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Abstract — Nanocomposites with platelet reinforcements are emergent materials whose deformation mech-
anisms still need to be carefully investigated. In this study, we first present the studied class of nanocom-
posites (Polypropylene reinforced by Montmorillonite clay nanoplatelets). From uniaxial tensile tests, it is
shown that some mechanical characteristics of the nanocomposite (Young’s modulus, yield stress) signif-
icantly increase compared to the matrix even for very low volume fraction of reinforcements (maximum
of 7% mass fraction for our tested specimen). The Ponte Castafieda and Willis [6] bound is adopted to
account for the evolution of the elastic behavior of the material [7]. Adapting the Hill-type incremental
method [13] allows the simulation of the non linear behaviour of the material. However, it is shown that
this scheme requires careful choice of the aspect ratio, in the plastic domain, to provide good predictions
of plasticity.

Key words: Nanocomposites / Polypropylene / Montmorillonite / Experimental study / Non linear
homogenization

Résumé — Modélisation micromécanique et caractérisation expérimentale du comportement
non linéaire de nanocomposites a renforts plaquettaires. Les nanocomposites a renforts plaquet-
taires sont des matériaux émergents dont la compréhension des mécanismes de déformation requiert en-
core des investigations spécifiques. Dans cette étude, nous présentons d’abord brievement la classe de
nanocomposite étudié (Polypropyléne renforcé par des nanoplaquettes d’argiles de Montmorillonite). Les
essais de traction uniaxiale réalisés sur ce matériau montrent une augmentation significative de différentes
caractéristiques mécaniques (module de Young, seuil de plasticité) par rapport a la matrice, y compris
pour de faibles taux de renforts (7% de fraction massique au maximum pour nos essais). Le schéma
d’homogénéisation de Ponte Castafieda et Willis [6] a été adopté pour rendre compte de 1’évolution des
propriétés élastiques du matériau [7]. La mise en ceuvre d’une adaptation de la méthode incrémentale de
Hill [13] permet la simulation du comportement non linéaire du matériau. Cependant, celle-ci nécessite un
choix judicieux du rapport d’aspect pour fournir de bons résultats en plasticité.

Mots clés :
non linéaire

Nanocomposite / Polypropyléne / Montmorillonite / Essais mécaniques / Homogénéisation

The results obtained by Toyota Research in the
90’s, on the dispersion of nanoscopic platelet silicates
(montmorillonite, MMT) in a polyamide 6 matrix have
motivated considerable worldwide research in the field
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of nanocomposites constituted of thermoset and clay
platelets reinforcements [2,3]. The remarkable mechan-
ical behavior as well as thermal barrier to gases, etc., for
very low mass fraction of reinforcement (less than 5%),
have generated significant industrial and academic inter-
est (see for instance [1,3,4,15]).

The present study is concerned with an experi-
mental characterization and a micromechanical model-
ing of the non linear effective behavior of a class of
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platelet-reinforcement nanocomposite. The aim is to bet-
ter understand the reinforcement effect of nanoscopic
platelets. We first describe the studied material which
is a polypropylene matrix (PP) reinforced by nanoscopic
clay platelets (MMT). After this description, the exper-
imental characterization of the mechanical behavior of
the material is performed by means of tensile tests. The
elastic behavior is modeled by using two homogenization
schemes: Mori-Tanaka [5] estimate and Ponte Castaneda
and Willis [6] bound. The implementation of the Ponte
Castanieda and Willis [6] bound allows to account sep-
arately for the shape of the inclusions and their spatial
distribution in the polymeric matrix. The non linear be-
havior modeling is made by adapting the incremental
methods proposed by Hill [13]. Finally, a comparison be-
tween experimental data and modeling results is made to
estimate the efficiency of the modeling method.

2 Material description

The nanocomposite material under investigation is
polypropylene (PP) matrix (REPOL HO020EG-Reliance
make) with Montmorillonite (MMT) clay platelets
(CRYSNANO 1010-Southern Clay make). It was man-
ufactured by the Indian Institute of Technology (IIT) of
New Delhi in India.

The polypropylene (PP) and the clay (MMT) are first
thoroughly mixed for different volume fractions of clay in
a co-rotating twin screw extruder (Hake make). The ex-
trudate is converted into granules for molding purposes.
The tensile samples are then obtained by injection mold-
ing of these nano clay based PP granules. The size of the
MMT nano particles is measured with a particle size ana-
lyzer (Brookhaven 90Plus) at the IIT. The nano platelets
have an ellipsoidal shape with a main diameter of 209 nm,
a median diameter of 189 nm and a thickness of 50 nm and
so can be approximated, if required, spheroidal. Use of
X-ray Diffraction (XRD) allows to highlight that the ob-
tained nanocomposite has partially intercalated and par-
tially exfoliated structure. It must be emphasized that ac-
cording to the processing, three types of material (Fig. 1)
can be obtained. In the first type, the nanoclay parti-
cles/ platelets are uniformly distributed and dispersed
in an aggregate form. This two phase material is ex-
pected to enhance mechanical or thermal properties as
in classical composites. Therefore, it is classically called
micro composite. The second microstructure configura-
tion is composed by intercalated nanocomposites in which
polymer chains get into the space between thin platelets
of nanometer dimensions, thereby resulting into huge re-
inforcement. However, in such a case, platelets remain
isolated in aggregates between which the matrix is inter-
calated. The last type is composed by the nanocompos-
ites with exfoliated structure. All the platelets of the ag-
gregates are separated and dispersed within the matrix.
The last two microstructure configurations of materials
are the true nanocomposites, partially or fully interca-
lated and/or exfoliated, because the reinforcements are

Classical composite
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Fig. 1. Different types of nanocomposite.
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Fig. 2. Tensile test response of the PP-MMT nanocomposite
for different MMT weight ratios.

nanoscopics. Note that the most commonly manufactured
nanocomposites are those with partially or fully interca-
lated and/or exfoliated structure [10].

3 Experimental study of the nanocomposite
with platelets reinforcements

Since experimental data dealing with the mechani-
cal behavior of nanocomposites are not common, uniaxial
tensile tests have been conducted on the studied material
(PP4+MMT). These tensile tests have been performed on
a conventional test machine (INSTRON 4302) with a load
cell of 1 kN. The strains were measured without contact
using a video extensometer (Apollor) that allows the tests
to be performed at a constant rate of deformation. For all
experiments, this rate of the deformation is taken equal
to 1073s~! in order to guarantee quasi-static conditions.

All samples shapes and dimensions are based on
ASTM D638-03 Type I test and are produced at opti-
mized and constant processing parameters in a numeri-
cally controlled injection-molding machine (L&T Demag
make).

Mass fractions of 2%, 3%, 4%, 5%, 6% and 7% of MMT
clay reinforcement embedded in the PP matrix are con-
sidered.

Figure 2 shows the response of the material under ten-
sile loading. To ensure the quality of the experimental
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Fig. 3. Young’s modulus of the nanocomposite versus the
weight ratio Wt of reinforcements with standard deviations.
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Fig. 4. Determination of the yield stress.

results, several tests have been performed for each rein-
forcement weight ratio. Results shown in Figure 2 cor-
respond to the average of the mechanical response. The
elastic behavior (Young’s moduli) has already been the
subject of a previous study [7]. A strong effect of the nano
platelets on the evolution of the Young modulus with the
MMT weight ratio is observed (Fig. 3). For the matrix val-
ues, E = 900 MPa and v = 0.4 are considered. It must be
emphasized that the considered weight ratios correspond
to very low volume fraction of MMT (less than 3%).

From Figure 2, some characteristics of the mechanical
behavior of the nanocomposite can be determined: the
yield stress, the strain at rupture and the strength. For
the determination of the yield stress, we consider that the
plastic domain starts at the end of the linear part of the
material behavior as shown in Figure 4.

These results, shown in Figure 5, indicate a significant
effect of the nano platelet and a quite constant value for
the yield stress with MMT reinforcements (about twice
greater than that of the matrix). Concerning the strength
(Fig. 6), with 2%, 3%, 4% and 5% of MMT clay rein-
forcement, it is quite constant but increases at 6% and
7% of MMT clay reinforcement. For the strain at rup-
ture (Fig. 7), we observe a decrease as the weight ratio
increases. These phenomena are probably due to a modifi-
cation of microstructure, which could be more important
between 5% and 6% of MMT clay reinforcement.
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Fig. 5. Yield stress versus platelet weight ratio of reinforce-
ment.
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Fig. 7. Strain at rupture versus weight ratio of reinforcement.

4 Micromechanical modeling and comparison
with experimental data

4.1 Homogenization of the elastic behavior

One of the micromechanical models commonly con-
sidered for the study of particles-reinforced materials is
given by the Mori-Tanaka (MT) estimate [5]. The use of
this model by few authors for nanocomposites (see [2])
revealed that it is not completely efficient for this class of
materials. According to this observation, our purpose here
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is to consider the Ponte Castaneda and Willis bound [6]
which allows to take into account separately the shape
of the reinforcements and their spatial distribution in the
matrix. This is crucial for the studied material, where re-
inforcement are platelets with small aspect ratio and the
spatial distribution is spherical. Defining the matrix as
phase 0 (whose stiffness tensor is denoted L(?)) reinforced
by N — 1 families’ of inclusions, the Ponte Castafieda
and Willis bound provides the following expression of the

overall stiffness tensor LL:

N N
L=LO+ 1-) f(T)T(T)]P’d] [Z foTO 1 (1)
r=1 r=1
with:
B -1
T(") = [(LU‘) —~ L<0>) 4 IPET)} (2)

L™ is the stiffness tensor of the phase i and f(iy the vol-
ume fraction of the same phase, the phase i = 0 being
the matrix and N the number of inclusion phases of the
considered material (N =1 for a two phase materials).

The fourth-order Hill tensor P; is associated with the
geometry of the inclusions of the considered family, while
P, is associated with the form of the spatial distribution
of these inclusions.

Note: Expression (1) allows to retrieve the Mori
Tanaka estimate when the P-tensors for the reinforce-
ments geometry and their spatial distribution coincide:
Py=P;.

As the distribution of the orientation of the spheroidal
reinforcements is random for the considered materials, the
determination of the overall properties requires to per-
form an average over the orientations. This leads to an
isotropic macroscopic stiffness tensor L. = 3KJ + 2uK
from which can be determined the compressiblity modu-
lus K and shear modulus z which in turn allow the eval-
uation of the Young’s modulus FE.

Let us also emphasize that the macroscopic strain E
and the local strain €, of any phase r is given by: o

e =A0) . E (3)

=r
A,y is the localization tensor of the strain of the phase 7.

Its expression for the Ponte Castaneda and Willis bound
and for the N — 1 inclusion families reads:

o fratd -2
{f(O)]I + Z;V:l T {H + (]}»Z(j) —Pg) (L) — IL(O))}

B9 @ -0y }1
(4)

! Each family of inclusion is characterized by its orientation.
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Fig. 8. Comparison between the experimental data and
the predictions of the two homogenization estimates (Ponte

Castafieda and Willis (PCW) and of Mori Tanaka (MT)) for
spheroid reinforcements with the aspect ratio 2% = 0.25 and
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and for the matrix :

o_ 1 S (r)
A = Fo I-Y " fA (5)

r=1

4.2 Comparison between experimental data
and elastic modeling results

In this section, the results obtained, in elasticity, with
the Ponte Castaneda and Willis estimate are compared to
the experimental data obtained for the studied nanocom-
posite. The Young’s modulus of the matrix is taken as
E = 900 MPa and its Poisson ratio as v = 0.4 (see
Sect. 2). According to the dimensions mentioned in Sec-
tion 2, the geometry of the platelets is assumed spheroidal
with 200 nm diameter and 50 nm thickness, thus corre-
sponding to an aspect ratio Wi = % = 0.25. As the
MMT clay platelets are quite rigid comparatively to the
matrix, they are assumed to be elastically rigid. The use
of the Ponte Castaeda and Willis bound allows, as al-
ready indicated in Section 4.1, to take into account sepa-
rately the shape of the platelets and their spatial distribu-
tion inside the matrix. In agreement with the macroscopic
isotropy of the nanocomposite, we assume that the spatial
distribution of reinforcements in the matrix is spherical.
This assumption seems to be relevant for partially interca-
lated /partially exfoliated nanocomposites structures. For
the spherical spatial distribution of the reinforcements,
the isotropic tensor Py is the one classically associated
with a sphere. The modeling results are presented in
Figure 8, the Young’s modulus evolution is shown as
function of the volume fraction of reinforcement. It ap-
pears that, by considering Wi = 0.25, both the Mori
Tanaka (MT) scheme and the Ponte Castaneda and Willis
(PCW) bound predict a modest effect of the reinforce-
ment due to platelets. These results clearly demonstrate
that none of the considered model reproduce the experi-
mental data. However, it is worth noticing that measure-
ment of the platelets size is not well controlled because of
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their nanoscopic size. Probably, the measured aspect ratio
of 0.25 could be associated to an aggregate in which the
matrix is intercalated, and not rigorously to a platelet.
In a first step, it can be expected that a change in
the aspect ratio can be used to describe the significant
increase of the Young’s moduli which also depends on the
size of the platelets. From our computations, it was found
that a value of Wi = 0.013 allows to obtain a better result
for the PCW model while the MT approach still under-
estimates the overall elastic properties of the considered
nanocomposite. In fact, it is known that the results pro-
vided by the PCW model for the bulk modulus K and
shear modulus i of the composite have a certain range of
validity depending on the concentration and shape of the
platelets versus the shape of the spatial distribution of
these platelets. Based on the constraints described in [6]
(see their formula 4.6) and due to the spherical spatial dis-
tribution, it must be mentioned that for these two mod-
uli the results provided by the PCW model are rigorous
lower bounds only for platelets volume fractions f < 1,3%
when an aspect ratio of Wi = 0.013 is adopted. Beyond
f =1,3% these results constitute simply estimates of the
macroscopic properties. It can be readily verified that the
above observations also applied to the Young’s modulus.

4.3 Principle of the non linear micromechanical
modeling

For the modeling of the non linear behavior of the
considered class of materials we adopt the incremental
approach proposed by Hill [13] and recently used by dif-
ferent authors for other classes of materials [9,11,12].

To this end, the local behavior of each phase r is con-
sidered in rate form:

vz e (r),g(z) =L" g () (6)
where z is the position vector, g the stress rate, ¢ the
strain rate and L(") the tangent operator of the phase 7.

For the implementation of the considered approach, it
is assumed that each phase r has an uniform moduli L,,
although the plastic strain field around and inside the
inclusion is expected to be strongly heterogenous. This

simplification allows, as classically, to express the macro-
scopic stress rate as:

N
g =L: é, where: L = Z f(T)L(7') cAM (7)
r=0
g and £ are the macroscopic stress rate and strain rate,
respectively.
L is the effective tangent operator of the nanocomposite.

4.4 Comparison between experimental data
and non linear modeling results

For the computation of the Hill incremental method,
the matrix behavior is identified from the response shown

30 4

25 1

553
(=]
L

e PP pur

—_
w
L

— - — Identification

Stress (MPa)

—
<
L

[
L

0 T T T T T T T
0 0,02 0,04 0,06 0,08 0,1 0,12 0,14
Strain

Fig. 9. Polypropylene (PP) matrix identification with the
hardening law.

in Figure 2 (Sect. 3) by using a von Mises model. For
this purpose, an exponential elastoplastic hardening law
is considered:

oP(eP) = P, + (o — oP,) exp b (8)

where €? is the plastic strain, o the yield stress, o, the
asymptotic plastic value of stress and b the rate of plastic
hardening.

The yield function reads:

f=0eq—0" 9)

where o, is the von Mises equivalent stress.

Figure 9 shows the ability of this hardening law to
account for the non linear behavior of the PP matrix.

As in [9] (see also [11] and [12]), the implementation
of the Hill incremental approach associated to the homog-
enization scheme with spherical spatial distribution and
randomly oriented inclusions, requires an isotropization
of the tensor L(®). The isotropization is given by (see for
instance [8]):

LY, = (J:LOJI+ %(K = LYK (10)

0
where L;,

is the isotropic part of L°

1
Jijrr = géij&d, 0 being the Kronecker’s delta; K =1—]
(11)

The results provided by the model are shown in Fig-
ures 10, 11, 12, 13, 14 and 15. It is emphasized that, as
already observed in the elastic range, the Ponte Castaeda
and Willis scheme (PCW) underestimates the reinforce-
ment effect of the platelets when the value 0.25 is taken
for the aspect ratio Wi (Fig. 8).

Recalling that an aspect ratio Wi = 0.013 appears to
be satisfactory in the elastic regime, the modeling of the
non linear behavior has been performed with this aspect
ratio. It can be observed (Figs. 10, 11, 12, 13, 14 and 15)
that the stress is quite overestimated in the plastic do-
main. These results have led to the search of an aspect
ratio able to account for the non linear behavior of the
nanocomposite. For the PP reinforced by 2%, 3%, 4% and
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Fig. 10. Comparison between the experimental data and the
modeling results for the PP reinforced by 2% MMT weight
ratio for different reinforcement aspect ratios.
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Fig. 11. Comparison between the experimental data and the
modeling results for the PP reinforced by 3% MMT weight
ratio for different reinforcement aspect ratios.
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Fig. 12. Comparison between the experimental data and the
modeling results for the PP reinforced by 4% MMT weight
ratio for different reinforcement aspect ratios.

5% MMT weight ratio, the aspect ratio Wi = 0, 02 seems
to provide good agreement. For 6% and 7% MMT weight
ratio, the aspect ratio Wi = 0.015 proved to be conve-
nient. This difference between the two aspect ratios is
probably due to particular configuration of microstruc-
ture associated to the two ranges of the values.
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Fig. 13. Comparison between the experimental data and the
modeling results for the PP reinforced by 5% MMT weight
ratio for different reinforcement aspect ratios.
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Fig. 14. Comparison between the experimental data and the
modeling results for the PP reinforced by 6% MMT weight
ratio for different reinforcement aspect ratios.
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Fig. 15. Comparison between the experimental data and the
modeling results for the PP reinforced by 7% MMT weight
ratio for different reinforcement aspect ratios.

5 Conclusion

Experimental characterization by tensile tests of a PP
reinforced by MMT nano platelets has shown a signifi-
cant increase of stiffness even for low volume fraction of
platelet (less than 3%). Physical origins of this increase
can be found in the shape (platelet with low aspect ratio)
and the nanoscopic size of the reinforcements. Modeling
of the uniaxial tensile behavior provides good agreement
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with experimental data in elastic regime, but overesti-
mates the stress level in plastic domain. To ensure a good
agreement in the whole range of deformation, we have
proposed a slight modification of the aspect ratio. Fur-
ther study of the hardening law may allow to improve
the model. Another and more physical way of the model
improvement can consist in the study of the modeling
of surface effects by introducing an interface (or inter-
phase) [4,14] between matrix and platelet.
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