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Mechanical properties of nanocomposite
organosilicate films
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Nanocomposite coatings have been deposited on plastic substrates by the dipping—drawing
technique. The coatings were constituted by a matrice of a hybrid organomineral gel and
a reinforcement made of amorphous silica. Two methods by which increase the silica
content were investigated: silica was added via a silicon alkoxide compound or via dense
silica particles of 10 nm size. Young’s modulus and the hardness of the coating were
measured using home-built equipment, and results compared to literature models. It is
shown that the agreement between models and experimental values depends on the
method of preparation of the nanocomposite coating. On the other hand, deviations appear
when the volume fraction of reinforcement surpasses the three-dimensional percolation
threshold.  1998 Kluwer Academic Publishers

1. Introduction
Transparent plastics are good candidates for optical
applications. They have a low density and their impact
resistance is much higher than that of inorganic glass-
es. However, they are not scratch resistant and, conse-
quently, they rapidly loose their optical properties [1].

A thin layer of inorganic compound can be depos-
ited on a substrate by the sol—gel process [2]. Coating
is performed by dipping and then drawing a substrate
out of a liquid which gels at room temperature [3].
Both aqueous and organic solutions are used. The gel
results from a polycondensation reaction which usu-
ally occurs between hydroxyl groups [4]. After drying
at room temperature, the gel forming the coating is
porous and its mechanical properties are quite poor;
baking is necessary to densify the coating. This ther-
mal treatment is easily carried out when the substrates
are temperature-resistant materials. However, such
a thermal treatment is not possible when the substrate
is an organic polymer which cannot tolerate temper-
atures higher than 150 °C. Moreover, experiments
show that an inorganic layer prepared from the
sol—gel process does not adhere to the substrate with-
out previous chemical treatment.

Adherent and dense films may be obtained using
chemical precursors which associate both organic and
inorganic functions [5]. These hybrid materials pres-
ent mechanical properties close to that of organic
polymer compounds. They behave as polymers, show-
ing an elastic response to very low stresses while they
become plastic for high applied loads.

To improve the scratch resistance, tribology experi-
ments have been previously undertaken [6]. It was
shown that the scratch resistance is a complex mecha-
nism which depends on the nature of the debris which
is interposed between the material and the steel pin.

Recent investigations have shown that the ero-
sion rate (thickness removed by unit time) mainly
depends on three mechanical properties: Young’s
modulus, E, hardness, H, and the critical stress inten-
sity factor, K

IC
[7]. It is foreseen that in the future,

coatings will be composites constituted by at least
two components; however, coating properties must
be previously established as a function of coating
composition.

The present work investigated the variation of elas-
tic modulus and hardness as a function of the coating
composition. Young’s modulus is usually measured on
a macroscopic scale by subjecting the material to an
applied stress. Two methods are used. The first one is
a dynamic method, consisting of fitting the frequency
excitation to the coated substrate frequency resonance
[8]. When a sample is non-magnetic or non-conduc-
tive, some authors placed the sample directly on a
vibrating membrane (loud speaker) [9]. Another
dynamic method consists of measuring the speed of
ultrasonic waves which propagate in the coating
(Rayleigh waves) [10]. These techniques require a pre-
cise measurement of the frequency of the sound velo-
city. Furthermore, a precise value of the thickness
and density of the layer is often required to calculate
Young’s modulus of the coating. An accurate
measurement of the coating density is not often easily
performed.

Static methods are the second way to evaluate
Young’s modulus. They consist of loading the speci-
men and measuring the strain. According to the speci-
men geometry, Young’s modulus of the coating may
be estimated if Young’s modulus of the substrate is
known. In the case of a brittle material, this experi-
ment is advantageously performed by a bending tech-
nique [11].

0022—2461 ( 1998 Kluwer Academic Publishers 3999



Figure 1 Sample preparation.

Figure 2 Experimental visible reflection spectroscopic curve. R rep-
resents the coating reflection.

However, this technique requires knowledge of the
elastic constant of the substrate. A more recent method
has been proposed to evaluate the elastic property of
coating [12, 13], based on a precise measurement of the
penetration depth on an indentor into the layer. The
indentor must have a well-defined geometry [14]. It
was shown that the mechanical response is due to the
pure layer as long as the investigated penetration does
not exceed 10% of the whole layer thickness.

This method permits evaluation of both the elastic
property (Young’s modulus) and the plastic behaviour
which is directly related to the layer hardness [15].
With respect to the small investigated area, this tech-
nique allows the coating homogeneity to be assessed
by performing several runs at different locations on
the coating surface.

2. Experimental procedure
2.1. Sample preparation
The substrate, poly(diethylene glycol dialyl bis car-
bonate), is a transparent plastic obtained by radical
polymerization induced by a thermal treatment per-
formed at 90 °C. The substrate was 1mm thick, with
a Young modulus of 2.3$0.1 GPa and a microhard-
ness of 246MPa.

The coatings were prepared by dipping the substra-
tes in a solution and drawing them at a speed of 10 cm
min~1. Dipping was carried out at room temperature
under a moisture controlled atmosphere (50% RH).

The solutions contained a c-glycidoxypropyltri-
methoxysilane (GPTMS) as a base compound to
which other elements were added. GPTMS, which
belongs to the ORMOSILt family, plays different
roles. It may be considered as a coupling agent to the
plastic substrate, allowing good adhesion of the coat-
ing. It may also play the role of a forming system for
both organic and inorganic networks. While the inor-
ganic part (Si-OMe) of the molecule may establish
a silica network through hydrolysis and polyconden-
sation reactions, the organic network results of the
epoxy bonds cleavage. To this compound, a quantity
of chemical species, which theoretically can be trans-
formed into an inorganic compound (SiO

2
), is added.

Silica may be formed from tetramethoxysilane, TEOS
(A), or directly added as colloidal particles, 10 nm in
size. These colloidal particles are stabilized and di-
luted in a methanolic solution (B). The coating com-
position depends on the nature of the mineral part
(series A for TEOS and series B for colloidal silica).
For series A, the TEOS is assumed to be totally
transformed into silica. Finally, the coating properties
may be varied according to the relative amounts of
silica and GPTMS. Compositions are given in silica
per cent, assuming that the source of silica from silicon
atoms borne by GPTMS can be neglected. Details of
solution preparation are given in Fig. 1.

The film layer was dried at 60 °C for 15min. Poly-
merization was then performed at 100 °C for 3 h. For
silica contents higher than 40% (series A) and 50%
(series B), coatings were no longer homogeneous.

The sample geometry was beams of 50]5]1mm3.
Beams were prepared from 70mm diameter dishes,

with the length (50mm) was taken perpendicular to
the drawing direction. The extremities were discarded
to avoid coating thickness variation which appears at
the edge of the dishes.

2.2. Sample characterization
The coating thickness was measured using reflection
spectroscopy in the visible range. The measurement
requires recording of both the reflection spectra of the
bare substrate, R

S
, and of the covered substrate, R

C
.

The calculated ratio, R
C
/R

S
, allows the spectrum of the

source to be eliminated. The obtained curve (Fig. 2)
shows perfectly defined and located extrema which
allow the coating thickness, h

C
, to be estimated from

the relationship
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Figure 3 Three-point bending experiments on (a) a bare (BS) and
(b) a covered (CS) substrate.

Figure 4 Comparison of deflection—force curves on a bare (BS) and
covered (CS) substrate.

Figure 5 Experimental apparatus for the indentation.

where *R is the difference between a maximum and
a minimum. R

S
is given by
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where n
S

and n
0

are the refractive index of bare sub-
strate and atomosphere, respectively.

The coating thickness varies between 2 and 5 lm
and the refractive index between 1.49 and 1.5, depend-
ing upon the composition and nature of the coating.

The elastic modulus of the coating was estimated
using two methods. The first one is the three-point
bending method [16]. Fig. 3 shows the geometrical
parameters of the sandwich which deforms, d, under
the action of the applied load, F. Assuming a perfect
adhesion between the substrate and coating, the sand-
wich Young’s modulus, E, is related both to that of the
coating, E

C
, and of the bare substrate, E

S
, using the

relationship (see the Appendix).
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where the subscripts S and C refer to the substrate and
coating, respectively. Such a calculation requires pre-
cise measurement of the load and the associated
deflection. These data are recorded using a precision
home-built apparatus. A detailed account of the
apparatus used has been given elsewhere [11]. A typi-
cal curve is shown in Fig. 4.

The other method to evaluate Young’s modulus of
the coating is provided by an indentation measure-
ment. The experimental inverse indentor (Fig. 5) was
built with analogous sensors to those used for the
three-point machine. However, to measure precisely
the penetration depth, the target (which is usually
made of steel) was made of copper. This material
induces greater changes in the electromagnetic field

for the inductive sensor. The measurement scale was
about 100lm, with an accuracy of 1 nm. The indentor
was a pyramid-shaped diamond with a triangular
base. With such a geometry the hardness, H, is related
to the depth penetration, e, by the relationship

H"0.0377
F

e2
(5)

where F is the applied load. A typical curve obtained
on the bare substrate is given in Fig. 6. The mechan-
ical response then corresponds to elastic release while
plasticity is not accounted for. At the onset of unload-
ing, the curve is linear, because the contact area
between the sample and the indentor remains con-
stant. The value of the slope corresponds to the stiff-
ness, S, of the two bodies in contact. The stiffness is
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Figure 6 Indentation curve on a bare substrate.

Figure 7 Young’s modulus evolution as a function of the silica
content determined by (s) flexion or (d) indentation experiment.

Figure 8 Hardness evolution as a function of the silica quantity.
Comparison with Rice (R) and Myata (M) models.

related to Young’s modulus [12] of the sample and of
the indentor by the relations
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where e is the depth, and
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where A is the contact area between indentor and the
sample. The subscript S and D refer, respectively, to
the sample and the diamond, l is Poisson’s coefficient.
Extrapolation of the slope to a theoretical zero value
of the load gives the plastic indentation depth, e

1
. This

value corresponds to the depth of the diamond finger-
print which should be obtained if the sample was
purely plastic. According to this indentation depth,
plastic hardness, can be defined.

When the experiment is carried out on a coated
surface and if the penetration depth does not exceed
10% of the coating thickness, the coating modulus can
be obtained.

The reported value is the average calculated from
five experiments. The error bar corresponds to that
estimated from STUDENT [17] method with a confi-
dence interval of 95%.

3. Experimental Results
Young’s modulus values of the coating obtained from
indentation experiments are a little lower than those
obtained from the three-point bending experiments
(Fig. 7). However, with respect to the error bar, the
results are considered to be identical. For further
calculations, a mean value between these two methods
will be used.

As expected, the elastic modulus increases with sil-
ica content. It is noteworthy that coatings prepared
with colloidal silica (B) show a lower elastic modulus
than those prepared with TEOS (A). A comparison
can be made between these two kinds of coating,
assuming that TEOS is totally transformed into silica.
For silica contents higher than 25%, the difference
becomes more and more pronounced.

Hardness measurements which are associated with
the plastic behaviour of the coating, are reported in
Fig. 8. The hardness also increases with silica content,
whatever the silica source. As observed for Young’s

modulus, coatings containing silica originating from
TEOS exhibit the highest hardness.

The data scattering increases with silica content.

4. Discussion
Properties such as erosion rate, impact resistance or
scratching abrasion, are a combination of other well-
defined properties, such as Young’s modulus, hard-
ness, toughness and stiffness. New coatings are now
made of nanocomposites in which the different
constituent compounds may be varied to achieve the
required property. Thus it seems advantageous to
establish the relations between the well-defined prop-
erties and the coating composition.

As expected, the addition of a mineral compound
(silica) to an organosilicate polymer (GPTMS) induces
an increase of Young’s modulus. The elastic modulus
of silica glass is about 70 GPa while that of poly-
merized GPTMS is 1.9 GPa. Most of the elastic
models are expressed using the volume per cent of
species. The density of silica is 2.2 g cm~3 and that of
polymerized GPTMS is about 1.1 g cm~3.
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Figure 9 Young’s modulus evolution as a function of the silica
quantity. Comparison with Voigt (V), Reuss (R), and Hashin and
Shtrikman (HS) models.

Elastic properties of a two-phase material may be
estimated using various models. The simplest ones
are those of Voigt (V) [18] and Reuss (R) [19]. They
describe the mechanical behaviour of hypothetical
two-phase composites. Voigt’s model assumes that the
deformation of the stressed composite is supported by
both the matrix and the dispersed phase. Young’s
modulus of the composite is then

E"s
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E

.
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3
E

3
(8)

where s is the volume fraction and the subscripts
m and r correspond to the matrix and the inclusion.

Conversely, Reuss model assumes that matrix and
reinforcement suffer the same stress. The elastic
modulus is given by the relationship
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The two models mentioned above correspond to well-
oriented phases as far as the direction of the stress is
concerned. The Hashin and Shtrikman (HS) model
ignores the geometrical details of the two-phase
material [20]. This model is probably more suitable to
describe elastic properties, and gives the boundaries
within which the bulk and shear moduli of a com-
posite should be found. These boundaries can be
evaluated for composites for which K

3
and G

3
rein-

forcement are, respectively, higher than those of the
matrice, K

.
and G

.
.

These two equations may be associated, to calculate
Young’s modulus according to the relation

E" 9KG

3K#G
(10)

Young’s modules of the coatings is located between
the limits calculated from the HS model (Fig. 9). The
curves obtained for the simplest models (R and V) are
depicted in the same figure. Coatings (B) have
a modulus which increases with the silica content
according to the lowest HS limit. This feature agrees
well with results obtained for a composite having
a polymer matrix in which glass particles are dispersed
[21—23]. This relatively low modulus may indicate
that the colloidal particles are not strongly bonded to
the GPTMS matrix. Colloidal particles must bear
a limited number of silanol groups which must be able
to react with those formed from hydrolysis reaction of
GPTMS. It is likely that the stress is mainly supported
by the matrix and reinforcement plays a little role.

Coatings prepared according to series A have an
elastic modulus which increases very rapidly with
silica content. Their values are found on the side of the
highest HS limit. The difference between the two series
appears clearly for silica contents higher than 15%. In
series A, TEOS may form a mineral three-dimensional
network which can be connected to the GPTMS mol-
ecule via the Si—OH functional group appearing from
the hydrolysis reaction of Si—OMe. The connections
between the mineral network and the organic network
are more numerous. The entanglement between these
two kinds of network is more efficient and induces
a higher elastic modulus.

The highly different behaviour of these two kinds of
coating is closely related to the way silica is positioned
within the GPTMS network. It is worth noting that
theoretical models do not perfectly describe Young’s
modulus variation, even if some analogies with HS
boundaries are found. On the other hand, no evolu-
tion of Young’s modulus of the series B is observed for
a silica content higher than 20%. This value approx-
imately corresponds to the three-dimensional percola-
tion threshold for a disordered system [24].

Above the percolation threshold, Young’s modulus
is expected to change linearly with the volume per cent
[25], because the elasticity must be mainly controlled
by the hard phase and not by the soft matrix. This
behaviour was not observed for our experiments
which show a linear dependence of Young’s modulus
on the volume per cent up to 30%.

The hardness of the coatings obviously increases
with the silica content of the layer (Fig. 8).

There are several models accounting for hardness
variation with the volume fraction in nanocomposites.
They require that the area investigated by the indentor
is much broader than that of individual elements
which constitute the composite coating. The simplest
one is that of Rice (R) who assumes that the hardness
linearly depends on the volume fraction [26]. Thus
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In the literature [27, 28] and commercial data [29],
the value, H

3
, of dense silica glass ranges from 6.5—9.5
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Figure A1 Beam deformation during the flexion experiment.

GPa. Therefore, a mean value of 8 GPa was chosen,
while the measured value of the GPTMS matrix is 100
MPa. The curve labelled R is drawn in Fig. 8.

Another model has been previously reported [30]
to account for the hardness of a composite constituted
by a glass matrix and spherical particles of ceramics.
This model assumes that both the matrix and the
dispersed material are homogeneous and isotropic.
The matrix must behave as an elastic medium. This
model must apply, as long as the volume fraction of
the dispersed phase does not surpass the percolation
threshold.

We must underline that the composite hardness
value depends on the matrix elastic yield, r

:.
. The

hardness is given by the relations
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B is a constant, equal to 0.6 [31]. The elastic yield
stress, r

:.
, of the GPTMS matrix was estimated with

the H
.
/r

:.
ratio which is known to be equal to about

2 in polymers [30]. Thus, the estimated values of r
:.

is
about 50MPa. Poission’s coefficient of GPTMS is as-
sumed to be close to 0.4 [30] and that of silica 0.2 [27].

A comparison between the hardness of the two
series of coatings shows that the models may be
applied up to about 17% silica. Above this volume
fraction, agreement no longer exists. The discrepancy
between models and experimental data appears at
a silica content close to the percolation threshold.
Models are no longer valid because the infinite cluster
made of the denser phase is now able to support the
stress, and the matrix plays a minor role.

Coatings A follow Rice’s model founded on the
additive properties of the components. The coating is
really a mixture of silica clusters entangled within
a polymer matrix. The hardness of the coating agrees
well with the M model, as long as it applies with
respect to the initial hypothesis.

Moreover, we must underline that these models
were applied to glasses and ceramics composites. Our
system, whose properties are much closer to polymers,
presents delayed elasticity and large deformation
under the indentor tip at room temperature. Thus, to
be more reliable, new models must be found to fit such
a mechanical behaviour.

5. Conclusion
Young’s modulus and the hardness of nanocomposite
coatings have been measured using home-made equip-

ment which permits the variation of these properties
with the silica content, to be followed. Two different
kinds of nanocomposite coatings were prepared and
measured. These coatings can be regarded as models
with respect to their respective manner to prepare
a nanocomposite. One is prepared from a real mixture
in which silica consists of dense particles, the second
one is a composite made of entangled clusters of
several hundred nanometres. Depending on the com-
posite microstructure, different models accounting for
the investigated properties may be used. The discrep-
ancy between models and experimental values is low
for silica contents lower than 20%, which is the per-
colation threshold of disordered material in three
dimensions. Above this value, models must be used
with caution. Consequently, it is possible to predict
Young’s modulus and hardness of nanocomposite
coatings with respect to the details of the liquid mix-
ture preparation. These values may be further used to
obtain other properties such as erosion rate or
scratching resistance.

Acknowledgements
The authors gratefully acknowledge the continuing
aid of ESSILOR Research Department.

Appendix
Let us consider a coated sample in a three-point be-
nding experiment (Fig. A1). Assuming a perfect ad-
hesion between the substrate and the coating, we can
write the longitudinal strength, r

x
, as a function of

y [16]

r
x
"E

:
(y!y

0
)

r
(A1)

where E
:

is Young’s modulus of the material at the
position, y, y

0
the neutral axis position, and r the

radius of curvature.
On a surface element dA at a distance y!y

0
from

the neutral axis, there is a force equilibrium along the
x axis

+F"0 (A2)
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Moreover, on the same surface element dA, there is an
equilibrium of force moments along the x axis
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E is the apparent modulus of the sandwich with the
moment of inertia
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