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Determination of elastic properties of single aerogel powder
particles with the AFM
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Abstract

Atomic force microscopy (AFM) allows direct measurement of local elastic sample properties by force spectroscopy.
The AFM tip indents into a soft sample and the resulting relation between loading force and indentation is used to
determine the elastic properties of the sample. In order to calculate the indentation an analytical expression for the sensor
response vs. z-piezo displacement based on the Hertz model of mechanical contact is derived. This model is fitted to data
obtained on a silica aerogel sample using a least-squares method. The aerogel powder particles were analysed
individually for their surface structure and elastic behaviour. Prior to the indentation experiments, the aerogel surface
was characterised by AFM in the tapping mode. The results were validated by the comparison of data obtained by using
two types of cantilevers of very different stiffnesses (spring constant k = 0.2 and 54 N/m) and by assessing the reversibility
of the indentation process. Tip indentations smaller than 200 nm were usually reversible, whereas indentations of
2000 nm caused irreversibilities. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

The atomic force microscope (AFM) [1,2] has
proven to be a versatile instrument for imaging
a wide range of samples with widely different elastic
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properties. In AFM measurements like topo-
graphic imaging or friction force microscopy the
elastic deformations of the sample play an impor-
tant role [3-6]. In some special cases, a deforma-
tion of the tip must be considered, too [7].
However, the indentation of the AFM probe into
a sample surface also offers a direct approach to
determine elastic sample properties by measuring
the sensor response to the z-piezo displacement
[8-10].
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Silica aerogels are highly porous and transparent
or translucent solids, which consist of silicon dio-
xide. They are produced in a catalytic sol-gel
process followed by a suitable drying process
generating spongelike open-pore aerogel monoliths
or granules [11,12]. This structure consists of
“pearl strings” with a diameter of about 5nm
around pores with about 50nm in diameter
(Fig. 1). This structure leads to the special physical
properties of aerogels. They have very high poros-
ities (up to 99%) and low densities (as low as
3 kg/m?®) which give rise to low thermal conductivi-
ties (1 &~ 15x 1072 W/mK), a low refractive index
(n«1) and a high inner surface (up to 600 m?/g).
Monolithic aerogels have their applications in
high-energy physics as Cherenkov detectors [13]
and, because of their high inner surface as catalytic
substrate [ 14], in gas filters [15] or as containment
for fusion fuels [11]. For the production of the
aerogel powder, the granules are ground. These
powders are mainly used as thermal insulations
[16,17], with which very low thermal conductivities
can be reached in vacuum (2 x 107 W/mK). An-
other new application for these powders is the use

Fig. 1. Schematic diagram of the aerogel structure. About 5 nm
sized particles build an open-pore network with about 50 nm
sized pores.

as a free flowing agent in pharmaceutical engineer-
ing. One important property for tailoring aerogels
with respect to the desired application is the
control of its surface characteristics and elastic
properties.

Surface characterisation of silica aerogels with
scanning electron microscopy is difficult to achieve,
mainly due to charging in the electron beam and
destruction of the aerogel surface by the coating
process [18]. However, it was possible to obtain
images of aerogel surfaces by high-resolution trans-
mission electron microscopy in conjunction with
a vertically Pt-C replicated aerogel surface [19]. In
contrast to these experimental techniques the AFM
allows direct investigation of the untreated speci-
men surface. Earlier, Borne et al. [20] analysed
aerogel particle sizes by comparison of Fourier
transformed topographic AFM images to small
angle X-ray scattering data. The elastic bulk
modulus of silica aerogels has been investigated by
measuring sound velocities [21] and mercury
porosimetry [22]. In the latter, linear elastic behav-
iour was found with small strains. For larger strains
the network then showed yield followed by densifi-
cation and plastic hardening.

In the present communication we demonstrate
the capability of the AFM for the investigation of
material properties like surface topography and
elastic modulus of single aerogel powder particles.
We address the local elastic properties and possible
differences in the elastic behaviour between the
bulk and the surface of ground particles. Extending
a technique used for very soft biological samples,
where the elastic properties have been estimated by
the evaluation of selected data points of the sensor
response [8,23], we introduce a complete method.
All recorded data points of the force curves are
analysed and allow a quantitative assessment of the
elastic modulus by AFM.

2. Materials and methods
2.1. Aerogel particles
A commercially available aerogel powder

(Basogel, BASF, medium particle size of 110 pm)
was characterised. The heap density is 110 kg/m?,
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which results in a heap porosity of 95%. The
aerogel grain density is between 150 and
200 kg/m>. The aerogel particles were fixed on
a microscope slide on a thin layer of nearly dry
enamel. For the Poisson’s ratio of the aerogel,
a standard value of v = 0.2 is assumed [24].

2.2. Instrumentation

AFM data were obtained by a commercial in-
strument (Topometrix Explorer) with 130 um lat-
eral scan range and a 10 pm z-scanner. The AFM
was mounted on top of an inverted microscope
(Zeiss Axiovert 135) which allows accurate posi-
tioning of the probe on the particles.

The elasticity measurements were done with an
Si cantilever (nanosensors, pyramidal tip shape,
cone half angle o« = 18° tip curvature radius
r < 10 nm, resonant frequency nominal: 17 kHz,
measured: 11.80 kHz, Q = 26). The spring constant
(k =0.19 N/m) was determined using the method
of thermal fluctuations [25,26].

For control experiments a stiff Si cantilever
was employed (nanosensors, spring constant
k = 54 N/m, pyramidal tip shape, tip height 10 um,
cone half angle « = 18°, tip curvature radius
r < 10 nm, resonant frequency nominal: 350 kHz,
measured: 361 kHz). This cantilever was character-
ised individually by the manufacturer. The relative
error of the spring constant is estimated by the
manufacturer to be 20%. All experiments were per-
formed in ambient conditions with a relative
humidity of 40%. Imaging was done in high ampli-
tude resonant mode (tapping mode, 1 Hz scan rate).
The setpoint was 60% of the free oscillation far
away from the surface.

2.3. Force curve measurements

A series of force curves was obtained at the same
position on the particles. To avoid structural dam-
age of the aerogel sample at the point of interest,
the tip was first approached carefully to the sample
surface. Then, the tip was retracted by adjusting the
setpoint to the lowest possible value. Subsequently,
the force curve measurements were performed at
a distance of a few microns (approx. 20 um) away

from the original contact point. This procedure was
necessary to asseses changes in the shape of the
force curves due to sample deterioration induced
by the tip. For force curve acquisition the upper
force limit was set to 50 nN. In order to minimize
piezo hysteresis effects the z-approach speed was
1 um/s. Before and after the measurements on each
particle, the sensor response was calibrated on the
glass substrate.

A set of control experiments was performed
using a stiff cantilever. The first approach was done
in the tapping mode, the following experimental
procedure was the same as before.

3. Data analysis

The indentation of an AFM tip fixed to a canti-
lever (spring constant k) into a soft sample (Young’s
modulus E, Poisson’s ratio v, i.e. the ratio of longi-
tudinal extension to transverse contraction) can be
modelled using Hertzian contact mechanics [27].
This theory provides a very simple but direct ap-
proach to the sample elasticity.

For an infinitely hard body indenting (indenta-
tion d) into an elastic half space with a normal force
F this theory leads to:

E
1—v*’

F = &dm (1)

where ¢ is a constant dependent on the tip
geometry. The exponent m characterises the inden-
tation behaviour. For the indentation of a sphere
the exponent is m = 3 (d « sphere radius). A cone
with a half angle « leads to m = 2 and x = 37 tan o.

The indentation cannot be measured directly by
AFM, because the data are usually obtained as
a photodiode signal (i.e. the cantilever deflection)
vs. z-piezo displacement curve. This curve is refer-
red to as the force curve. Basically, a force curve can
be divided into two different regions. With the tip
off the surface the cantilever deflection is constant.
However, when the tip is in contact with the
sample, the force curve is sloped. The slope depends
on the stiffness of the sample. For an infinitely hard
sample and tip, the deflection d(z) of the cantilever,
ie. the force curve, can be described by the
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expression,

{ (z—zo), z< 2z, )
0, zZ =z,

where z, is the z piezo position when the tip hits the
sample (contact point).

Force curves on soft samples can be calculated
directly from the Hertz model in Eq. (1). Assuming
a cone as a model for the AFM tip, the cantilever
deflection vs. indentation relation is

d(z)=<k5(z) 2 1_v2>1/2’ (3)

ntanoa E

where F(z) = kd(z) is the loading force. Considering

the indentation d(z), the cantilever deflection in

Eq. (2) for soft samples becomes
—(z—20) —d(z), z<z,,

dz) = { “4)
0, zZ = zg.

Inserting Eq. (3) into Eq. (4) and solving the quad-

ratic equation, the expression for the force curve
d(z) on an elastic sample is

o(z) =

a . a2 a 1/2

f—(Z—Zo)-i-[P 2§(Z—Zo):| , z < Zg,

0, z = Zo,

®)
with
k E

= d K= . 6

¢=rtana 1 —v? (6)

K is referred to as the elastic constant. In Eq. (5) the
solution with the negative sign is the physically
relevant root. For an infinitely hard substrate, the
slope of the force curve is equal to — 1 in contact
regime (see also Eq. (2)).

In order to calculate the indentation from the
experimental force curve data a precise knowledge
of the contact point z, is necessary. Often, z, can-
not be read directly from the force curve data,
because additional forces like electrostatic interac-

tion and meniscus forces, which are neglected in the
Hertzian contact mechanics model, are dominant
in the region of a few nanometres around the con-
tact point. This region can be referred to as
“transition region” [9]. The contact point z, to-
gether with E and an offset of the force curve from
the abscissa is estimated from the experimental
data by nonlinear regression (Levenberg—Mar-
quardt algorithm [28]). The main advantage of this
approach is that the point of mechanical contact is
calculated from data where the elastic deformation
of the sample yields the dominant forces.
This allows accurate calculation of the indentation
into the sample in the picture of Hertzian contact
mechanics.

4. Results and discussion
4.1. Imaging

Atomic force microscopy of the fragile aerogel
revealed a rough structure (Fig. 2). For the indenta-
tion experiment using the stiff cantilever, the
sample was first scanned in the high amplitude
resonant (tapping) mode. To inspect the region of
interest a series of images was recorded decreasing
the scan range stepwise. Fig. 2b is the first zoom
into the centre of Fig. 2a. Further reduction of the
scan-range did not enhance resolution (data not
shown). To reveal more contrast, the correspond-
ing error signal is given in Fig. 2c and Fig. 2d).
Several pores on the surface can be identified
(Fig. 2b) as indicated by the arrows. Obviously,
the investigation of pores is limited by the tip
geometry and its aspect ratio. Particles smaller
than 50 nm in diameter could not be resolved.
This limitation is caused by the flexibility of the
aerogel sample and by tip—sample convolution.
After imaging, force curve measurements were
performed.

In a second set of experiments the repeatability
of the scanning process itself was examined. When
scanning the same region of interest repeatedly, the
tip was contaminated by aecrogel debris on the
sample surface and the resolution decreased after
about ten scans. Imaging in contact mode was
impossible.
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Fig. 2. AFM micrographs obtained in the tapping mode on an untreated silica aerogel surface in ambient conditions. The upper images
show surface topography, below is the corresponding error signal. (a) z-scale bar is 0... 1400 nm, scale bar is 1 pm. (b) z-scale
0...800 nm, scale bar 1 um. The arrows point to pores. The roughness of this area is R, = 158 nm (c,d) scale bar: 1 um.

4.2. Indentation experiments

4.2.1. Experiments with soft cantilevers

Probing a rough sample surface with an AFM tip,
different types of probe—sample contact can be ex-
pected. (i) The tip indents into a flat surface (Fig. 3)
and the process can be described by Hertzian con-
tact mechanics (ii) If the probe interacts with pro-
trusions on the surface, the sample stiffness can be
modelled by a Hook spring with a force constant k,
leading to a linear sensor response signal (Fig. 4).
Some force curves with intermediate behaviour
were also found (data not shown).

In Fig. 3a the first force curve in the approach
direction is displayed. This force curve was selected
for presentation because it shows both, structural
breakdowns and elastic response. (For a typical
elastic response curve see Fig. 5.) A transition re-
gion with several structural breakdowns was ob-
served for z-positions from 240 nm to 100 nm.
Outside of this transition region the experimental
data can be described by the model Eq. (5). At the
bottom of Fig. 3a, the residue between data and the
model is plotted. For curve fitting, the data in the
greyed transition region were omitted. From this fit
the contact point z, on the flat surface set was



57

138

100F

cantilever deflection [nm]

o

| z position [nm]
-500 -250

30
20¢
10 A

A A
RSV

residue [nm]

0
-10

force[nN]

R.W. Stark et al. | Ultramicroscopy 75 (1998) 161—169

®

force [nN]

19 28

200 ' ' '
150 | i
E
=
5
= 100 | 1
=
[}
o
£
50 —e— indentation
model
0 . . L . y
0 50 100 150 200 250

cantilever deflection [nm]

Fig. 3. Indentation experiment on the aerogel surface showing the elastic response (soft cantilever k = 0.19 N/m). (a) Fit of the
experimental force curve data in the approach direction to the model Eq. (5). The residue is plotted below. A force curve on an infinitely
hard substrate is shown as a dashed line. The indentation d of the tip into the sample is the difference between the force curve on the
elastic sample and a hard sample as indicated by the horizontal arrow. The corresponding fit parameters are: elastic constant
E/(1 —v?) = 5.36 MPa and z, = 0 nm. Between 240 nm and — 100 nm z-position there is a transition region (grey), where the structure
collapses several times. At lower z-positions the force curve exhibits elastic behaviour. (b) Resultig indentation vs. force plot with good

agreement between data and model.
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Fig. 4. Linear response in an indentation experiment on the
aerogel surface (soft cantilever, k = 0.19 N/m). Approach and
retraction directions are indicated by the small arrows. The curve
exhibits two instability points (arrows). Between these instabilities
the force curve is linear. After each structural change the spring
constant increases (see extrapolated linear sections). Corre-
spondingly, there are rupture events in the retraction direction.

calculated. This allowed subsequent calculation of
the indentation of the tip into the sample (Fig. 3b).
Outside the transition region the model fits the
data well. The least-squares estimate for the

Young’s modulusis E = 5.15 MPa with a statistical
uncertainty of + 0.12 MPa. The real uncertainty
maybe much larger, mainly due to the error in the
spring constant of the cantilever. The advantage of
the least-squares method is now clearly visible. The
parameter z,, which cannot be obtained directly
from the force curve, because the structural break-
down and the change in elastic response hide the
contact point, could now be determined. The
behaviour in the transition region can be inter-
preted by a surface protrusion which is first hit by
the tip. With increasing loading force this protru-
sion broke down irreversibly in several steps until
the probe was in solid mechanical contact with the
bulk.

In a series of five identical experiments on differ-
ent particles an average elastic modulus of
E =54 MPa was measured. The results varied
from E = 2.7 MPa to E = 8.6 MPa.

A force curve exhibiting a linear response is
shown in Fig. 4. As before, a force curve indicating
structural changes has been selected, though force
curves without peculiarities were found, too. In the



R.W. Stark et al. | Ultramicroscopy 75 (1998) 161—169

®

300 ' j j j 16.2
E
— 200t 4110.8
=
p=l
S
@
©
© 100 4154
@
>
2
T
8 o J 0

z position [nm)
-2000 -1500 -1000 -500 0 500
E 4t
&
= L
5 0
w
o
4]

force [pN]

167
force [uN]
0 27 5.4 8.1 10.8 13.5
2000 T T T T e
= 1500
=y
==
8
£ 1000 |
&
[}
3
£
500 . ;
—e— indentation
model
0 L | 1 . L
0 50 100 150 200 250

cantilever deflection [nm]

Fig. 5. Purely elastic response in an indentation experiment on the aerogel surface (stiff cantilever, k = 54 Nm). Note that here forces are
given in uN. (a) Fit of the experimental data in the approach direction to the model Eq. (5). Fit parameters: elastic constant
E/(1 —v?) = 8.9 MPa and z, = — 29 nm. Below, the residue between data and the model is plotted. (b) The resulting indentation vs.
force plot shows excellent agreement between data and the model.

approach direction two instabilities (F =2 nN,
F =8nN) were observed as indicated. Beyond
each instability point the slope of the force curve,
1.e. the force constant k, of the sample, is increased.
During retraction, rupture events coincide with the
instabilities in the approach direction. The slopes of
the retraction curve in this area are similar to the
corresponding slopes in the approach direction. This
indicates that the process of structural changes in-
duced by the tip is reversible. Thus, the instabilities
are explained by a configuration in the protrusion
that acts as a joint. At a certain loading force the
joint snaps over. Due to this configurational change
the spring constant of the system is changed.

These observations together with the fact that
the tip usually is contaminated during scanning
show that the surface of an aerogel particle is
covered with irregular and instable structures
which also determine the adhesion behaviour be-
tween different particles in powders used for indus-
trial applications.

4.2.2. Experiments with stiff cantilevers
A series of control experiments was performed
using a stiff cantilever. The applied loading forces

were increased by two orders of magnitude as com-
pared to the experiments with soft cantilevers. The
main goal of these measurements was to probe
sample elasticity deeper within the bulk of the par-
ticles.

All indentation experiments can be described by
the mechanical contact theory (Eq. (5)). The load-
ing forces were much higher than before, leading to
a decreased force sensitivity. Fig. 5a shows a typical
force curve in the approach direction. The
calculated indentation is in excellent agreement
with the experimental data (Fig. 5b). Indentations
up to 2 um were performed. Although this is by
a factor 10 higher than in the experiments above,
the model fits the data well. The least-squares esti-
mate for the elastic modulus is E = 8.1 + 0.7 MPa.
The average out of five experiments was
E=69MPa with numerical values from
E =58 MPa to E =9.1 MPa. From the fact that
this value is similar to the one measured with only
200 nm indentation we concluded that the acrogel
surface, even after the grinding process, has similar
elastic properties as the bulk.

In Ref. [21] sound velocities in different aerogels
were measured. For silica aerogels in air with
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p =150 kg m™3(p = 200 kg~ *), a sound velocity of
about ¢ =180m s~ ! (¢ =300ms~ ') was found.
Thus, the Young’s modulus was E =4.9 MPa
and E = 18 MPa, respectively. Our values confirm
these results.

Deep indentations also can cause structural col-
lapses. Fig. 6 shows a series of consecutive indenta-
tion experiments. A massive break down was
observed in Fig. 6 d) where the structure collapsed
and the force curve was shifted about 1 um to the
left. In the retraction direction no single rupture
events can be found. This was expected because the
forces for ruptures were found to be in the order of
20 nN. The forces in this experiment are two orders
of magnitude higher, therefore single events cannot
be resolved. These experiments indicate that it is
necessary to validate indentation experiments care-
fully in order to avoid plastic deformations where
elastic ones are desirable. Here, the indentation into
the aerogel sample induced irreversible structural
changes. Nevertheless, forces in the order of
micronewtons were needed to induce irreversible
collapses.

5. Conclusions

The determination of local elastic sample proper-
ties by measuring the sensor response of an AFM
tip indenting into a soft sample using a mechanical
contact model together with a least-squares
method has been introduced. This method was
applied to single silica aerogel particles. After imag-
ing the aerogel surface by AFM the Young’s
modulus E has been determined to be in the order
of E = 6 MPa. This value confirms earlier measure-
ments of sound velocities in monolithic aerogels. It
was found that the value for E varies somewhat
with the position on the aerogel. The reversibility of
the indentation experiments was investigated. For
loading forces in the order of 10 nN, reversible
processes were found whereas at higher loading
forces in the order of 1 uN, irreversibilities can
occur. The main advantage of the introduced
method of data analysis is that it uses a large
number of data points (typically 200-500) and con-
sequently allows the exact determination of the
contact point z,. Thus, the local Young’s modulus
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Fig. 6. Series of indentation experiments (stiff cantilever). The first six consecutive indentations of a series of fifty are shown. (a) Force
curve exhibiting slight structural changes. (b,c) Subsequent force curves showing elastic behaviour. (d) A structural collapse in the order
of about 1 pm in depth. (e) The aerogel structure collapses again. (f) Elastic behaviour that cannot be explained entirely by the model in
Eq. (5). The force curve in (f) is shifted about 1.5 um to the left as compared to (a). Nevertheless, the elastic response is still similar to the

force curve in (a).
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can be measured for samples where the transition
region from noncontact to mechanical contact
shows a complex behaviour.
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