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M. Piñero b, R. Mendoza-Serna a, L. Esquivias c

a Departamento de Fı́sica de la Materia Condensada, Facultad de Ciencias, 11510 Puerto Real, Spain
b Departamento de Fı́sica Aplicada, CASEM, Universidad de Cádiz, Avda/República Saharaui,

s/n, 11510 Puerto Real, Cádiz, Spain
c Departamento de Fı́sica de la Materia Condensada, Facultad de Fı́sica, Universidad de Sevilla, Spain

Available online 24 April 2007

bstract

he hybrid organic/inorganic silica aerogels experiment a drastic mechanical change into rubber behaviour in relation with the pure inorganic
ilica aerogel as a brittle material. Aerogels were prepared by sol–gel process and drying by venting off the supercritical ethanol, no degradation of
he organic polymer was detected. TEOS (tetraethoxysiloxane) and PDMS (polydimethylsiloxane) were used as inorganic and organic precursors,
espectively. Depth sensing nanoindentator was used to study the mechanical properties, which is extremely sensitive to small loads (1 mN)
nd penetration depths (10 nm). The TEOS inorganic clusters and the polymer crosslinking degree influence the microstructure of the hybrid

erogels. Surface indentations maps reveal the different heterogeneities such as the tough silica matrix, the softness of the elastic polymer
hains and the plastic microcracks in pores. The values obtained are compatible with the macroscopic ones resulting from uniaxial compression.
reep tests confirm that the compliance parameter increases with the polymer content and results can be theoretically modeled by the Burger
odel.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

Nanoindentation permits to probe the mechanics of
anomaterials1 and permits direct physical property measure-
ents of heterogeneous materials with high spatial resolution.
his technique traditionally has been used to characterize elasto-
lastic hard materials; moreover many groups have used this
echnique on soft tissues, such as demineralized dentin2 and vas-
ular tissues.3 The problem of the analytical techniques comes
rom the influence of interfacial adhesive forces, which can
ffect the indentation contact area and has not been validated for
ery soft materials, elastic modulus below 5 MPa. Some authors
ave demonstrated the validity of the nanoindentation in mea-
uring the elastic modulus of pure PDMS with different degrees
f crosslinking.4
On the other hand, several studies are concentrated on the
ol–gel method and specifically in aerogels.5 This fact seems
o be very useful for the study of such complex structures as
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he hybrid organic/inorganic aerogels, which are composed by
n inorganic phase covalently bonded to an organic polymer
hain.

In the present work, the aerogels are prepared with ultrasonic
reatment in the liquid state before gelation giving a “sono-
erogel”.6 This process known as cavitation, yields to a denser
nd a finer distribution in the nanostructured solid. When a liquid
s exposed to ultrasonic waves creates bubble to growth. Sound
aves stress these bubbles, causing them to grow, contract and

ventually to implode. With implosion, immense heat and pres-
ure are produced that speed reactions. Every imploding bubble
s a microreactor in itself, accelerating reactions unheard of in
raditional chemistry. This is due to the extreme heat released
pon implosion that creates a local hot spot. The acoustic cavita-
ion bubbles via hot spot formation seem to be responsible of the
omogeneous and small size of the silica clusters distribution in
hese hybrid aerogels.

From a macroscopic mechanical point of view these hybrid

erogels tune from brittle solids to rubber elastomers with the
olymer content. As the polymer interlinks the aerogel silica
lusters become as elastic solid those provoke the softness of
he material, in this way the hardness and the elastic modulus

mailto:nicolas.rosafox@uca.es
dx.doi.org/10.1016/j.jeurceramsoc.2007.02.209
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ecrease. For that reason, these hybrid aerogels present vis-
oelasticity from the time dependence of the stress at fixed strain
relaxation) and of the strain at fixed stress (creep).7

In order to study more deeply the mechanical properties of
rganic–inorganic aerogels we have performed creep tests on
ybrid aerogels. These essays have been widely used on dif-
erent kinds of materials, and more precisely on polymers.8

n this work, we have compared the results obtained from the
ure silica aerogel to the maximum permitted polymer content,
n order to study the effect of each phase and their inter-
ction during creep. Generally speaking, creep curves show
n instantaneous elastic deformation followed by a transitory
tate of retarded deformation known as primary creep. During
his period, it can be understood that the material is suffer-
ng a reinforcement process by deformation.9 Then, the system
rrives to the secondary creep, a steady state where the equi-
ibrium is found within the different mechanisms of strain and
ecovery.

From a rheological point of view, several models can be
sed for understanding the mechanical behaviour of the stud-
ed structure.10,11 Typically used are the Maxwell model, the
elvin–Voigt model and the so-called Burger model,12 a Kelvin

hain with only a Voigt element. The Burger model supposes
he existence of an immediate pure elastic deformation, a tran-
itory state of retarded elastic deformation and a steady state of
iscous flow. For polymeric systems, the Maxwell model13 as
ell as the Kelvin–Voigt18 and the Burger model for the hybrid
rganic–inorganic composites14 have been applied previously.

One of the main goals of the current study is to check the
alidity of the nanoindentation on these hybrid organic/inorganic
erogels.

. Experimental

.1. Sample preparation

Silica gels were synthesized by the classical sol–gel
ethod by means of a two-step procedure. First TEOS

tetraethoxysiloxane), as inorganic phase, is partially hydrolyzed
nderstoichiometrically with acid water (pH ∼1) in a molar
atio of TEOS:H2O of 1:0.84. At this step the solution received
n ultrasonic energy of 320 J cm−3 resulting a transparent and
omogeneous solution. In the second step PDMS (polydimethyl-
iloxane), as organic phase, is added to complete the hydrolysis
eaction with a molar ratio TEOS:H2O of 1:3.16 with an appli-
ation of 320 J cm−3 ultrasound energy. Several PDMS content
ere used as the weight percent of the total silica content in

he sample. Also was used as organic phase the MTES (methyl-
riethoxysiloxane). The liquid sol is kept in hermetically close
ontainer up to gelification take place. The gel is immersed in
xtra volume of ethanol for the aging process and to expel the
esidual water from the pores.

After 1 week of aging the gel is immersed in excess of ethanol

o remove the traces of water. At this point the gel is placed in
n autoclave and the pore liquor is venting-off above the super-
ritical conditions of ethanol (240 ◦C, 63 bar). The supercritical
tate is attained by slow heating (1 ◦C/min) in order to minimize

t
s
s
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he ethanol thermal expansion coefficient, much greater than
hat of the wet silica gel network. Then the heating produces
he evaporation of the additional volume of ethanol that per-

its to reach the supercritical pressure and temperature (255 ◦C,
5 bar), in such a way that never cross the vapor–liquid equi-
ibrium curve avoiding capillary pressures on the adjacent pore,
hen the structure not collapses and the aerogel retains its original
hape. In the light of the mechanical test samples were made as
ylinders 18 mm long and 8 mm diameter approximately. Den-
ity was calculated by weighing the sample with a well-defined
eometry.

Sample code will be PDMSX, where X indicates the weight
ercent of organic polymer in relation with the total silica.

.2. Nanoindentation

Nanoindentation was measured with a Nanotest automatic
evice from MicroMaterials Ltd. (UK). It is equipped with a
iamond indenter with Berkovich pyramidal tip (100 nm diam-
ter). Load–depth curves were recorded in 25 indentations in line
t 20 �m distance, using maximum loads up to 4 mN and load
ates ranging 5–75 �N/s. Maps were registered on 10 × 10 grid
ndentations with 10 �m apart each one, surface was polished
t optical level. Creep tests were performed on two kinds of
amples: pure silica aerogel and hybrid organic/inorganic aero-
el with 50 wt.% of PDMS. Creep data were collected along
600 s, in a cabinet with controlled humidity around 40% and
emperature of 28 ◦C. The tests were run under different loads
n the range from 0.5 to 1.5 mN.

.3. Mechanical parameters

The initial slope on the unloading branch (stiffness, S) is
elated to the reduced elastic modulus (Er) by the following
elationship:

=
(

dP

dh

)
max

= 2√
π

Er
√

A

here A is the area of the imprint on the sample, in this case
Berkovich pyramidal tip (A = 24.5h2, h being the depth). The

lope S is calculated after least square fitting by the power law
roposed function by Oliver and Pharr15,16 by the form:

= αhm

here α contains geometric constants, both sample and indenter
lastic modulus and Poisson’s ratio, and m is the power law
xponent related with the geometry of the indenter, for a cone
= 2. The hardness is calculated simply by H = P/A and the

lastic recovery parameter as ERP = (hmax − hf)/hmax, where hf
s the non-recovered depth of the indenter inside the aerogel
ample.
To analyse the creep test, different strategies can be found in
he literature. One of the most used techniques is to study the
train rate17,18,19 dε/dt. This parameter can be related to some
tructural parameters17 and its relationship with the applied
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tress σ can be generally written as follows:

˙ = Aσn e−(Q/kT )

here A depends on the structure and Q is called the activation
nergy. The exponent ‘n’ talks about the different mechanisms
hat can appear as response of the material to the stress.18

On the other hand, the creep compliance can be also studied.
t shows how the material acts under a constant load, and it can
e defined as

(t) = ε(t)

σ0

Being impossible to define the classical strain in nanoindenta-
ion experiments, in the literature the expression for this purpose
an be found.20,21 For a Berkovich tip, the indenter is considered
s cone-shaped of semi-apical effective angle θ = 71.1◦, bearing
n mind that this fact implies an error lower than 3%. Then, the
reep compliance can be expressed as follows:

(t) = A(t)tgθ

P0

here A(t) is the depth-dependent contact area for the Berkovich
ip and P0 is the applied load.

. Results and discussion

Fig. 1 shows a typical depth–load hysteresis curve, it is appar-
nt the drastic change between both samples, as a first indication
he load necessary to provoke a displacement of 1 �m is a 33%
reater for the pure silica sample against the hybrid aerogel
ith a 10 wt.% of polymer content. In this way the polymer

hains influence mainly on the stiffness of the silica producing
decrease in the hardness from 226 MPa for the pure silica to
4 MPa for the hybrid aerogel sample, and consequently a better
lastic recovery indicated by a bigger depth interval (hf, hmax).
The grid maps results demonstrate the selective sites of the
anoindentation, in all of the cases the load–depth curves are
btained as a fan from a stiffest site (low depth with maximum
oad) to a softest ones (maximum depth with minimum load),

ig. 1. Depth–load hysteresis curves for the outlined samples. Maximum load
t 1.5 mN with a penetration rate of 5 �N/s.
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ig. 2. Three curves for PDMS50 hybrid aerogel at a maximum load of 0.75 mN
nd 5 �N/s load rate. (Inset) Pop-in and pop-out events indicated with arrows.

hree of such sites are shown in Fig. 2, for 50 wt.% polymer con-
ent hybrid aerogel. As can be seen the polymer tune the elastic

odulus at the different sites, 89, 69 and 36 MPa, respectively,
e argued that stiffness sites are dominated by the hard inor-
anic silica clusters components, whereas the softness ones are
ominated by the elastomeric organic polymer chains. Some
lastic sites should also correspond to microcracks of the pore
all, revealing pore sites when lower values of the elastic mod-
lus are measured in relation with the pure silica sites (stiffest).
hese microcracks in the pore wall can be the responsible of

he pop-in and pop-out events, in the loading and unloading
ranch, respectively. Then, when the indenter travels without
measured increase in load provoke the discontinuities in the

epth–load hysteresis curve as can be seen by the arrows pointed
ut in the inset of Fig. 2, as a general rule these events are related
ith molecular rearrangements, in that case fractures produced

n the pore wall. In order to illustrate such microstructure, Fig. 3
hows a picture of the aerogel PDMS60, in which the porosity
s apparent.

The 2D resulting map is depicted in Fig. 4(a) for the reduced
lastic modulus, where it is apparent the above mentioned stiff
white) and soft (black) sites. In this way, stiffer sites correspond
o the lower elastic recovery and consequently to the maximum
lastic depth as a characteristic of the pure silica.

On the other hand, the softer sites correspond to the max-
mum elastic recovery characteristic of the elastomeric chains
ehaving as a spring (hookean solid). This result is corroborated
n the 2D map of the elastic recovery parameter (Fig. 4(b)), in
hich elastic sites (white) correspond to the lower reduced mod-
lus and plastic ones (black) correspond to the hard areas of the
erogel.

As a matter of fact, we have take the reduced modulus as
oung’s modulus (given the big difference in relation to that of

he diamond), its evolution as a function of the polymer content

as a decreasing trend. Fig. 5 shows such plot of the Young’s
odulus versus polymer content. The average value (solid star)

s included with the error bars. The macroscopic Young’s mod-
lus from uniaxial compression (solid rhomb) is also included;
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Fig. 5. Elastic modulus as a function of the polymer content.

Fig. 6. Two examples of typical creep curves in two different aerogels, at differ-

F

ig. 3. Transmission electronic micrograph (TEM) of the aerogel sample
DMS60.

his value comes closer to that of the softer sites indicating that
he polymer phase controls the mechanical behaviour at the

acroscopic level. The silica clusters bonded by means elas-
omeric chains as springs act as a dashpot giving the final elastic

odulus of a soft material.
Keeping in mind the above results we have performed several

xperiments to corroborate it. The experimental creep curves
how the typical saturation shape with an instant deformation,
nd then the primary regime of retarded strain and secondary
reep of steady state linear regime. It can be seen that the depth
f the retarded strain is much higher in the hybrid aerogel than
hat in the pure silica one. Some typical creep curves from our
amples are shown in Fig. 6. Occasionally at low loads, we found
hat during the steady state, the competition between strain and
ecovery mechanisms was won by the recovery ones, yielding

o the material to push off the tip. These atypical curves can
e seen in the inset of Fig. 6. It can bee seen as well that in
he hybrid aerogel at 0.75 mN the recovery and creep processes

ent loads. In the inset, two anomalous creep curves obtained at low loads, where
the steady state is lost by starting a recovery process (pure silica aerogel) or
even is not achieved due a continuous competition between strain and recovery
processes (hybrid aerogel).

ig. 4. 10 × 10 grid maps for the PDMS50 sample, for the elastic modulus (a) and for the elastic recovery parameter (b). Each indentation is separated 20 �m.
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ig. 7. Log–log strain rate as a function of the applied load, linear fitting and
he slope values are included.

re in continuum competition. These results show a particular
eature of these materials, that in these conditions it is able to
tart a recovery process after the instant and retarded strains, in a
elative short time. Generally speaking, this time is around half
n hour.

For studying the steady state, the log–log strain rate versus
pplied load has been plotted, as can be seen in Fig. 7. From the
lope, is easy to see how these materials are very close to the
haracteristic value of n = 1 expected for amorphous materials.
he slope for the pure silica sample is 1.15 and for the com-
osite material increases up to 1.24. Despite the hybrid aerogel
s 50 wt.% polymer content, the rheological behaviour is very
nfluenced by the porous silica matrix, as the creep rate keeps
lose to 1.15.

We obtained also the creep compliance and some of the result-
ng curves can be seen in Fig. 8. The values of the pure silica

nd hybrid aerogel differ in more than one order of magnitude,
s it was expected due to the presence of the more compliant
olymeric phase. If the different regimes of the creep tests are
nalyzed more deeply, it can be tested the more instantaneous

ig. 8. Creep compliance and Burger model fitting for the outlined samples.
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nd retarded deformation that shows the hybrid aerogel, as well
s the greater slope what indicates lower viscosity on the hybrid
ne. Some pop-in events suddenly appeared during the creep test
hanging the response of the material, quitting the steady state
nd starting a new creep process, as can be seen in the curve
f the hybrid aerogel in Fig. 8. The Burger model was used for
nderstanding the rheological behaviour of our materials and
he different mechanisms that appears. It was perfectly fitted for
ifferent tests at different loads as can be seen in Fig. 8. At a
rst glance, it can be assumed that the Burger-like behaviour is a
ery accurate model for these samples. Adding an organic phase
o an inorganic pure silica porous matrix yields to reduce signif-
cantly the stiffness of the Voigt element, as well as to increase
he relaxation time of the transient regime.

As a matter of fact, these aerogels could be good candidates
s substitutive of the cancellous human bones.

. Conclusions

The inclusion of polymeric organic chains in inorganic silica
erogel matrix produces a rubber-like material. Nanoindenta-
ion maps reveal the heterogeneities of these solids, stiff zones
ocating the tough silica matrix, soft zones indicating the areas
here the polymer is located and plastic zones produced by the
ores. The elastic modulus decreases with the polymer content.
he macroscopic elastic modulus matches satisfactorily the val-
es obtained by nanoindentation, so this confirms the validity of
anoindentation as a useful tool for study this kind of materials
nd therefore allows us to consider the values as a reference not
nly at a micrometer scale. In our case, the higher the organic
ontent is, the better the correspondence is between macro and
icroscopic values, what let us to conclude that polymer chains

overn the macroscopic response.
Creep tests showed that creep compliance values increased

ore than one order of magnitude with the addition of the
olymer to the aerogel. From the theoretical analysis of the rhe-
logical behaviour with the fitting of the Burger model, it can
e assumed that the addition of the polymer acts mainly on the
ransient regime, namely, on the Voigt element of the model. The
teady state is also affected, but is controlled by the inorganic
hase, as the creep rate is maintained on similar values for both
amples.
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7. Piñero, M., Morales-Flórez, V., de la Rosa-Fox, N. and Esquivias, L.,
Mechanical properties of hybrid aerogels. Bol. Soc. Esp. Ceram. V, 2005,
44(5), 291–293.

8. Ferry, J. D., Viscoelastic Properties of Polymers (3rd ed.). Wiley, New York,
1980.

9. Callister, Jr., W. D., Introducción a la Ciencia e Ingenierı́a de los Materiales.
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