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The micromechanical deformation mechanisms of a polylactic acid (PLA)/natural rubber (NR) blend

(PLA/NR 90/10 wt%) and its organoclay filled bionanocomposites have been investigated by small and

wide angle X-ray scattering (SAXS–WAXS) under tensile conditions. The addition of NR to a PLA

matrix changed the brittle fracture of PLA to a ductile deformation through the debonding of the

rubber droplets. Otherwise, the formation of cavities between PLA and NR was hampered by the

nanoclays since they were mainly located at the polymer blend interface. In this case, the nanoclays

acted as craze nucleation sites. At 1 wt% of filler concentration, the crazes were able to fully develop in

the blend and to evolve into stable microvoids, which kept growing and orienting in the tensile

direction. These mechanisms also explained the progressive plastic deformation of the polymer chains

and the preferential orientation of the nanoclay platelets.
Introduction

Polylactic acid (PLA) is a linear aliphatic polyester that has

found plenty of applications in a broad range of medical

procedures, including drug delivery systems and tissue engi-

neering, among others.1–3 However, polylactic acid presents a

high brittleness and mechanical weakness, with a very low

elongation at break and low impact resistance. Being both

biodegradable and biocompatible, the improvement of the

mechanical properties of polylactic acid by using different

procedures, including blending with other natural or biode-

gradable polymers or mixing with nanoadditives, appears to be

of great intrinsic interest.4–6

Blending two polymers is a practical way to develop new

polymeric materials that effectively combine the properties of the

components.7,8 As an example, rubber matrices have commonly

been used as a second polymeric phase to improve the toughness

of brittle thermoplastic materials, receiving much attention from

both academic and industrial areas. The properties of these

blends strongly depend on the microscopic morphology which in

turn determines the micromechanical deformation mechanisms,

such as internal rubber cavitation, rubber droplet/matrix

debonding, shear yielding or crazing, the latter being defined as

microvoids bridged by small fibrils.9–11
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Recently, it has been demonstrated that the nanoparticles

behave as effective compatibilisers for immiscible polymers

through their preferential location at the polymer interfaces,

reducing the interfacial tension and preventing the coalescence of

the dispersed phase.12–16 Moreover, Vo and Giannelis demon-

strated that such ternary blends can be stiffer, stronger and also

tougher than the binary blends suggesting a change in their

deformation mechanisms.13 Dasari et al. proposed an analysis of

the micro- and nanoscale deformation behaviour for nylon

66/SEBS-g-MA/organoclay ternary nanocomposites using

microscopy analysis of the fracture surface.17 However, micros-

copy analysis only provides snapshot information of the defor-

mation mechanism with no real time monitoring and requires an

extensive and laborious sample preparation after breaking.

Deformation mechanisms can be investigated ‘‘in situ’’ by

combining scattering techniques using synchrotron light with

stress–strain experiments in a simultaneous fashion.18,19 This

approach has already been used to study polymer blends and

polymer nanocomposites since it enables linking the macroscopic

deformation to the structural changes at both microscopic and

mesoscopic levels.19–21 However, to the best of our knowledge, no

reports regarding nanoparticle filled polymer blends are found in

the literature.

In our previous study, we demonstrated the production of

ductile PLA through the addition of natural rubber (NR).22

Further improvements of these PLA/NR blends were obtained

by developing new bionanocomposites. Bionanocomposites can

be considered as a subset of polymer nanocomposites where the

nanofillers, the matrix, or both, come from bio-based, renewable

resources. In our case, a small amount of organoclays was added

to a bio-based polymer blend, allowing a further increase of the
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 Example of scattered intensity for an oriented sample (PLA/NR/

C15A 3 wt% at 50% strain) (a)WAXS 2D pattern: orientation of polymer

chains, (b) orientation of nanoclays and (c) SAXS 2D pattern: microvoid

formation and orientation.
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elongation at break. This effect was attributed to the preferential

location of the organoclays at the PLA/NR interface.23 In this

work, we seek to provide a better understanding of the micro-

mechanical deformationmechanism of bionanocomposites based

onorganoclay filledPLA/NRblends during uniaxial stretching by

using simultaneous synchrotron small angle and wide angle

scattering (SAXS, WAXS) techniques. By performing such an

analysis we aim to obtain information at different length scales

relevant to the deformationmechanism.On one hand,WAXS can

beused toprovide information about length scales associatedwith

inter-chain correlations of the polymermatrix. On the other hand,

SAXS can provide structural information about microvoid

formation, crazing, shear yielding or debonding phenomena.

Moreover, additional information about the organoclay orien-

tation can be obtained from the intermediate angle range of the

scattering and from there a precise picture about the evolution

with deformation of the PLA/NR interface can be inferred. The

simultaneous combination of this battery of techniques with

the stress–strain experiment allows us to precisely describe the

deformation mechanism in this class of bionanocomposites.

Experimental part

Materials and sample preparation

PLA was provided by NatureWorks�. The selected grade, PLA

2002D (D-content 4.25%,MI¼ 5–7 g/10min), is a semicrystalline

extrusion material with a residual monomer content of 0.3%.

Natural Rubber (NR) was kindly supplied by Malaysian

Rubber under the trade nameCV60 (Mooney viscosityML(1 + 4)

100 �C ¼ 60). An organoclay (Cloisite 15A, a montmorrillonite

modified with alkyl ammonium with a basal spacing of 3.15 nm)

purchased from Southern Clays Products was used as filler. PLA

and C15A were dried overnight in a desiccating dryer at 80 �C
prior to use. The nanocomposites were prepared bymelt blending

in a Haake Minilab twin screw extruder following the optimal

processing conditions previously studied.23 Subsequently, the

materialswere compression-moulded into 0.4mmthick sheets in a

Collin P200P press formechanical testing, resulting in amorphous

samples. The NR concentration in the blend was fixed at 10 wt%,

and the organoclay loadings were 1 and 3 wt%.

Structural characterisation

The morphology of the samples was observed using a Philips

XL30 environmental scanning electron microscope (ESEM) at

15 kV. All the samples were cryo-fractured after immersion in

liquid nitrogen and the fracture surface was sputter coated with

gold/palladium (Au/Pd 80/20) in order to prevent electrical

discharge during observation. The study of the dispersion of the

nanoclays was carried out using transmission electron micros-

copy (TEM) (Philips Tecnai 20 microscope at an acceleration

voltage of 200 kV). Ultra-thin sections of the samples were

prepared by cryo-ultramicrotomy at �140 �C (Leica EM UC6).

Time resolved wide-angle X-ray scattering (WAXS) and small-

angle X-ray scattering (SAXS) using synchrotron light

Time-resolved WAXS and SAXS were performed at the Spanish

beamline BM16-CRG of the European Synchrotron Facility
This journal is ª The Royal Society of Chemistry 2012
(ESRF) in Grenoble, France.24 The X-ray wavelength was l ¼
0.9795 �A. Data were collected using a MarCCD165 detector in

1024 � 1024 pixels resolution mode (effective pixel size of 158.7

mm) at a sample to detector distance of 309.5 mm and 1397.4 mm

for WAXS and SAXS, respectively. The experimental data were

corrected for the X-ray absorption and background scattering. It

should also be noted that the intensity was normalised by the

sample thickness, t, at each step calculated from the Beer–

Lambert law I ¼ I0exp(�mt). The absorption coefficient m was

determined for the undeformed samples and assumed to be

constant during stretching.25

Mechanical properties

In situ WAXS and SAXS measurements were recorded simul-

taneously during longitudinal deformation of the samples by

means of a Linkam tensile stage (Linkam Scientific Instruments

Ltd.) at a speed of 5 mm min�1.

Data analysis

2DWAXS and SAXS patterns were analysed following different

approaches in order to obtain as much structural information as

possible about the stretching mechanism at the molecular level.

From the 2D WAXS pattern (Fig. 1a) information about the

orientation of polymer chains can be extracted. By enlarging the

pattern at middle angles (Fig. 1b), the characteristic diffraction

maximum of the nanoclay is clearly visible, confirming the

intercalated structure of the nanocomposites (located at q ¼ 1.68

nm�1, i.e. d ¼ 3.74 nm), and the orientation of the nanoclay can

be estimated. Further enlargement of the angular range provides

access to smaller angles (Fig. 1c) where information about

microvoids can be obtained.

SAXS analysis

Microvoid formation and orientation. 2D SAXS images (for

exampleFig. 1c)were integrated toobtain the scattering intensity (I)

as a functionof the scattering vector q, (q¼ 4p/lsinq, where 2q is the

scattering angle).Moreover,we focusedona q-range from0.1 to1.2

nm�1 in order to study the microvoid formation and orientation.

Thus, we calculated the total integrated intensity Itot defined by:

Itot ¼
ð1:2

0:1

IðqÞ d q (1)

In order to estimate orientation fractions, 2D SAXS images

were also divided in four quadrants, as pictured in Fig. 2a.26,27
Soft Matter, 2012, 8, 8990–8997 | 8991
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The meridional and equatorial scattered intensities were calcu-

lated as two total integrated intensities Imer and Ieq over a q-range

from 0.1 to 1.2 nm�1 and over azimuthal angles (4) from�45� to
45� and 135� to 225� and from 45� to 135� and 225� to 315�,
respectively. According to Fig. 2a, Imer ¼ I1 + I3 and Ieq ¼ I2 + I4
and the oriented fraction is defined as Ior ¼ Ieq/(Ieq + Imer).

Nanoclay orientation. Herman’s orientation function can be

used to estimate the degree of orientation of crystalline lamellae,

or even polymer chains, from the resulting anisotropic response

of scattering or spectroscopic tools.27,28 In our case, we used it to

study the orientation of the nanoclays through the deformation

induced anisotropy of the scattering associated with the average

interlayer space of the nanoclays. The q-range for integration

was taken from q ¼ 1.4 nm�1 to q ¼ 2.0 nm�1. Herman’s

orientation function f2 is defined as:

f2 ¼ 3hcos2 4i � 1

2
(2)

where

�
cos2 4

� ¼
P90�
4i¼0

Ii sin 4i cos2 4i

P90�
4i¼0

Ii sin 4i

(3)

with Ii the scattered intensity at the ith azimuthal angle 4i (see

Fig. 2b). The initial and final angles in our case were chosen as

90� and 180� to avoid the shadow of the beam stop. In this case,

f2 is equal to 1 and �0.5 when the scattered intensity is concen-

trated along the meridian and the equator, respectively. The

value of 0 is obtained for isotropic patterns.

WAXS analysis

Polymer chain orientation. Herman’s orientation function was

used in a similar way to determine the orientation of the disor-

dered polymer chains during stretching through the amorphous

halo observed in the 2D WAXS patterns (Fig. 1a). The q-range

for integration was taken from q ¼ 7.8 nm�1 to 14.2 nm�1.
Results and discussion

Morphology of the materials

Fig. 3 shows the SEM and TEM images of the blend and its

nanocomposite at 3 wt% loading fraction of nanoparticles. The
Fig. 2 (a) Example of SAXS analysis of 2D patterns (PLA/NR/C15A 3

wt% at 100% strain). (b) Integrated intensity as a function of the

azimuthal angle 4 in order to calculate Herman’s orientation function.

8992 | Soft Matter, 2012, 8, 8990–8997
PLA/NR blend presents phase separated morphology where the

rubber particles form small dispersed droplets in the PLAmatrix,

with a low interfacial adhesion between the two polymers. The

addition of the organoclay C15A to the blend decreases the

rubber droplet size and leads to a more homogeneous

morphology. As mentioned above, the organoclay is mainly

located at the interface acting as an effective compatibiliser for

the immiscible polymer blend.23
Microstructure deformation mechanism as revealed by

simultaneous WAXS, SAXS and stress–strain experiments

The tensile behaviour of the materials is shown in Fig. 4 and 5a.

PLA is a rigid and brittle polymer with a very low elongation at

break. The addition of NR in the PLA matrix changes the brittle

fracture of PLA to a ductile one with the formation and prop-

agation of a neck while stretching. The stress reaches the

maximum value at the yield point (strain 5%) and then rapidly

decreases, followed by a stable propagation up to fracture,

reaching 200% elongation. Interestingly, a further increase of the

elongation at break of up to 270% is obtained with the addition

of 1 wt% of C15A. However, this value drops to 120% when

increasing the nanoclay concentration to 3 wt%. We also observe

that the addition of the nanoclays results in the disappearance of

the neck and in the homogeneous deformation of the sample (see

Fig. 4).23 These observed changes lead us to analyse the micro-

structure deformation mechanisms of PLA/NR/organoclay

nanocomposites during uniaxial stretching by in situ synchrotron

WAXS/SAXS techniques.

Simultaneous SAXS and WAXS patterns are presented in

Fig. 5b and c.

SAXS patterns of stretched PLA are shown in Fig. 5b (first

row). Fig. 6a shows the 1D-SAXS intensity of PLA at different

elongations in the equatorial direction. PLA is a brittle material

with a failure resulting from the formation of crazes, which are

defined as microcracks bridged by small fibrils.29 Crazing is a

commonly observed process of polymer deformation and is both

a cause of failure and a mechanism of energy absorption,
Fig. 3 Morphology of (a) PLA/NR blend, (b) PLA/NR/C15A 3 wt%

nanocomposite, and (c) location of C15A in PLA/NR/C15A 3 wt%

by TEM.

This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2sm25729g


Fig. 4 Samples stretched at different elongations (a) PLA, (b) PLA/NR,

(c) PLA/NR/C15A 1 wt%, (d) PLA/NR/C15A 3 wt%.

Fig. 5 (a) Mechanical properties of the PLA/NR blend and nano-

composites. The pictures present in situ simultaneous SAXS patterns (b)

andWAXS patterns (c) at selected elongation values. The arrows indicate

the stretching direction.

This journal is ª The Royal Society of Chemistry 2012
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depending on the craze formation and concentration. The

generation of a high density of crazes can result in a tough system

while few crazes can also develop into cracks, a precursor of

failure. SAXS is an efficient technique to identify crazes because

of their cross-like SAXS signature, resulting from the scattering

of the craze fibrils in the equatorial direction and of the crack

planes in the meridional direction.30

The maximum observed at q¼ 0.26 nm�1 for 10% strain in the

scattered equatorial intensity suggests the development of crazes

during stretching (Fig. 6a). In fact, it corresponds to the average

correlation length between consecutive fibrils formed across the

plane of craze.31

As previously shown, the addition of NR to the PLA matrix

results in a large increase of the elongation at break. SAXS

patterns of stretched PLA/NR blend are shown in Fig. 5b

(second row). Prior to deformation, the PLA/NR blend presents

a slight isotropic scattered intensity. At the yield point, the blend

exhibits a sharp meridional intensity and equatorial strike close

to the beam stop, which could indicate both the formation of

crazes in the PLA matrix prior to the yield point and the

appearance of the first microvoids at the interface between the

PLA and NR phases due to a debonding process as previously

proposed.22 As stretching progresses (up to 20% strain), the

SAXS intensity increases in the equatorial direction (Fig. 6b),

while no increase of signal is observed in the meridional one

(Fig. 5b second row). This effect suggests that the formed

microvoids are oriented parallel to the direction of the applied

stress. This corresponds, at the macroscopic scale, to the whit-

ening of the blend as a consequence of microvoid formation and

also to the formation of a neck due to the microscopic
Fig. 6 1D-SAXS intensity (linear scale) integrated in the equatorial

region of (a) PLA and (b) PLA/NR blend.

Soft Matter, 2012, 8, 8990–8997 | 8993
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Fig. 7 1D-SAXS intensity (linear scale) integrated in the equatorial

region for (a) PLA/NR/C15A 1 wt% and (b) PLA/NR/C15A 3 wt%.

Fig. 8 Oriented fraction of microvoids of the PLA/NR blend and

nanocomposites.
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localisation of the stress at the yield point. When the specimens

are further stretched, no significant changes in the SAXS patterns

are observed due to the propagation of the neck through the

sample. Neither a peak nor a shoulder are observed in the

1D-scattered intensity in the equatorial direction (Fig. 6b).

However, we observe a decrease of the intensity at low q-values in

the equatorial direction.

The absence of an equatorial intensity maximum for PLA/NR

blend (Fig. 6b) in comparison with its presence for PLA (Fig. 6a)

is a clear indication of changes in the mechanisms of deforma-

tion. Previous scattering studies on poly(styrene)/elastomer

blends by Magalhaes and Borggreve reported a similar effect

which was attributed to non-crazing processes and to the

formation of irregular cavities.31 Consequently, in our case we

can infer that crazing is not the main deformation process for the

PLA/NR blend in contrast to PLA. Cavitation and debonding

are the two other traditionally proposed deformation mecha-

nisms for thermoplastic/elastomer blends, depending on the

phase morphology and adhesion.10 Since we showed in a

previous study that adhesion between PLA and NR is poor, then

debonding should prevail as the main deformation mechanism

here.22

If we now focus on the SAXS patterns for the nanocomposites

(Fig. 5b, third and fourth row), some important changes can be

observed in comparison to the PLA/NR blend. First of all, we

observe an orientation of the scattering intensity in the meridi-

onal direction at low elongations, which means that the micro-

voids are oriented perpendicular to the direction of the applied

stress. After 10% strain, a cross-like pattern appears. Subse-

quently for higher strain, the equatorial intensity becomes even

stronger and the signal in the meridional direction decreases. The

1D-SAXS equatorial intensity for the PLA/NR/C15A for 1 wt%

and 3 wt% of nanoclay are shown in Fig. 7a and b. For 1 wt% of

nanoclays, a shoulder appears at low angles for strains higher

than 20% which evolves to a maximum for strains between 50%

and 100%. This maximum then tends to disappear progressively

for strains higher than 100% until sample failure. Similar

observations are made for 3 wt% fraction loading of nanoclays.

The appearance of this maximum could result from the scat-

tering of the craze fibrils and indicates that the addition of the

nanoclays tends to suppress the debonding process of rubber

droplets in favour of craze formation. Moreover, additional

experiments demonstrated that craze formation is inhibited in

favour of cavitation in the PLA/C15A nanocomposite during

stretching (data not shown), indicating that the reason for

crazing mechanisms in PLA/NR/C15A bionanocomposites is the

combined effect of NR and C15A. Thus, our results suggest that

the nanoclay located at the PLA–NR interface (Fig. 3) acts as a

compatibilising agent hindering the formation of voids between

the two phases. The further disappearance of the maximum for

strains higher than 100% in the case with 1 wt% of clay loading

could correspond to the transformation of the crazes into larger

voids.

Fig. 8 represents the evolution of the oriented fraction of

microvoids of the PLA/NR blend and nanocomposites as a

function of the applied strain. As observed for the PLA/NR

blend, a rapid initial orientation of the voids takes place until a

strain of about 30% is reached. Subsequent strain has no further

effect. In contrast, for PLA/NR/C15A nanocomposites, the
8994 | Soft Matter, 2012, 8, 8990–8997
oriented fraction of voids progressively increases with strain until

break. No effect is observed on C15A concentration. These

results are in agreement with the macroscopic observation of a

more homogenous deformation of nanocomposites than that of

the blend (see Fig. 4).

Fig. 9 shows the evolution of the total integrated intensity

(integrated from q¼ 0.1 to 1.2 nm�1) as a function of elongation.

In a first approach, we can attribute the increase of the intensity

to the void formation since the scattered intensity is determined

by the differences of electron density. In fact, X-ray scattering
This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2sm25729g


Fig. 9 Variation of total integrated intensity over q ¼ 0.1 to 1.2 nm�1.

Fig. 10 (a) X-ray scattering patterns at intermediate angles for selected

elongations and (b) Herman’s orientation function variation with the

elongation for PLA/NR/C15A nanocomposites. The arrows indicate the

stretching direction.
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intensity is proportional to the square of the electron density

contrast. If we consider that the void electron density is about

two orders of magnitude lower than those of the polymers, then

the observed increase of the total integrated intensity can be

assigned to an increase of microvoid concentration.32 In the case

of the PLA/NR blend, the integrated intensity increases up to

20% and then decreases, reaching a stable plateau value corre-

sponding to the propagation of the neck. Since the intensity is

normalised by the sample thickness, the reduction of sample

volume could not be the explanation for this decrease of inten-

sity. Therefore, we propose that the voids reach a size as large as

to be beyond the resolution. The total integrated intensity of the

nanocomposites is significantly higher than that of the PLA/NR

blend. Moreover, a slight increase is observed with the concen-

tration of nanoclays. A maximum is reached at 100% strain for 1

wt% clay loading, meanwhile the sample breaks before showing

any maximum for 3 wt% loading.

From the scattering analysis of PLA/NR blend, we can

conclude that the formation (Fig. 9) and orientation of

microvoids (Fig. 8) occur at the first stage of sample defor-

mation up to about 30% strain. Thus, we can infer that at this

initial stage of deformation, the stress is concentrated around

the NR droplets and that debonding gives rise to the formation

of the first microvoids. This corresponds at a macroscopic scale

to the formation of the neck. As deformation increases, the

voids stabilise, allowing the propagation of the neck along the

sample.

Furthermore, the strong increase of total integrated intensity

of the nanocomposites when compared to that of the PLA/NR

blend (Fig. 9) clearly demonstrates that the nanoclay platelets

could act as preferential sites to induce craze formation. For 1 wt

% of C15A, the concentration and density of crazes increase and

become stable until 100% strain. Beyond this point, the intensity

decreases probably due to the progressive rupture of polymer

fibrils of the crazes and to their disappearance to form larger

voids or ‘‘cracks’’ which keep growing and orienting in the

tensile direction. For 3 wt% of clays, the progressive trans-

formation of crazes to cracks results in the mechanical failure of

the sample, explaining the reduction of elongation at break with

the clay concentration. Thus, our results indicate that an optimal

number of crazes able to become stable are generated for 1 wt%

nanoclay.
This journal is ª The Royal Society of Chemistry 2012
Nanoclay orientation as revealed by intermediate angle X-ray

scattering

The orientation of the nanoclays was analysed according to

Herman’s orientation function f2. SAXS patterns and f2 are

presented as a function of the elongation in Fig. 10. Close

inspection of X-ray patterns (Fig. 10a) and Herman’s orientation

function indicate that the nanoparticles progressively orient

themselves in the direction of the applied stress, verifying also the

orientation of the PLA/NR interface.

Further observation of these SAXS patterns reveals that the

diffraction maximum of the nanoclays not only becomes oriented

but also broadens with stretching. This effect can be visualised

in Fig. 11 where we represent the equatorial intensity for the

PLA/NR/C15A 3 wt% nanocomposite. Two reflections with a

maximum intensity at q ¼ 1.68 nm�1 (1st order), and 3.4 nm�1

(2nd order) corresponding to the layered structure of the nano-

clays (d ¼ 3.74 nm) are observed and do not suffer any modifi-

cation upon stretching. In contrast, a clear broadening of the

main peak and a disappearance of the 2nd order one are clearly

evidenced, suggesting that a loss of the nanoclays crystalline

perfection occurs during stretching without delamination of the

clays.33
Orientation of the polymer chains as revealed by WAXS

Herman’s orientation function is calculated from the scattering

patterns in the WAXS angular region (Fig. 5c). In this range

(q-range from 7.8 nm�1 to 14.2 nm�1) the amorphous halo of

both PLA and natural rubber can be detected. The analysis
Soft Matter, 2012, 8, 8990–8997 | 8995
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Fig. 11 Equatorial X-ray intensity (logarithmic scale) at intermediate

angles for PLA/NR/C15A 3 wt% nanocomposites.
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of this halo is used to evaluate the polymer chain orientation

during deformation (Fig. 12). Since the observed halo includes

both the PLA and the NR contributions, it is not possible to

isolate them from the WAXS pattern.

For the PLA/NR blend, we observe a strong orientation

development from 0 to 50%. The formation and orientation of

voids also take place at this elongation range. In fact, these two

phenomena permit to lower the yield strength and facilitate the

orientation of polymer chains as observed in Fig. 12. The elon-

gation of the PLAmatrix can occur in PLA/NR facilitated by the

dissipation of energy by the void formation, giving rise to a

ductile fracture mechanism. For elongations higher than 50% no

further orientation is observed. However, a slight change occurs

after 150% elongation. This change could correspond to the end

of the neck propagation. After that, further orientation of the

voids (Fig. 8) and of the polymer chains (Fig. 12) takes place,

resulting in strain hardening by the extension of the molecular

network until the sample breaks.34

A similar qualitative effect is observed for the nanocomposites

with a shift towards higher elongations. As we previously dis-

cussed, the concentration of crazes increases with the nanoclay

concentration, resulting in a higher dissipation of the applied

energy through the formation and growth of voids. Therefore,
Fig. 12 Herman’s orientation function versus elongation for the PLA/

NR blend and its nanocomposites (from WAXS patterns).

8996 | Soft Matter, 2012, 8, 8990–8997
the energy attributed to the plastic deformation of the polymeric

matrix materials is lowered, explaining the decrease of the

polymer chain orientation when increasing the nanoclay

concentration (Fig. 12). Similar results have been obtained by Na

et al.34 These observations also explain the reduction of the flow

stress with the filler concentration in the mechanical properties of

the materials.

Conclusions

The influence of an organoclay addition to a PLA/NR blend

on the deformation micromechanisms has been studied through

in situ SAXS and WAXS measurements under tensile conditions

and allowed us to understand how the bionanocomposite can be

more ductile than the simple PLA/NR blend. The deformation

mechanisms of each material were analysed and can be itemised

as follows: (1) PLA is a brittle material with a failure through the

formation of crazes. (2) PLA/NR is a ductile blend in which

debonding associated with the formation of voids occurs when

stretching. (3) PLA/NR/C15A bionanocomposites upon defor-

mation exhibit craze formation since the location of the nano-

clays at the PLA/NR interface hinders the formation of voids

between the two phases. The nanoclays act as preferential sites

for the craze formation and their number increases with the filler

concentration. However, while the PLA matrix cannot stand

formation of crazes or cavities for large elongations without

mechanical failure, the presence of organoclays favours the

generation of a large number of crazes in PLA/NR blends that

are able to develop higher deformations. This mechanism allows,

under elongation, a progressive orientation of polymer chains,

nanoparticles and interfaces. Moreover, it appears that 1 wt% of

nanoclay is the optimum concentration in our blend regarding

the mechanical properties. A higher organoclay concentration

precludes craze development and their transformation into

cracks results in the sample mechanical failure. Thus, a clear

synergetic effect is revealed in the mechanical reinforcement

mechanism of the PLA matrix obtained with the addition of NR

and the right amount of nanofillers. Moreover, the proposed

mechanisms could be applied to other polymer blend nano-

composites in which the nanofiller is located at the interface

between the immiscible polymers.
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