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Prediction of the elastic response of polymer based nanocomposites:
a mean field approach and a discrete simulation

E. Chabert®*, R. Dendievel®, C. Gauthier?, J.-Y. Cavaillé?

AGEMPPM-INSA Lyon, 7 Avenue Capelle, 69621 Villeurbanne Cedex, France
YGPM2-INPG, 101 Rue de la Piscine, 38402 Saint Martin d’Heres Cedex, France

The aim of this paper is to better understand mechanisms of reinforcement in particular nanocomposites, by studying the effects
of filler ratio (varying from 0 to 45%) and strength of fillerfiller interactions (either slightly or strongly bonded) on the viscoelastic
behavior. Nanocomposites materials consisting, at room temperature, of submicronic rigid polysytrene (PS) particles randomly
dispersed in a soft polybutylacrylate (PBA) polymeric matrix were obtained from mixtures of a film-forming PBA latex and a PS
latex. Their viscoelastic behaviors have been characterized (i) after the film formation at room temperature and (ii) after an
annealing treatment performed to enhance the interactions between neighboring PS particles (coalescence). The observed increase
of elastic modulus and its evolution with temperature depend both on the filler ratio and on the strength of filler—filler interactions.
Two micro-mechanical models have been then proposed to account for the short range interactions between filler particles: a self
consistent scheme introducing a third rigidifying phase of matrix immobilized on the surface of filler particles, and a discrete model
of sphere assembly taking into account the local contacts between filler/filler and matrix/filler. In addition to the good agreement
with the experimental results, the discrete model highlighted the importance of filler—filler interactions on the reinforcement above the

percolation threshold.
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1. Introduction

Polymer-based composites are constituted of two or
more phases. Most of the time, they present one con-
tinuous phase (polymer matrix) in which another phase
(filler) is dispersed at a microscopic scale. In this paper
we are interested in polymer reinforced by submicronic
particles (diameter ~100 nm). The main characteristics
of such materials, called nanocomposites, are (i) a very
high interfacial area (about 10® m?/m?), and (ii) a very
short distance between filler particles (about 10~% m,
which is approximately the giration radius of macro-
molecular chains). The last point suggests that almost
all the matrix macromolecules are in contact with fillers.
As a consequence, surface mechanisms (filler—filler and
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matrix—filler interactions), which are not clearly under-
stood, are expected to play an important role in the
mechanical behavior of nanocomposites.

In this paper, attention is focused on the effect of fil-
lerfiller interactions on the elastic properties of poly-
mer-based nanocomposites. A convenient way to
process nanocomposite materials is based on the mix-
ture of various aqueous suspensions (colloids) [1-7].
Emulsion polymerization is well known to provide in a
simple way polymer colloidal suspension with typical
particle size in the range of ten to a few hundred nano-
meters. The morphology of such materials depend on
the ability of the various polymer latexes to form a film
[8]. When both colloids are film-forming, co-continuous
systems are obtained. When only one suspension is film-
forming (matrix), morphology type hard inclusion
embedded in a soft matrix is achieved. Previous work of
Favier [1] illustrates the importance of filler—filler inter-
actions on the relaxed shear modulus of polymer filled



T=325 K serial parallel model +

percolation concept

log(G /Pa)

% % % mean field moq_e_lv

4 ! 1 1 1
0 0,02 0,04 0,06 0,08 0,1

volume fraction of cellulose whiskers

Fig. 1. Relaxed shear modulus of cellulose whiskers/poly(styrene-
butyl acrylate) nanocomposites: (o) evaporation of blends of matrix
and filler suspensions and (o) freeze-drying/ extrusion/hot pressing,
from Ref. [1].

with cellulose whiskers. In that work, nanocomposites
have been elaborated using two different routes (1) the
latex route (film forming polymer and cellulose whiskers
suspensions are blended and water evaporated), which
leads to hydrogen bonding between whiskers; (2) freeze-
drying/extrusion/hot pressing route, leading to almost
no bonding between the whiskers. In Fig. 1, we observe
that the shear modulus of “non interacting whiskers”
composites (route 2) exhibits a smooth evolution, which
can be accurately described by a mean field approach,
whereas the shear modulus of the “interacting whis-
kers” composites (route 1) has been interpreted with the
concept of percolation [9]. The very low percolation
threshold is related to the large aspect ratio of the fillers
(about 100).

When filler particles are spherical, the geometrical
percolation occurs for higher filler content (¢~20
vol.%). The morphology of particular nanocomposites
issued from mixtures of a film forming matrix latex and
a non film forming filler latex might change as soon as
temperature is increased and reaches the temperature of
glass transition of the hard phase: clusters of hard par-
ticles or even long range filler network have been
observed [10,11]. Several works have shown that this
formation of a rigid network induced by a thermal
treatment induces a significant increase of the elastic
modulus [3,4,6,7].

Following these observations, we chose to study films
issued from mixtures of polystyrene (PS, the filler) and
polybutylacrylate (PBA, the matrix) latexes, which offer
the possibility to vary easily the filler ratio (from 0 to 45
vol.%) and the strength of fillerfiller interactions. In
the first part, materials and dynamic mechanical
experiments performed just after PBA maturation (“‘as
dried” systems) and after an annealing treatment
(““annealed” systems) are presented. In the second part,
micro-mechanical modelling of elastic properties using
(1) a generalised self consistent scheme and (2) a discrete

numerical method are investigated and comparison of
both methods is discussed.

2. Material and experimental results

Nanocomposites materials have been obtained from
simple mixtures of a film-forming PBA latex
(Ty~—47 °C) with a non film-forming PS latex
(Ty~97 °C), varying the amount of PS from 0 to 45%.
These latexes have been elaborated through batch pro-
cess, following the typical recipe: deionized water =900
g, monomer =90 g, NaHC03;=0.75 g, initiator=0.75 g
(K»S,05 for PS and (NH,4),S,05 for PBA), emulsi-
fier=2.91 phm of NCI12 (3-(dimethyl dodecylammo-
nium) propane-l-sulfonate) for PS, and 0.33 phm of
sodium dodecyl sulfate for PBA. Temperature of
polymerization="70 °C.

Theses latexes have been mixed by hand in required
proportions, and then the resulting mixtures were put in
an oven during 2 weeks at 35 °C and 90% relative
hygrometry. After water evaporation and film matura-
tion, this process leads to rigid spherical PS fillers
(d=110 nm, as measured by dynamic light scattering)
randomly dispersed in a soft PBA polymer matrix.

The dynamic shear moduli (G’, G”) of the various
nanocomposites have been measured as a function of
temperature, with a homemade inverted pendulum
working in a helium atmosphere. Experiments were
performed in the temperature range (—170 to 150 °C)
with a heating rate of 1 °C/min and at the fixed fre-
quency of 1 Hz. In the following, G’ and G” are nor-
malized by G’ the value measured at —100 °C.

Fig. 2 shows the isochronal viscoelastic behaviors of
the pure matrix and the various PS-PBA composites
obtained after the maturation process (“‘as dried” films).
The dynamic mechanical response of a film of pure PS,
elaborated by freeze-drying/hot pressing, is also repor-
ted. A significant reinforcement of shear modulus is
observed in between PS and PBA main relaxations
(—42 °C<T<106 °C), i.e. when the contrast between
PBA and PS moduli is more than three decades.

In addition to a higher level of relaxed modulus, the
temperature evolution of composite moduli differs from
that observed for the pure matrix and filler phase. The
relaxed modulus of composite materials first decreases
until approximately 70 °C, and then increases again
until the PS main relaxation. The higher the filler con-
tent, the more pronounced these two counteracting
phenomena. As consequences (i) these phenomena
might be related to the interactions existing between
matrix and filler and/or between filler particles, (ii) these
interactions seem to evolve with temperature.

From the previous works mentioned above [3.4,6,7],
the increase of modulus observed from ~70 °C can be
associated to the increase of interactions between



G/G’; (-100°C)

104 . . . . | ;

20
T({°C)

G /G’y (-100°C)

105 L L L L L 1
<100 -60 -20 20
TC)

Fig. 2. Elastic shear modulus and loss shear modulus of “‘as dried”” PS/PBA nanocomposites versus temperature for various PS contents. Dots:
experiments (1 Hz, 1 °C/min). Lines: modelling using a generalised self consistent “four phase” model (Section 3), taking into account a vitreous matrix
interphase between filler particles, whose thickness evolves with temperature (emax = 13.5 nm [Eq. (1)], T} = 0.85T ps) [Eq. (2)], T> = 1.07Tps) [Eq. (2)]).

neighboring PS particles, may be due to an increase of
the contact area by deformation of the spherical PS
particles. This step should correspond to the very
beginning of the coalescence (formation of a bonded
neck by interdiffusion of macromolecular chains). To
interpret the decrease of relaxed modulus in the low
temperature range, we suggest that macromolecular
chains anchored on the filler surface have less mobility
than in the bulk matrix [12], and thus act as a rigidifying
phase. The quantity of immobilized matrix decreases when
temperature increases, leading to lower reinforcement.
Fig. 3 shows the dynamic modulus of the composites
having undergone an annealing treatment at 140 °C
during 4 h, to achieve the complete coalescence between
neighboring PS particles, as it has been previously
observed by TEM by Cavaille and co-workers [3,4]. The
larger increase rate of the reinforcement is observed
around ~25% PS, i.e. near the geometrical percolation
threshold. Compared with the viscoelastic behaviors of
“as dried” films, annealed films exhibit a higher level of
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relaxed modulus, as it has been already pointed out by
many works [3,4,6,7]. Moreover, the temperature
dependance of relaxed moduli is similar to that of the
pure PS. This indicates that the behavior of the nano-
composite is now governed by the stiff connected phase
(PS).

These experimental results underline the difference in
mechanical behavior between a system in which parti-
cles are just in contact (“‘as dried” systems), and a sys-
tem in which particles are strongly bonded (“‘annealed”
systems). In the following, two ways of micro-mechan-
ical modeling are explored: homogenisation technique
and discrete numerical method.

3. Modelling of ‘“as dried” behaviors through
homogenisation methods

In Section 2, we have made the assumption that the
decrease of the relaxed modulus of PS—PBA systems is

150

T(¢C)

Fig. 3. Elastic shear modulus and loss shear modulus of “annealed” PS/PBA nanocomposites versus temperature for various PS contents (1 Hz,

1 °C/min).



related to the interphase existing between filler particle
and the matrix. The properties of this interphase, if it
exists, would change gradually from the filler surface to
the bulk matrix, i.e. the temperature of main relaxation
would change continuously.

This intermediate phase can be taken into account in
a generalised self consistent scheme using a ‘four
phase” representative volume element (RVE) [14]
(Fig. 4), as done for instance in Ref. [13]. In this scheme,
we consider that each PS particle is surrounded by a
shell of vitreous matrix whose shear modulus is around
1 GPa; the thickness e of this shell decreases with tem-
perature as macromolecular chains of the external layer
reach their main relaxation. The thickness is then max-
imal (e,.x) below the temperature of main relaxation of
pure PBA (T,ppa)) and becomes zero at the tempera-
ture of main relaxation of pure PS (Typs)). For sake of
simplicity, we chose a linear decrease between the two
temperatures:

Ta PS) — T
E(T) = €max ®9)

_— 1
Tops) — TurBa) M

In addition, the beginning of coalescence between
neighboring particles induces an increase of modulus
from 70 °C approximately. The representative morpho-
logical motif used here (concentric layers) does not
enable to take into account the growing connectivity
between PS particles. However, to account for these
effects, it is possible to increase artificially the filler
ratio. From the experiments plotted in Fig. 2, one can
suppose that the coalescence of PS particles starts at
T1~0.8 T4psy and grows in the temperature range con-
cerned in this study (until 7,%1.2T,ps) approximately).
Above T3, the increase of composite rigidity is masked
by the softening of PS particles during their main
relaxation. The increase of the thickness e from 7 until
T, is also chosen linear:

AT 1y = €(T1) = [e(T) = el - )

To avoid possible misunderstanding, we reiterate that
the interphase has distinct origins at low and at high

sz
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Fig. 4. Four phase representative volume element (RVE) used in the
mean field approach.

temperature: it represents either the immobilized matrix
(low temperature) or an artificially extra phase of PS
(high temperature). In both cases, the modulus is taken
equal to 1 GPa.

In this modelling, the only adjustable parameter is
the thickness e, of vitreous interphase surrounding
PS particles (whatever the PS concentration is) at the
main relaxation temperature of pure PBA. Calculations
of shear moduli G'(7) and G”(T) have been made
according to Ref. [14]. The different radii R;, R, and R;
of the four phase representative morphological motif
(Fig. 4) are linked to the PS concentration (¢), the PS
particle radius (rpg=155 nm) and the thickness of inter-
phase e(T) through: R, =¢3, Ry=¢% (1+e(T)/rps) and
R3;=1. Equations have been solved considering that the
compressibility modulus K of polymers remains about
constant with temperature (taking a Poisson ratio equal
to 0.32 in the vitreous state [15] and G'=1 GPa at
—100 °C gives K=2.4 GPa). The best agreement is
obtained for ep,,=13.5 nm. Within this assumption,
the whole viscoelastic behavior [G’ (T), G” (T)] of all ““as
dried” materials is correctly described, as shown in
Fig. 2.

Although the effective concentration of filler becomes
very large (see Table 1), the value of e, is reasonable
from a physical point of view: taking a typical value for
the polymerization degree of polymer synthesised by
emulsion 10> <D, <10* and a length of PBA repetition
unit of the order of 5 A, leads to an average quadratic
giration radius of macromolecular chains ranging
between 2 and 20 nm.

The interphase thickness e, has been here deter-
mined by inverse method, in order to get a good agree-
ment with all experimental data. A great sensibility of
this parameter on the calculated curves has been
observed. If this interphase is not taken into account,
estimated moduli are really too weak compared with
experimental ones. As a conclusion, this interphase
seems to playa major role in the mechanical behavior of
nanocomposites.

4. Discrete numerical simulation

Experimental results have shown a large evolution of
mechanical properties induced by a thermal treatment.

Table 1

Comparison between PS concentration and effective filler concen-
tration at T,ppa) taking into account a vitreous interphase in homo-
genization methods

Concentration of PS 0 0.15 0.20 0.25 0.35 0.45 1
Effective filler concentration at Typgay 0 0.27 0.37 0.46 0.64 0.83* 1

2 Value above the random close packing compacity.



To model these effects, it is necessary to take into
account the nature of contacts (small area geometrical
contact before the annealing treatment or strongly bon-
ded contact after the annealing treatment) and the
microstructure. In this aim, a discrete numerical simu-
lation has been developed, based on composite particle
assembly calculations with linear relations representing
the contact behavior. We used in fact a scheme devel-
oped by Jagota [16,17] to model the viscosity of com-
posite packings of soft and hard spheres. The
algorithm of simulation is divided into two parts: (1)
generation of a packing of spheres and geometrical
treatment, and (2) numerical resolution of equilibrium
equations.

4.1. Particle assembly

A compact assembly of approximately 10000 mono
disperse rigid spheres is generated using a gravity
deposition type algorithm described in Ref. [18]. The
packing compacity ¢ is around 0.57, and the average
coordination number is 6. In order to avoid edges
effects, calculations are carried out on a subset of
N~1000 spheres among which are randomly chosen
hard (PS fillers) and soft (PBA matrix) spheres

[Fig. 5(a)].
4.2. Mechanical interactions and packing modulus

Equations given for the viscosity in Ref. [17] are here
transposed for the elastic modulus. Force transmission
at each contact between two particles i and j is defined,
in a local orthonormal reference (n, t, t), by a system
of six linear equations connecting the three forces F¥
and the three moments M¥ transmitted through the
contact to the displacements (Au;, Aw;) and the rotations
(A6;, AB;) of spheres [Fig. 5(b)]:

FJ =k (%)

Ak w> _ % (A07, + AGL)
Aﬁ _ % (A6, — AGL)

MT{ _riy % (401, - ael)

Aﬁé _ _Fit % (A@{z - A%)

These linear contacts laws are characterized by k,, k,,
k. and kj, respectively normal, tangential, bending and
torsion “‘stiffness” (these contact stiffnesses have in fact
the dimension of a force).

The various contact stiffnesses depend only on mate-
rial properties (elastic modulus G) and on the geometry
of contact through [17]:

kn = 3GnR?\/a
kt == kn/3 4
kg = ky/3

where R, is the contact radius, R is the sphere radius
and « denotes the ratio o= (R,/R)>.

The equations of contact [Eq. (3)], added to the force
and moment equilibrium equations of each particles,
lead to a system of 6V linear equations whose unknown
are the displacements and the rotations of each sphere.
Boundary conditions corresponding to a classical com-

Fig. 5. (a) Random packing of equal-sized hard and soft spheres. Such packings are used to calculate the effective moduli by subjecting them to
appropriate boundary conditions. (b) Transmission of normal and tangential efforts and moments between two spheres i and j.



pression test are applied: spheres of the upper face of
the packing are submitted to a vertical displacement,
while spheres of the lower face are fixed in their hori-
zontal plane (except one which is totally fixed to avoid
a rigid body displacement). The longitudinal modulus
M, is numerically determined by the ratio of the resulting
force with the applied displacement. In order to recover
the modulus of the bulk matrix G, when the packing
contains only soft spheres, M, is normalized by the ratio
M?/Gy; M) being the packing modulus of a soft particles
assembly. The normalised modulus of the packing G is
thus given by:

=—Gpn %)

4.3. Interactions in composite packing

The major interest of this numerical simulation is to
take explicitly into account the short range interactions
between filler particles and between matrix and filler.
Three kinds of contacts are thus considered: soft/soft
(ss), hard/hard (hh) and hard/soft (hs):

1. Soft/soft contacts are characterized by the matrix
modulus Gpga and by the radius of soft/soft
contact R (Eq. 4). As the matrix of nano-
composites is continuous, the contact radius of
soft spheres is here approximated by the radius of
the spheres themselves: R® = R.

2. Hard/hard contacts are characterized by a modu-
lus Gps and a contact radius RM" (Eq. 4). The
key parameter in these contact equations is «
(a=(Rchh/R)2), which in fact represents, above
its geometrical aspect, the ability to transmit
moments trough the contact. When a=1, the
contact transmits bending and torsion moments
as well as normal and tangential forces. When «
decreases, bending and torsional efforts are less
transmitted than normal and tangential efforts.
We will let vary «, i.e. the contact radius
between hard spheres R™, on a broad range in
order to quantify the effect of filler-filler inter-
actions on the modulus packing.

3. Hard/soft contacts result from a serial law
between hard/hard contacts and hard/soft con-
tacts. Assuming that the matrix totally wets filler
particles, we fixe the contact radii between soft and
hard particles to the radius of the spheres them-
selves: R" = R. In case of high contrast between
matrix and filler moduli, this gives: k'S = 2k%.

4.4. Comparison with experimental results

In order to compare the discrete simulation with the
experimental results, a preliminary problem has to be

overcome. In the first case, the results are obtained as a
function of the site fraction of hard spheres in the mix-
ture. One has to give a correspondance between this site
fraction p and the volume fraction ¢ of PS particles. The
relation linking these two fractions is not trivial. Since
the matrix is continuous and the fillers are spherical, the
volume of voids in the packing can be considered, in a
first approximation, as being filled by the matrix phase:

¢=cp (6)

where ¢=0.57 is the packing compacity. This assump-
tion leads to a classical value of the geometrical perco-
lation threshold (0.325 in sites gives 0.185 in volume)
[19]. However, the modulus of pure PS material Gpg is
obtained for 57 vol.% of hard spheres (when = 1). Eq.
(6) tends then to overestimate elastic properties from
¢~40% [value at which the packing modulus exceeds
Hashin and Shtrikman upper bound, as shown in
Fig. 6(b)]. To avoid that, a possible correction would to
gradually fill interstices by the filler phase, for example
those who are surrounded only by hard particles (each
interstice being surrounded by six spheres, the proba-
bility of having a filler interstice is then p°). This cor-
rection, valid for a=1, gives [20]:

¢ =0.57p +0.43p° (7)

with this relation plotted in Fig. 6(a), the effective
modulus can be thus obtained for ¢ ranging from 0 to 1
when a=1 [Fig. 6(b)].

4.5. “Annealed” films

After the annealing treatment, neighboring PS parti-
cles are strongly bonded. As a consequence, the elastic
properties of “annealed” films are modeled by con-
sidering an interaction maximum between hard parti-
cles, i.e. « =1 (efforts and moments are transmitted as in
bulk PS). As shown in Fig. 7, simulations are in quite
good agreement with experimental data for 15, 25, 35
and 45% PS. It is worth noticing that the agreement is
obtained without any adjustable parameter.

4.6. “As dried” films

Before the annealing treatment, the strength of filler—
filler interactions evolves with temperature, according to
the two physical assumptions discussed in Section 2:

1. In the low temperature range (Tqppa)<7T<
70 °C), the matrix present in the confined zones
drawn on Fig. 8, is assumed to be vitreous. The
equilibrium between confined and non confined
zones is temperature dependent. We chose an
arrhenian law to describe the decrease of the
quantity of vitreous matrix, which is directly
related to o, when the temperature increases.
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Fig. 7. Simulation (—) of the real shear modulus of “annealed”” PS—
PBA nanocomposites compared to experimental data (dots). Calcula-
tions are made on a packing of 1000 spheres, considering a maximal
interaction between PS particles (¢ =1).

2. In the high temperature range (70 °C<T<
Tups)), the coalescence between neighboring PS
particles begins to occur, leading to higher con-
tact radius. This process being thermally acti-
vated, an arrhenian law is also chosen to describe
the increase of «(7).

The parameters of the two arrhenian laws have been
adjusted in order to get a good agreement for the tem-
perature evolution of the real shear modulus of the
composite containing 25% PS:

Contact zone

Fig. 8. Contact area between PS particles. R, is the contact radius.
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Fig. 9. Simulation (—) of the real shear modulus of ““as dried” PS—
PBA nanocomposites compared to experimental data (dots). Calcula-
tions are made on a packing of 1000 spheres, considering a “bonded”
contact and a ratio a(T) = (R (7)/R)? evolving with temperature [Eq.
@)
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with this law, o decreases from approximately 10~! to
10~3 above the temperature of main relaxation of PBA,
and increases again from 1073 to 2.1072 above T~65 °C.

The effective moduli of the other nanocomposites
materials have been simulated with the evolution of
a(T) given by Eq. (8). As shown on Fig. 9, simulation
results are in very good agreement with experimental
data, for all PS compositions.

5. Conclusion

The experimental results and the micro-mechanical
modellings presented in this paper have shown that fil-
lerfiller interactions have a large influence on the elas-
tic properties of nanocomposites, either via vitreous
matrix at the interface (‘“‘as dried” systems), or via
bonds between filler particles (“‘annealed” systems).

Two kinds of modeling have been proposed to
describe the isochronal elastic behaviors of “‘as dried”
nanocomposites. The physical bases are the same in the
two modellings, but they are treated differently: in
homogenisation scheme, the thickness of interphase (or
effective volume of filler) is the key parameter, whereas
in the discrete simulation, the surface of contact (or inter-
action forces) between filler particles rules the mechanical
behavior. Thus, it is necessary to increase considerably
the effective fraction of filler in the self-consistent model
to account for the observed reinforcement, whereas in
discrete simulation, a slight volume of immobilized
matrix confined between filler particles, leads to a sig-
nificant increase of the modulus. It arises that it is now
essential to obtain more information on this vitreous
matrix, for instance by performing molecular dynamics
calculations and/or solid state NMR experiments.

Anyway, the self-consistent scheme proposed here is
not valid for ‘“‘annealed” materials since the macro-
scopic filler network is not taken into account. In that
case, considering a maximal interaction between PS
particles after coalescence, the discrete numerical simu-
lation succeeds very well in describing the modulus
increase. Moreover, this simulation clarifies the concept
of mechanical percolation: contrary to geometrical per-
colation, mechanical percolation only occurs when
moments are transmitted.
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