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Cross-linking is known as a chemical process to improve the mechanical properties by adding polymer.
Therefore, the pore walls of aerogels can be strengthened by coating with polymer. In this study, the
mechanical properties of a cross-linked monolithic silica aerogel have been examined by
nanoindentation tests at different temperatures. Creep compliance values were analyzed as a function
of time by linear viscoelastic equations using the test data of nanoindentation. It is determined that the
creep compliance values obtained from nanoindentation are much higher than that of compressive test.
Additionally, from the relaxation modulus curves, it can be expressed that the aerogel sample used
retains its general long-term viscoelastic behavior at elevated temperatures.
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INTRODUCTION

Silica aerogel is an open-pored transparent material with
optical and thermal properties that makes the material
very interesting as an insulation material in windows and
building (Fricke, 1992; Duer and Svendsen, 1998).
Aerogel is a weak material in terms of tensile stress and
moisture resistance. Therefore, these materials have to
be protected against the harmful effects of environment.
Conversely, they have a compression-resistant structure
that could be used in some sandwich structures. Silica
aerogel within a monolithic form requires gentle handling
because of their fragile structure that emerging as a
result of their low density as well as their high porosity
structures (Lucas et al., 2004; Woignier et al., 1992). In
some studies, it was focused on changing of the pore
size and morphologies to improve the mechanical
properties of aerogels (Kruk et al., 1997; Huo et al., 1996;
Vartuli et al., 1994; Zhuravlev, 1993; Ogura et al., 2004).
Recently, Leventis et al., (2008) produced some silica-
based aerogels via a method where the native —OH

Abbreviations: DSI, Depth-sensing indentation; SMP, shape
memory polymer; RT, room temperature.

surface functionality of typical base-catalyzed sol—gel
silica is employed as a template that directs conformal
polymerization of isocyanates on the mesoporous
surfaces. Depth-sensing indentation (DSI) (Fischer,
2002) which is also often called as nanoindentation,
determines the mechanical properties such as hardness
and elastic modulus, yield stress as well as parameters of
strain hardening, creep or viscoelastic response, and
even some fracture mechanics parameters (Mencik,
2005). In this method, indenter load and penetration
depth are measured continuously during loading and
unloading that could be controlled as low as several mN.
This sensitivity is also valid for corresponding depths of
penetration in the size of nanometer.

Temperature is a main agent affecting the mechanical
properties of materials. It is known that the thermal
conductivity of an aerogel is very low, around 15-20 mW
m~ K under atmospheric pressure (Duer and
Svendsen, 1998). Thermal fluctuations continuously
affect the shape of polymers in liquid solutions since the
temperature strongly affects the physical behaviour of
polymers in a solution. To improve the mechanical
properties of the aerogel sample, the polymer nano-
encapsulation process can be implemented to the porous
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structure of a silica-based aerogel (Leventis et al.2008),In
literature, the nanoindentation tests are generally carried
out at ambient temperatures. In other words, it has been
detected that the studies regarding the use of high-
temperature nanoindentation are not enough. Schuh et
al. (2006) studied on high temperature nanoindentation to
determine the thermal stability of the indentation
equipment by using the fused silica. Beake and Smith
(2002) have reported high temperature nano-indentation
experiments on fused silica and soda-lime glass.
Volinsky et al. (2004) and Sawant and Tin (2008) have
recently reported the uses of high temperature nano-
indentation for characterizing the mechanical properties
of hard thin films and single crystal super-alloys. Lu et al.
(2009), have recently used the high temperature
nanoindenter to measure the mechanical properties of
polymer resins at elevated temperatures. In another
study, Fulcher et al. (2010) used the high-temperature
indentation technique to examine the thermomechanical
and shape-recovery behavior of a thermosetting, epoxy-
based shape memory polymer (SMP).

It is clear that there is a need to do a new study for
understanding of mechanical behaviors of cross-linked
mesoporous silica aerogels at elevated temperatures. For
this purpose, some nanoindentation tests at different
temperatures as well as the room temperature were
carried out by using hot-stage nanoindentation technique
to determine the effect of temperature on the mechanical
properties of a mesoporous silica monolith.

THEORY

In this study, it was assumed that the aerogel sample
used has the linear viscoelastic properties and so it was
provided formulas used for extracting the linear
viscoelastic properties from nanoindentation data as a
function of time. Lu et.al (2006), denoted in their study
that the Berkovich indenter is modeled as a rigid conical
indenter. For the indentation problem in which a rigid
conical indenter is indenting into an elastic half-space,
Sneddon (1965) derived relationship between load and
displacement,

. wl(l— vitana
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where P and h are load and displacement, respectively, a
the angle between the cone generator and the substrate
plane, vthe Poisson’s ratio, and G the shear modulus.
Lee and Radok (1960) proposed an integral operator to
determine  the  time-dependent  stresses  and
deformations. Applying this technique to Equation (1)
leads to the following time-dependent indentation depth
under a prescribed arbitrary indentation loading history
P(t) in a linear viscoelastic material (Lu et al., 2006),
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where J(t) is the creep compliance in shear at time &
Under a ramp loading, P(t)=wyt, differentiation of Equation
(2) leads to (Lu et al.,2006),
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where 1; is the loading rate. Equation (3) provides a
direct differentiation method to determine the creep
compliance in shear.

In another method to determine the creep compliance of
a linear viscoelastic material can be expressed by the
generalized Kelvin model (Lu et al., 2006),

N
16 =Jo+ Y 1 (1—e™%)
= (4)
where Jp, J; are compliance numbers, and gz is
retardation time.
Under P(t)=w,t, substituting Equation (4) into (2) leads to

(Lu et al.,20086),
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After fitting Equation (5) to the load—displacement curve
from nanoindentation, all parameters, Jy, J; (i =1, ..., N)
and 7z can be obtained. The creep compliance can be
subsequently determined using Equation (4). Once J(f) is
obtained, other viscoelastic functions, such as the
uniaxial relaxation modulus E(t), can be determined. For
example, the creep function in shear, J(t), can be
converted to E(f) through the following relation under
condition of a constant Poisson’s ratio, v (Lu et al., 2006).

1
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[
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0 (6)
MATERIAL AND EQUIPMENT

Leventis et al. (2008) prepared some polymer nano- encapsulated
silica monoliths, which have different chemical compositions,



Table 1. Chemical composition of the sample.
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Sample ID .0 M HNOs (g)

Pluronic P123% (g) TMB (g) TMOS (g) N3200/acetone (g/mL)

X-MP4-T045 12 4

0.45 5.15 11/94

2 Pluronic P123 (tri-block co-polymer: PEO2PPO7oPEQx0)

Figure 1. Nano Indenter G200.

Table 2. Nano Indenter G200 Specifications.

Specification Value
Displacement resolution <0.01 nm
Maximum indentation depth >500 um
Maximum load (Standard) 500 mN
Maximum load with DCM option 10 mN

Maximum load with high-load option 10N
Load resolution 50 nN
Contact force <1.0 uN

and they labeled the samples in accordance with the Nakanishi’s
notation (Amanati et al., 2005). One of the samples produced by
Leventis et al. (2008) was used in this study, which is coded as X-
MP4-T045 11/94, for the hot-stage nanoindentation test.

This sample was prepared in a cylindrical form that having 10
mm in diameter and 3 mm in thickness and its flat surfaces were
polished. The chemical composition of the sample is given in Table
1. In addition to the room temperature (RT), three different
temperatures (50, 75, and 90°C) were selected as testing
temperatures. Higher temperatures than 90°C were used for
nanoindentation tests but a meaningful consistency between the
response data could not be obtained. This situation can be
explained with the pyrolysis occurred in the structure of polymer

during the test. A nanoindentation device which is called ‘Nano
Indenter® G200° by Agilent Technologies and its hot-stage
indentation module were used for the indentation tests. By means
of the heater and cooler systems of this device, the test
temperatures could be controlled in the range of +2°C for each
temperature. The Nano Indenter® G200 system is integrated with
software, which is called as ‘NanoSuite’. Additionally, a software
package called as ‘ANALYST that allows the graphically comparing
ofmultiple samples, is also available in the system. The Nano
Indenter® G200 system is shown in Figure 1 and its specifications
are given in Table 2. In this study, Berkovich (TB15294 1SO)
indenter tip, which has the tip angle of 130.6°, was used.

For indentation processes, many tests have been carried out to
ensure the consistency of result data in terms of loading-unloading
curves. Also, the distance between indents for both X and Y
directions was selected as 100 um and the indentation tests were
carried out in a matrices form of 10 by 10 indents at the (RT). The
test parameters are given in Table 3.

The heater block of system used is shown in Figure 2. The
sample is fixed on this tray and so, heating and cooling units of the
system can control the temperature of sample.

RESULTS AND DISCUSSION

In RT, many indentation tests were carried out to
determine the consistency of data. In Figure 3, it can be
seen that the sample exhibits consistent data with regard
to the curves of load-displacement and this situation is
confirmed by the data that showed in Table 4. In other
words, the aerogel sample introduces significant
discrepancies depending on the changing of hardness
and elastic modulus. As is known, the aerogels have very
low thermal conductivity and by means of this
characteristic, the effects of temperature fluctuations can
be interpreted more clearly. Since the crosslinking
process is carried out by adding polymer, some points of
indent may have more polymers in their location,
especially in a wall of pore and so, the variations in
hardness values may cause to inconsistencies in the
depths of nanoindentation by increasing temperature. All
curves that represent the mean values are shown in
Figure 3 as a black thick curve for each temperature test.

In order to determine the maximum depths and
recovery capability of cross-linked aerogel sample, all of
curves at each temperature are shown in Figure 4. As
seen in Figure 4, both of the indentation depth and drift
ratios increase with increasing temperatures. This
situation can be explained by the effect of polymer. At
room temperature, the maximum depth (hmaxs7) value
was measured from loading step as 3134 nm and, the
drift (hgin-r7) Value was 2411 nm at the end of unloading
step. According to RT values, the hpaes0c and the hgigq.
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Table 3. Test parameters.

Indenter Tip Max. load

Holding time at peak load

Loading rate

Berkovich(TB15294 ISO) 10 mN

10s 0.1 mN/s

Figure 2. Heater block.

s0c values increase by 6.34 and 9.12%, respectively.
Similarly, for 75 and 90°C temperatures, these increasing
ratios were calculated as 11.64 and 13.78% for
indentation depth values. Increasing values of drift were
determined as 14.72 and 28.41%, respectively. From
these calculations, it can be denoted that the aerogel
sample has a capability of recovery at the end of the
unloading step and this ability is increased with
increasing temperatures.

Table 4 shows a summary of the test results of
nanoindentation obtained from different temperatures. In
addition to the result data of nanoindentation test, a result
of Young’s modulus that obtained from a compressive
test that performed by Leventis et al. (2008) is also
showed in Table 4. It is clearly seen that the results of
indentation test are higher about 6.6 times than that of
compressive test. The difference between the results of
mechanical test and the output data of software that used
with a nano device were also reported in some similar
studies that used comparative analysis (Lu et al., 2006;
Sadr et al., 2009). It can be seen from Table 4 that the
values of standard deviation increase with increasing
temperatures while the values of Young’'s modulus and
Hardness decrease about 50.8 and 6.38%, respectively
when the temperature comes to 50°C. The decreasing
ratios do not have a linear trend in increasing
temperatures. Eventually, when the temperature reaches
up to 75 and 90°C these ratios were calculated as about

-59.2, -21.27 and -66.42, -29.78%, respectively. In these
calculations, the values of RT were taken into account as
a base point. Nevertheless, the maximum depth of
indentation does not attain to extreme values, so the
increasing ratio in maximum depth is only +13.14% at
90°C.

The experimental load—displacement data used in
Equation (5), and so, the fitted curves are plotted in
Figure 5. It is seen that Equation (5) can describe the
nanoindentation data very well. In the computation, the
Poisson’s ratio of aerogel sample was selected as 0.35.

The creep compliance curves that in average values for
each temperature are given in Figure 6. The actual
loading rate was calculated from the loading history
observed from the output results, and used in analysis to
determine the viscoelastic functions. By means of the
loading data, the creep compliance values J(t) and
retardation times t were calculated by using Equation (5)
and Equation (4), respectively. As expected, the J(t)
values increase with increasing temperature. At elevated
temperatures, when the time reachs up to 10* s, the J(t)
values are very close to each other, especially at. The
values of J(t) that obtained from 75 and 90°C are higher
about 1.5 times than that of RT. Another attractive point
in Figure 6 is that the J(t) values that obtained from RT,
50 and 90°C have almost the same values between the
time range of 10°and 10° s. After this time when the time
of 10° s is exceeded, these points of convergence turn
into the divergence and so the difference among creep
curves increase depending on the time.

The average Young's relaxation modulus over time, is
calculated from inversion of the average value of creep
compliance for each temperature. The average creep
compliance, in turn, has been calculated by averaging the
creep coefficients corresponding to the same retardation
times. After the creep calculations, the relaxation moduli
of the sample can be calculated as a function of time.The
relaxation modulus curves are shown in Figure 7. In
Figure 7, the relaxation curves are seen close to each
other except for the curve of RT. It can be clearly seen
that all the relaxation curves that in the range between
9x10°%s and 10%s are close to straight and are parallel to
each other. The difference ratio between RT and 50°C is
-25.42% and the difference ratio increases to -35.59% at
90°C.

Conclusions

In this study, some nanoindentation tests have been
carried out to determine mechanical and viscoelastic
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Figure 3. Mean Load vs. Displacement curves of nanoindentation tests at each temperature. Thicker curves show
the mean curve. The discrepancies among the curves become more obvious with increasing temperature a) RT, b)

50°C, c) 75°C, and d) 90°C.

Table 4. Summary results of compressive and nanoindentation tests.

Temperature (°C) E? (MPa) E° (MPa) H® (MPa) Mean indentation depth (nm)
RT 274+39 18261266 4748 31341181
50°C - 8971167 44412 33331265
75°C - 7451234 37114 34991429
90°C - 613+309 33£15 35661497
®Young's modulus from compressive test; "Nanoindentation test.
properties of silica based aerogel sample at elevated significant  discrepancies with regard to load-

temperatures. It can be said that the linear viscoelastic
model can be used to examine the test results to
calculate the creep compliance and relaxation modulus of
the aerogel sample used in this study. By means of
cross-linking process, the silica aerogel sample that
comprise polymer in its mesoporous structure exhibits

displacement values at elevated temperatures. With
increasing temperature, the relaxation modulus of
aerogel sample reaches to steady state. Additionally, the
creep compliance values of the sample that obtained
from the nanoindentation test were much higher that
about 6.6 times than that of compressive test.
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