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INTRODUCTION

With increasing concerns about environmental and sustainability 
issues, polylactide (PLA) has gained much attention in recent years as 
a biodegradable polymer produced from renewable re-sources.[1,2] 

The reason for its development relies mainly on a number of 
interesting properties, including its good processabil-ity, good 
mechanical properties, biocompatibility, and renew-ability.[3,4] 

However, in many cases, the practical applications of PLA have been 
significantly impaired by its inherent brittleness related to low Izod 
impact strength of ca. 2.7 kJ/m2[5,6] In this re-gard, extensive efforts 
have been made to reduce the brittleness of PLA for its industrial 
implementation in some areas, such as packaging, automotive, and 
electronic industries.[7,8] Some works were also performed to promote 
energy dissipation and toughness through the crystallization of PLA 
matrix.[9–12] From these studies, the increase of PLA crystallinity upon 
annealing treatments[13–16] or the addition of nucleating agents[17–20] 

was reported as decisive in the toughening of PLA-based materials. 
For instance, different trends of fracture behavior upon testing speeds 
and annealing conditions were reported within annealed PLA by Park 
et al.[13] and Nascimento et al.[14] 

This revealed a sig-nificant improvement of the fracture toughness 
upon the extent of crystallinity, which had been related to the 
formation of duc-tile fibrils through the deformation of spherulites 
under stress as crystallinity increases. Indeed, a much more 
effective energy dissipation regarding two possible structures is 
reached within crystalline zones, which are the inter-spherulitic 
crack growth and the crack growth through spherulites.[13,21] 

Semi-crystalline polymers usually exhibit a typical structure 
consisting of closely packed crystalline lamellae separated by 
amorphous regions.
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ABSTRACT

The co-addition of rubber-like poly(ε-caprolactone-co-D,L-lactide) (P[CL-co-LA]) as impact modifier and 
N,N′-ethylenebis(stereamide) (EBS) as nucleating agent has here been investigated to tailor both the 
crystallization and toughness of resulting polylactide (PLA)-based materials. In this work, 10 wt% of 
P[CL-co-LA] copolymer and different concentrations of EBS were added into PLA by twin-screw extrusion 
(in a micro-compounder) in order to establish the mechanical performances of the resulting blends upon 
the nucleating agent content. Crystallization behavior and impact toughness of PLA-based materials 
were both enhanced and were ascribed to a clear alteration of the matrix crystallinity, spherulitic growth 
rate, and crystal structure upon the nucleating agent content. As a result, toughness of PLA-based 
materials was considerably enhanced up to, at least, 11 times with respect to neat PLA. Such 
improvement of the fracture resistance upon the extent of PLA crystallinity was related to a change in 
the toughening mechanism from crazing to shear-yielding (combined with crazing) through the 
deformation of spherulites, promoting high energy dissipation pathways as crystallization occurs. 
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When the blend is subjected to an external impact force, the
fracture energy is dissipated through shear yielding in the crys-
talline zones and crazing in the amorphous zones. Accordingly,
the extent of plastic deformation induced in crystalline polymers
gives rise to a largely improved impact toughness through a
change in the deformation mechanism from crazing to shear
yielding as crystallization occurs.[22]

For L-lactide-enriched PLA, its crystallization rate is quite low,
and the use of highly active nucleating agents represents a
promising way to remarkably accelerate the crystallization of PLA
matrix.[23,24] Many researchers have thereby investigated the
combination of both active nucleating agent and impact modifier
as an effective method to simultaneously improve the crystalliza-
tion and the impact toughness of PLA.[25–28] In this respect, Jain
et al.[29] investigated talc loading on phase morphology and
resulting properties of PLA/poly(ε-caprolactone) (PCL) immiscible
blends. They found that talc not only acted as a nucleating agent,
but also improved the miscibility and adhesion between the
dispersed phase and the matrix, which in turn allow the toughen-
ing of the overall materials. A suitable particle size for impact
modifiers is another precondition for highly crystalline matrix to
work effectively in the toughening of resulting matrix/impact
modifier blends.[15,26,30] In this respect, Bai et al.[25,26] identified
an evident decrease of optimum particle size for toughening
PLA/PCL blends as the crystallinity of the PLA matrix increases. It
is worth noting that shear yielding is a much more effective
energy dissipative micromechanism with respect to crazing,
which is often encountered in small rubbery microdomains
(i.e., <0.5 μm).[31–33] This so implies an efficient path for the
propagation of shear-yielding deformation needed for effective
impact energy absorption upon the combined roles of matrix
crystallization and impact modifier particle size. Oyama
et al.[15] significantly improved the toughness of PLA/EGMA
(80/20 wt/wt) blends from 5.5 to 72 kJ/m2 upon the increase of
PLA crystallinity from 5% to 40% and an optimum microdomain
size range of 0.3–0.5 μm. From these investigations, the increase
of PLA crystalline content can be viewed as a promising way to
enlarge plastic deformation throughout the matrix, thus causing
high toughening performance.
The present contribution aims at tailoring the material tough-

ness upon the combination of both highly effective nucleating
agent and impact modifier within PLA. Recently, we have
reported the use of as-synthesized hydrolytically degradable
poly(ε-caprolactone-co-D,L-lactide) (P[CL-co-LA]) copolymers as
effective biodegradable impact modifiers for PLA.[34] Another
recent contribution by Murariu et al. highlighted N,N′-
ethylenebis(stereamide) (EBS), a selected fatty amide able to
promote lubrication and chain mobility during PLA crystal-
lization as a remarkable nucleating agent for PLA.[35] In this
respect, the co-addition of 10wt% of P[CL-co-LA] impact
modifier and different concentrations of EBS nucleating agent
was investigated on the outstanding crystallization properties
(i.e., crystallinity degree, spherulitic growth rate, and crystal
structure) and the overall material performances. Finally, this
work is made to discuss the close relationship between the
extent of PLA crystallinity and the recorded synergistic tough-
ness effect within these resulting PLA-based materials. The
contribution of which was thereby investigated by means of
thermal, mechanical, and morphological methods. A toughen-
ing mechanism related to the final mechanical performances
was finally proposed to account for the impact behavior of
the as-produced PLA-based materials.

EXPERIMENTAL SECTION

Materials

The ε-caprolactone (99%, Acros, Geel, Belgium) was dried for 48h
over calcium hydride and distilled under reduced pressure. D,L-
lactide (>99.5%, Purac, Gorinchem, The Netherlands) was conserved
in a glove box. n-heptanol (98%, Aldrich, Darmstadt, Germany) was
dried over a molecular sieve (4Å), and tin(II) octoate (Sn(Oct)2)
(95%, Aldrich) was used as received without any purification and
diluted in dry toluene (0.01M). A commercially available extrusion-
grade PLA (NatureWorks 4032D, Nebraska, USA) designed especially
for biaxially oriented films was used as received (Mn =133,500
±5000g/mol, Ð=1.94±0.06 as determined by size-exclusion
chromatography using (relative to polystyrene calibration), 1.4
±0.2% D-isomer content as determined by the supplier). N,N′-ethyl-
ene bis(stereamide) (EBS) is a commercial polymer additive from
Aldrich. CAB-O-SILM-5 (SiO2, 200m

2/g) is untreated fumed silica, sup-
plied by Cabot (Cabot, Massachusetts, USA), and is used as received.

Synthesis of poly(ε-caprolactone-co-D,L-lactide) copolymer

The copolymerization was carried out in bulk by ring-opening poly-
merization of ε-caprolactone andD,L-lactide promoted by n-heptanol
and tin(II) octoate for an initial molar [alcohol]/[tin(II) octoate] ratio of
100. The reaction was carried out for 24h in an oil bath at 160°C and
stopped by quenching it in an ice bath. The crude product was dis-
solved in aminimumvolumeof chloroform, followed by precipitation
into a 10-fold excess of heptane. They were recovered after filtration
and dried under vacuum until reaching a constant weight. Themolar
LA content of the resulting copolymer was of 28mol% (as deter-
mined by Proton nuclear magnetic resonance [1H NMR] analyses),
while the number-average molecular weight was of 35,400g/mol
(equivalent polystyrene), together with a dispersity index of 2.0 (as
determined by gel permeation chromatography analysis). The so-
synthesized copolymer proved totally amorphous and was
characterized by a low glass transition temperature of around �36°C
(as determined by differential scanning calorimetry [DSC] analysis).

Sample preparation and compounding

For safety reasons, a two-step process was carried out to prepare
PLA/P[CL-co-LA]/EBS blends. PLA/EBS masterbatches were pre-
pared by solvent casting using chloroform and dried for at least
12 h at 80°C under reduced pressure (10�1mbar), in order to re-
move any residual organic solvent and water. The resulting
masterbatch was subsequently melt-blended in the presence
of 10wt% P[CL-co-LA] copolymer (previously dried for at least
12 h at room temperature under reduced pressure) using a
DSM twin-screw micro-compounder (15 cc) at 200°C and
60 rpm for 3min. For the sake of comparison, the simple blend
exclusively made of PLA and P[CL-co-LA] copolymer was pre-
pared using a DSM twin-screw micro-compounder (15 cc) at
200°C and 60 rpm for 3min, starting directly from PLA pellets
(previously dried for at least 12 h at 80°C under reduced pres-
sure) and 10wt% P[CL-co-LA] copolymer (previously dried for
at least 12 h at room temperature and under reduced pressure
of 10�1mbar). For tensile and impact characterizations, the
PLA-based materials were prepared by compression molding at
200°C for 10minutes. Further PLA/P[CL-co-LA]/SiO2/EBS blends
were prepared following the same two-step process in which
SiO2 and EBS were previously dispersed within the PLA matrix
by solvent casting using chloroform. As in the preceding
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discussion, the resulting PLA/SiO2/EBS masterbatch was subse-
quently melt-blended in the presence of 10wt% P[CL-co-LA] co-
polymer using a DSM twin-screw micro-compounder (200°C,
60 rpm, 3min) and both compression molding (200°C, 10min)
or injection molding (200°C, 3min, 9 bars).

Characterization techniques

Proton nuclear magnetic resonance spectra were recorded in
CDCl3 using a Bruker AMX-500 apparatus (Billerica, MA, USA) at a
frequency of 500MHz. Size-exclusion chromatography was per-
formed in THF (containing 2wt% NEt3) or in chloroform (sample
concentration: 1wt%) at 35°C, using a polymer laboratories (PL) liq-
uid chromatography equipped with a PL-DG802 degazer, an
isocratic high-performance liquid chromatography pump LC1120
(flow rate: 1mL/min), a Basic-MarathonAutosampler, a PL-RI refrac-
tive index detector (Agilent Technologies, Cheadle, England) and
four columns: a guard column PLgel 10μm (50×7.5mm) and
two columns PLgel mixed-B 10μm (300×7.5mm). Molecular
weight andmolecular weight distribution were calculated by refer-
ence to a relative calibration curve made of polystyrene standards.
DSC was performed using a DSC Q2000 from TA Instruments
(Newcastle, DE, USA) at heating and cooling rates of 10°C/min under
nitrogen flow (2nd scan). Notched Izod impact tests were performed
according to ASTM D256 (Benelux Scientific, Eke, Belgium) using a
Ray-Ran 2500 pendulum impact tester (E=4 J, mass=0.668 kg, and
speed=0.46m/s). Tensile tests were performed according to ASTM
D638 using a Zwick universal tensile testing machine (Ulm,
Germany) (speed=1mm/min and preload=5N). Dynamicmechan-
ical thermal analyses (DMTA) were performed under ambient atmo-
sphere using a DMTA Q800 apparatus from TA Instruments in a dual
cantilever. The measurements were carried out at a constant fre-
quency of 1Hz, a temperature range from �100°C to 150°C at a
heating rate of 2°C/min. Data acquisition and analysis of the storage
modulus (E′), loss modulus (E″), and loss tangent (tan δ) were re-
corded automatically by the system. Polarized optical microscopy
was used to study the spherulitic growth rate and crystal morphol-
ogy. Accordingly, samples sandwiched between two glass slides
were heated on Linkam THMS 600 hot stage (Linkam Scientific In-
struments, Ltd., Surrey, UK) from room temperature to 200°C at a
rate of 30°C/min, held at this temperature for 5min before being
cooled at the same rate to 150°C (crystallization initiates before
reaching temperature below 150°C). They were then held isother-
mally for different periods of time during which images were taken
using Leica DM LM/p (Leica microsystems, Wetzlar, Germany) polar-
ized optical microscope. Transmission electron microscopy (TEM)
was carried out using a Philips CM20 microscope (FEI, Eindhoven,
The Netherlands) operated at 200 kV to investigate the morpholog-
ical structure of resulting materials. Atomic force microscopy (AFM)
was carried out on a Bruker Dimension Icon using Tapping Mode
and a new AFM technique called peak-force tapping (PFT) based
on real time-force distance curve analysis recorded at a frequency
of about 2 kHz.[36] For both TEM and PFT-AFM images, the samples
were cryomicrotomed at �100°C by a Leica UCT microtome before
imaging. Room-temperature impact-fractured surfaces of specimens
were sputter coated with gold and then examined through scanning
electron microscopy (SEM) to highlight plastic deformation and pos-
sible toughening mechanisms. Accordingly, the room-temperature
fracture was performed with a single-column tensile test machine
type Hounsfield H5KT (Tinius Olsen, USA, Pennsylvania) with 5kN cell
force at a speed of 1mm/min, while SEM analyses were carried out
using a Hitachi SU8020 (Hitachi, Tokyo, Japan) (100V–30kV).

RESULTS AND DISCUSSION

A challenge to simultaneously improve PLA crystallization and
PLA toughness is appealing. Following this objective, we first
considered the effect of EBS nucleating agent on the crystallinity
extent of PLA/P[CL-co-LA] (90/10wt/wt) blends using DSC, a simple
technique giving relevant information about the crystallization
properties through isothermal and non-isothermal measurements.
Using the isothermal crystallization experiments, the determina-
tion of the crystallization half-time (t1/2) commonly attests the
effectiveness of nucleating agents.[17,24] Selected data obtained
from the isothermal crystallization at 110°C of resulting PLA-based
materials are accordingly shown in Fig. 1. Neat PLA had a long half-
crystallization time (t1/2 around 28min), attesting for its low crystal-
lization kinetics. However, its overall crystallization rate is reduced
(t1/2 around 5min) when processed, resulting to a shear-induced
crystallinity.[37] These results are in good agreement with the
values currently reported in literature.[18,24] In a good agreement,
the addition of P[CL-co-LA] impact modifier into the matrix led to
lower t1/2 with respect to neat PLA (Fig. 1). Similar results were re-
ported by Sakai et al.,[38] assuming that PCL-based dispersed phase
acted as active sites for nucleation. The limited miscibility between
PLA and P[CL-co-LA] impact modifier and the locally activated
chain mobility at the interface is thereby responsible for this re-
markable enhancement of the PLA nucleation. Furthermore, it is
believed that the EBS additive plays a complex role in the crystalli-
zation of PLA, promoting nucleation and chainmobility. As a result,
intense and narrow exotherms are recorded in the presence of EBS
(Fig. 1). The nucleated PLA/P[CL-co-LA] materials containing EBS
show significant reductions about t1/2 (too fast to be accurately
determined), confirming that EBS behaves as a remarkable
nucleating agent for PLA-based materials.

Figure 1. Differential scanning calorimetry thermograms of the isother-
mal crystallization (cooled from melt to 110°C) of neat polylactide (PLA)
(line), PLA-based materials containing 10 wt% of P[CL-co-LA] (long dash)
and corresponding blends filled with 4 wt% of EBS (short dash).
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Another confirmation comes from the non-isothermal DSC
profiles and corresponding data of resulting PLA-based materials
with increasing EBS concentrations (Fig. 2). As expected, the
melting (Tm) and glass transition (Tg) temperatures of resulting
PLA-based materials remained unchanged at ca. 168°C and 61°C,
respectively, upon the addition of EBS. However, a new
endothermic peak that can be reasonably ascribed to the melt-
ing of EBS is identified at around 145°C, the extent of which
greatly increased with the EBS concentration. The observation
of a cold crystallization exotherm (Tc) on heating prior to the
melting endotherm (i.e., around 110°C) usually assert to the low
crystallization rate of PLA-based materials. From this study, the

significant decrease of the cold crystallization enthalpy (ΔHc)
was assigned to a gain of crystallinity upon the addition of EBS
within these PLA/P[CL-co-LA] blends (Table 1S, Supporting Infor-
mation). Further evidence is provided by the DSC cooling scans,
whereas addition of EBS within PLA-based materials gave rise
to an exothermic crystallization peak on cooling (results not
shown). As far as PLA melting is concerned, multiple melting
peaks are usually ascribed to different crystalline structures, that
is, crystalline regions of various size and perfection.[39–41] For in-
stance, the less stable α′ crystal form is known to exist at lower
temperatures than the α-form within PLA.[42] As a result, the ap-
pearance of a double melting peak is observed for neat PLA and
the corresponding PLA/impact modifier blend. In contrast, the
addition of EBS into PLA/P[CL-co-LA] blends led to a single Tm
(i.e., no multiple melting peaks), relating to an alteration in the
crystallization behavior (Fig. 2). Similar trends were reported by,
for example, Murariu et al., following the evaluation of
PLA/nanofiller/EBS nanocomposites.[35] Even if the crystallinity
degree of PLA-based blends increased from 3% to 13% after
adding 10wt% of P[CL-co-LA] copolymer within PLA, no notice-
able changes in crystallinity degree was reported in the presence
of EBS (Table1S, Supporting Information). A possible explanation
may arise from the localization of a fraction of EBS nucleating
agent within the P[CL-co-LA] dispersed phase, decreasing the
available EBS content towards the PLA crystallization. It is worth
reminding that semi-crystalline polymers like PLA exhibit a re-
markably complex solid-state structure in which its crystallinity
extent depends on, for example, crystallization temperature, op-
tical purity, molecular weight, processing parameters, and so
on.[43] Even at the same crystallinity extent, other effects on the
crystallinity and related material performances may be obtained
due to, for example, different lamellar organizations, crystalline
form, or crystal structure. For instance, Cocca et al. reported dif-
ference of properties between PLA α and α′ crystal forms,

Figure 2. Non-isothermal differential scanning calorimetry thermo-
grams of polylactide-based materials containing 10 wt% of P[CL-co-LA]
(black) and corresponding blends filled with 1 wt% (green), 3 wt% (blue),
and 5 wt% (red) of EBS. This figure is available in colour online at
wileyonlinelibrary.com/journal/pat

Figure 3. Polarized optical microscopy micrographs of polylactide-based materials containing 10 wt% of P[CL-co-LA] (a) and corresponding blends
filled with 1 wt% (b), 3 wt% (c), and 5 wt% (d) of EBS following crystallization from melt at 150°C (images after 15min under isotherme). This figure
is available in colour online at wileyonlinelibrary.com/journal/pat
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highlighting higher Young’s modulus but lower elongation at
break in the α-form. This was related to its more ordered and
more densely packed crystal structure compared with α′ form.[42]

In this respect and to understand the effect of the incorporation
of EBS nucleating agent on the crystal structures of these PLA-
based materials, morphological investigations were carried out.

The crystal morphologies of such PLA/P[CL-co-LA]-based
blends upon the EBS concentration were observed through
POM analysis (Fig. 3) and related spherulitic growth rate study
(Table 2S, Supporting Information). At a crystallization tempera-
ture of 150°C (i.e., the lowest temperature to avoid the matrix
crystallization before reaching the isotherm), the nuclei density
and the spherulitic growth rate were quite low, and only few
spherulites could be observed for neat PLA (not shown). In con-
trast, smaller spherulites which grew faster (with an initiation
time of only 4min 30 s, see Table 2S, Supporting Information)
are observed in the PLA/P[CL-co-LA] binary blend (Fig. 3(a)). It
can be therefore stated out that the nuclei density of the PLA
matrix has been greatly enhanced by the presence of P[CL-co-
LA] impact modifier with respect to neat PLA. This is well consis-
tent with the aforementioned DSC results. Interestingly, numer-
ous tiny crystals that have impinged on each other were
formed upon the addition of EBS into the PLA/P[CL-co-LA]
blends. This results in a large increased nuclei density and a
faster spherulitic growth rate in the presence of EBS (e.g., initia-
tion time of only 20 s at 4wt% of EBS, see Table 2S, Supporting
Information). More surprisingly, an alteration of the crystal struc-
ture was reported in the presence of EBS nucleating agent, pass-
ing from large spherical crystals to tiny elongated and entangled
ones (Fig. 3). The occurrence of such elongated crystals clearly
resulted from the natural ribbon shape of EBS nucleating agent
(as attested by TEM, see Figure 1S, Supporting Information), while
their entanglements and their growth thereby took part in the large
nuclei density achieved upon the EBS content. Indeed, more
densely nucleated crystals and drastically faster spherulitic growth
rate are reached by increasing the EBS concentration within
PLA/P[CL-co-LA] blends (Fig. 3). However, it is worth noting that fur-
ther increasing the EBS content up to 4wt% did not promote a
larger extent of entanglement but led to the main aggregation of
as-formed crystals within the blends (Fig. 3(d)). This new crystal

structure appears as a promising way to endow PLA-based
materials with new physical properties and toughening through
an effective path for the propagation of energy-dissipative
mechanisms.
The significant change in crystal morphology of the nucleated

blends is expected to affect the material performances. For in-
stance, Grein et al.[44] reported changes in micro-deformation
mechanisms upon the crystal structure, showing that, for exam-
ple, large spherulites often promote brittleness due to the con-
centration of structural defects and impurities at their
boundaries. Accordingly, tensile and impact properties of the
as-produced PLA-based materials have been determined and
compared with neat PLA and non-nucleated PLA/P[CL-co-LA] bi-
nary blend (Fig. 4). While neat PLA is viewed as a stiff and brittle
material displaying a high Young’s Modulus of ca. 1860MPa and
an impact strength of ca. 2.7 kJ/m2, loading 10wt% of P[CL-co-
LA] copolymer into PLA leads to a brittle-ductile transition for
the resulting blend characterized by a four-fold increase in
toughness (ca. 11.4 kJ/m2), together with a slight decrease in
Young’s modulus (ca. 1680MPa). Interestingly enough, the
change of the crystal structure induced by the presence of EBS
within the rubber-toughened PLA/P[CL-co-LA] blends provided
a significant increase, up to 10-fold, in the impact strength (Fig. 4).
For instance, loading 4wt% of EBS within PLA/P[CL-co-LA] (90/10
wt/wt) blend triggered an increase in impact strength by a factor
of 11.3 (i.e., 30.5 kJ/m2 with respect to 2.7 kJ/m2 for neat PLA). Fur-
thermore, the tensile properties of resulting PLA-based materials
were not altered upon the addition of EBS, and the Young’s mod-
ulus was even slightly enhancedmediated by the so-induced crys-
tallization (Table 3S, Supporting Information for additional details).
Directly related to the crystallinity extent and the crystal structure
changes, a gradual increase in the overall toughness upon the EBS
content is reached, imparting a maximum at 4wt% of EBS (Fig. 4).
At this stage, it can be claimed out that the growth of a more
densely nucleated structure made of elongated and entangled
crystals affords a more efficient toughening pathway. However,
once a higher loading of nucleating agent was used, actually
higher than 4wt% of EBS, a drop in the toughness of resulting
PLA-based blends occurs in relation to the presence of crystalline
aggregates within the PLA-based blends (see Fig. 3 as a reminder).

Figure 4. Notched Izod impact strength and Young’s modulus of polylactide-based materials containing 10 wt% of P[CL-co-LA] copolymer upon the
addition of EBS.
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Besides the crystallization of the polymer matrix, phase-
morphology might also play a decisive role on the final mechan-
ical properties of rubber-toughened PLA. In this respect, a new
technique, that is, PFT-AFM was introduced to encompass both
morphological and surface features of resulting PLA-based mate-
rials (Fig. 5). This technique allows us to locally measure various
mechanical properties at nanoscale, such as stiffness, adhesion,
deformation, and dissipation, simultaneously to the surface topogra-
phy with high resolution and minimal damage to the probe or
sample.[45] To address this important issue, the effect of EBS has
been investigated on the blend morphology of resulting PLA-based
materials using PFT-AFM, showing, to some extent, heterogeneous
surfaceswith non-adhesive and soft-microdomains, which are corre-
lated to the rubbery P[CL-co-LA] dispersed phase (Fig. 5). More inter-
estingly, adding the EBS nucleating agent did not promote any
alteration of the phase morphology of the rubbery phase within
the PLAmatrix. However, PFT-AFMmeasurements clearly evidenced
the conversion of amorphous PLA zones into highly crystalline ones
in the presence of EBS nucleating agent, that is, the conversion of
smooth surfaces into more densely packed and entangled ones
(see Fig. 5, adhesion images). Therefore, the earlier results indicates
that the addition of EBS into immiscible PLA/P[CL-co-LA] blends pro-
vides an effective way in extending the PLA crystallization as previ-
ously attested by DSC measurements. This so-induced crystallinity
extent within the PLA matrix led to the confinement of the P[CL-
co-LA] dispersed phase among closely packed amorphous regions
and improved, to some extent, the compatibility degree between
both immiscible polymeric partners (as attested by DMTA, see
Figure 2S, Supporting Information). From this contribution, the
substantial improvement recorded in material performances and

toughness upon the EBS concentration can be then strictly attrib-
uted to the crystal structure and the enhanced crystallinity extent
of resulting PLA-based blends.

From the literature, impact modification of polymers is exten-
sively described based on toughening and fracture mechanisms
as called crazing, shear yielding, cavitation, and debonding.[46–50]

Typically, PLA deforms through highly localized crazing mecha-
nisms, which is believed to be responsible for its brittle charac-
ter.[51] In this respect, rubber-modifying PLA[5–8] or extending
its crystallization[9–12] are among strategies to undergo one or
a combination of greater energy-dissipative toughening mecha-
nisms. For instance, crystal-mediated deformation throughout
the matrix is reached upon the extent of PLA crystallinity, involv-
ing, to some extent, a significant change in the toughening
mechanism from crazing to shear-yielding as crystallization oc-
curs.[22,25] The contribution of the latter is supposed to be the
key to achieve desirable toughening performances by dissipat-
ing more energy prior to fracture with respect to crazing.[33] In
this regard, PLA crystals are believed to provide a path for the
propagation of shear-yielding needed for effective energy dissi-
pation through the contribution of spherulitic deformation (in-
ter-spherulitic crack growth and crack growth through
spherulites).[13,21] To support this statement, SEM was used and
reported on Fig. 6, highlighting high deformations and plasticity
within room-temperature fractured surfaces of these PLA-based
materials. As previously discussed, the extent of PLA crystallinity
represents a promising way to enlarge plastic deformation
throughout the matrix, dissipating the fracture energy through
shear yielding in the crystalline zones and crazing in the amor-
phous zones. In this present work, macroscopic localized zones

Figure 5. Peak-force tapping atomic force microscopy analysis using topographic (images a and b, 5 μm x 5 μm, Z-ranges of 150 nm) and adhesion (images
(a’) and (b’), zoom to 2 × 2μmwithin the PLAmatrix, Z-ranges of 230 nN) imaging of polylactide-basedmaterials containing 10wt% of P[CL-co-LA] (images (a)
and (a’)) and corresponding blend filled with 3 wt% of EBS (images (b) and (b’)). This figure is available in colour online at wileyonlinelibrary.com/journal/pat
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of micro-voids and micro-fibrils which are believed to come from
crazing process on deformation are found after the addition of a
rubbery P[CL-co-LA] impact modifier within the PLA matrix (see
Fig. 6, top). However, large-scale plastic deformation and high
energy dissipation through a combination of both multiple craz-
ing and shear-yielding within amorphous and crystalline zones,
respectively, are expected in the presence of EBS nucleating
agent. SEM analysis along the draw axis on deformed samples
confirmed the presence of these specific deformations (see Fig. 6,
bottom). These features therefore support the statement that
loading EBS nucleating agent within PLA-based materials gave
rise to largely improved toughness through a change in the defor-
mation mechanism from crazing to shear yielding or a combina-
tion of both micromechanisms as crystallization occurs. At this
stage, it can be claimed out that the significant crystallization-
induced toughness upon the EBS concentration is originated from
the crystal structure change of as-converted highly crystalline PLA
matrix and the related confinement of the P[CL-co-LA] dispersed
phase among closely packed amorphous regions, which allowed
a combination of multiple crazing and shear-yielding mecha-
nisms. This owes to the fracture energy dissipation throughout
the material as follows. (i) When subjected to an external impact
force, the closely packed dispersed P[CL-co-LA] phase is believed
to locally concentrate the stress within the amorphous regions
to finally release the hydrostatic strain energy where craze initia-
tion takes place. (ii) This multiple crazing occurs throughout a
comparatively large volume of the rubber-modified material,
consuming the predominant part of fracture energy. (iii) Besides
craze growth, shear band nucleation is affected by the as-released
hydrostatic tension in the surrounding rubbery dispersed phase.
(iv) This therefore favors shear-yielding through crystal-mediated
deformation within highly crystalline regions, leading to a combi-
nation of both multiple crazing and shear-yielding within the
resulting PLA-based materials. In a toughening perspective, new
evidences to account for the as-proposed toughening mecha-
nisms will undoubtedly take part in our next contribution.

Based on this contribution, the significant improved PLA crys-
tallinity extent upon the addition of EBS nucleating agent might
help to tailor the phase morphology, even during a high-
shearing process such as injection molding. Interestingly
enough, our previous contribution highlighted peculiar mor-
phologies (from large droplets to small and long ribbons and
the formation of interconnected or even co-continuous net-
works) as mediated by the addition of silica nanoparticles, fol-
lowing a two-step process and compression molding.[52]

However, high shearing undergone through the high-pressure
injection of such materials altered the morphology and therefore
the resulting toughness. Therefore, in an effort to overcome this
limitation, a new investigation regarding the co-addition of silica
nanoparticles together with EBS nucleating agent has been
attempted in relation with the type of molding techniques, that
is, via melt injection or compression molding. Surprisingly, load-
ing 4wt% of EBS and 5wt% of nanosilica (CAB-O-SIL M-5) within
PLA/P[CL-co-LA] (10wt%) blends (under the same processing con-
ditions as described in the Experimental Section) provided a signif-
icant improvement in toughness whichever the shaping procedure,
that is, injection or compressionmolding. No break of the specimen
sample could be even recorded under compression molding, while
an impact strength as high as 17.8 kJ/m2 was determined after
injection molding. Such a large increase in PLA impact strength is
to be related to the combination effect of nanosilica and EBS
nucleating agent, that is, compatibilization at the PLA/P[CL-co-LA]
interface and tuning of PLA crystallinity, respectively.

CONCLUSIONS

Developing novel strategies to simultaneously improve the
toughness and the crystallinity extent of PLA-based materials is
gaining a significant importance, in order to enlarge the range
of applications for this renewable polymer. In this respect, co-
adding 10wt% of rubber-like P[CL-co-LA] impact modifier and

Figure 6. Scanning electron microscopy micrographs (scale of 10 μm on left and zoom to 5 μm on right) of notched surfaces of polylactide-based ma-
terials containing 10wt% of P[CL-co-LA] (up) and corresponding blend filled with 3 wt% of EBS (down).
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different concentrations of EBS nucleating agent within PLA led
to crystallization-induced toughness as attested by the 11-fold
increase in impact strength with respect to neat PLA (i.e.,
30.5 kJ/m2 vs. 2.7 kJ/m2). The result showed a clear relationship
between the overall toughening performance and the outstand-
ing crystallization properties (i.e., matrix crystallinity, spherulitic
growth rate, and crystal structure) of resulting PLA-based mate-
rials. For instance, the conversion of amorphous PLA zones into
highly crystalline ones (i.e., passing from smooth surfaces into
more densely packed and entangled ones) was reported owing
to PFT-AFM measurements in the presence of EBS nucleating
agent. Another confirmation was obtained from isothermal and
non-isothermal DSC measurements, highlighting significant re-
ductions about the crystallization half-time (t1/2) and surprising
change in the crystallization behavior (e.g., double melting peak
is converted into a single one, exothermic crystallization peak on
cooling, decrease of the cold crystallization enthalpy, etc.) upon
the EBS content. Using POM analysis, it was further found that
loading EBS nucleating agent within immiscible PLA/P[CL-co-
LA] blends led to crystal structure changes, while their progres-
sive entanglements and growth thereby took part in the large
nuclei density achieved upon the EBS concentration. These re-
sults clearly confirm that EBS behaves as a remarkable nucleating
agent for PLA-based materials. However, adding EBS nucleating
agent did not promote any alteration of phase morphology of
the rubbery phase within the PLA matrix. Therefore, the earlier
results imparted the substantial difference in the toughness ex-
tent upon the EBS content to the PLA matrix crystallization.
Crystal-mediated deformation was accordingly reached within
such PLA-based materials, promoting high energy dissipation
through a combination of multiple crazing and shear-yielding
as crystallization occurs. As-induced shear yielding in the
crystalline zones thereby triggers effective high-impact energy
dissipation and promotes the overall material crystallinity as a
promising way to enlarge plastic deformation throughout the
matrix. Accordingly, a fine tuning of the crystallization behavior
of PLA matrix is required for endowing PLA-based materials with
new mechanical performances and significant toughening effect.
Surprisingly, the phase morphology as mediated by the selective
location of nanosilica at the PLA/P[CL-co-LA] interface (ribbons
and interconnected or even co-continuous structures) might be
tailored whichever the shaping procedure (injection or compres-
sion molding) in the presence of EBS nucleating agent. Accord-
ingly, a large increase in PLA impact strength was recorded and
related to the synergistic effect of nanosilica and EBS nucleating
agent, that is, compatibilization at the PLA/P[CL-co-LA] interface
and tuning of PLA crystallinity, respectively. In this respect, a
joint-research with Pukanszky et al.will be proposed to implement
new evidences about the co-effect of crystallinity and
compatibilization way through different processing techniques.
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