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Abstract

This work describes the procedure for investigation into dynamics of shock-wave compression of aerogel with the help of synchrotron

radiation (SR). The aim of the experiments was to measure intensity both of transmitted radiation, giving information on substance

density variation, and of radiation scattered through small angles (small-angle X-ray scattering (SAXS)), that can be used for

reconstruction of pore evolution. The studies have shown that the SAXS signal vanishes while the shock wave is passing, i.e. the pores

practically get shut. The porous structure of the substance recovers after the shock wave has passed, however, with a different pore size-

grade distribution.

r 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Aerogels are highly porous materials, ultimately low
density and large amount of small-size pores being their
main particularities. Besides, these materials are specific
physical objects macroscopic clusters of rigidly-connected
particles with a typical size of a few nanometers. The rigid
frame is a small part of aerogel volume, i.e. almost all its
volume (up to 98–99% and more) falls at pores. The very
first aerogel was obtained by Kistler [1] from silica in
1930–1931. Later on they managed to obtain aerogels from
aluminum, tungsten, iron, tin, and carbon oxides and a
number of organic compounds and substances. According
to the existing conceptions, there are no principal restric-
tions on obtaining aerogels from practically any material.

Owing to these structural particularities, aerogels have
unique physical features. One of the most important
properties is their low heat conductivity combined with
relatively high transparency [2]. Sound speed in aerogels is

even lower than that in gases. The first information on the
sizes of structural elements of aerogels was obtained using
the Rayleigh light scattering. Literature present results of
study of pore size-grade distribution using mercury
porosimetry, thermal porosimetry, and methods basing
on adsorption and desorption of various substances, e.g.
nitrogen. These methods can disturb the aerogel structure
very much, which casts some doubt on the results and
requires their thorough analysis. Photographing samples
with electron microscope in transmitted and reflected rays
also has some disadvantages since, as research shows,
electron beam influence can lead to enlargement of
structural elements of aerogels. The most reliable method
to analyze structure of aerogels is the small-angle scattering
of X-ray or neutrons. A simplest model of aerogel [3] can
be created from spherical ‘‘primary’’ particles of a radius
r0p1 nm united in ‘‘secondary’’, also spherical particles,
forming chains in which particles become bound when they
touch each other. Namely, these chains make the high-
porous structure of aerogel. In the size range r0prpR0

(R0 is the maximal pore size) aerogel is a fractal cluster and
at rbR0 it is considered as a homogeneous body.
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As aerogel is subjected to high-intensity external impact
in some of its possible applications, it would be of interest
to study aerogel properties and behavior at dynamical and
shock-wave loading. In this connection, we should mention
several works concerning construction of shock adiabats
and equations of state for a silicon aerogel [4–8].

This work takes the advantages of synchrotron radiation
(SR) in order to study behavior of an aerogel on the base of
silicon dioxide (SiO2) at shock-wave loading. SR applic-
ability in the study of explosion and shock-wave processes
was shown in Refs. [9–11].

2. Structural and mechanical characteristics

Fig. 1 gives a general picture of the structure of the SiO2

aerogel under study. It presents photos of micro-samples of
various densities, made with a transmission electron
microscope (TEM). Density of the material in Fig. 1 is
0.15 g/cm3. The size distribution of pores for sample 1,
obtained by the nitrogen adsorption method, is presented
in Fig. 2 (the number of pores in relative units as a function
of the size). The maximum of distribution falls at pores
with a diameter of E25 nm and the sizes of most pores are
within the range of 20–40 nm. If the density decreases, the
maximum distribution moves towards larger pores and the
distribution itself becomes wider because of the presence of
larger pores (as large as 70–80 nm).

Elastic properties of the aerogel under study loading
were determined in uniaxial compression experiments. A
diagram of deformation of a sample with an initial density
of 0.25 g/cm3 is presented in Fig. 3 (the dots are the
experimental data). It can be seen that the relationship
between the stress and deformation is linear practically till

the moment of destruction (the last dot corresponds to it).
The Young modulus calculated with the data presented is
E0.5 kg/mm2; the limiting deformation is �0.057.

3. Experimental set-ups

A experimental set-ups to study detonation and shock-
wave processes is described in detail in Refs. [9,10]. In this
work, cylindrical aerogel samples of diameters and lengths
of 10, 15 and 20mm were subjected to loading, which was
realized in two ways. In the first case, the plane shock wave
was excited on one of the ends of the sample, via blowing
up an explosive charge (also cylindrical) contacting with
the sample, either directly or through an insertion.
Curvature of the front of the loading detonation wave
was monitored beforehand with the use of high-speed
photography. According to the photography results, the
front could be considered to be flat with an accuracy of
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Fig. 1. The structure of aerogel.

Fig. 2. Distribution of pores for aerogel.

Fig. 3. A diagram of deformation of a sample with an initial density of

0.25 g/cm3.
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�2%, for all explosive charges applied. In the second
variant, the shock wave in the sample was excited by a
impact of a plate accelerated by explosive detonation
products through the air gap. Direct SR measurement
showed that the plate was remaining practically flat during
all the time of the experiment.

Parameters of the shock-compressed aerogel were
measured with the SR beam. The experimental set-ups
was placed horizontally along the plane of the formed SR
beam 0.4mm high and E18mm wide. The shock wave in
the aerogel was in the SR beam zone for 3–4 ms and we
managed to take 6–8 photos (with an exposure of 1 ns) of
radiation transmitted and scattered over small angles along
the sample axis. The time interval between the frames was
E 500 ns. The radiation was registered by the detector
DIMEX [9], that was also placed along the set-ups axis, in
a distance of 770mm from it. The registration channel was
1mm high and 0.1mm long, along the charge axis. The
total number of channels was 256 (26.5mm). The detector
got activated when the contact sensor in a distance of
15mm beyond the beam arrival area was closed. Variation
of intensity of the beam transmitted through the sample
gives information on density distribution in the measure-
ment area, and intensity of the beam part diverting over
small angles (small-angle X-ray scattering (SAXS)) allows
calculating the sizes and number of structural elements of
the aerogel (for details see Ref. [9]).

4. Measurements in the transmitted ray

Fig. 4 (Loading with an explosive charge, the resulting
intensity referred to the initial one after the sample in the
non-loaded state, or relative intensity) gives the picture of
transmitted radiation intensity variation as the shock wave
is moves over the aerogel. Even together with instrumental
smearing of signal (a ‘‘point signal’’ excites three registra-
tion channels), it can be seen that the loading pulse front is
notably smeared owing to the high porosity of the material.
The shock-wave speed is constant and equals �2.4 km/s.

Similar data for the case of shock loading of the piston are
presented in Fig. 5. In this case, besides the velocity of
shock wave, its mass velocity beyond the front is measured,
which equals the velocity the piston is flying with. The data
obtained can be compared with the shock adiabats [4–8]
and can be used as a base for shock adiabats for the
aerogels of different initial densities.

5. SAXS intensity measurement

In each experiment of this series, we registered simulta-
neously SAXS spatial distribution and transmitted radia-
tion distribution ðy � 0Þ. It allowed us to correlate the
observed SAXS distribution with the moment of shock
wave arrival and subsequent unloading in the observation
zone. An example of the results is shown in Fig. 6 (the
shock-wave speed is 3.4 km/s). Fig. 6(a) presents the results
for an initial sample in the non-loaded state.
Large structural non-uniformity of the material, in

which small high-density particles of SiO2 alternate with
big-size pores, caused intense small angle scattering of the
probing beam. Guinier processing of SAXS intensity
distribution dependencies on the scattering angle after
smoothing them by standard methods makes it possible to
construct a size distribution function for particles compos-
ing the aerogel. SAXS distributions in the non-compressed
(points C) and compressed (points D) material are
compared in Fig. 6(a). According to the data, there is
practically no SAXS in the shock-compressed material,
which evidences its relative uniformity (absence of density
fluctuations) in the compressed state. SAXS distributions
in the initial state (points C) and after the shock-wave
transmission and subsequent unloading (points G) are
compared in Fig. 6(b). The pore structure of the material
has recovered after the unloading. However, the distribu-
tion of sizes of scattering particles has changed as
evidenced by the difference in the curves corresponding
to points C and G. According to data on transmitted beam
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Fig. 4. Shock compression of aerogel by explosive. Time between frames

�0.5mS.

Fig. 5. Shock compression of aerogel by piston. Time between frames

�0.5 mS.
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intensity, density of the material after the unloading is close
to the initial one.
Different data on aerogel state after unloading were

obtained at loading with shock waves of lower intensities.
In this case, SAXS distributions in the initial and unloaded
states are practically the same, which is a result of complete
recovery of aerogel structure after the shock-wave trans-
mission and subsequent unloading. According to the
obtained data, the critical amplitude of shock wave,
starting from which the aerogel structure changes in
quality at shock-wave loading, corresponds to a shock-
wave velocity of �2.8 km/s.

6. Discussion of results

Shock adiabats of aerogels of different initial densities
are constructed in works [4–8] in the form of linear
relationship between the shock wave speed D and mass
speed beyond its front U. The experimental data for
aerogels with density of 0.008–0.36 g/cm3 are generalized in
a unified shock adiabat, in the form of linear and quadratic
relationship of D with U in Refs. [7,8], correspondingly.
These shock adiabats describe the results of our experi-
ments with admissible accuracy.
Methods applying nitrogen adsorption, electron micro-

scopy and SR were used to study mesostructure of aerogel
in the initial state. It was revealed that the average pore size
(the maximum of the distribution function) is approxi-
mately one order higher than the average size of particles
composing aerogel. SR methods allowed us to reveal
presence of a meso-structure transition in aerogel when the
critical parameters of shock wave are achieved. The essence
of the transition is that the size of aerogel particles that
dissipate the radiation over small (Fig. 7). angles changes at
the speed D4DK (the approximate value DKE2.8 km/s is
to be defined more accurately). This statement is illustrated
in Fig. 7, where points B show distribution of particle sizes
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Fig. 6. (a) C—Initial SAXS distributions in aerogel, D—at shock

compression. (b) C—Initial SAXS distributions in aerogel, G—after

shock compression.

Fig. 7. Distribution of particle sizes after shock-wave loading: B—for

DoDK and C—for D4DK.
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after shock-wave loading at DoDK, and points C show
that for D4DK. The distribution in case B is rather narrow
and practically coincides with the distribution of aerogel
particles size in the initial state (before the loading). The C
distribution demonstrates a significantly broader range of
particle size, both smaller and larger particles increasing in
number. The average aerogel density after unloading
remains close to the initial one in both cases (naturally,
before the aerogel begins dispersing).
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