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Abstract Developing novel strategies to improve the
impact strength of PLA-based materials is gaining a
significant importance in order to enlarge the range of
applications for this renewable polymer. Recently,
the authors have designed ultra-tough polylactide
(PLA)-based materials through co-addition of rubber-like
poly(e-caprolactone-co-d,L-lactide) (P[CL-co-LA]) impact
modifier and silica nanoparticles (SiO,) using extrusion
techniques. The addition of silica nanoparticles into these
immiscible PLA/P[CL-co-LA] blends altered their final
morphology, changing it from rubbery spherical
inclusions to almost oblong structures. A synergistic
toughening effect of the combination of P[CL-co-LA]
copolymer and silica nanoparticles on the resulting
PLA-based materials therefore occurred. To explain this
particular behavior, the present work hence aims at
establishing the mechanistic features about the
nanoparticle-induced impact enhancement in these immiscible PLA/impact modifier blends. Incorporation of silica
nanoparticles of different surface treatments and sizes was thereby investigated by means of rheological, mechanical and
morphological methods in order to highlight the key parameters responsible for the final impact performances of the
as-produced PLA-based materials. Relying on video-controlled tensile testing experiments, a toughening mechanism was
finally proposed to account for the impact behavior of resulting nanocomposites.
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Introduction (domain size and related size distribution) and polymeric
) ) ) matrix-rubbery domain interfacial properties must be properly
To generate rubber-toughened thermoplastics with optimal controlled.’™ The morphology of a two-phase system usually

mechanical = properties, the rubber phase morphology  reqyits to a balance between the breakup and coalescence of
the dispersed domains in the flow field.® For uncompatibilized
*Corresponding author, email: jean-marie.raquez @umons.ac.be blends, the final particle size increases with the dispersed phase
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concentration because of increased coalescence. Adding a
compatibilizing agent to immiscible polymer blends enables
to control the final morphology of these blends by lowering
their interfacial tension,” resulting in a suppression, or at least, a
decrease of coalescence extent in the dispersed phase®'°
Apart from reducing the interfacial tension, the role of a com-
patibilizer is to significantly enhance the adhesion between the
continuous and dispersed phase within blend. Many authors
reported different compatibilization routes through the utiliz-
ation of organic compatibilizers like block or graft copolymers
either preformed or generated in situ during flow-induced
processes.”''"* Recently, another compatibilization method
has been reported through the addition of solid nanoparticles
into immiscible polymer blends.">™'® The role of the nano-
particles is to get specifically localized at the interface of both
polymeric partners, to strengthen the interfacial adhesion
between the partners and thus to enhance the overall material
performances.'®' The use of nanoadditives (e.g. clay or silica
nanoparticles) provides further advantages for polymeric
blends such as enhanced material properties, ease of
processing, and lower costs in comparison to block and graft
copolymer compatibilizers.??

Ternary polymer composites containing glassy polymer,
soft elastomer and rigid filler are also being the subject of an
increasing number of studies.”>** The mechanical properties
of such composites depend not only on the components but
also on the phase structure (i.e. the relative arrangement of the
components) and the phase size.>> Concerning the phase
morphology, separated microstructures where the elastomer
and the filler are dispersed in the polymer matrix separ-
ately?®?” and core-shell microstructures with the filler
encapsulating the elastomer,?®?° are the two current
morphologies for these ternary composites. These distinct
morphologies gave different mechanical performances with
higher modulus and/or toughness in function of the
dispersion extent3%' Lipatov et al.3*7* reported that the
addition of solid particles into an immiscible polymer blend
increases the thermodynamic stability of the mixture and
changes the compositions of the separated phases. The
authors proposed a simultaneous action of two mechanisms
to explain the effect of fillers on the phase behavior:
(i) the thermodynamical alterations at the interface because of
the selective adsorption of one of both components and
(i) the redistribution of components at the interface and in the
bulk that may diminish the phase-separation temperature.

The present contribution concerns ultra-tough immiscible
polymer blends made of polylactide (PLA) rubber-toughened
with poly(e-caprolactone-co-p,L-lactide) (P[CL-co-LA)])
copolyester and silica nanoparticles (SiO,).PLA represents the
most extensively investigated renewable polymer for
substituting conventional petroleum-based polymers in
different types of applications such as in automotive and
electronic industries, >3 but suffers from its brittleness. This
impedes its applications in some areas particularly like packa-
ging materials.*”® Recently, the authors have reported the
use of as-synthesized hydrolytically degradable P[CL-co-LA]
copolymers as effective biodegradable impact modifiers
for PLA>° Directly related to a control over the rubbery char-
acter of the dispersed phase and the morphological features of
resulting blends, an optimum toughening effect was reached
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using a P[CL-co-LA] copolymer at a relative molar content of
28 mol%LA. The authors also reported that adding silica
nanoparticles into these blends could alter their final
morphology and then enhance the impact strength of these
blends in such a way to achieve ultra-tough PLA-based
materials.*® As far as a toughening effect was evidenced, more
understanding about the role of silica nanoparticles on
the morphological features, the compatibility degree and the
toughening mechanism of immiscible PLA/P[CL-co-LA] blends
are however required to control the ultra-toughness of these
blends. The authors here emphasize all issues aiming to
clarify the morphology alteration for these immiscible
PLA/P[CL-co-LA] blends through the use of silica nanoparticles
of different surface treatments and particle size, leading to the
construction of those silica nanoparticle-based self-networks.
To achieve the best control over the blend morphology, itis well
known that the final phase structure of ternary composites is
governed by both thermodynamic (e.g. interfacial tension) and
kinetic factors (e.g. shear stress and processing conditions).'>*'
In this respect, the authors have attempted to control the phase
structure and the related-toughness of PLA/P[CL-co-LAl/SiO,
composites upon coalescence and coarsening processes,
i.e. by adjusting the nanoparticles dispersion and related pro-
cessing methods used, and tuning the nanoparticle surface
chemistry, mean size and relative content. Three types of silica
nanoparticles, i.e. having different ability of self-agglomeration
regarding surface treatment and surface area, and two
processing methods (one-step or two-step) were mainly used
to prepare the ternary composites for morphological, rheolo-
gical and thermo-mechanical investigations. In addition,
a special emphasis is made to highlight the toughening
mechanisms related to the final mechanical performances of
the as-produced PLA-based materials.

Experimental section

Materials

g-caprolactone (99%, Acros) was dried for 48h over
calcium hydride and distilled under reduced pressure.
pL-lactide (> 99.5%, Purac) was conserved in a glove box.
n-heptanol (98%, Aldrich) was dried over molecular sieve
(4A) and tin(ll) octoate (Sn(Oct),) (95%, Aldrich) was used as
received without any purification, and diluted in dry
toluene (0.01M). A commercially available extrusion-grade
PLA  (NatureWorks 4032D) designed especially for
production of biaxially oriented films was used as received
(M, = 133 500 * 5,000gmol™", D= 1.94 = 0.06 as deter-
mined by size-exclusion chromatography (SEC), 1.4 = 0.2%
D-isomer content as determined by the supplier). CAB-O-SIL
TS-530 (TS-530, 225m?g~ ") is of high surface area fumed
silica, which has been surface modified with hexamethyldi-
silazane while CAB-O-SIL M-5 (M-5, 200m?g~") and CAB-O-
SIL H-5 (H-5, 300m?g~") are untreated fumed silica and
were supplied by Cabot.

Synthesis of poly(s-caprolactone-co-p,L-lactide)
copolymer

The copolymerization was carried out by bulk ring-opening
polymerization (ROP) of e-caprolactone and b L-lactide
promoted by n-heptanol and tin(ll) octoate at an initial molar
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[alcohol]/[tin(Il) octoate] ratio of 100. The reaction was
carried out for 24 h in an oil bath at 160°C, and quenched it
in an ice bath. The crude product was dissolved in a
minimum volume of chloroform, followed by precipitation
into a 10-fold excess of heptane. They were recovered after
filtration and drying under vacuum, until reaching a constant
weight (yield: 99%).The LA molar content of the resulting
copolymer was of 28mol% (as determined by 'H NMR
analyses), while a number-average molecular weight of
35 400gmol ™" (equivalent polystyrene) and a dispersity
index (D) of 2.0 (as determined by GPC analyses) were
achieved. This as-synthesized copolymer is amorphous with
a glass transition temperature of about —36°C [as deter-
mined by differential scanning calorimetry (DSC) analyses].

Sample preparation and compounding

Before extrusion, PLA pellets were dried for at least 12 h at
80°C in an oven under reduced pressure of 10~ mbar. Both
binary and ternary PLA-based systems were prepared in a
DSM twin-screw micro-compounder (15cc) operated at
200°C and 60 rpm for 3 min. Two processing methods were
employed to prepare PLA/P[CL-co-LA]/SiO,ternary systems
upon how these silica nanoparticles were dispersed,
i.e. either directly into the blend (so-called one-step process)
or first into one of the partners before blending (so-called
two-step process) into PLA/P[CL-co-LA]-based systems. In the
one-step process, both P[CL-co-LA] and silica were directly
compounded with PLA, while in the two-step process silica
nanoparticles were mixed first in one of the two partners by
dissolving them in a minimal of chloroform. It was then
followed by a slow evaporation of solvent under stirring and
subsequently blended upon the same procedure as the
one-step process. Standard samples of resulting PLA-based
materials were then prepared by compression molding at
200°C for 10 min.

Characterization techniques

Proton nuclear magnetic resonance ("H NMR) spectra were
recorded in CDClz using a Bruker AMX-500 apparatus at a
frequency of 500 MHz. Size-exclusion chromatography was
performed in THF (containing 2 wt-% NEts) at 35°C using a
Agilent liquid chromatograph equipped with a Agilent
G322A degasser, an isocratic HPLC pump G1310A (flowrate:
TmLmin"), a Agilent autosamplerG1329A (loop volume:
100 uL, solution concentration: 1mgmL™"),a Agilent-DRI
refractive index detector G1362A and three columns: a guard
column PLgel 10 um and two columns PLgel mixed-B5 um.
Molecular weight and molecular weight distribution were
calculated by reference to a relative calibration curve made
of polystyrene standards. Differential scanning calorimetry
was performed using a DSC Q2000 from TA Instruments at
heating and cooling rates of 10°Cmin~ ' under nitrogen flow
(second scan). Notched Izod impact tests were performed
according to ASTM D256 wusing a Ray-Ran 2500
pendulum impact tester (E=4J, mass= 0.668kg and
speed = 0.46ms~ ). Tensile tests were performed according
to ASTM D638 using a Zwick universal tensile testing
machine  (speed = Tmmmin~' and preload = 5N).
Dynamic mechanical thermal analyses (DMTAs) were
performed under ambient atmosphere using a DMTA Q800
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apparatus from TA Instruments in a dual cantilever mode.
The measurements were carried out at a constant frequency
of 1Hz, a temperature range from —100°C to 150°C at a
heating rate of 2°Cmin~". Data acquisition and analysis of
the storage modulus (E ), loss modulus ("), and loss tangent
(tan 3) were recorded automatically. Rheological measure-
ments were performed using a ARES Rheometer from
Rheometrics. Frequency sweep measurements were recor-
ded in linear regime conditions at a temperature of 200°C at
a strain of 1%. Video-controlled mechanical testing was
performed using an electro-mechanical machine Instron
5800 series. This equipment provides access to the true axial
stress—strain curve, as well as to the local evolution of
volume strain during the test. To ensure the localization of
the plastic deformation at the center of the sample, a slight
geometrical defect is machined out in the middle of the
gage length of the dumbbell-shaped specimen (reduction
about of 5% of the specimen width). Seven dot markers,
made of dark ink, are printed on the front flat face of the
sample (see Supplementary Material Fig. 1). Five of these
dots are aligned and equally spaced in the tensile direction,
X3, While the two others are aligned with the central dot
along the transverse direction, x;.The axial true strain in the
analysis zone, €3, is obtained by a polynomial interpolation of
partial strains measured from the displacement of axial
markers using Lagrange Transform and following Hencky's
definition. For uniaxial tensile testing, the transverse strains,
€1 and g,, are equal if the strain field is transversally isotropic
in the center of the neck.*>™* The volume strain, is simply
computed from the trace of the true strain tensor:
gy = €1 + &3 + &3. The volume strain can be positive, zero or
negative. In particular, a volume increase is related to the
occurrence of either crazing or cavitation (as in rubber-
toughened blends), and in the opposite case, the authors
consider that a compaction mechanism is active. Isovolu-
metric deformation mechanism refers to the activation of

100000

10000

=
&
E:
100
10
1
0,01 0.1 | 10 100
Frequency (Hz)
- PLA == PLAP[CL-co-LA]
PLAP[CL-co-LASIO, one-step process  —@—  PLAP[CL-co-LAJSI0, two-step process
—— PLAP[CL-co-LA}/SiO, inverse two-step process
Figure 1 Rheological curves (storage modulus G' in

function of frequency v) of neat PLA (square, purple curve),
PLA-based materials containing 10wt-% P[CL-co-LA]
(cross, dark curve) and corresponding blends containing
5wt-% of silica nanoparticles (TS-530) produced via: one-
step process (triangle, green curve), two-step process in
which SiO, were first added into the P[CL-co-LA] partner
(lozenge, blue curve) and two-step process in which SiO,
were first added into the PLA partner (circle, red curve)
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shear banding mechanisms (see Supplementary Material
Appendix for more details). Room-temperature fractured
surfaces of specimens were sputter-coated with gold and
then examined through scanning electron microscopy (SEM)
to highlight plastic deformation and possible toughening
mechanisms. Accordingly, the room-temperature fracture
was performed with a single column tensile test machine
type Hounsfield H5KT with 5kN cell force at a speed of
Tmmmin~ " while SEM analyses were carried out using a
Hitachi SU8020 (100V-30kV). Transmission electron mi-
croscopy (TEM) was carried out using a Philips CM20
microscope operated at 200kV to investigate the morpho-
logical structure of resulting materials. To record TEM
images, the samples were cryomicrotomed at — 100°C by a
Leica UCT microtome. Analysis software ImageJ was used for
the analysis of TEM images to estimate the particle size and
their distribution within the matrix.

Results

When P[CL-co-LA] copolymer and silica nanoparticles are
used altogether, a simultaneous increase in toughness and
stiffness in ternary PLA-based composites can be achieved in
function of the processing method and the final blend
morphology.*® In this respect, a close relationship between
mechanical performance and microstructure was first
investigated on ternary PLA-based materials containing
10wt-% of P[CL-co-LA] copolymer and 5wt-% of TS-530
(225m? g™, hexamethyldisilazane-modified SiO,) upon how
these silica nanoparticles were dispersed: either directly into
the blend (so-called one-step process) or first into one of the
polymeric partners (within PLA or P[CL-co-LA] partner)
before blending with the second partner (so-called two-step
process). Rheological investigations can be useful to monitor
the formation of peculiar morphologies. Indeed, the rheo-
logical properties of the materials are strongly influenced by
the extent of silica dispersion. It results to a significant
increase of the storage modulus at low frequency when a
physical network of (nano)particles is formed in the poly-
meric matrix (Fig. 1). It can be here observed that the storage
modulus of PLA/P[CL-co-LA] blends containing 5wt-% of
TS-530 is only altered upon the aforementioned two-stage
melt-process in which silica nanoparticles were first added
into PLA. As a result, the two-stage melt-process gave access
to the formation of a filler-network structure compared to
the other methods.

To further explain this network, morphological investi-
gations were carried out by TEM in order to highlight the
blend morphology in function of the processing methods
used (Fig. 2). In contrast to the one-step process and the
two-step process in which SiO, were first added into the
P[CL-co-LA] partner, it can be observed that almost oblong
morphologies are achieved in the two-step process in which
silica nanoparticles are first dispersed into the PLA partner
(see see Fig. 2d). The achievement of such peculiar
structures in which a physical network of silica nanoparticles
is reached upon this selected processing method might
ensure great overall material performances, implying the
self-networking of silica nanoparticles at the PLA/P[CL-co-LA]
interface.
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As a result, toughness of resulting blends is definitely
impacted by the way in which these nanoparticles were
added (Table 1). Both one-step process (entry A) and reverse
two-step process in which silica nanoparticles were first
added into P[CL-co-LA] partner (entry B) show decreased
toughness. In contrast, in the case of the two-stage melt-
process, i.e. by first adding the silica nanoparticles into PLA
matrix (entry C), a significant 10-times improvement of
impact strength (as high as 27.3kJm ™2 with 5wt-% TS-530)
and an increase of the materials elongation at break (closed
to 42%) are recorded.

The effect of the surface treatment and surface area of
silica nanoparticles at different contents was subsequently
investigated on the morphology and properties of the
PLA-based blends containing 10 wt-% of P[CL-co-LA] (Fig. 3).
The aforementioned two-stage melt-process was in this
regard considered, i.e. by adding first silica nanoparticles into
PLA. Accordingly, TS-530 (225 m? g~ ', hexamethyldisilazane-
modified SiO,) and M-5 (200 m?g ™", unmodified SiO,) were
selected as hydrophobic and hydrophilic silica nanoparticles
of similar surface area respectively, while H-5 (300m?g~",
unmodified SiO,) was selected as hydrophilic silica of higher
surface area. From our TEM investigations, the major fraction
of silica nanoparticles is aggregated around the P[CL-co-LA]
dispersed phase as well as at the PLA/P[CL-co-LA] interface
(e.g. Figure 3a and b). This so-implies the alteration of their
final morphology, i.e. the conversion of regularly obtained
spherical inclusions (as observed within PLA/P[CL-co-LA]
binary blend, see Fig. 2a) into almost oblong structures in
the presence of silica nanoparticles (e.g. Figure 3c). Surpris-
ingly, whichever the silica nanoparticles considered, the
as-formed oblong microdomains are interconnected at
higher nanosilica content, leading to the formation of almost
co-continuous morphologies (e.g. Figure 3d). Indeed, the
junction of such peculiar oblong microstructures gradually
appears at increasing nanoparticle content to reach an
optimum at 10wt-% TS-530, 5wt-% M-5 and 3wt-% H-5.
However, it is worth noting that further increasing the
nanoparticle content did not promote a larger extent of
interconnection, but led to the main aggregation of silica
nanoparticles within the blends more likely because of
saturation of the PLA/P[CL-co-LAlinterface.

Rheological measurements supports this statement,
confirming the formation of interconnected structures
(i.e. self-networked structures resulting from the migration of
nanosilica into the PLA/P[CL-co-LA] interface) within
PLA-based materials at these optimum contents of silica
nanoparticles (Fig. 4). The large increase of the storage
modulus in the lower frequency region again asserts the
formation of filler-network structures, as indicated by the
formation of a plateau in the low frequency regime.

As a result, the toughness of PLA-based materials is
enhanced, up to 18 times, in the presence of silica nanoparticles
within the PLA-based blends (Fig. 5) (see Supplementary
Material Table 1 for tensile data). Indeed, synergistic toughen-
ing effects are obtained after the co-addition of P[CL-co-LA]
copolymer and silica nanoparticles into PLA matrix, imparting
enhanced toughness compared to PLA/SIO, (i.e. =3.5kim 2,
5wt-%) and PLA/P[CL-co-LA] (i.e. 11.4kJm ™2, 10 wt-%) binary
blends. For instance, the impact strength increases from
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Figure 2 Transmission electron microscopy (TEM) micrographs (scale of 200nm) of sample sections of PLA-based
materials containing 10 wt-% of P[CL-co-LA] a and corresponding blends containing 5wt-% of silica nanoparticles (TS-530)
depending on the processing methods. Samples produced via: one-step process b, two-step process in which SiO, were first
added into P[CL-co-LA] partner ¢ and two-step process in which SiO, were first added into PLA partner d

Table 1 Influence of the processing method on the mechanical properties of PLA-based materials containing 10 wt-% of
P[CL-co-LA] and 5 wt-% of silica nanoparticles (TS-530)
Entry  Processing methods E?/MPa oy/MPa /% op/MPa  £5/% 1.8.°/kdm ™2
Ref. 1 PLA 1860 = 40 - - 58 +3 4+05 2.7 01
Ref. 2 PLA/P[CL-co-LA] 1680 £50 483 40+ 0.1 10+ 05 21+5 11.4+£0.3
A One-step PLA/P[CL-co-LA]/SiO, 1920 £ 54 52=+14 40=*0.2 11x2 14+ 4 79 0.5
B Two-step Pre-mix P[CL-co-LA]/SiO, + PLA 1920 +48 50 = 1 40+02 10*x02 16=*3 8.0+04
C Two-step Pre-mix PLA/SIO, + P[CL-co-LA] 1850 £53 47 =1 3.6 *=0.1 183+5 42 = 16 27.3 1.2

As determined by tensile tests at a drawing speed of 1 mmmin~' (ASTM D638). Young’s modulus (E), yield stress (oy), yield strain (e,),

fracture stress (o},) and strain at break (gp).

As determined by notched Izod impact tests (ASTM D256). Impact strength (1.S.).

2.7 kJm™2 for the neat PLA up to 47.2kJm ™2 upon the co-ad-
dition of 10 wt-% of P[CL-co-LA] and 5 wt-% of M-5. Interestingly
enough, a maximum on the ultra-toughness implemented by
the peculiar phase-morphologies was even recorded at 10 wt-
% of TS-530 and 3 wt-% of H-5 (see Fig. 5). However, once higher
loading of silica nanoparticles was used, actually higher than
10 wt-% of TS-530, 5 wt-% of M-5 or 3 wt-% of H-5, a drop in the
toughness of resulting PLA-based blends occurs in relation to
the presence of silica nanoparticle aggregates within the
PLA-based blends (see Fig. 5).

As far as the extent of PLA crystallinity could largely
improve impact toughness through a change in the defor-
mation mechanism as crystallization occurs,*® more investi-
gations about thermo-mechanical features are also required
in this work. In this respect and 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, the
DSC results did not show any major change on the thermal
properties for the PLA/P[CL-co-LA] blends in the presence of
silica nanoparticles (not reported here). In other terms,
whichever the nanoparticles used and the silica content, the
crystallinity of the blends remains in the same range of ca.
13-15%, highlighting no real relationship between thermal
and impact properties of resulting blends. Dynamic mech-
anical thermal analysis was then used to explain this state-
ment, measuring the thermodynamic response in flexion
mode as a function of temperature for the neat PLA and
immiscible PLA/P[CL-co-LA] blends upon the relative
silica nanoparticles content (Fig. 6). While neat PLA is
characterized by an apparent alpha transition (T,) of about
61°C, two distinct peaks corresponding to both rubbery
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P[CL-co-LA] copolymer and PLA matrix are visible in the case
of the binary blend at temperatures of —37°C and 59°C,
respectively. Loading silica nanoparticles into these blends
led to a shift of the characteristic T, peak of P[CL-co-LA] to
higher temperatures and the T, peak of PLA toward lower
temperatures (the difference of ATi,s was, respectively,
about 5°C and 7°C at 5wt-% and 10 wt-% TS-530), both in
adequacy with an improved compatibility between the
blend components (see Supplementary Material Fig. 2, for
additional details).

To give access to the plastic response (i.e. elastic and
non-elastic deformations) of resulting PLA-based materials in
the presence or not of silica nanoparticles, a video-controlled
mechanical testing method was used under uniaxial tension in
this work (Figs. 7 and 8). Typical stress—strain curves are then
noticed here, displaying very limited plastic deformation in
neat PLA in contrast to large plasticity with a significant
increase in ductility for the resulting rubber-toughened
PLA-based blends (Fig. 7, top). This brittle-to-ductile transition
is further supported by volume variation data analysis in
which a dual response in terms of non-elastic deformation
behavior was clearly recognized, i.e. the coexistence of
dilatational (mechanisms inducing volume change such as
cavitation, fibrillation and mainly crazing) (Fig. 7, middle) and
non-dilatational (mechanisms inducing shearing without any
volume change such as shear banding) (Fig. 7, bottom)
mechanisms under sub-T, drawing conditions.

In this respect, Fig. 8 reported the different contributions
to the true strain, i.e. elastic strain, dilatational strain and
shear strain within these PLA-based materials. As a result,
the involved toughening mechanisms are mostly dilatational
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Figure 4 Rheological curves (storage modulus G' in
function of frequency v) of PLA-based materials containing
10wt-% P[CL-co-LA] and TS-530 (top), M-5 (middle) or
H-5 (bottom): 1 wt-% (square, purple curve), 3 wt-% (triangle,
green curve), 5wt-% (lozenge, blue curve) and 10wt-%
(circle, red curve) of silica nanoparticles in comparison with
PLA/P[CL-co-LA] binary blend (cross, black curve)

in nature, i.e. the occurrence of crazing and/or cavitation and
fibrillation appeared as the prevailing toughening mechan-
ism for e.g. rubber-toughened PLA/P[CL-co-LA] binary blends
(Fig. 8, top). As far as silica nanoparticles are loaded,
greater energy dissipative micromechanisms are reached,
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Figure 5 Dynamic mechanical thermal analysis (DMTA)
thermograms (loss modulus in function of temperature) of
unfilled PLA (green, solid line), PLA-based materials con-
taining 10 wt-% of P[CL-co-LA] (dark, broken dash line) and
corresponding blends filled with 5wt-% (blue, long dash
line) and 10wt-% (red, short dash line) of silica nano-
particles (TS-530)
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Figure 6 Notched Izod impact strength of PLA-based
materials containing 10wt-% of P[CL-co-LA] copolymer
upon addition of silica nanoparticles: TS-530 (solid line),
M-5 (long dash line) and H-5 (dash line)

i.e. enhanced cavitational modes (Fig. 7, middle) and the
occurrence of shear banding (Fig. 7, bottom). In this respect,
volume variation data analysis on PLA-based blends
containing 5wt-% of nanosilica clearly evidences that the
early stage of plasticity is dominated by the occurrence of
shear banding (Fig. 8, middle). Surprisingly, reaching the
saturation of the PLA/P[CL-co-LA] interface in order to
promote the formation of a filler-network and an inter-
connected structure obviously favored cavitational behavior
at an early stage, which became more prominent than shear
banding mechanism (Fig. 8, bottom).

High deformations and plasticity are furthermore evi-
denced on room-temperature fractured surfaces of these
PLA-based materials (Fig. 9). As attested by SEM, macro-
scopic localized zones of micro-voids and micro-fibrils are
found after addition of a rubbery P[CL-co-LA] impact modi-
fier within the PLA matrix (Fig. 9, top). Surprisingly, the
emergence of greater energy dissipative micromechanisms
are further highlighted by loading silica nanoparticles within
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Figure 7 Typical stress-strain curves (top) and respective
contributions of dilatational strain (middle) and shear strain
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materials containing 10 wt-% of P[CL-co-LA] (dark, broken
dash line) and corresponding blends filled with 5wt-%
(blue, long dash line) and 10 wt-% (red, short dash line) of
silica nanoparticles (TS-530)

these PLA/P[CL-co-LAl-based blends (Fig. 9, bottom). Indeed,
SEM investigations reveal large-scale deformation and
interpenetrating micro-fibrils within PLA/P[CL-co-LA]/SiO,
ternary blends.

Discussions

For polymer systems, both thermodynamic (e.g. interfacial
tension) and kinetic factors (e.g. shear stress and processing
conditions) govern the final phase structure. This can
explain how loading silica nanoparticles into the immiscible
PLA/P[CL-co-LA] impact modifier blends may affect the mor-
phological characteristic features. Indeed, thermodynamic
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Figure 8 Contributions of elastic strain (g, green, solid
line), dilatational strain (g..y, red, short dash line) and shear
strain (ssh, blue, long dash line) as a function of true strain
in PLA-based materials containing 10 wt-% of P[CL-co-LA]
(top) and corresponding blends filled with 5wt-% (middle)
and 10wt-% (bottom) of silica nanoparticles (TS-530) as
determined by video-controlled mechanical tests

factors are in favor of an embedded structure reducing the
interfacial tension, while kinetic factors lead to a two-phase
system independently of shear forces and viscosity of each
polymeric partner. In this work, the kinetic contribution could
be a prevailing parameter to explain why the silica nano-
particles can lead to these peculiar morphologies (i.e. oblong
and even co-continuous structures), and therefore affect the
overall performances of resulting nanocomposites. For
instance, the reverse two-process strategy (where silica
nanoparticles were first dispersed into the P[CL-co-LA] copo-
lymer or the one-process strategy, rheological measurements
indicate the absence of filler-network structure when 5 wt-%
of TS-530 was used. In contrast and in the case of the
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PLA/P[CL-co-LA]

PLA/P[CL-co-LA)SiO,

Figure 9 Scanning electron microscopy (SEM) micrographs (scale of 10 um on left and zoom to 5pum on right) of notched
surfaces of PLA-based materials containing 10 wt-% of P[CL-co-LA] (top) and corresponding blend filled with 5wt-% of silica

nanoparticles (TS-530) (bottom)

two-process strategy in which silica nanoparticles were first
dispersed into the PLA partner, the formation of filler-network
structures (as previously evidenced by rheology, Figs. 1 and 4)
can be noticed and be explained by the fact that the silica
nanoparticles were mainly located in the PLA phase and could
readily migrate toward the interface of the blends on pro-
cessing. As a result, oblong structures are here obtained as
evidenced by TEM measurements (Figs. 2 and 3). Similar trend
was already reported by Yang et al'® highlighting the
dependence of the phase morphology and the formation of
the filler-network structure upon interfacial interactions in
relation to the migration of silica to the interface. However, it
could not be excluded that these silica nanoparticles can
affect the overall viscosity of these blends and therefore can
control the migration extent of silica nanoparticles within
these blends as an additional feature.

From a thermodynamic viewpoint, wetting coefficient and
interfacial tension are among the main parameters that can
also affect the preferential affinity between the particles and
polymeric phases. Such a behavior has been reported after
addition of nanoparticles into immiscible polymer blends as
an effective method to compatibilize the resulting
blend, owing to their migration and localization at the
blend interface used in these works.””™' However, Lipatov
et al.3?7% highlighted that the effect of filler introduction is
mostly based on the thermodynamics of interaction near the
surface. In this work, the silica nanoparticles do not have any
specific affinity with respect to both polymeric partners, and
tend to readily migrate at the PLA/P[CL-co-LA] interface
where the interfacial adhesion is the lowest. If considered,
the selective location of nanoparticles could be merely
affected upon the hydrophilic-hydrophobic balance
(and then the nanoparticles surface treatment). As a result,
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different optimum contents for these silica nanoparticles are
reached upon their ability to self-agglomerate them at the
interface upon their non-affinity towards both polymeric
partners (PLA and P[CL-co-LA]). Accordingly, these different
types of silica nanoparticles can be classified as follows:
TS-530 < M-5 < H-5. A possible explanation to support this
classification may arise from the preferential wetting
between silica nanoparticles and P[CL-co-LA] phase upon
both surface treatment and size of silica nanoparticles,
resulting in the migration of the major fraction of silica
nanoparticles at the PLA/P[CL-co-LA] interface. For instance,
related to the facilitated motion of these silica nanoparticles
to migrate to the interface as a function of their particle size,
hydrophilic (without any surface treatment) silica nano-
particles of smaller particle size (higher surface area) can
easily migrate from PLA matrix phase to the P[CL-co-LA]
dispersed phase and their interface. In other terms, the
lowest optimum content is achieved when hydrophilic silica
nanoparticles (H-5) are used by decreasing their interfacial
adhesion more significantly than others.

The morphological characteristic features, a key-parameter
of this study, may explain how the nanoparticles in function
of their surface treatment and surface area can strongly
control ultra-toughness of these blends (Fig. 5 as a reminder).
It is well known that the overall shape, average dimensions
and related size distribution of the dispersed rubbery phase
must be properly controlled to reach the compositions with
optimal mechanical properties. From this work, the highest
alteration in the blend morphology is guided by the extent of
migration of silica nanoparticles into the PLA/P[CL-co-LA]
interface. Zhang et al*’ reported similar trends within
immiscible polypropylene/polystyrene blends, showing a
drastic reduction of polystyrene phase-size and a very
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homogeneous size distribution through the addition of silica
nanoparticles. This owes to the role of silica nanoparticles
acting as interfacial compatibilizer and allowing enhanced
compatibility degree and lower interfacial tension between
both immiscible partners (as previously evidenced by DMTA,
Fig. 6).This therefore induces the self-networking of silica
nanoparticles at the interface and leads to the formation of
these peculiar structures (see Fig. 3). As a result, the as-
modified interfacial adhesion between polymeric partners
upon the addition of silica nanoparticles led to a marked
improvement of fracture-resistance for the resulting blends
through these peculiar energy dissipative structures. At this
stage, it can be claimed out that the resulting ‘infinite'
network made of elongated rubbery domains affords a more
efficient toughening scheme, as compared to the individually
dispersed spherical microdomains.

Regarding the mechanism involved, the addition of silica
nanoparticles to the immiscible PLA/P[CL-co-LA] blend
influences the coalescence and breakup of the rubbery
droplets and causes the shape and average size of the
dispersed microdomains depending on the location of
nanosilica (Scheme 1). For uncompatibilized blends such as
PLA/P[CL-co-LA] blends, the morphology evolution is
derived from the formation of large droplets of the
dispersed rubbery P[CL-co-LA] phase within the PLA matrix
in the molten state and the deformation of P[CL-co-LA]
droplets under the shear force. During processing, the
breakup of the dispersed/deformed P[CL-co-LA] phase into
smaller microdomains is followed by a coalescent process.
However, the system tends to minimize its total free
energy and loading silica nanoparticles within this

shear

Without compatibilizer

With silica nanoparticles as a compatibilizer

coalescence

»20UD0S3[R0D

migration
of Si0,
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PLA/P[CL-co-LA] blend results in the migration of nanosi-
lica into the phase for which they exhibit the stronger
affinity and the lower interfacial tension, i.e. mainly at the
PLA/P[CL-co-LA] interface. The nanoparticle selective
location at the PLA/P[CL-co-LA] interface stabilizes the
polymer phase morphology by decreasing the interfacial
interaction, while the nanosilica migration and their self-
networking among the P[CL-co-LA] domains take part in
the interconnected or even co-continuous organizations.
As reported, loading silica nanoparticles into PLA/P[CL-co-
LA] blends leads to the increase in viscosity of the resulting
compositions, retarding the coalescence of P[CL-co-LA]
droplets and therefore affecting the overall shape and
average size of dispersed microdomains (as proposed in
Scheme 1). Similar results were reported by e.g. Ahn and
Paul,*® showing that the addition of clay into rubber-
toughened Nylon-6 affected the dispersion of the rubber
phase resulting in larger and elongated rubber micro-
domains. Co-continuous structures were even reported by
several authors as a result of enhanced compatibility upon
the addition of nanoadditives within immiscible polymer
blends.**>" Accordingly, thermodynamic and kinetic
driving forces are involved by enhancing the compatibility
of PLA/P[CL-co-LA] blends depending on the specific
localization of silica nanoparticles at their interface and by
playing on the breakup/coalescence equilibrium, respect-
ively. Importantly, such peculiar morphologies and the
as-induced high toughness were fully preserved after
reshaping/remolding the blends, giving similar values of
the impact strength and confirming the stability of the
observed structures.

Breakup

v

coalescence

migration
of Si0,

A

to interface

Representation of the morphology evolution in immiscible PLA/P[CL-co-LA] blends compatibilized by silica
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From the literature, rubber-toughening of polymers is
extensively described based on toughening and fracture
mechanisms, as called crazing, shear yielding, cavitation or
debonding.>7¢ In this respect, Stoclet et al.>” characterized the
complex plastic deformation behavior exhibited by PLA, con-
sidering both the elementary mechanisms and the drawing
kinetics. As expected, the crazing mechanism is responsible for
the brittle character of PLA. In contrast, rubber-modified PLA
can undergo one or a combination of the most dissipative
toughening mechanisms. This owes to the classical role of the
dispersed rubbery phase acting as local stress concentrators at
many sites throughout the material and initiating greater
energy dissipative micromechanisms. Indeed, starting from its
optimum microdomain average size around 0.9 um, it might
result that internal cavitation of rubber droplets (needing dro-
plets of size higher than 200 nm) is easily achieved within the
rubber-toughened PLA/P[CL-co-LA] binary blend.*®*® This
releases the hydrostatic strain energy and involves, to some
extent, the dissipation of energy and emergence of other
energy absorbing mechanisms for the main matrix, e.g. craze
initiation (at such relatively high microdomain size, higher than
0.5 um). The emergence of such energy dissipative micro-
mechanisms initiated by the rubbery microdomains is further
highlighted in Fig. 7. As aforementioned, the occurrence of
crazing (and/or cavitation and fibrillation) might be considered
as the prevailing toughening mechanism within these PLA-
based materials. The contribution of the latter increases upon
the morphological change (from droplets to ribbons and finally
to interconnected and even co-continuous structures) as
induced by the presence of nanosilica at the PLA/P[CL-co-LA]
interface. This suggests us that craze initiation occurs at a low
stress level from these peculiar morphologies. The high volume
of cavitated matter and the capacity of the continuous rubber
phase to stabilize the damaged microstructure allow achieving
high energy dissipation. In this respect, the authors may pos-
tulate that the high capacity for energy dissipation is related to
the interconnection of such peculiar microstructures, which
promotes extensive plasticity in thinner matrix ligaments,

as compared to the previous binary blends. As a result, the
contribution of dilatational toughening mechanisms increases
with nanosilica content, enhancing the improved energy dis-
sipation on impact stress conditions as another consequence
(Fig. 7, middle). Besides craze growth, shear band nucleation
further appears at an early stage in the presence of nanosilica,
strengthening the ability of these materials to dissipate more
energy before fracture (Fig. 7, bottom). It may be
considered that the localization of silica nanoparticles at the
PLA/P[CL-co-LA] interface strengthens the adhesion between
polymer components, promoting interfacial cavitation under
stress and releasing the triaxial state of stress. This therefore
promotes shear band nucleation. Moreover, cavitational
behavior became effective upon increasing deformation.
Accordingly, this phenomenon favors the capacity of shear
bands to stabilize craze growth, leading to improved energy
dissipation before rupture. Even if the occurrence of shear
banding is less pronounced than their cavitational counterpart,
the combination of such energy dissipative micromechanisms
leads to highly localized plastic deformation, endowing
ultra-toughness of resulting materials. Scanning electron
microscopy analysis along the draw axis on deformed samples
confirms the presence of these specific deformations
(Scheme 2). In the case of PLA/P[CL-co-LA] blends, macroscopic
localized zones of micro-voids and micro-fibrils are observed
after addition of a rubbery P[CL-co-LA] impact modifier within
the PLA matrix and are related to crazing process on defor-
mation. Further loading nanosilica within this PLA/P[CL-co-LA]-
based blends imparted great ductility and impact strength
to the materials, highlighting the uneven morphology
change (from large droplets to small and long ribbons)
and the formation of ‘infinite' self-networked (and even
co-continuous) structures mediated by silica nanoparticles as a
more effective way to toughen glassy materials. These features
therefore support the statement that higher stress levels are
required from these peculiar structures to generate cavitation
and crazes in these materials, involving a combination of shear
yielding and multiple crazing mechanisms.
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Scheme 2 Representation of brittle-to-ductile transition of immiscible PLA/P[CL-co-LA] blends after addition of silica

nanoparticles
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Conclusions

The compatibility of PLA/P[CL-co-LA] blends can be
dramatically improved by the addition of silica nanoparticles,
leading to the formation of self-networked (and even co-con-
tinuous) structures originated from rubbery impact modifier
within the matrix. It was found that silica nanoparticles were
mostly located at the PLA/P[CL-co-LA] interface, strengthening
the interface of these peculiar morphologies. Using appropriate
processing method and adjusting the affinity of silica nano-
particles through surface treatment, surface area and silica
content, the conversion of rubbery spherical cavities into
e.g. oblong structures in the presence of silica nanoparticles
can be successfully reached, promoting, to some extent, filler-
networks at 10 wt-% of TS-530, 5 wt-% of M-5 and 3 wt-% of H-5.
The compatibilization mechanism of silica nanoparticles in PLA/
P[CL-co-LA] blends and the progression to the uneven mor-
phology change were proposed based on the coalescence and
coarsening process. As reported, loading silica nanoparticles
within PLA/P[CL-co-LA] blends leads to the increase in viscosity
of resulting blends, impeding the coalescence of P[CL-co-LA]
droplets while the migration and the nanosilica self-networking
among the P[CL-co-LA] domains take partin the interconnected
or even co-continuous organizations. Surprisingly, the co-ad-
dition of a P[CL-co-LA] rubbery impact modifier and silica
nanoparticles in PLA through a two-step process increased
significantly the material toughness as attested by the 18-fold
increase recorded in impact strength with optimum stiffness/
toughness balance. Accordingly, the resulting “infinite' network
made of elongated rubbery domains mediated by the presence
of silica nanoparticles affords a more efficient toughening
strategy as compared to the individually dispersed spherical
inclusions, which are often encountered in immiscible polymer
blends. From these peculiar structures, it might result that a
combination of shear yielding and multiple cavitational
mechanisms provided large-scale deformation and high
energy dissipation, determining the final mechanical perform-
ances of the as-produced PLA-based materials.
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