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Report:

In this study we have recorded WAXS & MAXS (Wide Middle Angle X-Ray
Scattering) patterns during uni-axial deformatidriPoly(lactic acid) nanocomposites on the
BMO02 beamline using a homemade powerful stretcdengce allowing analyzes through the
edge and the face, and designed so as to be adaptdte beamline. Different types of
nanocomposites were studied :

— on the one hand PLA nanocomposites filled withettght clays. Seven types of clays
treated with different kinds or no surfactants (€ite30B, Cloisite20A...
Montmorillonite...) were used. These fillers arempmsed of a stacking of clay
platelets between which is located the surfactavinty different nature and chain
lengths. The materials were elaborated using aexéltision process.

— On the other hand, PLA nanocomposites based ororanhnotubes (CNT) were
elaborated using a solution route. CNTs have bdmsen as this type of filler has
received an increasing interest due to specifip@mies such as electric conductivity
and high stiffness.

This report describes the main results regardiegrifluence of the nature of the filler
on the strain-induced structural evolution of tledymer matrix. A wide temperature range
above the glass transition temperature of PLA £T§0°C) was investigated, the stretching



rate being set at 0,01%sas in our previous study for the sake of compariso
(Macromolecules, 2010, 43, 7228)

The first part of this study was the character@atof the structure and morphology of the
initial materials. The MAXS/WAXS analysis revealeédat all the samples exhibit an
intercalated morphology whatever the nature offiller. Only the clay inter layer distance
was modified depending on the nature of the fillerom a structural point of view the
WAXS patterns have shown that filled or unfilleadrgdes were initially amorphous.

The observations of the sample structure throughabe and width show that:

- in the case of clay fillers, the tactoids werefprentially aligned along the sample
thickness, i.e. all samples exhibit orthotropic eyetry (see figl).

- in the case of carbon nanotubes filler, there arasotropic distribution of the CNTSs.

Figl: (a) Flat-on & (b) Edge-on WAXS patterns of /#C30B samples

Regarding the structural evolution of PLA nanocosif@s upon stretching as a function of
the draw conditions, several behaviors should let@d out.

First, for a draw temperature near Tg, i.e. Td =@5we previously demonstrated that a
disorder to order transition occured upon strewlior neat PLA, the ordered phase being a
mesomorphic form. In this study we have shown thatfiller has no impact on this strain-
induced structural evolution regarding the formatad a mesophase. Moreover, the amount
of strain-induced mesophase is approximately timeesas for neat PLA. Nevertheless, the
mechanical behavior shows a reinforcement chatatteof the filler effect..

We have previously shown that there is a link betw¢ghe nature of the strain-induced
ordered phase and the chain dynamics. Thus, tlEensitivity of the polymer matrix
structural evolution to the presence of filler icates that the clays or the carbon nanotubes
do not significantly influence the polymer chainsmadmics.

The second draw temperature in this study was T&b=C, i.e. a temperature for which
strain-induced crystallization has been observedndudrawing. It has appeared that the
presence of the filler does not significantly ifhce the strain-induced structural evolution
of PLA (figure 2), as for the case Td = 65°C. Thetfis that strain-induced crystallization is
slightly promoted by the clay, probably due to sleecalled shear amplification effect.
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Fig2: Evolution of crystallinity as a function dfé deformation at Td = 75° for neat PLA
and PLA/C30B nanocomposites

The third draw temperature investigated in thigigtwas Td = 90°C. In this case, a
clear influence of the presence of the filler was ip evidence. Indeed, whatever the filler
used, a sharp enhancement of the strain-inducestalrgation kinetics is observed. This
phenomenon start at the onset of the deformatiothBonanocomposites, while it only starts
at a straire = 300% in the case of the neat matrix as seen oinefig.
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Fig3 : Evolution of crystallinity as a function tife deformation at Td = 90° for neat PLA
and PLA/C30B nanocomposites

This nucleating effect of clay has already beereole in the case of thermal quiescent
crystallization but, to our knowledge, it has neuaeen reported for strain-induced
crystallization.

More surprisingly, a fine analysis of the WAXS gatis obtained at the beginning of the
deformation, (an example is reported on figurentidated that the strain-induced crystals
grow with the chain axis normal to the draw directiThis is particularly unusual since the
strain-induced crystals are generally oriented withchain axis along the draw direction.
This quite fast increase of crystallinity for Td98°C suggests that the nucleating effect of
clays combines with the shear amplification effdating drawing. Further work is necessary
to progress in the understanding of this process.

An other goal of this study was to asses the piatlentccurrence of a “strain-induced
exfoliation mechanism”. Indeed there are some dises in the literature regarding to this
subject, and knowing the implications that it caavdr from both fundamental and applied
point of view, the latter has to be assessed.

In this aim the Middle Angle Scattering region wasticulously analyzed, as it is the region
of clay scattering. Indeed, it is expected thaui€h a mechanism occurs during drawing one
may observe a change in the position, shape omsitje of the diffraction peaks.
Surprisingly, no changes in the diffraction peales @bserved even in terms of position than
in terms of shape. Quantitative exploitation of ihnsity has revealed to be very delicate
due to the samples orthotropy.

This behavior can be reasonably explained consigahat there is little affinity between
filler and matrix, as revealed by the WAXS study.

Nevertheless, to go further, SAXS experiments olymer nanocomposite systems having



different initial morphologies are envisaged totbetssess the existence of the exfoliation
mechanism.

Moreover, using the MAXS patterns, it has been ibptes$o determine the orientation factor
of the fillers as a function of deformation andwlreonditions as illustrated on figure 4.
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Fig4: Evolution of the orientation factor P2 asiadtion of the deformation for PLA/C30B
nanocomposite drawn at Td = 75°C

It has been shown that the evolution of the filleentation was almost the same whatever its
nature, but was strongly sensitive to the tempesatturthermore these data will constitute a
precious database for a recent collaboration dgalith the simulation of the mechanical
behavior of PLA/nanocomposites.

During this session two concomitant topics wess alddressed. One the one hand an
attention has been paid to the influence of physigang on the mechanical behavior of PLA
above its glass transition temperature. Indeedsiphl aging, which is a phenomenon
occurring below Tg, is generally erased when théena is heated above Tg. But it has
been recently shown that in the case of PLA a mgmbthermal history is kept above Tg as
judged from the influence on the crystallizatiom&eor of the material. To explain the latter
it has been postulated that some ordered domagngesnerated during the aging process, but
this need further confirmation.

Then, we have investigated the strain-induced stracevolution of aged and unaged PLA
stretched above Tg. We have shown that both mechlanehavior and structural evolution

are significantly influenced by the aging procddsre precisely, aged PLA exhibits faster
crystallization kinetics as can be seen on figyrasl concomitant stronger strain-hardening.
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Fig5 : Evolution of the crystallinity as a functioh deformation at 85°C
for aged and unaged PLA drawn

This is an indirect evidence of the formation oflered domains during aging, which are
preserved at temperatures above Tg, and which ghlayle of nucleating agents..

The effect of the D-isomer content on the stramhdiced structural evolution has been
studied. Although it has been shown by some autkiwas this parameter has a strong
influence on the thermal crystallization behavibipolylactide, there are no studies dealing
with the effect of the D-isomer content on theistiaduced structural evolution.

Samples covering a wide range of D-isomer contéfndsn 2% to 50%) have been studied
and it has been shown that (see fig6):

— as for thermal crystallization, it exists a critidd-isomer content above which no
crystallization is possible.

— Contrary to the case of thermal crystallizationg thinetics of strain-induced
crystallization is not sensitive to the D-isomernmnmt for the samples able to
crystallize. This means that chain orientation gose¢he process.

— Only the samples able to crystallize are able tonf@a mesomorphic phase when

stretched near Tg, demonstrating that the PLA niemsp is a precursor of the
crystalline phase.
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Fig6 : Evolution of the ordered phase content fagation of deformation for PDLLASs with
various D-isomer contents drawn at (a) Tq + 5°C @md g + 15°C

The results obtained are of prime interest fromareddmental point of view in order to better
understand the complex physical behaviors of PLArddver all these results constitute a
valuable feedback for the elaboration of tunabl&fanocomposites

To conclude, the allocated beamtime has providestipus information regarding the

structural evolution of PLA nanocomposites. Moreopwehas allowed us to test a homemade
stretching device which has revealed to be peyf@ciequate for our scientific approach.

Communication of the obtained results

International conference:

+ G. Stoclet, J.-M. Lefebvre, R. Séguéla

“In situ WAXS Characterization of the Strain-Inducductural Evolution of Poly(D,L-
Lactide) based nanocomposites”

Material Reesearch Society Fall Meeting, Bostorgddaber 2010

 G. STOCLET, R. SEGUELA, J.-M. LEFBVRE, C. ROCHAS (Invitechf®rence)

“In situ WAXS and ex situ DSC characterizatiortlod strain-induced structural
evolution of poly(D,L-lactide) under tensile dragin

4th Conference on Polymer Behavior - [IUPAC; 20-2pt8mbre 2010, Lodz (Poland)



G. Stoclet, R. Seguela, J.-M. Lefebvre, C. Rochabl{pated conference)

« Caractérisation par WAXS in situ et DSC ex siu'dvolution structurale d'un
poly(D,L-lactide) induite par étirage »

MATERIAUX 2010, 18-22 Octobre Nantes

Publications:

G. Stoclet, S. Barrau, R. Séguéla, J. Pérez, Ch&koc

“Strain-induced structural evolution of Poly(D-L liae)/ Carbon nanotubes
nanocomposites : A WAXS/USAXS study”

In preparation

G. Stoclet, R. Séguéla, S. Barrau , C. Rochas

"Direct evidence of the nucleating effect of clagtplets on the crystallization behaviour
of Poly(lactic acid)”

To be submitted soon to Macromolecules

G. Stoclet, R. Séguéla, J.M. Lefebvre, S, M. Vert

“Structural evolution of polylactides upon stretg¢hiinfluence of the stereo-isomer
content”

Submitted to Macromolecules



