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ABSTRACT

This work reports the effect of acrylated epoxidized soybean oil (AESO) addition
on the mechanical, thermal, and thermomechanical properties of polylactide (PLA) parts
obtained by injection molding. To this end, AESO, a chemically multi-functionalized
vegetable oil, was incorporated into PLA during melt processing. The PLA parts with
AESO contents in the 2.5-7.5 wt% range showed a remarkable enhancement in both
elongation at break and impact-absorbed energy while their tensile and flexural strength
as well as thermomechanical properties were maintained or slightly improved.
Additionally, the AESO-containing PLA parts presented higher thermal stability and
lower crystallinity. The improvement achieved was ascribed to a dual effect of
plasticization in combination with a chain-extension and/or cross-linking process of the
PLA chains by the highly reactive acrylate and epoxy groups present in AESO. The use
of AESO thus represents an environmentally friendly solution to obtain toughened PLA
materials of high interest in, for instance, rigid packaging, automotive or building and

construction applications.
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1. INTRODUCTION

Polylactide (PLA) is currently considered the front runner in the emerging
bioplastics market due to its good balance between physical properties, i.e. mechanical,
thermal, optical, and barrier properties, and its two-fold environmental advantage of being
a bio-based and biodegradable material. For these reasons it is nowadays widely used in
3D printing, biomedical devices, rigid packaging, drug delivery systems, textiles,
automotive parts, building and construction materials, etc.[1-5]
The main drawbacks of PLA, however, are related to its intrinsic brittleness, which is a
limiting factor to further expand its applications in commodity areas (e.g. packaging) [6,
7]. Today, with the increasing use of PLA as the base material for 3D printing and short-
term uses [8, 9], the fragility of PLA is certainly an important issue to overcome [10-13].
For this reason, the vast majority of PLA industrial formulations are based on either
plasticized formulations by means of additives or polymer blends [14-19].

A wide variety of plasticizers have been previously proposed for PLA. Different
monomeric, oligomeric, and polymeric esters from adipic [20], citric [21-24], succinic
[25], and lactic acid [26, 27], among others, have offered interesting results for PLA
materials in terms of plasticization and/or compatibilization with other bio-based
polyesters [28]. Another interesting family is that corresponding to polyhydric alcohols
and their esters. Although glycerol is known to exert a poor plasticizing effect on PLA,
both oligomeric and polymeric glycols and some related esters have been successfully
used to plasticize PLA [29]. It is worthy to note the good plasticizing effect that
poly(ethylene glycol) (PEG) [21, 30], poly(propylene glycol) (PPG) [31, 32], and their
copolymers [33] can provide on PLA. Isosorbide esters have also been reported as good

plasticizers for PLA and other polymers [34, 35]. Acrylic/acrylated oligomers and
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polymers have also been reported to offer a good plasticizing effect on PLA in
combination with a chain extension phenomenon, which improves toughness [36, 37].

With regard to vegetable oils, it is worthy to note their increasing use in the
polymer industry as both the starting materials for polymer synthesis and additives [38-
40]. Vegetable oils consist on a triglyceride structure in which different fatty acids are
chemically bonded to a glycerol molecule through ester bonds. The main feature of some
fatty acids is the presence of carbon—carbon double bonds that allows for a wide variety
of chemical modifications. Unmodified vegetable oils have been used as PLA plasticizers
but their performance is restricted due to the high difference in their solubility parameter
(around 16 MPa ) compared to that of PLA, in the 19.5-20.5 MPa 2 range [41, 42],
which typically results in a migration process. For this reason, chemically modified
vegetable oils offer a better plasticizing efficiency since their solubility parameters are
closer to that of PLA [43].

In particular, the use of epoxidized vegetable oils (EVOs) represents an
environmentally friendly solution to plasticize PLA and other polymers. As a result,
several EVOs have been successfully used as PLA plasticizers. It is worthy to note the
good plasticizing effect exerted by epoxidized fatty acid esters (EFAE) [44, 45],
epoxidized soybean oil (ESBO) and palm oil [46, 47], and epoxidized linseed oil (ELO)
[48]. The epoxy functionality present in EVOs also offers a high compatibilization on
green composites with lignocellulosic fillers due to the reaction of the epoxide ring with
the hydroxyl groups present in both PLA end-chains and cellulose [49]. This effect of
compatibilization provided by EVOs has also been observed in vinyl plastisol/wood flour
composites [50], thus emphasizing the extraordinary reactivity of the epoxy group.

Another interesting modification of vegetable oils is maleinization, which allows

the formation of several maleic anhydride (MAH) groups, i.e. multiple functionalities,
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from the different degrees of unsaturation originally present in the fatty acids. Maleinized
vegetable oils such as maleinized linseed oil (MLO), maleinized cottonseed oil (MCSO),
and maleinized tung oil (MTQO) have been successfully used in toughened PLA
formulations with an interesting combination of plasticization, chain-extension, and
compatibilizing effects [51-54]. Acrylated epoxidized vegetable oils (AEVOs) are
obtained by reaction of EVOs with acrylic acid (AA). Specifically, acrylated epoxidized
soybean oil (AESO) has been reported as an environmentally friendly additive for
toughening PLA-based blends [55].

Injection molding of PLA has to face some challenges related to its chemical
structure [56]. Similar to other biopolyesters, PLA is particularly sensitive to moisture,
which decreases its molecular weight (Mw) during processing [57], inducing a remarkable
impairment on the mechanical performance. Additionally, its intrinsic brittleness also
restricts a wider use of PLA materials in injection molding. In this sense, the injection
molding industry uses different additives to control crystallization phenomena to improve
mechanical properties [58, 59]. Another increasing trend within the injection-molded
PLA context is related to use of green composites based on natural fibers [60, 61]. Finally,
PLA blends also represent a relevant alternative for toughened-PLA formulations
processed by injection molding but, usually, compatibilizers are needed [62].

Although several works have been previously focused on AESO-modified PLA
films, the effect of AESO on PLA materials obtained by injection molding has not been
evaluated. This work aims to carry out, for the first time, an in-depth study of the influence
of AESO on the properties of injection-molded PLA parts. To this end, the effect of
different AESO contents in the 2.5-10 wt% range were evaluated on the performance of

the PLA parts.
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2. EXPERIMENTAL
2.1. Materials

A commercial PLA grade Ingeo™ biopolymer 6201D was obtained from
NatureWorks (Minnetonka, Minnesota, USA). This is a PLA grade with a density of 1.24
g cm and a met flow rate (MFR) of 15-30 g/10 min measured at 210 °C which makes it
suitable for injection molding. AESO was supplied by Sigma Aldrich S.A. (Madrid,
Spain). This commercial grade comes with 4,000 ppm hydroquinone as inhibitor to avoid
polymerization. Fig. 1 shows the chemical process to obtain AESO from epoxidized

soybean oil (ESO) by treatment with AA.

epoxidized soybean oil (ESO)

ACRYLATION Q}k
OH
JL/ acrylic acid (AA)
o o]

acrylated epoxidized soybean oil (AESQO)

Figure 1 Schematic representation of the chemical structure of acrylated epoxidized
soybean oil (AESO) obtained by acrylation of epoxidized soybean oil (ESO), previously

produced from epoxidation of soybean oil (SO), with acrylic acid (AA).
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2.2. Preparation of PLA parts

Prior to processing, all materials were dried in a dehumidifier MDEO from
Industrial Marsé (Barcelona, Spain) at a temperature of 60 °C for 36 h to remove residual
moisture due to the high sensitiveness of PLA to hydrolysis. The AESO content varied in
the 0-10 wt% range as summarized in Table 1.

The PLA and AESO formulations were then melt compounded in a co-rotating
twin-screw extruder from Dupra, S.L. (Alicante, Spain) with a diameter of 25 mm and a
length/diameter (L/D) ratio of 24. The temperature profile of the barrel was set to 180 °C
(feeding zone), 185 °C, 190 °C, and 195 °C (die) and the rotating speed was 20 rpm. The
extruded materials were pelletized and subsequently shaped into plastic parts by injection
molding by means of a Sprinter 11t from Erinca S.L (Barcelona, Spain) using a

temperature profile of 165 °C (hopper), 170 °C, 175 °C, and 180 °C (injection nozzle).

Table 1

2.3. Mechanical characterization

Mechanical properties of AESO-toughened PLA parts were obtained by both
tensile and flexural tests in a universal test machine ELIB 50 from S.A.E. Ibertest
(Madrid, Spain), equipped with a load cell of 5 kN. Tensile tests followed the guidelines
of the 1S0527-1:2012 while flexural tests were carried out as recommended by ISO
178:2011. The cross-head speed was set to 5 mm min* for both tests.

Shore hardness of the injection-molded parts was measured in a 676-D durometer
from J. Bot Instruments (Barcelona, Spain), using the D-scale as recommended in ISO
868:2003. Toughness was also studied on the un-notched samples using the Charpy

impact test with a 6-J pendulum from Metrotec S.A. (San Sebastian, Spain) following the
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guidelines of the ISO 179-1:2010. All samples were tested at room temperature and at
least six samples per formulation were evaluated to obtain the average values of the

corresponding parameters.

2.4. Thermal characterization

Main thermal transitions, i.e. glass transition (Tg), cold crystallization (T¢), and
melting (Tm) of the injection-molded parts were obtained using differential scanning
calorimetry (DSC) with a Mettler-Toledo 821 calorimeter (Schwerzenbach, Switzerland).
The average sample weight ranged from 5 to 7 mg and it was placed in standard
aluminium crucibles with a volume capacity of 40 uL. Thermal analysis was programmed
as follows: initial heating scan from 30 °C to 200 °C at 10 °C min%, then a cooling scan
from 200 °C down to 0 °C at 10 °C min™, and finally a second heating scan from 0 °C to
350 °C at 10 °C mint. All tests were run under nitrogen atmosphere with a flow-rate of
66 mL mint. In addition to above-mentioned temperatures, the degree of crystallinity

(Xc) was calculated by using the following equation (Eq. 1):

_ [AHp—AHce

= [AH&-(l_W)] - 100 Equation 1

Where AHm and AHcc (J g%) correspond to the enthalpies of melting and cold
crystallization, respectively. AH»® (J g1) stands for the melting enthalpy of a fully
crystalline PLA, with a value of 93.0 J g [63], and w represents the weight fraction of
AESO in the PLA formulation.

The effect of AESO on the overall thermal stability up to decomposition was

studied by thermogravimetric analysis (TGA) in a TGA/SDTA 851 thermobalance from
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Mettler-Toledo, LLC (Columbus, Ohio, USA). The samples weight ranged 5-7 mg and
these were placed on standard aluminum oxide (Al.O3) crucibles with a volume capacity
of 70 uL. A dynamic heating program from 30 °C to 700 °C at a heating rate of 20 °C min

Lin air atmosphere was used.

2.5. Thermomechanical characterization

Dynamic mechanical thermal characterization (DMTA) was performed using an
AR-G2 oscillatory rheometer from TA Instruments (New Castle, Delaware, USA),
equipped with a clamp system for solid samples working in torsion/shear mode. The
samples, with a size of 4x10x40 mm?3, were subjected to a temperature sweep from 30 °
up to 140 °C at a constant heating rate of 2 °C min™. The maximum deformation
percentage (y) was set to 0.1%. The storage modulus (G”) and the dynamic damping factor
(tan &) were obtained as a function of temperature at a constant frequency of 1 Hz.

Thermomechanical properties were further analyzed by means of Vicat softening
temperature (VST) and heat deflection temperature (HDT) tests in a Vicat/HDT station
model VHDT 20 from Metrotec S.A. (San Sebastian, Spain). VST values were obtained
according to 1ISO 306 using the B50 method, with an applied load of 50 N and a heating
rate of 50 °C ht. HDT measurements were carried out following 1SO 75-1 on samples
sizing 4x10x80 mm?3. The distance between supports was 60 mm and the applied force
was 320 g while the heating rate was 120 °C h™2.,

In addition, the dimensional stability was studied by thermomechanical analysis
(TMA) in a thermomechanical analyzer Q400 from TA Instruments on samples with a
size of 10x10x4 mm3. A dynamic heating program from 0 °C to 140 °C at a constant
heating rate of 2 °C min™! was used to obtain the coefficient of linear thermal expansion

(CLTE) using a constant load of 0.02 N. All samples were tested in triplicate.
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2.6. Morphology

The morphology of the injection-molded parts was observed on their fracture
surfaces from impact tests. For this, field emission scanning electron microscopy
(FESEM) in a ZEISS ULTRA 55 from Oxford Instruments (Abingdon, United Kingdom)
was performed. The working distance (WD) varied in the 6-7 mm range and an extra high
tension (EHT) of 2 kV was applied to the electron beam. Due to the non-conducting
nature of the samples, these were subjected to a sputtering process with a gold-palladium
alloy in a sputter coater EMITECH-SC7620 from Quorum Technologies, Ltd. (East

Sussex, United Kingdom).

3. RESULTS AND DISCUSION
3.1. Mechanical properties of AESO-containing PLA parts

Fig. 2 shows the evolution of tensile properties of the injection-molded PLA parts
varying the AESO content. As it can be observed in the graph, the incorporation of AESO
induced a slight increase in the tensile modulus, i.e. from 2 GPa (for the neat PLA part)
to 2.2 GPa (for PLA parts containing 10 wt% AESO). Regarding tensile strength, the neat
PLA part was characterized by a value of 66 MPa. One can observe a slight decrease in
tensile strength with increasing the AESO content. However, tensile strength remained
relatively constant at high values, i.e. 63-64 MPa, for up to 7.5 wt% AESO, and a
significant decrease (below 60 MPa) was only noticed at the highest content, i.e. 10 wt%.
A similar effect was previously reported in the study carried out by Mauck et al. [55] in
which PLA films containing 5 wt% AESO were prepared by solvent casting following by
drying at 190 °C.

Incorporation of AESO into PLA led to a considerable increase in elongation at

break. The highest value of elongation at break was observed for the PLA parts containing
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10 wt% AESO. In particular, this value was 10.6%, representing a percentage increase of
113% in comparison to the unmodified PLA part. Mauck et al. [55] previously reported
a remarkable increase in elongation at break, from 4.1%, for a neat PLA film, up to 31%,
for PLA films with 5 wt% AESO. This increment is substantially higher than the reported
values herein for the same AESO content. However, this previous study also reported
high variability on the mechanical properties, which was ascribed to the lack of
homogeneity of the manufacturing process. A similar plasticizing effect was also reported
by Ferri et al. [51] for PLA formulations containing 10-13 wt% MLO, showing an
increase in elongation at break of up to 70-80%. Nevertheless, a remarkable decrease in
tensile strength, in particular from 64 MPa down to 40 MPa, was also observed.
Carbonell-Verdu et al. [52] similarly reported a ductility improvement on PLA films by
means of MCSO, showing an increment in elongation at break of 11%. However, a
reduction in the tensile strength of 24% was also observed. Therefore, these previous
plasticizers promoted certain decrease in both the strength and modulus of PLA materials.
Interestingly, the here-developed PLA parts showed a similar mechanical strength for
AESO contents up to 7.5 wt% than the neat PLA part, while maintaining a similar

improvement in ductility than previously studied plasticizers.
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Figure 2 Plot evolution of the tensile properties of the injection-molded polylactide

(PLA) parts varying the acrylated epoxidized soybean oil (AESO) content.

Fig. 3 shows the flexural properties of the PLA parts containing AESO. In relation
to the flexural modulus, a slight increase from 3.3 GPa (neat PLA part) up to 3.4-3.5 GPa
(for PLA parts containing 7.5-10 wt% AESQO) was observed. One can also observe in the
graph that AESO improved flexural strength. In particular, flexural strength increased
from 89.9 MPa, for the neat PLA part, up to 100.7 MPa, for the PLA part with 10 wt%
AESO. This somewhat suggests an interaction between the multiple acrylic
functionalities of AESO with the PLA chains. In this sense, Mauk et al. [55] suggested a
potential cross-linking reaction of AESO during melt processing at high temperature.

Therefore, this mechanism can be responsible for the above-described mechanical
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performance, i.e. a significant ductility improvement in combination to a moderate

increase in the mechanical resistant properties.
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Figure 3 Plot evolution of the flexural properties of the injection-molded polylactide

(PLA) parts varying the acrylated epoxidized soybean oil (AESO) content.

In relation to hardness, no significant changes were observed for the Shore D
measurements of the AESO-toughened PLA parts (see Table 2). In general, all PLA parts
showed values around 79, except the sample containing 2.5 wt%, which presented a slight
increase up to approximately 81. The PLA parts containing AESO also presented a
remarkable increase in toughness, as measured through the Charpy impact test. Whereas
the neat PLA part showed a Charpy impact resistance of 19.5 kJ m, the addition of only
2.5 wt% AESO increased the impact-absorbed energy up to 30.6 kJ m?, i.e. an increase

of about 57%. The impact-strength values gradually improved up to 35.1 kJ m™ for the
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PLA parts containing AESO at 10 wt%. This further confirms the high effect of AESO
on the toughness of the PLA parts. Similar findings were previously reported by Ferri et
al. [51] for MLO-plasticized PLA materials, showing an increase in the absorbed energy
from 30.9 kJ m?, for neat PLA, to 62.9 k] m?, for PLA materials with 3.6 wt% MLO.
This previous study also pointed out that plasticizer saturation habitually occurs at
relatively low concentrations, inducing a negative effect on the overall mechanical
properties. Plasticizer saturation was also observed in PLA formulations containing
EFAE in the same range of concentrations, which was detectable by a clear phase
separation [44]. In the present study, however, the impact-strength values of the PLA
parts linearly increased with the AESO content for all studied formulations. In this sense,
Nagarajan et al. [64] also reported interesting results in polytrimethylene terephthalate
(PTT)/PLA blends by reactive compatibilization with an acrylic terpolymer, showing a

remarkable increase in toughness.

Table 2

3.2. Morphology of AESO-containing PLA parts

Mechanical properties are directly related to the material-specific morphology.
Fig. 4 gathers the FESEM images, taken at 500x, of the fracture surfaces of the neat PLA
and AESO-toughened PLA parts after the Charpy impact tests. As shown in Fig. 4a, the
neat PLA part is a rigid material, showing the fracture surface morphology of a typical
brittle polymer in which micro-crack formation and growth can be observed. One can
also observe that there was no evidence of plastic deformation due to the intrinsic
brittleness of PLA, which is related to its low energy absorption, as mentioned above.

However, as it can be observed from Fig. 4b to Fig. 4e, the morphology of the fracture
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surfaces of all AESO-toughened parts was remarkably different. The fracture surface
changed from brittle to ductile, showing different flat levels with a certain degree of
plastic deformation. Nevertheless, it is also worth to mention the presence of small
spherical voids, which were more noticeable as the AESO content increased (see for
instance Fig. 4e). The presence of these droplets suggests phase separation that is known
to exert two opposing effects on a polymer matrix. On the one hand, this phenomenon
occurs due to a given additive saturation that may cause migration. As a result, it has a
negative influence on the mechanical properties, which has been already observed in PLA
and other bio-based polyesters [44, 48, 51, 52]. On the other hand, an excess of plasticizer
can also change the morphology of the material matrix. In particular, the presence of small
droplets with a spherical shape can positively contribute to improve toughness as, for
instance, polybutadiene rubbers (BR) do in high-impact polystyrene (HIPS). Both
phenomena can occur and overlap. Their overall effect depends on the droplet size,
distribution, potential interactions, etc. This phenomenon has been previously observed

in PPG-plasticized PLA formulations [31].
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Figure 4 Field emission scanning electron microscopy (FESEM) images of the surface
fractures of the injection-molded polylactide (PLA) parts with acrylated epoxidized
soybean oil (AESO) taken at 500x: a) neat PLA; b) 2.5 wt% AESO; c¢) 5.0 wt% AESO;

d) 7.5% AESO; e) 10.0 wt% AESO. Scale markers of 10 um.

Fig. 5 shows the FESEM images taken at higher magnifications, i.e. 2,000x and
5,000x. These micrographs confirm, in a clear way, the morphology of the fracture

surfaces of the injection-molded PLA parts. At 2,000x, some spherical holes with a mean
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diameter of 1-2 um can be observed in both parts of PLA with 2.5 wt% (Fig. 5a) and 10
wit% (Fig. 5¢) AESO. The plasticizing effect exerted by AESO on the PLA matrix was
supported by the presence of some filaments on the flat fracture planes resulting from
plastic deformation. FESEM images taken at 5,000x confirmed phase separation at high
AESO contents. PLA parts with 2.5 wt%, shown in Fig. 5b, presented some spherical
voids but the overall surface was quite homogeneous, thus indicating good miscibility.
Nevertheless, PLA parts containing 10 wt% AESO, in Fig. 5d, showed a noticeably phase
separation since small droplets below 0.5 um can be easily identified. Despite this, the
sizes of these AESO droplets were relatively low, producing the above-described positive
effect on the mechanical ductile properties. Similar findings were reported by Mauck et
al. [55] for AESO-toughened PLA films at 5 wt%, which presented higher miscibility and
then lower phase separation than soybean oil. In fact, it was reported a droplet size of 4.5
um for the PLA films containing soybean oil while the films made of PLA with AESO at
5 wt% presented a droplet size of 2.2 um. Ferri et al. [44] also observed phase separation
in PLA plasticized with 13 wt% EFAE with droplet sizes similar to those observed in the
here-prepared developed materials, i.e. around 1 um. Therefore, this particular
morphology based on submicron AESO droplets finely dispersed in the PLA matrix can

be certainly responsible for the achieved toughness improvement.
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Figure 5 Field emission scanning electron microscopy (FESEM) images of the surface
fractures of the injection-molded polylactide (PLA) parts with acrylated epoxidized
soybean oil (AESO) taken at different magnifications: a) 2.5 wt% AESO at 2,000x; b)
2.5 wt% AESO at 5,000x; c) 10 wt% AESO at 2,000x; d) 10 wt% AESO at 5,000x. Scale

markers of 2 um.

3.3. Thermal properties of AESO-containing PLA parts

DSC thermograms for neat PLA and AESO-toughened PLA parts are shown in
Fig. 6. A baseline step located between 60-70 °C corresponds to Ty of PLA. The
exothermic peak located between 90 °C and 120 °C stands for the cold crystallization
process due to the rearrangement of the PLA polymer chains in a packed structure during
heating. Finally, the melting process was observed in the 150-170 °C range. As it can be

seen in the thermograms, the addition of AESO shifted the cold crystallization process to
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higher temperatures, which is not the usual effect of a plasticizer. That was particularly
noticeable for the PLA part containing 2.5 wt% AESO. In general, a plasticizer increases
free volume and reduces the polymer-polymer interactions, allowing higher chain
mobility and lowering Tcc values [23, 46]. This unexpected anti-nucleating effect of
AESO on PLA materials suggests that certain chain extension or cross-linking occurred
due to its multiple acrylate and epoxy functionalities, thus leading to a chain mobility
restriction. This effect was more intense for the PLA part containing 2.5 wt% AESO, as
it can be seen in Fig. 6. At higher AESO contents, however, its plasticizing effect
overlapped the chain extension/cross-linking process resulting in a decrease in cold
crystallization. Therefore, the AESO-containing PLA parts at 5-10 wt% presented
intermediate Tcc values. Similar phenomenon was previously observed by Choi et al.
[36] by using poly(ethylene glycol) acrylate (PEGA) as additive in toughened PLA
formulations. However, it is also worth to note that these previous formulations were
processed with a radical initiator that promoted reactive extrusion with PLA polymer

chains.

Page 19



AEeX0

10 wt% AESO

7.5 wt% AESO

5 wt% AESO

Heat flow (mW)

2.5 wt% AESO

0 wt% AESO 10mW

| ! I ! | ! |

50 100 150 200
Temperature (°C)

Figure 6 Comparative plot of differential scanning calorimetry (DSC) thermograms of

the injection-molded polylactide (PLA) parts varying the acrylated epoxidized soybean

oil (AESO) content.

The main thermal properties of the AESO-toughened PLA formulations are
summarized in Table 3. It is worthy to note the relatively low decrease observed in the
Tq values from 62.8 °C, for the neat PLA part, to 59.4 °C, i.e. a reduction of 2-3 °C. Indeed,
the efficiency of a given plasticizer is habitually directly related to their ability to lower
polymer Tq. The obtained results further confirm that AESO does not play the typical
plasticization role in PLA. In fact, other plasticizers, such as PEG, ATBC, PPG, OLA:s,
etc., are known to be capable to decrease T4 by 25-30 °C with a plasticizer content in the
10-20 wt% range [23, 26, 31, 33]. Similar findings were reported by Mauck et al. [55] in

plasticized PLA by 5 wt% AESO, showing a Tg decrease of ca. 1 °C with regard to the

Page 20



unplasticized PLA film. This can be related to the restricted chain motion to form a
packed structure with AESO addition. Regarding the cold crystallization process, as
above described, this occurred at higher temperatures. In particular, Tcc increased from
96.3 °C, for the neat PLA part, to up 105.9 °C, for the PLA part containing 2.5 wt% AESO.
Another important observation was the Xc decrease. This reduction was particularly high
for the PLA part formulated with 2.5 wt%, supporting the chain extension/cross-linking
process between the acrylate and epoxy groups and the hydroxyl groups of the PLA
chains. However, even though the degree of crystallization was reduced, the mechanical

strength of the PLA parts toughened by AESO was similar to that of the neat PLA part.

Table 3

Another important feature that AESO provided to the PLA parts was an
improvement on thermal stability, which can be observed in Fig. 7. This is an interesting
result since one of the main drawbacks of most plasticizers (e.g. PEG, PPG, ATBC, etc.)
is that they contribute to lower the thermal stability of PLA [23, 36]. Thermal stability
impairment is habitually related to a process of plasticizer evaporation, which becomes
especially important for additives of low Mw that are not clearly detected by DSC.
However, this phenomenon can be easily detected by TGA, allowing to evaluate whether
the additive improves or not the thermal stability. This is a key issue in defining the
processing window of PLA formulations, which are typically processed at 180-190 °C or
even at higher temperatures, being thus necessary to ensure that plasticizer evaporation
does not occur in this temperature range. Moreover, TGA also gave evidence of the
thermal stabilization effect that AESO provides to PLA. As reported by Carrasco et al.

[65, 66], PLA degradation habitually occurs in a single step, following a chain scission
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mechanism. It was also reported an increase in thermal stability by using reactive
extrusion, which gave partially branched PLA chains [67]. Fig. 7a shows a comparison
plot of the TGA thermograms of the neat PLA and AESO-toughened PLA parts varying
the AESO content. Inset in Fig. 7a shows a detailed graph of the degradation onset. It is
clearly observable the displacement of the degradation curves to higher temperatures. The
decomposition process proceeded in a one-stage weight loss for all PLA materials as it
can be concluded from the derivative thermogravimetric (DTG) curves (see Fig. 7b). The
most striking fact is that AESO increased thermal stability at high temperatures, thus
leading to a significant delay in the degradation process. Degradation temperature (Tdeg),
corresponding to the maximum degradation rate and shown by the temperature peak in
the DTG graphs, increased from is 361 °C, for the neat PLA part, up to 370 °C, for PLA
parts with 5.0-7.5 wt% AESO contents. Similar to that mentioned above during DSC
characterization, the PLA part with 2.5 wt% AESO showed a slightly different thermal
behavior. This AESO content also led to the highest thermal stability of all studied
compositions. This is related to the fact that both overlapping effects, i.e. plasticization
and chain extension/cross-linking, took place simultaneously and the predominance of
one over the other depends on the additive amount. This feature has been also observed
for other modified vegetable oils in PLA formulations and represents a positive issue with
regard to other conventional plasticizing/toughening agents for bio-based polyesters [44,

46, 48, 51].
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acrylated epoxidized soybean oil (AESO) content in terms of: a) Thermogravimetric

analysis (TGA) curves; b) Derivative thermogravimetric (DTG) curves.
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3.4. Thermomechanical properties of AESO-containing PLA parts

With regard to DMTA analysis, Fig. 8 gathers a comparative plot of the evolution
of G’ and tan & shown in Fig. 8a and 8b, respectively. In Fig. 8a, a two-fold reduction in
G’ can be observed. The curves showed a first G’ decrease from 50 °C to 70 °C, related
to Ty of PLA, followed by the cold crystallization process of the biopolymer that was
discernable by a G’ increase in the 75-90 °C range. It is worthy to note that the PLA parts
containing AESO presented lower G’ values, which represents a positive effect on
toughness. This effect was more noticeable for the PLA part with 10 wt% AESO.
Furthermore, in relation to the cold crystallization process, it can be clearly observed a
displacement to higher temperatures, thus indicating that AESO addition delayed the
crystallization process, as previously described in the DSC analysis. Fig. 8b shows the
evolution of tan 8, the so-called damping factor, for the neat PLA and AESO-toughened
PLA parts. The a-relaxation peak, which is ascribed to the biopolymer T4, was located in
the 60—70 °C range. One can observe that the decrease in Ty was relatively small, of about
5 °C, as also described during DSC. Nevertheless, all AESO-containing PLA parts were
characterized by higher tan & values, which can be related to the formation of a
macromolecular structure with a higher energy dissipation capacity and correlates well

with the improved toughness described during mechanical analysis.
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Finally, Table 4 shows the evolution of the CLTE values, below and above Ty,
obtained by TMA. It can be observed that all PLA parts presented higher CLTE values
above Ty since the movement of the biopolymer chains was favored. Below Tg, the CLTE
value of the neat PLA part was 94.4 pm m™ °C* and the AESO-containing PLA parts
showed slightly reduced CLTE values. On the contrary, above Tg, the neat PLA part
presented a CLTE value of 146.9 um m™ °C*, which considerably increased for the PLA
parts with AESO. This phenomenon correlates well with the previously described
mechanical and thermomechanical properties. Dimensional stability was measured by
means of other two thermomechanical parameters, i.e. VST and HDT, which are also
included in Table 4. One can observe that VST and HDT values for the neat PLA part
were 56.3 °C and 55.4 °C, respectively, and these thermomechanical values were slightly
lower after AESO addition. In fact, the decrease observed in VST and HDT was in the 2—

3 °C range, thus indicating an extraordinary thermomechanical response.

Table 4

4. CONCLUSIONS

In the present study, AESO has been proposed as a novel additive for toughening
PLA parts obtained by injection molding. Although the plasticizing effect of AESO in
terms of T4 decrease was not remarkable, PLA toughness was noticeably improved. In
particular, AESO had a positive effect on elongation at break, which increased from 4.97
%, for the neat PLA part, up to 10.6%, for the PLA part with 10 wt% AESO, though the
most balanced performance was observed for an AESO content of 2.5 wt%. Furthermore,
the mechanical strength of the AESO-toughened PLA parts was in the same range of the

neat PLA part more likely due to a chain-extension and/or cross-linking process of the
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biopolymer chains induced by the acrylate and epoxy groups present in AESO.
Additionally, impact strength increased from 19.5 kJ m, for the neat PLA part, up to
35.1 kJ m, for the PLA part with 10 wt% AESO. FESEM analysis also revealed good
miscibility, in particular for the lowest AESO concentration (2.5 wt%) while AESO
saturation occurred at concentrations above 7.5 wt%. The fracture surfaces showed a
characteristic morphology defined by a PLA-rich matrix phase in which submicron
spherical droplets of AESO appeared fully dispersed. With regard to the thermal
properties, AESO addition favored the formation of a more amorphous structure and
increased thermal stability of PLA as evidenced by DSC and TGA analysis, respectively.
In addition, the thermomechanical measurements indicated that the AESO-containing
PLA parts can be applied in technical applications at similar temperatures than the neat
PLA part. Therefore, AESO represents an environmentally friendly solution to reduce the
intrinsic brittleness of PLA materials, widening and balancing their performance. These
toughened PLA parts can be particularly interesting for rigid packaging, automotive or
building and construction applications, in which elastic materials but with enhanced

ductility and sufficient impact strength are highly demanded.
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FIGURE CAPTIONS

Figure 1 Schematic representation of the chemical structure of acrylated epoxidized
soybean oil (AESO) obtained by acrylation of epoxidized soybean oil (ESO), previously
produced from epoxidation of soybean oil (SO), with acrylic acid (AA).

Figure 2 Plot evolution of the tensile properties of the injection-molded polylactide
(PLA) parts varying the acrylated epoxidized soybean oil (AESO) content.

Figure 3 Plot evolution of the flexural properties of the injection-molded polylactide
(PLA) parts varying the acrylated epoxidized soybean oil (AESO) content.

Figure 4 Field emission scanning electron microscopy (FESEM) images of the surface
fractures of the injection-molded polylactide (PLA) parts with acrylated epoxidized
soybean oil (AESO) taken at 500x: a) neat PLA; b) 2.5 wt% AESO; c) 5.0 wt% AESO;
d) 7.5% AESO; e) 10.0 wt% AESO. Scale markers of 10 um.

Figure 5 Field emission scanning electron microscopy (FESEM) images of the surface
fractures of the injection-molded polylactide (PLA) parts with acrylated epoxidized
soybean oil (AESO) taken at different magnifications: a) 2.5 wt% AESO at 2,000x; b)
2.5 wt% AESO at 5,000x; ¢) 10 wt% AESO at 2,000x; d) 10 wt% AESO at 5,000x. Scale
markers of 2 um.

Figure 6 Comparative plot of differential scanning calorimetry (DSC) thermograms of
the injection-molded polylactide (PLA) parts varying the acrylated epoxidized soybean
oil (AESO) content.

Figure 7 Thermal stability of the injection-molded polylactide (PLA) parts varying the
acrylated epoxidized soybean oil (AESO) content in terms of: a) Thermogravimetric

analysis (TGA) curves; b) Derivative thermogravimetric (DTG) curves.
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Figure 8 Dynamic mechanical thermal analysis (DMTA) curves of the injection-molded
polylactide (PLA) parts varying the acrylated epoxidized soybean oil (AESO) content: a)

Storage modulus (G”); b) Damping factor (tan 3).
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TABLES

Table 1.- Composition and coding of the different prepared formulations based on

polylactide (PLA) and acrylated epoxidized soybean oil (AESO).

Sample PLA content (wt%0o) AESO content (wt%)
0 wt% AESO 100 0

2.5 wt% AESO 97.5 2.5

5 wt% AESO 95.0 5.0

7.5 wt% AESO 92.5 7.5

10 wt% AESO 90.0 10.0
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Table 2.- Shore D hardness and Charpy impact values of the injection-molded polylactide

(PLA) parts varying the acrylated epoxidized soybean oil (AESO) content.

AESO content (wt%o) Shore D hardness Charpy impact (kJ m?)
0 79.0+0.6 19.5+2.6
2.5 81.7+0.8 30.6+0.1
5.0 79.6+0.9 31.9+0.1
7.5 79.0+x04 33.7x1.7
10.0 79.0£05 35.1+23
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Table 3.- Thermal properties obtained from the differential scanning calorimetry (DSC)

curves in terms of glass transition temperature (Tg), cold crystallization temperature

(Tce), enthalpy of crystallization (AHcc), melting temperature (Tm), enthalpy of melting

(AHm), and degree of crystallinity (Xc) for the injection-molded polylactide (PLA) parts

varying the acrylated epoxidized soybean oil (AESO) content.

AESO content | T, (°C) Tcc (°C)  |AHcc (gl | Tm(°C) AHm (3 g7 Xc(%0)
(Wt%o)
0 62.8+0.26 | 96.3 +0.62 125+0.29 | 169.6 £0.66 | 34.5+0.37 | 23.6 £0.75
2.5 61.7+0.62 | 1059+056 |304x£0.67 |171.6+£059 | 352+0.52 |52+0.98
5.0 61.6 +£0.48 | 98.9 £0.56 249+058 |171.2+049 |36.9+£047 |11.8+£0.94
7.5 509+0.28 |101.6+0.45 | 26.8+0.41 | 169.8+£0.82 | 35.0+0.62 | 11.9+0.86
10.0 504+045 |100.8+0.36 | 26.6+0.39 | 169.3+£0.47 | 38.2+0.64 | 13.5+0.85
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Table 4.- Variation of the coefficient of linear thermal expansion (CLTE) below and

above glass transition temperature (Tg), Vicat softening temperature (VST), and heat

deflection temperature (HDT) of the injection-molded polylactide (PLA) parts varying

the acrylated epoxidized soybean oil (AESO) content.

AESO CLTE below Tg | CLTE above Tq VST (°C) HDT (°C)
content (um mtoC1) (um mtoC)

(Wt%)

0 944+04 146.9+£04 56.3+0.5 554+£1.6
2.5 89.6+0.8 1555+1.2 56.0+04 544+04
5.0 90.6+0.5 1823+ 7.2 55.8+0.5 54.8 £ 0.6
7.5 90.7+0.8 1728+ 2.4 54.0+0.3 53.8+04
10.0 92.4+0.6 178.2+ 3.8 53.6+05 53.9+0.7
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