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ased blends of poly(lactic acid)
(PLA) and poly(glycerol succinate-co-maleate)
(PGSMA) with balanced performance prepared by
dynamic vulcanization†

Oscar Valerio, ab Manjusri Misra ab and Amar K. Mohanty *ab

Biobased blends of poly(lactic acid) (PLA) and poly(glycerol succinate-co-maleate) (PGSMA) were fabricated by

using a dynamic vulcanization strategy involving the simultaneous crosslinking and compatibilization of PGSMA

within the PLA matrix on reactive extrusion. It was found that a balance between PLA/PGSMA compatibility and

a low glass transition of PGSMA must be achieved in order to maximize the toughness of the blends. This was

realized by setting the succinic acid to maleic anhydride content of the PGSMA synthesis to 1 : 0.75 : 0.25 mol

glycerol : succinic acid : maleic anhydride, yielding a C]C bearing reactive PGSMA with a glass transition of

�1.69 �C, as determined by differential scanning calorimetry. The dynamically vulcanized PLA/PGSMA blends

achieved an interfacial adhesion of B ¼ 0.744 according to the Pukanszky model, which was attributed to the

formation of PLA-g-PGSMA copolymers as shown by FTIR analysis. PLA shear yielding induced by PGSMA

debonding was the main factor responsible for enhanced toughness in both tensile and impact testing. With

an increase in PGSMA content of the blends, the average size of the PGSMA phase increased from 0.469 up

to 0.649 mm, as shown by SEM imaging. With this, a higher number of debonded PGSMA particles were able

to induce plastic deformation of the PLA matrix leading to tougher blends. Biobased dynamically vulcanized

blends containing 60/40 wt% of PLA/PGSMA displayed an increment in their elongation at break and notched

Izod impact resistance of 53% and 175% as compared with the neat PLA material.
1. Introduction

The usage of biopolymers has been extensively proposed as an
alternative to mitigate the effects of petroleum dependence as
well as to alleviate environmental concerns about the use of non-
biodegradable materials.1 Poly(lactic acid) (PLA) is the front-
runner of bioplastics due to its excellent mechanical properties,
compostability, biobased nature and a cost comparable to
conventional polyolens.2 PLA has been commercially adopted
for some applications such as food packaging but the inherent
brittleness of this polymer oen limits its application where
ductility of the material is required. In this regard, toughening of
PLA aiming to increase its elongation at break and/or impact
resistance has been a major research subject for the last decade.
Successful toughening of PLA has been achieved by several
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strategies such as plasticization,3–9 modication of PLA chemical
structure by graing,10–12 introduction of pores into PLA mate-
rials,13 melt blending with rubbers14–18 and polymers,19–26 melt
blending transesterication27–31 and dynamic vulcanization with
reactive elastomers.32–37 Among these alternatives, those involving
melt blending like plasticization, rubber toughening and
dynamic vulcanization offer advantages in terms of scalability,
cost and environmental friendliness.27,38 In particular, dynamic
vulcanization is a very attractive strategy which involves the melt
blending and simultaneous chemical reactions of PLA and
a secondary (or more) polymer(s) and the formation of a cross-
linked elastomeric phase within the PLA matrix.39 As a result, an
in situ compatibilization effect is realized by the formation of PLA/
secondary polymer copolymers which act as surfactants at the
blend interface. PLA has been toughened by dynamic vulcaniza-
tion using natural rubber, epoxidized synthetic elastomers and
unsaturated polymers yielding supertough PLA based materials
displaying impact resistance higher than 500 J m�1.33,35,37

In light of the attractiveness of developing PLA toughened
materials by the dynamic vulcanization method, we recently
reported the toughening of PLA by using poly(glycerol succi-
nate-co-maleate) (PGSMA) molecules in reactive extrusion
experiments.40 These PGSMA polyesters can be considered as
sustainable given that two of their monomer constituents,
This journal is © The Royal Society of Chemistry 2017
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glycerol and succinic acid, are obtained at industrial level from
biobased resources.41–44 Although the third monomer of
PGSMA, maleic anhydride, is not biobased, scientic interest
has been put on developing routes to biobased maleic acid and
anhydride suggesting that industrial production of biobased
maleic anhydride could be a reality in the future.45 Alternatively,
itaconic acid and anhydride are emerging biobased molecules
that have been suggested as replacement of petro based maleic
anhydride in the synthesis of sustainable polymers at laboratory
scale.46–48 These molecules could also be obtained at industrial
levels from biobased resources in the future, provided that
some key scientic challenges in fermentation and downstream
processing are addressed, which could enable the process to be
cost competitive compared to the petrochemical route.49,50

The usage of the dynamic vulcanization method allowed the
utilization of PGSMA in thermoplastic blends in spite of its low
molecular weight (�1000 g mol�1) due to the occurrence of
crosslinking of PGSMA during the extrusion process. In addi-
tion, our group has reported the utilization of poly(glycerol
succinate) (PGS) gel polyesters as toughness enhancers for
another biodegradable polymer, poly(butylene succinate)
(PBS).51 In this case, the toughening was achieved in terms of
notched Izod impact, with an increase of 200% in impact
resistance aer the addition of 30 wt% PGS to PBS. These earlier
results led to the idea that optimizing a dynamic vulcanization
process could help in overcoming difficulties on synthesis of
PGS gel materials and render a PGSMA gel material created in
situ for impact modication of polymers. Given the vast
successful toughening of PLA in terms of notched Izod impact
reported in scientic literature, in this research we aim to
explore the utilization of PGSMA polyesters as impact
enhancers for PLA. The mechanisms occurring in the dynamic
vulcanization process of PLA/PGSMA blends have been inves-
tigated and this has been correlated with the mechanical
properties of the system which has provided insights into the
challenges and ways forward in the development of tough
sustainable PLA/PGSMA blend materials.
2. Experimental
2.1 Materials

PLA (Ingeo 3251D) was purchased from Natureworks having
a melting point of 155–170 �C and a melt ow index of 30–40 g/
10 min (190 �C, 2.16 kg). Technical glycerol (G) was provided by
a local biodiesel producer (BIOX Corporation, Canada) having
a glycerol content of 95 wt%.52 Succinic acid (S) (99+ wt%, KIC
chemicals, UK), maleic anhydride (MA) (99 wt%, Sigma Aldrich)
and tetrahydrofuran (99.8 wt%, Fisher Scientic, Canada) were
purchased and used as received. 2,5-Bis(tert-butyl-peroxy)-2,5-
dimethylhexane (Luperox 101, technical grade 90%, Sigma
Aldrich) was used as free radical initiator on dynamic vulcanization.
2.2 Synthesis of poly(glycerol succinate-co-maleate)
(PGSMA)

Poly(glycerol succinate-co-maleate) polyesters were synthesized
in a one pot procedure without solvents or catalyst as reported
This journal is © The Royal Society of Chemistry 2017
before.40 The ratio of succinic acid to maleic anhydride was
changed in different PGSMA formulations to investigate the
effect of the C]C content on PGSMA. The reaction was moni-
tored by measuring the viscosity of the product in a cone plate
rheometer at 100 �C and 100 s�1 (CAP 2000+, Brookeld, USA)
and stopped by removing the vessel from the heater when the
viscosity was in the range of 200–300 Poise to obtain PGSMA of
the highest molecular weight possible before gelation.53
2.3 PGSMA characterizations

FTIR spectra of PGSMA was collected in 64 scans at a resolution
of 4 cm�1 on a Nicolet 6700 FTIR spectrometer equipped with
an attenuated total reection (ATR) accessory. Molecular weight
determination was carried on a Viscotek GPCmax system
(Malvern Instruments, UK) as reported before.40 A calibration
curve for molecular weight (Mn) was constructed using eight
polyethylene glycol standards with Mn in the range of 106–
7830 g mol�1 (Easy Vial, Agilent Technologies, USA).
2.4 Melt blending of PLA and PGSMA products

The blending of PLA and PGSMA was carried in a laboratory
scale twin screw extruder (Xplore, DSM, Netherlands) as re-
ported before.40 PLA, PGSMA and a predetermined amount of
free radical initiator were introduced simultaneously to the
extruder chamber kept at 180 �C andmixed for 2 min at 100 rpm
followed by injection molding at 30 �C. A sample of neat PLA
was compounded in presence of 0.2 phr free radical initiator.
This control sample was denoted as RPLA throughout the
manuscript.
2.5 Mechanical testing

Tensile testing was carried on an Instron universal testing
machine (Instron, Canada) using ve type IV specimens
according to ASTM D638 with a testing speed of 50 mm min�1.
Notched Izod impact was tested on an impact testing machine
using a hammer of 0.5–5  lbs according to the procedure
described on ASTM D256 standard. The samples were notched
48 h prior to the test.
2.6 Thermal characterization

Thermal properties of the materials were studied by differential
scanning calorimetry (DSC Q200, TA instruments). Samples of
5–10 mg were placed on sealed aluminum pans under
a nitrogen ow of 50 mL min�1. The samples were equilibrated
at �30 �C followed by a heating ramp of 10 �C min�1 to 180 �C.
The glass transition temperatures of PGSMA and PLA as well as
the percentage of crystallinity of PLA were calculated using data
from the rst heating cycle. For the determination of the PLA
crystallinity percentage (Xc), the following formula was
employed

Xc ¼ DHm � DHcc

DH100 � xPLA

� 100 (1)

where xPLA represents the weight fraction of PLA on a blend,
DHm and DHcc represent the melting and cold crystallization
RSC Adv., 2017, 7, 38594–38603 | 38595
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enthalpies of the blends and DH100 is the melting enthalpy of
a 100% crystalline PLA material (93 J m�1).54
2.7 Dynamic mechanical analysis

Dynamic mechanical analysis of PLA/PGSMA samples was
carried on a Q800 DMA (TA instruments, USA). Samples were
equilibrated at �100 �C for 10 min and then heated at 3 �C
min�1 to 100 �C. A periodic deformation of 0.02% strain was
applied at 1 Hz in dual cantilever mode. The storage (E0) to loss
(E00) modulus ratio (tan d) was plotted as function of the
temperature.
2.8 Gel fraction determination

Gel fraction determination was performed by dissolution in
tetrahydrofuran (THF) as reported before.40 PLA/PGSMA
samples of about 200 mg (mi) were dissolved in 30 mL of THF
at 50 �C and the undissolved residue (mf) was separated by
centrifugation, washed with fresh THF and dried at 80 �C to
remove residual solvent. The gel fraction was calculated as

Gel fraction ðwt%Þ ¼ mf

mi

� 100 (2)
2.9 Scanning electron microscopy

Scanning electron microscopy imaging was performed on the
fractured surface of tested notched Izod impact specimens of
PLA/PGSMA blends on a Phenom ProX scanning electron
microscope (Phenom-World VB, The Netherlands). Samples
were coated with a ne layer of gold prior to observation to
prevent deformation at high magnications. For performing
the particle size calculation of PGSMA phase, images were
analyzed using the soware ImageJ. At least 200 PGSMA parti-
cles were measured for each blend formulation in terms of
diameter for calculating the size distribution.
Fig. 1 Infrared spectra of synthesized PGSMA products. (SMA: molar
ratio of succinic acid/maleic anhydride employed in the formulation).
3. Results and discussion
3.1 Effect of succinic acid to maleic anhydride on PGSMA
synthesis and blending

Table 1 shows the PGSMA formulations employed as well as
molecular weight characterization. It can be seen that by
monitoring the reaction viscosity, PGSMA products of similar
molecular weight were obtained for different monomer
Table 1 Poly(glycerol succinate co maleate) (PGSMA) products synthesi

Sample
Monomer composition
(mol G : mol S : mol MA)

Reaction
(h)

PGSMA 100–0 1 : 1 : 0 8.5
PGSMA 75–25 1 : 0.75 : 0.25 6.3
PGSMA 50–50 1 : 0.5 : 0.5 5.1
PGSMA 25–75 1 : 0.25 : 0.75 3.8
PGSMA 0–100 1 : 0 : 1 2.8

38596 | RSC Adv., 2017, 7, 38594–38603
composition. This allows to properly compare the PGSMA effect
on dynamically vulcanized PLA/PGSMA blends.

With decreasing mol ratio of succinic acid to maleic anhy-
dride (SMA) the infrared spectra of the PGSMA products showed
an increase in the peak at 1644 cm�1 (Fig. 1). This peak has been
attributed to C]C bonds on previous studies.38 Thus the
number of unsaturations (C]C bonds) on PGSMA can be
manipulated by changing the monomer composition of the
synthesis.

The melt compounding of PLA and PGSMA in presence of
a free radical initiator could lead to different reaction products,
as shown in Scheme 1. Free radicals formed could attack the
C]C double bond on PGSMA molecules, creating PGSMA
macroradicals. These could react among themselves to form
crosslinked PGSMA (I in Scheme 1). Simultaneously, free radi-
cals could promote hydrogen abstraction from PLA backbone
which could be attacked by PGSMA macroradicals. This would
result on the graing of PGSMA molecules onto the PLA back-
bone yielding PLA-g-PGSMA copolymers (II on Scheme 1).
Another possibility is the transesterication between ester
groups on PLA and PGSMA and/or the esterication reaction
between OH and COOH end groups on PLA or PGSMA (III on
Scheme 1). Although this third reaction is possible, the trans-
esterication of PLA and polyesters is usually realized only in
the presence of transesterication catalysts and at residence
times higher than the used in the present study.27,55 Moreover,
in our previous study we showed that the compounding of
zed

time Viscosity
(Poise) Mn (Da) Mw/Mn ()

221 � 14 1280 � 57 4.2 � 0.3
291 � 9 1251 � 31 4.6 � 0.3
284 � 16 1255 � 165 4.5 � 0.9
265 � 6 1035 � 70 3.8 � 0.4
275 � 15 906 � 103 3.6 � 0.4

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Possible reactions between PLA and PGSMA on dynamic
vulcanization process.

Fig. 2 Tensile toughness and notched Izod impact of dynamically
vulcanized 80/20 wt% PLA/PGSMA blends.
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PGSMA and PLA in absence of free radical initiator did not
increase toughness of the resulting material, whereas in the
presence of free radical initiator the toughness of the blend
increased by 392% as compared to neat PLA.40 Thus, it can be
concluded that the main reactions taking place during the
dynamic vulcanization of PLA and PGSMA are the PGSMA self
crosslinking and PLA-g-PGSMA formation. The graing of C]C
containing polymers onto PLA mediated by free radical initia-
tors has been also described by previous researchers in dynamic
vulcanization studies.33,38,56

Fig. 2 shows tensile toughness (calculated as area under the
stress strain curve) and impact resistance of PLA/PGSMA
dynamically vulcanized blends. These blends were com-
pounded using a x free radical initiator loading (1 wt% initi-
ator by PGSMA weight).

The crystallinity of PLA phase in the blends (Fig. S1†) was not
signicantly affected and consequently it can be excluded from
themechanical analysis.33 With an increase inmaleic anhydride
content in the PGSMA phase, it is likely that a higher cross-
linking density could be achieved on PGSMA phase (reaction I
in Scheme 1). Similarly, graing of PGSMA onto PLA could be
favored with a higher concentration of C]C double bonds on
the reactive extrusion system (reaction II in Scheme 1). The
glass transition temperature of the PGSMA phase obtained by
DSC analysis and the gel fraction of the blends increased with
increasingmaleic anhydride content in PGSMA phase (Fig. S1†).
The increased gel fraction suggests that with higher content of
C]C bonds in the backbone of PGSMA, a higher crosslinking
percentage of this phase is achieved. This could also be ascribed
to the higher occurrence of PLA graing onto the PGSMA
crosslinked structure. An increment of glass transition
temperature has been correlated with an increased crosslinking
This journal is © The Royal Society of Chemistry 2017
density in poly(glycerol sebacate) polyesters with similar
hyperbranched architecture than PGSMA.57 Dynamic mechan-
ical analysis (Fig. 3) conrmed the increase in glass transition of
PGSMA shown by DSC and revealed that the damping capacity
of the PGSMA phase decreased with increased content of maleic
anhydride on the formulation (Fig. 3a). Moreover, the damping
capacity and glass transition temperature of the PLA phase
reduced monotonically with the increase of maleic anhydride in
the PGSMA formulation (Fig. 3b). The shiing in glass transi-
tion of the blend components towards each other indicates
a better compatibility is achieved on the system with increasing
maleic anhydride on PGSMA. This can be explained by the
increased concentration of PLA-g-PGSMA molecules formed as
a result of the higher presence of reactive C]C bonds on the
reactive extrusion. A decreased damping capacity indicates
a hindered molecular mobility of the amorphous polymer
phase. On the PGSMA network, this could be attributed to the
achievement of a higher crosslinking density, as suggested by
previous studies involving dynamic vulcanization of PLA and
reactive elastomers.32 Also, the decrease in damping capacity of
PGSMA could be related to a higher interfacial adhesion to PLA
phase as a result of the increased concentration of PLA-g-
PGSMA species, causing the restriction on PGSMA mobility. In
consequence, as PGSMA crosslinking density increases and the
interfacial adhesion is promoted by PLA-g-PGSMA species, the
molecular mobility of the overall system decreases. This leads to
the decrease on impact resistance of the PLA/PGSMA blends
with maleic anhydride higher than 25%. The specic contri-
bution of each mechanism (PGSMA crosslinking and graing to
PLA) to the mechanical behavior remains a challenge and
further experimental work is required given the difficulty on
quantifying accurately the amount of PLA-g-PGSMA species
formed. Nevertheless, the formation of the PLA-g-PGSMA
species was clearly demonstrated in the following sections.

Fig. 4 shows a zoom in the ester peak of both the neat PGSMA
products and the gel PGSMA phase extracted from the reactive
PLA/PGSMA blends (1500–1900 cm�1 region).

When comparing the ester peak of the neat PGSMA products
(dashed line) to the gel extracted from the blend (solid line)
a clear shi towards the PLA ester peak at 1747 cm�1 is
RSC Adv., 2017, 7, 38594–38603 | 38597
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Fig. 3 tan delta of (a) PGSMA phase and (b) PLA phase of dynamically
vulcanized 80/20 wt% PLA/PGSMA blends.

Fig. 4 FTIR spectra of neat PGSMA products (dashed line) and PGSMA
fraction extracted from dynamically vulcanized 80/20 wt% PLA/
PGSMA blends.
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noticeable for maleic anhydride content higher than 50%,
whereas for PGSMA formulations with lower maleic anhydride
content this peak remains unshied in the gel PGSMA
compared to the neat PGSMA. As demonstrated in our earlier
work, a shi of the ester PGSMA peak in the PLA/PGSMA reac-
tive blends can be attributed to the formation of PLA-g-PGSMA
copolymers.40 Thus, with higher content of maleic anhydride in
the PGSMA formulations, a higher formation of PLA-g-PGSMA
copolymers seems to occur. These copolymers would be located
at the interface of both blend components increasing the
interfacial adhesion.

The formation of PLA-g-PGSMA species should also increase
the tensile strength of the system, as seen in Fig. S2.† The
Pukanszky model has been commonly used in PLA blends to
analyze the interfacial adhesion between the phases in the
blend.27,58,59 This model predicts that the stress at yield in
a binary polymer blend can be calculated as:

sy ¼ sy0

1� 4d

1þ 2:54d

expðB4dÞ (3)

where sy is the yield stress of the blend, sy0 is the yield strength
of the continuous phase and 4d is the volume fraction of
dispersed phase in the blend. The parameter B is an interaction
38598 | RSC Adv., 2017, 7, 38594–38603
parameter related to the interfacial adhesion of both compo-
nents in the blend. According to this model, in absence of
interfacial adhesion of the blend components the parameter B
equals zero and the yield stress should remain constant for
different blends prepared at a xed weight ratio of PLA/PGSMA.
The experimental data shows considerable variation from this
model prediction, indicating that in fact there is interfacial
adhesion on the PLA/PGSMA blends. This result agrees with the
infrared spectra observations (Fig. 4) where it was shown that
the formation of PLA-g-PGSMA occurs and is favored at higher
concentrations of maleic anhydride in the PGSMA formulation.
Furthermore, SEM analysis (Fig. 5) of the PLA/PGSMA blends
conrmed this hypothesis. First, as the PGSMA employed is free
from maleic anhydride (Fig. 5b), numerous cavities of diameter
as high as 6 mm are observed. These cavities were formed aer
PGSMA particles were pulled out from PLA phase as a result of
poor interfacial adhesion. With the incorporation of maleic
anhydride to PGSMA (Fig. 5b to f), an obvious decrease in
PGSMA particle diameter is observed. This can be ascribed to
the formation of PLA-g-PGSMA species acting as compatibilizers
at the PLA/PGSMA interphase, allowing for an improved
dispersion of PGSMA onto PLA matrix. Interestingly as the
content of maleic anhydride increases in PGSMA, the situation
changes from a weakly bonded PGSMA phase to a strongly
bonded one. In fact, in the highest content of maleic anhydride
on PGSMA (Fig. 5f) it can be seen that well adhered PGSMA
particles remained on the PLA phase aer impact testing. In
addition, PLA phase appears deformed around PGSMA particles
which shows that stress is effectively transferred between both
phases. These results conrm that a stronger interfacial adhe-
sion is achieved as a result of higher PLA-g-PGSMA formation
with increasing content of maleic anhydride on PGSMA.

Ultimately the toughness of the dynamically vulcanized PLA/
PGSMA system was favored by the balance achieved between an
slightly crosslinked PGSMA phase allowing for a low glass
transition temperature and the formation of PLA-g-PGSMA
copolymers which allow for an effective load transfer between
the phases. Similar mechanical behavior was observed by Zhang
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Scanning electron microscopy images of fracture surface on notched Izod impact tested samples of dynamically vulcanized 80/20 PLA/
PGSMA blends. (a) Neat PLA, (b) PGSMA 100–0, (c) PGSMA 75–25, (d) PGSMA 50–50, (e) PGSMA 25–75, (f) PGSMA 0–100.
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et al.;56 the competition between the self-crosslinking of the
secondary polymer and the amount of PLA/secondary polymer
gra copolymer formed determines the elongation and impact
behavior on PLA/unsaturated elastomer reactive blends medi-
ated by free radical initiators. Both the glass transition of the
elastomer and the interfacial adhesion are major contributors
to the toughness of thermoplastic-elastomer blend systems.60
3.2 Effect of PLA to PGSMA ratio

Aer studying the effects of the different formulations of
PGSMA a series of blends of PLA and PGSMA 75–25 SMA were
prepared using a xed concentration of initiator (1 wt% by
PGSMA weight) and various weight ratios of PLA/PGSMA. Our
aim was to investigate the mechanical properties of the binary
blend at higher loadings of PGSMA and the mechanisms
underlying these effects. In another series of experiments, the
effect of the initiator was investigated. It was observed that at
higher initiator loadings the toughness of the system was not
signicantly improved (Fig. S3†). Moreover, a slight decrease on
the PLA glass transition together with the appearance of
a double melting peak of PLA was observed on DSC experiments
(Fig. S4 and Table S1†). Previous research has suggested that the
appearance of a secondary melting peak at lower temperature is
a consequence of the formation of PLA gra copolymers with
the secondary polymer, leading to the formation of imperfect
crystals.38 In the present study, the formation of PLA-g-PGSMA
molecules could be favored with increased initiator loadings
which could promote the formation of imperfect PLA crystals
and additionally decrease PLA glass transition as shown in the
previous section. Other researchers have suggested that higher
initiator loadings could result in increased PLA chain breakage,
which could also promote a plasticization effect on PLA
decreasing its Tg.56 Further research could help in clarifying
This journal is © The Royal Society of Chemistry 2017
these effects. In regards to our aim of increasing toughness in
the PLA/PGSMA blend, the concentration of initiator was xed
to 1 wt% by PGSMA weight, given that the toughness of the
blends is not signicantly enhanced with increasing initiator
loadings.

The mechanical behavior of the dynamically vulcanized PLA/
PGSMA blends can be observed in Table 2. The tensile strength
and modulus of the blends were decreased monotonically with
the addition of PGSMA due to its elastomeric nature. The
elongation at break of the blends increased monotonically with
the load of PGSMA. This could be due to either a mechanism of
PGSMA debonding followed by stable void growing or by stress
transfer and deformation of PGSMA particles or a combination
thereof. Both of these plausible mechanisms have shown
effective on inducing PLA shear yielding, increasing elongation
at break in PLA systems.13,61

In order to conrm the mechanism of toughening on tensile
testing, scanning electron microscopy observations were taken
on cryofractured tensile specimens. In these images (Fig. 6) the
cross section of the tested tensile specimens was photographed
aiming to observe the behavior of the PGSMA particles upon
tensile loading. The observations revealed that debonding of
PGSMA occurs upon tensile testing, followed by stable void
growth from debonded PGSMA particles. In addition, PLA
matrix showed evidence of extensive shear yielding aer PGSMA
debonding. Thus, the enhanced tensile toughness in the system
can be attributed mainly to PLA shear yielding induced by
PGSMA debonding.

Elongation at break and tensile modulus of the system were
modeled by a linear trend with respect to PGSMA load (Fig. S5†).
The tensile strength of the system was modeled in terms of the
Pukanszky model for binary blends (eqn (3)). The coefficient B,
representative of interfacial adhesion on the binary blend was
RSC Adv., 2017, 7, 38594–38603 | 38599
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Table 2 Mechanical properties of dynamically vulcanized PLA/PGSMA blends with various amounts of PGSMA. s: tensile strength, E: Young's
modulus, 3b: elongation at break

PGSMA in blend
(wt%) s (MPa) E (MPa) 3b (%)

Tensile toughness
(MJ m�3)

Notched Izod impact
(J m�1)

40 32.2 � 0.9 1879 � 89 55.3 � 11 13.6 � 2.9 55.4 � 7.1
30 43.1 � 0.5 2519 � 103 45.2 � 8.1 13.8 � 2.3 37.3 � 3.4
20 47.7 � 0.6 2804 � 88 29.5 � 7.3 9.3 � 1.9 40.3 � 4.4
10 60.8 � 0.6 3449 � 94 11 � 2.1 4.3 � 0.7 27.9 � 6.6
0 81.1 � 0.5 4081 � 183 3.6 � 0.3 2 � 0.3 20.4 � 1.4
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obtained by linearizing eqn (3) as shown by previous
researchers (Fig. S6†).58,62,63 A B parameter equal to 0.744 was
obtained using this approach. Previous researchers have re-
ported values of B in the range of 2.38–3.77 for PLA blend
systems.62,63 Although these values seem higher, they were
calculated using a much lower strain rate for testing (1.7 � 10�3

s�1 versus 12.8 � 10�3 s�1 in the present study). Thus, the value
of B is not directly comparable to literature reported values due
to the dependence of interfacial adhesion on the nominal strain
rate employed for testing.64 Nevertheless, the experimental data
for tensile strength seems to be in close agreement with the
Pukanszky model (Fig. S7†) which agrees with the formation of
PLA-g-PGSMA copolymers acting as compatibilizers as dis-
cussed before.

Notched Izod impact resistance is indicative of dynamic
toughness of the PLA/PGSMA system as is carried at strain rates
much higher than conventional uniaxial tensile testing. In
average, both tensile toughness and impact resistance were
increased with the addition of PGSMA as can be observed in
Table 2 but the trend was not linear as in the case of elongation
at break. The SEM observation of the fracture site on notched
Izod impact tested specimens of PLA/PGSMA reactive blends
Fig. 6 Scanning electron microscopy of cross sectional area in 60/40 P
necking region; (a) beginning of necking zone and (b) fully necked region
Yellow arrows show debonded PGSMA particles.

38600 | RSC Adv., 2017, 7, 38594–38603
(Fig. 7) provided evidence of a low interfacial adhesion of
PGSMA to PLA upon impact testing; PGSMA rubbery particles
were pulled out of the PLA matrix due to the interfacial adhe-
sion being overcome by the high strain rate of impact testing.
Wu observed a similar behavior on a rubber toughened ther-
moplastic system displaying low interfacial adhesion.64

The images in Fig. 7a–d were analyzed by measuring the
diameter of at least 200 PGSMA particles and particle size
distributions were calculated (Fig. 7e). The reason for change of
diameter of PGSMA particles could be the competition of
a decrease in viscosity of the blend and an increase of coales-
cence of secondary phase particles at higher loads of PGSMA. At
loads of PGSMA lower than 20 wt% the decrease of viscosity on
the blend is not enough for allowing a breakage of PGSMA into
very ne droplets upon blending, causing the presence of larger
particles. Aer 30 wt% PGSMA load, PGSMA dispersion into ne
droplets takes place at the beginning of the blending process
but a higher occurrence of coalescence as a consequence of the
lower viscosity and higher concentration of PGSMA can be ex-
pected. Thus a balance between these two processes in the case
of the 70/30 wt% PLA/PGSMA blend could cause the absence of
larger PGSMA particles (d > 3.5 mm). To get a better
LA PGSMA tensile specimen. Images collected at different locations in
. (a0) and (b0) correspond to enlarged sections of (a) and (b) respectively.

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Scanning electron microscopy images of fracture surface on notched Izod impact tested samples of dynamically vulcanized PLA/PGSMA
blends containing (a) 10, (b) 20, (c) 30 and (d) 40 wt% of PGSMA. (e) Size distribution of PGSMA particles.
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understanding of the variations on impact resistance results an
analysis of the toughening mechanisms on the PLA/PGSMA
blends was carried. As suggested in literature, in a success-
fully toughened PLA blend the impact energy is dissipated as
a combination of multiple crazing of PLA, cavitation and
deformation of secondary phase, shear yielding of PLA liga-
ments and debonding of secondary phase leading to crack
growth and failure.2 For simplicity and in analogy to linear
elastic fracture mechanics approaches,65,66 it can be assumed
a linear relation of the energy contributions to the impact
strength as:

IS ¼ Ecrazing + Ecavitation + Eshear yielding + Edebonding (4)

From the observation of PGSMA pulled out from PLA in SEM
it can be assumed that plastic deformation of the secondary
phase is not achieved and the term for cavitation in eqn (4) can
be disregarded giving

IS ¼ Ecrazing + Eshear yielding + Edebonding (5)

For thermoplastic system lled with weakly bonded spher-
ical particles earlier studies have modeled the toughness of the
system including energy contributions from the matrix crazing
and shear banding and from the debonding/cavitation of the
particles followed by plastic void growth of the matrix.65,66 The
energy contribution of the debonding, cavitation, plastic void
growth and shear banding has been modeled as a function of
the volumetric fraction of voids on the plastic deformation zone
in front of the crack tip.66 Other authors have dened this
contribution as proportional to the surface area of the particles
involved on the plastic deformation zone.65 Both of these
parameters are proportional (up to a certain limit) to the volume
fraction of ller66 and hence they should be also proportional to
the weight fraction of gel PGSMA on the present system. The
contribution of the crazing mechanism has been modeled as
This journal is © The Royal Society of Chemistry 2017
proportional to the ligament thickness T, dened as the
minimum distance between two adjacent particles of secondary
phase on the matrix.66 Liu established that in a binary blend the
ligament thickness T can be calculated using67

T ¼ d

"�
p

64d

�1=3

exp
�
1:5 ln2

s
�� exp

�
0:5 ln2

s
�#

(6)

where 4d is the volume fraction of dispersed phase in the blend
(PGSMA), d and s represent the location and the scale of the
particle size distribution. The parameters for the particle size
distribution were calculated tting a lognormal distribution to
the data presented in Fig. 7. Subsequently the ligament thick-
ness T on the PLA/PGSMA reactive blends with different weight
ratio of PLA/PGSMA was calculated using eqn (6) (Table S2†). In
order to t a linear regression of the notched Izod energy of the
blends to the parameters T and wgel, the gel fraction of PGSMA
in the blend, these parameters were normalized in the interval
[0, 1]. A linear regression was tted using the average notched
Izod energy (IS) and the normalized ligament thickness (T0) and
gel fraction (w0) data as presented in Table S3.† The linear
regression obtained is

IS ¼ 17 + 15.2T
0
+ 30.4w0 (7)

With a R-squared value of 0.999 and a R-squared adjusted
value of 0.997 indicating a good tting to the experimental data.
The fact that the notched Izod experimental data can be well
represented by the linear contributions of the matrix crazing
and plastic deformation further conrms that at high strain
rates debonding is taking place before plastic deformation of
the PGSMA phase in the PLA/PGSMA system. Therefore, strat-
egies for improving the interfacial adhesion between both blend
components while keeping a low glass transition of PGSMA
could help on increasing stress transfer and deformation of
PGSMA, improving impact resistance of the system. Fig. 8 gives
RSC Adv., 2017, 7, 38594–38603 | 38601
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Fig. 8 Impact energy of PLA/PGSMA dynamically vulcanized blends as
a function of individual contributions of matrix crazing and matrix
plastic deformation.
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an estimation of the contributions of matrix crazing and matrix
plastic deformation to the total impact energy accounted. The
root cause for the variations on energy dissipation mechanisms
is the particle size distribution of PGSMA. Bucknall and Paul68,69

demonstrated through a linear elastic fracture mechanics
approach that in a binary polymer blend an optimum particle
size range exists that enables internal particle cavitation fol-
lowed by plastic deformation of the matrix achieving maximum
toughening. For quasi-amorphous PLA blends, the optimum
size of the secondary phase has been reported in the range of
0.7–1.1 mm.32,33,61 Moreover, these authors showed that on the
microscopic deformation processes taking place in front of the
crack tip, large particles tend to induce crazing of the matrix
whereas smaller particles favor yielding of the matrix. There-
fore, in the case of a distribution of size as in the PLA/PGSMA
blends the larger particles will contribute to craze initiation
whereas particles on the optimum size and smaller will favor
plastic deformation. As shown in Fig. 7, the average particle size
of the PGSMA particles tends to increase with increasing loads
of PGSMA (from 0.469 up to 0.649 mm). With this, a larger
proportion of PGSMA particles fall on the range of size that
induces primarily PLA plastic deformation and yielding (0.7–1.1
mm) which explains the higher contribution of these mecha-
nisms to toughening at PGSMA loads higher than 20 wt%. The
presence of large particles (d > 3.5 mm) primarily on blends
containing 10, 20 and 40 wt% of PGSMA explains the occurrence
of crazing in these blends. Although all weakly bonded particles
could act as initiation sites for crazing, in practice the larger
PGSMA particles are able to debond at early stages of crack
propagation, before other smaller PGSMA particles, and crazing
can start preferentially at these initiation sites.68,69 Then, parti-
cles smaller than the optimum size (0.7–1.1 mm) are ineffective
on terminating the growing crazes, leading to fast crack prop-
agation and failure.61
4. Conclusions

The dynamic vulcanization of PLA and PGSMA was investigated
in detail aiming to increase the toughness of PLA. In terms of
38602 | RSC Adv., 2017, 7, 38594–38603
PGSMA synthesis, it was found that maintaining a low glass
transition temperature while enabling in situ formation of PLA-
g-PGSMA molecules by C]C graing of PGSMA to PLA are the
main parameters responsible for controlling toughness on the
blends. A balance between these two parameters was achieved
at a composition of 1 : 0.75 : 0.25 mol glycerol : succinic acid-
: maleic anhydride. Increasing the amount of PGSMA into the
blend showed effective on monotonically increasing toughness
of the system both in terms of elongation at break and notched
Izod impact. Tensile toughness was enhanced through
debonding of PGSMA particles enabling PLA matrix shear
yielding. In the case of impact resistance, the toughening effects
were controlled by the distribution of size of PGSMA within PLA.
The blend of 60/40 PLA/PGSMA displayed an enhancement of 53
and 175% on elongation at break and notched Izod impact
respectively as compared to neat PLA.
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