3 – – – – – 1.5 1.6 1.7 1.8 6.7 6.5 
Tensile strength, 

MPa 
34.5 41.5 56 21 33 23 20 45 57 56 51 46 44 72.5 128 

HDT, ◦C 67 100 53.5 – – – – – – – – – – 73 61 
Elongation at break, 

% 
150 40 4 235 35 225 100 340 220 – – – – – – 

Impact strength, kJ/ 
m2 

66 300 3 – 8 59 42 64 60 5.9 4.1 3.9 3.5 15 19  
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Adipate) 
OLA – Oligomeric lactic acid 
OME – Oligomeric Malonate Esteramide 
P(CL-co-LA) – Poly(ε-caprolactone-co-lactide) 
PA – polyamide 
PBA – Poly(1,3-Butylene Adipate) 
PBAT – Poly(Butylene Adipate-co-Terephtalate) 
PBOH – Poly(1,3-Butanediol) 
PBS – Poly(Butylene Succinate) 
PBSA – Poly(Butylene Succinate-co-Adipate) 
PBSL – Poly(Butylene Succinate-co-L-Lactate) 
PC – polycarbonate 
PCL – Poly(ε-Caprolacton) 
PDEA – Poly(Diethylene Adipate) 
PEA – Poly(Ethylene Adipate) 
PEBA – PolyEther Block Amide 
PEG – Poly(ethylene glycol) 
PEGA – Reactive blended Poly(Ethylene Glycol MonoAcrylate) 
PEGCA – Poly(Ethylene Glycol-co-Citric Acid) copolymer 
PEPG – Poly(Ethylene Gylcol-co-Propylene-Glycol) copolymer 
PHA – Poly(HydroxyAlkanoate) 
PHB – Poly(Hydroxy Butyrate) 
PHBV – Poly(Hydroxy Butyrate-co-Valerate) 
PHMA – Poly(Hexamethylene Adipate) 
PHO – Poly(HydroxyOctanoate) 
PLA – Poly(lactic acid) 
PMDO – Lactic acid and Ethylene Oxide copolymer 
PP – Polypropylene 
PPC – Post production crystallization 
PPG – Poly(propylene glycol) 
PVA – Poly(Vinyl Acetate) 
TBC – Tributyl Citrate 
TEC – Triethyl Citrate 
TEC – Triethyl Citrate 
Tg – glass transition temperature 
Tm – melting temperature 
TPP – Triphenyl Phosphate 
VA – Vinyl Acetate 
Xc – crystallinity 
εb – elongation at break 
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T. Tábi et al.                                                                                                                                                                                                                                     

http://refhub.elsevier.com/S0142-9418(21)00231-2/sref43
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref43
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref43
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref44
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref44
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref44
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref45
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref45
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref45
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref46
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref46
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref46
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref47
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref47
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref47
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref47
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref48
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref48
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref48
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref49
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref49
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref49
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref50
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref50
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref50
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref51
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref51
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref52
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref52
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref52
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref53
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref53
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref54
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref54
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref55
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref55
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref55
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref56
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref56
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref56
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref57
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref57
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref57
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref58
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref58
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref58
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref59
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref59
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref60
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref60
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref61
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref61
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref62
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref62
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref62
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref63
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref63
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref63
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref64
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref64
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref64
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref65
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref65
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref65
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref66
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref66
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref66
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref67
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref67
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref67
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref68
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref68
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref68
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref69
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref69
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref70
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref70
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref70
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref70
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref70
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref71
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref71
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref71
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref71
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref72
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref72
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref72
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref73
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref73
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref73
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref74
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref74
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref74
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref75
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref75
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref75
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref76
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref76
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref76
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref76
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref77
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref77
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref78
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref78
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref78
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref79
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref79
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref79
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref79
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref80
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref80
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref80
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref81
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref81
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref81
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref81
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref82
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref82
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref82
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref82
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref83
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref83
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref83
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref84
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref84
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref84
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref84
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref85
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref85
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref85
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref86
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref86
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref87
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref87
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref87
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref88
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref88
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref88
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref89
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref89
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref89
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref90
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref90
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref90
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref90
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref91
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref91
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref91
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref92
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref92
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref92
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref93
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref93
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref93
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref93
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref94
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref94
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref94
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref95
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref95
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref95
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref96
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref96
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref96
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref96
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref97
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref97
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref97
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref98
http://refhub.elsevier.com/S0142-9418(21)00231-2/sref98


Polymer Testing 101 (2021) 107282

31

[99] B.W. Chieng, N.A. Ibrahim, Y.Y. Then, Epoxidized vegetable oils plasticized Poly 
(lactic acid) biocomposites mechanical thermal and morphology properties, 
Molecules 19 (2014) 16024–16038. 

[100] F. Ali, Y.-W. Chang, S.C. Kang, J.Y. Yoon, Thermal mechanical and rheological 
properties of poly (lactic acid)/epoxidized soybean oil blends, Polym. Bull. 62 
(2009) 91–98. 

[101] M.A. Abdelwahab, A. Flynn, B.-S. Chiou, S. Imam, W. Orts, E. Chiellini, Thermal, 
mechanical and morphological characterization of plasticized PLA–PHB blends, 
Polym. Degrad. Stabil. 97 (2012) 1822–1828. 

[102] Y. Wang, Y. Qin, Y. Zhang, M. Yuan, H. Li, M. Yuan, Effects of N-octyl lactate as 
plasticizer on the thermal and functional properties of extruded PLA-based films, 
Int. J. Biol. Macromol. 67 (2014) 58–63. 

[103] N. Ljungberg, D. Colombini, B. Wesslén, Plasticization of poly(lactic acid) with 
oligomeric malonate esteramides: dynamic mechanical and thermal film 
properties, J. Appl. Polym. Sci. 96 (2005) 992–1002. 

[104] E.F. Santos, R.V.B. Oliveira, Q.B. Reiznautt, D. Samios, S.M.B. Nachtigall, 
Sunflower-oil biodiesel-oligoesters/polylactide blends: plasticizing effect and 
ageing, Polym. Test. 39 (2014) 23–29. 

[105] H. Xiao, W. Lu, J.-T. Yeh, Effect of plasticizer on the crystallization behavior of 
poly(lactic acid), J. Appl. Polym. Sci. 113 (2009) 112–121. 
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[168] B. Imre, B. Pukánszky, Compatibilization in bio-based and biodegradable polymer 

blends, Eur. Polym. J. 49 (2013) 1215–1233. 
[169] T. Fujimaki, Processability and properties of aliphatic polyesters, ‘BIONOLLE’, 

synthesized by polycondensation reaction, Polym. Degrad. Stabil. 59 (1998) 
209–214. 

[170] http://helianpolymers.com/mitsubishi-chemical-biopolymers/. 
[171] I. Burzic, C. Pretschuh, D. Kaineder, G. Eder, J. Smilek, J. Másilko, W. Kateryna, 

Impact modification of PLA using biobased biodegradable PHA biopolymers, Eur. 
Polym. J. 114 (2019) 32–38. 

[172] J.V. Ecker, I. Burzic, A. Haider, S. Hild, H. Rennhofer, Improving the impact 
strength of PLA and its blends with PHA in fused layer modelling, Polym. Test. 78 
(2019) 105929. 
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C. Mattoso, Properties of thermoplastic starch from cassava bagasse and cassava 
starch and their blends with poly (lactic acid), Ind. Crop. Prod. 37 (2012) 61–68. 

[333] J. Cai, M. Liu, L. Wang, K. Yao, S. Li, H. Xiong, Isothermal crystallization kinetics 
of thermoplastic starch/poly(lactic acid) composites, Carbohydr. Polym. 86 
(2011) 941–947. 

[334] T. Ke, X. Sun, Melting behavior and crystallization kinetics of starch and poly 
(lactic acid) composites, J. Appl. Polym. Sci. 89 (2003) 1203–1210. 

[335] L. Suryanegara, A.N. Nakagaito, H. Yano, The effect of crystallization of PLA on 
the thermal and mechanical properties of microfibrillated cellulose-reinforced 
PLA composites, Compos. Sci. Technol. 69 (2009) 1187–1192. 

[336] A.N. Frone, S. Berlioz, J.-F. Chailan, D.M. Panaitescu, Morphology and thermal 
properties of PLA–cellulose nanofibers composites, Carbohydr. Polym. 91 (2013) 
377–384. 

[337] A. Pei, Q. Zhou, L.A. Berglund, Functionalized cellulose nanocrystals as biobased 
nucleation agents in poly(l-lactide) (PLLA) – crystallization and mechanical 
property effects, Compos. Sci. Technol. 70 (2010) 815–821. 

[338] D. Bagheriasl, P.J. Carreau, B. Riedl, C. Dubois, Enhanced properties of 
polylactide by incorporating cellulose nanocrystals, Polym. Compos. 39 (2018) 
2685–2694. 

[339] H. Wang, Z. Qiu, Crystallization kinetics and morphology of biodegradable poly(l- 
lactic acid)/graphene oxide nanocomposites: influences of graphene oxide 
loading and crystallization temperature, Thermochim. Acta 527 (2012) 40–46. 

[340] L. Hua, W. Kai, J. Yang, Y. Inoue, A new poly(l-lactide)-grafted graphite oxide 
composite: facile synthesis, electrical properties and crystallization behaviors, 
Polym. Degrad. Stabil. 95 (2010) 2619–2627. 

[341] L. Wen, Z. Xin, D. Hu, A new route of manipulation of poly(L-lactic acid) 
crystallization by self-assembly of p-tert-butylcalix[8]arene and toluene, 
J. Polym. Sci., Part B: Polym. Phys. 48 (2010) 1235–1243. 

[342] R. Liao, B. Yang, W. Yu, C. Zhou, Isothermal cold crystallization kinetics of 
polylactide/nucleating agents, J. Appl. Polym. Sci. 104 (2007) 310–317. 

[343] Y. Li, C. Chen, J. Li, X.S. Sun, Isothermal crystallization and melting behaviors of 
bionanocomposites from poly(lactic acid) and TiO2 nanowires, J. Appl. Polym. 
Sci. 124 (2012) 2968–2977. 

[344] S. Saeidlou, M.A. Huneault, H. Li, C.B. Park, Effect of nucleation and 
plasticization on the stereocomplex formation between enantiomeric poly(lactic 
acid)s, Polym 54 (2013) 5762–5770. 

[345] B. Wen, L. Ma, X. Zheng, Enhanced thermal conductivity of poly(lactic acid)/ 
alumina composite by synergistic effect of tuning crystallization of poly(lactic 
acid) crystallization and filler content, J. Mater. Sci. Mater. Electron. 31 (2020) 
6328–6338. 

[346] K. Li, W. Zhen, Performance, structure-property relationship and biodegradability 
of poly(lactic acid)/amide ammonium acetate organic vermiculite intercalation 
nanocomposites, Polym. Plast. Technol. Mat. 59 (2020) 702–721. 

[347] J.-N. Yang, S.-B. Nie, Y.-H. Qiao, Y. Liu, Z.-Y. Li, G.-J. Cheng, Crystallization and 
rheological properties of the eco-friendly composites based on poly (lactic acid) 
and precipitated barium sulfate, J. Polym. Environ. 27 (2019) 2739–2755. 

[348] Y. Xu, L. Wu, Synthesis of organic bisurea compounds and their roles as 
crystallization nucleating agents of poly(l-lactic acid), Eur. Polym. J. 49 (2013) 
865–872. 

[349] C. Li, Q. Dou, Z. Bai, Q. Lu, Non-isothermal crystallization behaviors and 
spherulitic morphology of poly(lactic acid) nucleated by a novel nucleating agent, 
J. Therm. Anal. Calorim. 122 (2015) 407–417. 

[350] Z. Su, W. Guo, Y. Liu, Q. Li, C. Wu, Non-isothermal crystallization kinetics of poly 
(lactic acid)/modified carbon black composite, Polym. Bull. 62 (2009) 629–642. 

[351] P.C. Dartora, M. da Rosa Loureiro, M.M. da Camargo Forte, Crystallization 
kinetics and morphology of poly(lactic acid) with polysaccharide as nucleating 
agent, J. Therm. Anal. Calorim. 134 (2018) 1705–1713. 

[352] M.R. Kamal, V. Khoshkava, Effect of cellulose nanocrystals (CNC) on rheological 
and mechanical properties and crystallization behavior of PLA/CNC 
nanocomposites, Carbohydr. Polym. 123 (2015) 105–114. 

[353] E. Lizundia, J.L. Vilas, L.M. León, Crystallization, structural relaxation and 
thermal degradation in Poly(l-lactide)/cellulose nanocrystal renewable 
nanocomposites, Carbohydr. Polym. (2015) 256–265. 

[354] E. Lizundia, E. Fortunati, F. Dominici, J.L. Vilas, L.M. León, I. Armentano, 
L. Torre, J.M. Kenny, PLLA-grafted cellulose nanocrystals: role of the CNC content 
andgrafting on the PLA bionanocomposite film properties, Carbohydr. Polym. 142 
(2016) 105–113. 

[355] W. Ding, D. Jahani, E. Chang, A. Alemdar, C.B. Park, M. Sain, Development of 
PLA/cellulosic fiber composite foams using injection molding: crystallization and 
foaming behaviors, Compos. Appl. Sci. Manuf. 83 (2016) 130–139. 

[356] M. Day, A.V. Nawaby, X. Liao, A DSC study of the crystallization behaviour of 
polylactic acid and its nanocomposites, J. Therm. Anal. Calorim. 86 (2006) 
623–629. 

[357] M. Weng, Z. Qiu, Effect of cyanuric acid on the crystallization kinetics and 
morphology of biodegradable poly(l-lactide) as an efficient nucleating agent, 
Thermochim. Acta 577 (2014) 41–45. 

[358] C. Li, Q. Dou, Non-isothermal crystallization kinetics and spherulitic morphology 
of nucleated poly(lactic acid): effect of dilithium hexahydrophthalate as a novel 
nucleating agent, Thermochim. Acta 594 (2014) 31–38. 

[359] P. Liu, W. Zheng, Structure-property relationship, rheological behavior, and 
thermal degradability of poly(lactic acid)/fulvic acid amide composites, Polym. 
Adv. Technol. 29 (2018) 2192–2203. 

[360] K. Duan, W. Zhen, The synthesis of fulvic acid–thiourea amide derivates grafted 
polystyrene and its effect on the crystallization and performance of poly(lactic 
acid), Polym. Eng. Sci. 59 (2019) 1787–1798. 

[361] D. Wu, Y. Cheng, S. Feng, Z. Yao, M. Zhang, Crystallization behavior of 
polylactide/graphene composites, Ind. Eng. Chem. Res. 52 (2013) 6731–6739. 

[362] B. Yang, D. Wang, F. Cheng, J.-S. Qian, R. Xia, J.-W. Liu, Melting and 
crystallization behaviors of poly(lactic acid) modified with graphene acting as a 
nucleating agent, J. Macromol. Sci. Part B 58 (2019) 290–304. 

[363] D. Wu, H. Guo, R. Zhang, H.-Z. Cui, H.-Z. Cui, Enhanced crystallization properties 
of poly(lactic acid) nanocomposites assisted by poly(amidoamine) functionalized 
graphene oxide, ECS J. Solid State Sci. Technol. 7 (2018) M139–M144. 

[364] N. Naga, Y. Yoshida, K. Noguchi, S. Murase, Crystallization of amorphous poly 
(lactic acid) induced by vapor of acetone to form high crystallinity and 
transparency specimen, Open J. Polym. Chem. 3 (2013) 29–33. 

[365] S. Qin, Y. Hu, X. Tian, Y. Tian, W. Liu, L. Zhao, Modification of cellulose 
nanocrystals by self-assembly nucleation agents to improve poly(L-lactide) 
nanocomposite’ properties, Cellulose 27 (2020) 4337–4353. 
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