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Vibration reduction and structure-borne sound insulation create a healthy environment in housing by reducing
the exposure of the habitants from sources outside or inside the building (railway and road traffic, neighbors).
Current solutions include textiles, polymer foams, rubber mats and metal springs, but for many applications,
highly sought after. Although thermal insulation drives the silica aerogel market, acoustic applications are
increasingly gaining attention. Most acoustic studies focus on airborne sound absorption, but structure-borne
sound and vibration isolation remain unexplored. In this paper, we compare the vibroacoustic properties of
silica aerogel granules to those of recycled rubber and expanded cork to assess the suitability for vibration
damping or vibration isolation. With a remarkably low resonance frequency (<12 Hz) and dynamic stiffness
(<0.1 N/mm?>), silica aerogels provide superior vibration isolation performance compared to recycled rubber (by
8 dB) over a wide range of static loads (0.02-0.12 MPa), and silica aerogel may become a viable solution for

vibration isolation in construction.

1. Introduction

Aerogels are porous materials derived from a wet gel in which the
pore fluid has been replaced with air while its internal structure is
mostly maintained [1-5]. The large, predominantly mesoporous pore
volume and the tortuosity of the nanoparticle or nanofibrous network
result in a low density, a very high specific surface area, and porosity,
high transparency (for SiO, aerogels and some biopolymer aerogels),
and a very low thermal conductivity, down to 15 mW/(m' K) (Fig. 1) [5].
Aerogels can be produced from any material that can form a gel, out of
which silica aerogels have been studied best, and they have by far the
highest industrial production volume [6]. Despite their brittleness, silica
aerogels have a wide application potential [7]. Thermal insulation has
been the near-exclusive focus of the current market [8-10], e.g. in the
building energy savings [11-13], oil-and-gas infrastructures [1], aero-
space sector [14], and more recently, thermal barriers in lithium-ion
battery packs [15]. Aside from thermal insulation, silica aerogels may
also be applied for acoustic applications, which have attracted
increasing attention in the last decade [16,17], but no aerogel-based
acoustic insulation product has been brought onto the market so far.

Air-borne sound absorption, using an impedance tube to determine
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the sound absorption coefficient (a), has been the focus of most research
on silica aerogel’s acoustic properties, with measurements on neat or
composite silica aerogel [18-22], aerogel blankest [23-26], and silica
aerogel filled fibers [27]. As sound waves propagate through the inner
network of aerogels, the low-density porous structure of the material
reduces sound reflections. For air-borne sound, silica aerogel’s behavior
is influenced by several factors, including the material form (granules,
films, composites, etc.), the geometry of the network structure and/or
the external boundary conditions [16,28]. On their own, silica aerogels
often show a high absorption peak in a narrow range of frequencies, like
sound-absorbing resonators, but inclusion of fibers leads to a smoother
behavior over a wide range of frequencies more similar to sound-
absorbing foams or fibrous materials. A detailed overview of the
acoustic properties of silica aerogel materials is available in the review
paper by Mazrouei Sebdani et al., 2020 [16].

In contrast to the numerous studies on air-borne sound absorption
and insulation properties of silica aerogels [16,26,29,30], their potential
for reducing vibrations or protection against structure-borne sound has
not been explored yet [31]. Structure-borne sound is transmitted
through foundations, walls and floors in buildings, and causes them to
vibrate. In the course, sound waves can propagate through the support
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structure of a building [16]. In daily life, vibration reduction and
structure-borne sound insulation are important for example for a
healthy environment in housing and therefore a better life quality for the
habitants. Structure-borne sound in a building can be caused by sources
outside of the building, such as railway or road traffic [32], as well as
from sources from inside the building such as walking of neighbors (in
multi-story apartment buildings) or industrial settings [33-37]. In
extreme cases of for highly specialized facilities such as telescopes [38],
uncontrolled vibrations can cause damage to the support structure, due
to large dynamic deflections. It is thus crucial not only to minimize the
excitation but also to dampen the sound wave propagation in the
structures, in which elastic mounts are key elements for the isolation or
damping of structure-borne sound [39,40].

The performance of a material for vibroacoustic applications can be
expressed in terms of vibration damping/isolation, or structure-borne
sound insulation. A determinative factor here is the natural frequency
which is the frequency at which a system oscillates in the absence of an
external stimulus. It depends on its stiffness and the mass involved
[41,42]. While vibration-damping materials reduce the amplitude of
vibrations when excited by an external stimulus oscillating with a fre-
quency close to the natural frequency [43,44], vibration isolation ma-
terials reduce the transmissibility of vibrations over a wide range of
frequencies above an excitation frequency. The critical excitation fre-
quency is defined as 1/2 times the natural frequency of the system [45].
The effect of vibration-damping is most obvious near the resonance,
while structure-borne sound insulation is most effective at frequencies
well above the natural frequency. In practical applications of structure-
borne sound insulation, lowering the natural frequency of the system to
the lowest possible ensures effective insulation of a broad spectrum of
noise frequencies. Considering a system of a base, a spring, and a mass,
when the base and mass vibrate at the natural frequency, they move in-
phase 90°apart causing the resonance, while they move out of phase
above the natural frequency [46,47]. Somewhat counter-intuitively, a
less strongly damped system often displays better in structure-borne
sound insulation, i.e., a higher tendency for the transmissibility to
more rapidly approach to zero at frequencies above \/ 2 times the natural
frequency. On the other hand, while reducing the natural frequency and
therefore preventing sound waves from propagating, some damping is
required to limit the amplitudes of vibrations near resonance [48,49].

Most common decoupling materials in the construction sector, e.g.,
polymer foams [50-52], rubber products [53-56], and textiles [57],
show a combination of good vibration damping and vibration isolation
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properties, both leading to structure-borne sound insulation.

Static loading is crucial to select the optimum structure-borne sound
insulation or vibration isolation solution. For a floating floor with its
comparatively low loads, materials such as rock wool, textiles, or
compact corks are used. At intermediate to high static loads, rubber mats
and highly engineered polymer foams with intermediate to high per-
formance are used. Polyurethane foams, in particular, can be tailored to
provide excellent performance for vibration isolation, albeit in a narrow
static load range for a specific foam, but over a wide load range (~e.g.,
0.01-2.00 N/mm?) for an entire product portfolio, i.e., a large number of
different foams, each tuned for optimum performance for its narrow
load range. However, these engineered polyurethane foams can be
prohibitively expensive, particularly those optimized to operate at
higher loads.

Despite the availability and success of current structure-borne noise
and vibration damping or vibration isolation materials, there are still
shortcomings in terms of performance, cost, and weight. Therefore, the
investigation of alternative materials that are lighter or thinner, being
able to bear high loads, and having the ability to be used under a wide
range of static loads is a worthwhile endeavor. Although silica aerogels
are brittle [58], they can undergo significant deformations without
changing their internal structure and fully recovering from compression
after load removal. This is due to their unique structure, which allows
them to absorb and dissipate energy and to recover their original shape
[59]. Thus, intermediate-density silica aerogels are elastic with full
strain recovery after decompression [60]. This is an interesting behavior
that may indicate a high potential for vibration isolation.

Here, we investigated, for the first time, the potential of silica aer-
ogels for structure-borne sound and vibration isolation. We determined
the dynamic properties, e.g. dynamic stiffness, storage modulus, loss
factor, resonance frequency, and frequency response curve. We char-
acterized two silica aerogel granule beds under a wide range of static
loads and excitation frequencies, and contrasted the data to those
collected on rubber and expanded cork granules using the same exper-
imental conditions. The superior vibration isolation performance of
silica aerogel granules compared to rubber and cork granules, including
a very low resonance frequency over a very wide range of loads, indicate
that silica aerogel may be a competitive or even superior solution for
demanding vibration isolation applications in construction. Follow-up
scientific research and product development strategies to convert this
newly discovered potential in marketable products are proposed.

Fig. 1. Silica aerogel (a) Synthesis scheme, (b) SEM micrograph, (¢) TEM micrograph, (d) Silica aerogel granules.
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2. Experimental
2.1. Study design and approach

This is an experimental study on the vibro-acoustic properties of
silica aerogel granules. In order to compare and contrast the materials’
performance, recycled rubber and expanded cork granules of similar
grain sizes were also evaluated using identical measurement conditions.
All materials were sourced commercially from important players in the
market, hence the materials are suitable representatives of their mate-
rials class. The main characterization techniques are forced vibration
measurements with the following variables: static load and vibration
amplitude and frequency, and the data are interpreted within the single
degree of freedom framework. Because the forced vibration measure-
ments may induce changes in the sample, the grain size and micro-
structure were evaluated carefully before and after the measurements.

2.2. Materials

Silica aerogel (SA) granules from Cabot corporation (USA, P300 and
P200), recycled rubber (RR) coarse powder (0.5-0.8 mm) and granulate
(1-3 mm) from Genan (UK), and expanded cork granules from HAGA AG
Naturbaustoffe (Switzerland) were selected for characterization and
evaluation of structure-borne noise and vibration damping properties.
The names of the materials were abbreviated according to Table 1. Later,
the code “abbreviation”-“sample thickness” will be used to present the
results in all the figures, e.g., data marked SA P200 — 70 mm is derived
from a bed of a 70 mm thick bed of P200 silica aerogel granules. Rubber
and cork materials are traditional materials for vibration and structure-
borne noise insulation; the specific grades were selected to be of a par-
ticle size similar to those of the studied aerogels. They were evaluated as
benchmark materials for the aerogels studied. A graphical comparison of
the size of the granules is shown in Fig. 2.

2.3. Characterization

2.3.1. Basic characterization

The tap density (mass by volume) of the granules was measured by
weighting an amount of material (Mettler Toledo AG204 Delta Range®
Analytical Balance) in a measuring cylinder and determining the volume
after 1000 taps applied with a tapping machine (Jolting volumeter STAV
IL, J. Engelsmann AG. F). The uncertainty of the tap density is estimated
to be + 5%. The envelope or bulk density was measured using a powder
pycnometry device in the GeoPyc 1360 machine (Micrometrics Co.,
Germany). Particles around 2 mm (and around 1 mm for the finest
materials) were selected, and sufficient material was used to ensure that
the sample volume was around 1/3 of the volume of the calibration
sand. A low consolidation force of 4 N was used for each measurement to
avoid excessive compression during the measurement. The uncertainty
on the envelope density is estimated to be + 4%.

The microstructure was probed by nitrogen sorption analysis (3Flex,
Micrometrics). The Brunauer-Emmett-Teller (BET) and Bar-
rett-Joyner-Halenda (BJH) methods were used to estimate the surface

Table 1
Sample code and material specifications of the investigated granules according
to the manufacturers.

Sample code = Material description

SA P200 Silica aerogel P200, size 0.1-1.2 mm, Spgr: 600-800 m?/g, dpore 20
nm, pap 75-95 kg/m>, @ > 90%
SA P300 Silica aerogel P300, size 1.2-4.0 mm, Sggr: 600-800 mz/g, dpore 20
nm, prp 65-85 kg/m>, @ > 90%
RR 0.5-0.8 Recycled rubber coarse powder, size 0.5-0.8 mm
mm
RR 1-3 mm Recycled rubber granules, size 1-3 mm

Cork Expanded cork granules, size 2-4 mm
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area and pore size distribution of the aerogels, with estimated un-
certainties of = 10% on the surface area. Approximately 100 mg of the
sample was degassed at a vacuum pressure of 0.016 mmHg for 10 h at
120 °C (temperature ramp rate of 10 °C/min). Weight of the dry sample
was measured afterward. The nitrogen sorption isotherms were acquired
at P/Py values between 0.001 and 0.998 in 30 steps. Pore size de-
terminations of aerogels by nitrogen sorption analysis suffer from
several artifacts: Only pores below 50-100 nm are sampled and com-
plications arise from sample deformations during nitrogen sorption
(capillary forces) [61]. Pore volume (Vpor.) and average pore diameter
(Dpore) were therefore estimated from the envelope and skeletal density
(Penvetope @0A Pyererar> TESPECEiVEly). The surface area was determined by
assuming cylindrical pores and a skeletal density of 2.0 g/cm®.

The particle size distribution was determined with a Rotary Sieve
Shaker, Analysette 18 - model 1991 (Fritsch GmbH Company, Idar-
Oberstein, Germany). It was used to separate the size fractions by a
stack of five sieves for each material, selected from standard sieves ac-
cording to ISO 3310-1 of pore size 4 mm, 2.8 mm, 2 mm, 1.4 mm, 1 mm,
0.5 mm, 0.25 mm, 0.125 mm, and 0.09 mm. The sieves were preselected
to cover a size range close to that established by the manufacturers. Each
material was shaken in the sieve stack for 5 min at a shaker speed of 6
out of 10; for the aerogel, half this speed was used to avoid damaging the
aerogel grains. Finally, the fractions of each material were weighted in a
Mettler Toledo PR5002 Delta Range® Analytical Balance.

The static compression/decompression behavior of the granulate
beds was evaluated in a Zwick machine BZ100/TL35 according to the
standard EN 826. Each sample was loaded to 40% strain after a 20 N
preload to ensure contact with the plates. The granules of the materials
were put inside a mold of 20 x 20 cm?, and a deformation rate of 5 mm/
min was used for the measurements. The nominal inter-granular
porosity, i.e. the pore volume in between the aerogel grains (assuming
that the grains themselves do not compress) was calculated from the
initial packed bed density (po ped), the strain (¢) and the aerogel envelope
density (penvelope; 0.109 and 0.134 g/cm3 for P200 and P300, respec-
tively) as 1 - [po,bed/(1- €)1/ Penvelope-

The stress relaxation and creep response were evaluated on the Ins-
tron® 1273 machine with an assembly similar to that of the compression
tests. In the stress relaxation test, a constant deformation equivalent to a
strain of 40% was imposed at a speed such that the desired deformation
of the specimen is reached in 3 s, and the load response was measured
for 1 h. In the creep response test, a constant force of 4000 N was
imposed, and the deformation was measured during 1 h.

2.3.2. Vibroacoustic measurements

The vibration isolation, as well as vibration damping performance,
was evaluated on the Instron® 1273 machine (Instron® Company,
Massachusetts, USA) according to the standard DIN 53513. The set-up
used for the vibroacoustic test is shown in Fig. 3a. A specimen is
mounted between two steel plates (20x20 cm?) and first subjected to a
static load, i.e. a constant pressure. The specimen is then exposed to
deformation oscillations with a predetermined amplitude and frequency
in the normal direction as shown in Fig. 2c. The following conditions
were tested: oscillation frequency of 5 and 10 Hz (each with an ampli-
tude of 0.125 mm, 0.25 mm, and 0.3 mm) and 30 Hz with an amplitude
of 0.04 mm, 0.08 mm, and 0.25 mm), This resulted in nine frequency-
amplitude combinations. The following mean loads are evaluated: 80,
100, 200, 300, 400, 500, 600, 800, 1000, 1200, and 1400 N for each
frequency-amplitude combination, corresponding to uniaxial pressure
between 2 and 35 kPa. Having seen the good performance of the silica
aerogels at higher loads in the first set of measurements, the load range
was extended to 5000 N or 125 kPa in a second set of measurements. In
this study, mainly the results for the frequency-amplitude combination
of 10 Hz — 0.25 mm will be presented, based on the standard conditions
reported in the protocol DIN 53513. To compare the effect of oscillation
frequency and amplitude, some results were graphed for the other
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Fig. 2. Tested materials: (a) SA P200, (b) SA P300, (c) RR 0.5-0.8 mm, (d) RR 1-3 mm, and (e) expanded cork

bare shown on the left).
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Fig. 3. (a) Vibroacoustic test set-up; (b) Mass-spring-damper system; (c) Close-up of the mass-spring-damper system on the test set-up (d) Force-displacement di-
agram for a test with 500 N static load, a vibration frequency of 10 Hz and a displacement amplitude of 0.25 mm.

conditions as well. The uncertainties can be estimated from the standard
deviation of the results from repeated experiments (using virgin material
under the same conditions): The uncertainty of the resonance frequency
was determined to be within + 0.5 Hz and the uncertainty for the dy-
namic stiffness and storage modulus were ~+5%. The uncertainty of the
loss factor was substantial at low static loads, e.g. up to + 20%, for loads
below 0.01 N/mm?, but only ~+10% for loads above 0.01 N/mm?.

In addition to the measurements of the dynamic response with off-
resonance forced excitations, frequency sweeps from 1 to 60 Hz were
carried out at selected static loads to determine the transmissibility
response with respect to the frequency. Note that we did not measure the
transmissibility directly, but calculated it for each imposed oscillation
from the resonance frequency and the damping ratio (both measured at
the same frequency) using Eq. (10) (see below). Here we assumed the
test set-up and the specimen to behave as a single-degree-of-freedom
(SDOF) mass-spring-damper system.

2.3.3. Principles of the oscillation system operation & derivation of the
relevant parameters

Characterization of oscillatory systems in practical applications is
made by fitting a simplified mechanical model. For many vibration
problems, it is sufficient to use a one-dimensional model of a mass-
spring-damper system. This model does not account for out-of-plane
movements. In such models, the oscillating body can be represented
by a number of discrete individual masses linked by pairs of springs and
dampers connected in parallel. The number of independent movement
options is referred to as degrees of freedom (DOF). DOF is also equal to
the number of possible natural frequencies of the system. For measuring

vibration isolation, in general, the lowest natural frequency is the most
relevant one. Because it is approximately the same for all models fitted
to the system analyzed, a one-dimensional mass-spring-damper model is
often sufficient. This type of model has therefore been selected here. In a
single-degree-of-freedom (SDOF) mass-spring-damper system according
to Fig. 3b,c, the specimen is represented by a spring with stiffness k in
parallel with a damper with a damping constant ¢ [62]. The mass m is
the mass of the upper plate. The values of k and c are functions of the
applied mean load Fp,. F(t) is the applied force (mean load plus cyclic
force), and x(t) is sinusoidal cyclic deformation. While in the test the
mean load and the sinusoidal cyclic deformation are controlled, the
static deformation and the dynamic force response are measured. The
resulting force-displacement behavior is illustrated in Fig. 3d, where F,
and F, are the mean force and force amplitude in [N], respectively, xg is
the thickness of the sample before testing [mm], x, is the amplitude of
the deformation [mm], and x, is the mean deformation [mm].

The determination of the vibroacoustic properties was attained by
exposing the samples to forced vibrations at non-resonant frequencies.
With this method, it is possible to measure the dynamic (viscoelastic)
properties. With these properties, it is then possible to predict the
behavior of materials when a sinusoidal deformation is applied. For a
combination of frequency and stress amplitude, the strain response and
the storage modulus of the elastic-spring damper system can be
calculated.

The motion of a one-degree-of-freedom (1-DOF) vibrating system
follows equation (1).

mx(t) + cx(t) + kx(t) = F () (€)]
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where, m is the mass (kg), c the coefficient of viscous damping (kg/s), k
the spring coefficient (N/m), and F(t) is an external force. Eq. (1) can be
rewritten as Eq. (2).

F(t) + 2Ewox (1) + 0fx(t) = F(t) (2)

in which, parameters of the circular natural frequency of w,, the
natural frequency of f, and damping ratio of ¢ are defined as Egs. (3) and

(4):

wo:%fo:\/k/m 3

§= G

In an undamped system £ = 0, in an underdamped system 0 < & < 1,
in a critically-damped system ¢ = 1, and in an overdamped system
E>1.

A 1-DOF system mounted on a fixed foundation can be subject to
harmonic excitations. The equation of motion of the system follows Eq.
(5).

mix(t) + cx(t) + kx(t) = Fosinwt 5)

The natural or resonance frequency f,(on,f) in [Hz] can be calcu-
lated based on the dynamic stiffness c(op,f) [N/mm?] according to the
formulas (6) and (7).

04

C(o-/mf) = 6)

’x(l
where o, is the stress amplitude in [N/mm?], and x, is displacement
amplitude in [mm] as shown in Fig. 2 (d).

fo(o-m,-f) = C(O',,,,f) X g/o-m @

2r

The earth’s gravity constant is represented with g [mm/sz], on is the
mean stress [N/mmz].

In our tests, the mean force (Fy,) and the amplitude were kept con-
stant for each measurement, while the associated force response (F,) was
measured.

The mechanical loss factor d is given by the Eq. (8) and the complex
(dynamic) modulus |E"| by Eq. (9):

d = tan(5) (8)

where § specifies the lag between the strain and stress signal or the phase
difference over time.

[ F, L
T A ©
where ¢, is stress amplitude, and ¢, is the associated strain amplitude.
Given that 6, = F,/A¢ and ¢, = Lq/Lo, where A is the cross-sectional
area of the tested sample. It is possible to calculate the complex
modulus from the parameters measured on the specimen during the test
[63].

As for vibration isolation, the key property of the system is trans-
missibility (transmission ratio |Frgr/F|), which can be simplified ac-
cording to Eq. (10). It depends on the natural frequency and damping
ratio of a 1-DOF system. Vibration isolation occurs when TR < 1, which
will be at \/ 2 of natural frequency and above (Fig. S1). According to this
relation, and borne out by experimental data, lower damping ratios lead
to lower transmission function at higher frequencies and are thus pref-
erable for vibration isolation [45]. However, some damping is also
needed to limit resonance at lower frequencies. It is common for elas-
tomers to exhibit both good vibration isolation and vibration damping
and subsequently, good noise insulation behavior. The right compro-
mise between acceptable damping and high isolation can be found by
selecting (or developing) materials with specific parameters according
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to use conditions, specific loads, and vibration probability.

FTR

= 10)

Transmissionfunction =

The damping behavior can also be described in terms of the me-
chanical loss factor n, which is a measure of the difference between the
resonance frequency and the natural frequency of a mass-spring system:

fr = fovV'1 — 1 1)

where fg is the resonance frequency and fj natural frequency. A material
with a high loss factor has a lower resonance frequency than the natural
frequency, while a material with a low loss factor performs vice versa
[64]: As the loss factor increases, the resonance frequency decreases
[65]. The mechanical loss factor 1 is double the damping ratio . Here,
due to considering a mass-spring-damper system, Eq. (7) gives the
resonance frequency, which is shown in the graphs.

3. Results and discussion
3.1. Structural and physical properties

The cumulative particle size distribution of all materials measured
before the vibroacoustic test is presented in Fig. 4a, and the cumulative
particle size distribution of the SA before and after the vibroacoustic test
is presented in Fig. 4b. Consistent with the datasheets from the manu-
facturer, most particle sizes in aerogel P200 are<1 mm, but between 1
and 3 mm in aerogel P300. The static force and deformation oscillations
to which the samples are subjected during the measurement of vibroa-
coustic properties strongly reduce the particle sizes for the course P300
silica aerogel, with a much more modest effect for the finer P200 silica
aerogel. The effect of the vibroacoustic testing on reducing the particle
size is also more pronounced when a thinner sample had been measured
(35 versus 70 mm). The reduction in particle size during the vibroa-
coustic testing means that the sample state changes progressively as the
load is increased and the measurement progresses. However, the effect
of this change in the particle size of the sample on the vibroacoustic
properties is not expected to be very large, given that particle size has no
significant effect on the vibroacoustic properties in any case (see Section
3.2).

The physical characterization of materials is reported in Table 2. The
pore volume (V,) was determined in two different ways. Table 2 reports
the total pore volume V,, calculated from the difference of the inverses of
the envelope density (penvelope) and the skeletal density (pqkeletal): Vp =
1/penvelope — 1/Pskeletal- This pore volume includes all the pores in the
system (macro-, meso- and micropores). From this pore volume and the
specific surface area (Sggr), the average pore diameter D, was calculated
assuming cylindrical pores: D, = 4Vp/Sggt.

On the other hand, Table 3 reports the experimental BJHV,, values
obtained by nitrogen sorption analysis and BJH analysis. Note that ni-
trogen sorption analysis is not sensitive to macropores, hence the BJH
pore volumes only include the meso- and microporosity, where the latter
is not substantial for silica aerogels. The specific surface area (Sggr) was
characterized before and after the vibroacoustic testing to evaluate the
possible effects of the compression in the oscillation system on the
microstructure of the material (Table 3). Specifically, the surface area
and pore size were measured on separate size fractions, including the
fines (>0.25 mm for SA P200 and > 1 mm for SA P300) and coarse
fractions (>1 mm for SA P200 and > 2 mm for SA P300), to assess how
they were particularly affected and if there were changes in micro-
structure of the silica aerogel.

Based on the results presented in Table 3, the vibroacoustic testing
does not have a significant effect on the microstructure of the aerogels
(neither on the surface area nor on the volume of the pores. This is in
contrast to the observed effects on the particle size distribution (Fig. 4).
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Fig. 4. Particle size distribution diagram of (a) all materials before the vibroacoustic test, and (b) SA P200 and SA P300 before and after the vibroacoustic test.

Table 2
Densities and porosity.

Envelope density [g/cm®] Skeletal density [g/cm®] Pore volume (Vp) [em®/g] Pore diameter (Dp) [nm]

Material Particle size [mm]* Tap density [g/ cm®]

SA P200 0.1-1.2 0.082 0.109 2.2 8.7 48.6
SA P300 1.2-4.0 0.068 0.134 2.2 7.0 39.6
RR 0.5-0.8 mm  0.5-0.8 0.458 1.084 n.a. n.a. n.a.
RR 1-3 mm 1.0-3.0 0.505 1.084 n.a. n.a. n.a.
Cork 2.0-4.0 0.064 0.141 n.a. n.a. n.a.

*Nominal particle size reported by the supplier. n.a.: not analyzed. The BET surface-area test was possible only for aerogels, which are mesoporous.

Table 3
BET surface area and BJH pore volume for silica aerogel before and after vibroacoustic testing.

Silica Aerogel P200 Silica Aerogel P300

Tested — 35 mm Tested — 70 mm Before test Tested — 35 mm Tested — 70 mm

Before test

Fine Coarse Fine Coarse Fine Coarse Fine Coarse
BET surface [m?/g] 717 717 779 734 721 706 695 667 686 710
BJH Vp [cm®/g] 3.2 3.2 3.5 3.2 3.2 3.2 3.2 3.1 3.1 3.3

is significantly lower, i.e., the performance is significantly better than
that for the rubber and cork, which are commonly used for vibration
isolation. Both aerogel particle sizes surpass the performance of the best
rubber material (RR 0.5-0.8 mm). A minimum natural frequency value
of around 14 Hz is obtained with SA with 35 mm thickness for inter-
mediate to high loads, which is 11 Hz with 70 mm thickness, about 4 Hz

lower than for the recycled rubber.

The same invariance can also be observed in the adsorption isotherms
themselves, which display no differences in the shape, hysteresis, and
intensity of the isotherms (Fig. 5).

3.2. Vibroacoustic behavior

3.2.1. Resonance frequency
The resonance frequency results for the different materials are pre-

sented in Fig. 6. For all investigated materials, there is a strong initial
decrease in resonance frequency with increasing specific load up to ~
0.01 N/mm?), followed by a much more gradual decrease at higher
loads. The resonance frequency of both tested aerogels (P200 and P300)
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For a given thickness and static load, the P200 and P300 aerogels
show the same resonance frequency over the entire range up to 0.35 N/
mm?. This means that the particle size distribution has a negligible effect
on the dynamic properties of the silica aerogel. For the recycled rubber
granules, there is a small, but systematic effect, with lower resonance
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Fig. 5. Nitrogen sorption isotherms for SA P200 and SA P300 before and after the vibroacoustic test for (a) the 35 mm sample and (b) the 70 mm sample in different

fractions of the material. Legend: “material abbreviation™-“sample thickness”-“material fraction”.
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Fig. 6. Resonance frequency measurement for aerogel, rubber, and cork granule beds of (a) 35 mm, and (b) 70 mm thickness.

frequencies for smaller particle sizes. Both aerogel grades have near
identical microstructures but significantly different particle sizes
(Table 3), hence the independence of particle size provides a first indi-
cation that the microstructure is the reason for the better performance of
aerogels compared to rubber and cork materials.

Since the resonance frequency of a mass-spring-damper system is a
function of the imposed vibration, the influence of the selected imposed
frequency on the resonance frequency was investigated. The main goal
was to clarify the question if the low resonance frequency is reproduc-
ible under different imposed loading: An amplitude sweep of 0.05-0.35
mm (at 10 Hz) (Fig. 7a) and a frequency sweep of 5-30 Hz (at an
amplitude of 0.1, 0.25 and 0.3 mm) (Fig. 7b) were selected. This is in a
typical range of vibrations in civil engineering construction. The tests
were carried out in an oscillatory system with the same applied pressure
as in a support of a building. A static load of 0.012 N/mm? (500 N for our
sample area of 400 sz) was selected as from this load onwards, the
samples showed a low and roughly constant resonance frequency. An
increase in the amplitude of around 0.3 mm leads to a decrease in
resonance frequency of around 12% (Fig. 7a). Conversely, the resonance
frequency increases with a higher imposed frequency from 5 to 30 Hz by
around 6% for an amplitude of 0.1 mm and 16% for an amplitude of 0.3
mm. In summary, a higher amplitude leads to somewhat a lower reso-
nance frequency, whereas a higher imposed frequency increases the
resonance frequency. Additional data on the effect of the deformation
amplitude on the resonance frequency over a wide load range are shown
in Fig. S2. In the following, we report the data for a frequency of 10 Hz
and amplitude of 0.25 mm (marked in red in Fig. 7), for which the
oscillation system has a good response to these conditions for the
granules studied.

3.2.2. Dynamic stiffness and dynamic modulus

The dynamic stiffness and dynamic modulus (ratio of stress to strain
under vibratory conditions) can be derived from the same dataset from
which the resonance frequencies were calculated. We report both values

-
(]

N
S
t

’

_
w
'
T

)
%o
*e
*e9
®-_o

-
N
4
T

Resonance frequency [Hz]
N
>
;
T

0.1 0.2 0.3 0.4
Amplitude [mm]

-
o

o
=)

because, in different fields of application, the performance data are
either reported as dynamic modulus (e.g., under-screed structure-borne
noise insulation) or resonance frequency (e.g., vibration isolation). The
relationship between the dynamic stiffness and the resonance frequency
is given by Eq. (7). Materials with higher dynamic stiffness (and higher
dynamic modulus) have normally higher resonance frequencies [66].
Thus, consistent with the resonance frequency data above (Fig. 6), the
silica aerogel granule beds display a lower dynamic modulus and dy-
namic stiffness than the recycled rubber and expanded cork (Fig. 8).

3.2.3. Loss factor

When damping materials are subjected to dynamic loading, some of
the mechanical work applied is transformed into heat (dissipation) [67].
The loss factors can be derived from the same dataset as the resonance
frequencies and dynamic moduli, but typically with higher uncertainties
than for the other parameters. The loss factors of the silica aerogel
granule beds rapidly decrease with increasing static loads and level off at
around 0.15 for static loads above 0.01 N/mm?> (Fig. 9). In contrast, the
loss factors of the recycled rubber and the expanded cork granule beds
are less dependent on static loading. However, they are overall higher by
a factor of around 2. Whereas the resonance frequency and dynamic
modulus were independent of the grain size of the silica aerogel, the loss
factor seems to be consistently lower for the aerogel with larger particles
(P300). The low loss factor, and hence the low damping ratio of the silica
aerogels means that silica aerogels are not strong vibration damping
material. As a consequence, the amplitude at resonance will be higher
than for rubber or cork materials. However, at higher frequencies (above
\/ 2 times resonance frequency), the lower loss factor will lead to lower
transmissibility and better vibration isolation performance compared to
recycled rubber and expanded cork, which are common materials for
vibration isolation.

3.2.4. Forced vibrations at higher static loads
Because the resonance frequency of the silica aerogel granule beds
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Fig. 7. Resonance frequency as a function of vibration amplitude and frequency, determined by off-resonance forced vibration measurements of SA P200, 70 mm
thickness, at a static pressure of 0.012 N/mm?. (a) Amplitude sweeps at a vibration frequency of 10 Hz, and (b) Frequency sweeps at a vibration amplitude of

0.25 mm.
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Fig. 9. Loss factor for granules of (a) 35 mm, and (b) 70 mm thick aerogels, determined in off-resonance forced vibration tests.

decreased over the investigated static loading up to 0.035 N/m?
(without the frequently seen increase at higher loads, for example in
highly engineered polyurethane foams) we decided to extend the pres-
sure range up to 0.125 kPa (0.125 N/m?). The data illustrate that the
resonance frequencies remain very low even over this extended load
range (Fig. 10a, b). This behavior is surprising and is in strong contrast
to the highly engineered polyurethane foams. Those materials show
their high performance (i.e., low resonance frequency) only in a narrow
band of loading. In the aerogel materials however the dynamic stiffness
and modulus continue to increase with increasing load, without an
obvious change in slope over the investigated pressure range (Fig. 10c,
d). The loss factor data of the extended pressure range also show no
major variations at elevated pressures (Fig. 10e, f). The aerogel data
shown here indicate that silica aerogels have remarkable constant
vibroacoustic properties and over a wide range of loading a very low
resonance frequency.

3.2.5. Frequency response functions of silica aerogels

The off-resonance forced vibration data (Figs. 6-10) indicate that
silica aerogels have a low resonance frequency and a low loss factor. This
behavior is nearly independent of the static loading, which has been
shown over a very large static load range. It indicates a high potential for
vibration isolation applications. Encouraged by these results, we
investigated the frequency response functions for selected static loads
for the P300 silica aerogel and the higher performing, finer recycled
rubber (RR 0.5-0.8 mm) (Fig. 11, S3). Consistent with the lower loss
factor determined by the off-resonance vibration tests (Fig. 9), the silica
aerogel displays a stronger resonance than the recycled rubber: The peak
at resonance is much narrower and the amplification is by a factor of up
to 10 larger in the aerogels compared to the rubber, which shows only an

amplification factor of about 5. The resonance frequency determined
from the maximum in amplification (Fig. 11, S3) is consistent with the
off-resonance forced vibration test data (Fig. 6): For a given sample
thickness, the silica aerogels have a resonance frequency that is about 4
Hz lower for the silica aerogel than for the recycled rubber. Consistent
with the 1-DOF theory, the combination of a low resonance frequency
and a low damping ratio results in an excellent vibration isolation per-
formance at frequencies beyond \/ 2 times the resonance frequency. The
silica aerogels are therefore effective vibration isolators for frequencies
above 16 and 20 Hz, for a thickness of 70 and 35 mm, respectively.
Although the resonance frequency of 35 mm thick silica aerogels is very
close to that of a 70 mm thick specimen made of recycled rubber
granules by coincidence, the vibration isolation performance of the 35
mm thick silica aerogel is better by about 4 dB due to its lower damping
ratio. For the same thickness, the silica aerogel provides better vibration
isolation than the recycled rubber by about 8 dB, which is close to an
order of magnitude. The frequency response functions acquired at
different static loads (Fig. S3) confirm the excellent vibration isolation
performance of the silica aerogels over a wide range of static loading.

3.3. Static compression/decompression and stress/strain relaxation

After completing the vibroacoustic characterization, we considered
the state of the granule bed during a strong static compression-
decompression cycle. All investigated materials (silica aerogels, recy-
cled rubber, and expanded cork) display similar stress-strain curves
during this cycle, with a substantial hysteresis and an incomplete strain
recovery after full load release. This effect is due to the increased
packing efficiency of the granules during compression. The strain under
static, uniaxial compression of the silica aerogel beds is very similar for



O. Palacio et al.

(a)

22
—_
T L [10Hz, 0.25 mm |
= ++@¢+SA P200 - 35mm
by += s <+ SA P300 - 35mm
c 18 ©- - SA P200 - 35mm - high load
g A -SA P300 - 35mm - high load
o 16 1
o
o 14
5 1
g BB
© 4
o 12
2
2 104
[1'4 L

8 : I 1 I 1 1

0.00 0.02 0.04 006 0.08 010 0.12 0.14
Pressure [N/mm?]

(c)

5 A 1
£ o 130 B
£ 0.08 + J 3
Z ZAN o5 O
= o) T2 3
" ]
1 =0
g 008 A 12022
£ ] ER
= 11535
® 0.04 T A PR
P 1 S
£ B ..e..SAP200-35mm T10 @
€ 0.02 <« -+ SA P300 - 35mm 1 -
> O ~SA P200 - 35mm - high load T 0.5 g‘
a A -SA P300 - 35mm - high load 1 =
0.00 S E 00 <
0.00 0.04 0.08 0.12 0.16
Pressure [N/mm?]
(e)
SA P200 - 35mm
SA P300 - 35mm
0.25 + ©- =SA P200 - 35mm - high load
° A - SA P300 - 35mm - high load
i)
©
& 0}
3 0.15
he Y000
I AAAN R=® 8
% A
0.05 t }
0.00 0.04 0.08 0.12

Pressure [N/'mm?]

Construction and Building Materials 399 (2023) 132568

(b)

22
¥l [10 2, 0.25 mm |
E 20 +
= | +«@++SA P200 - 70mm
> oo sk e-SA P300 - 70mm
e 187 © — SA P200 - 70mm - high load
g b A ~SA P300 - 70mm - high load
o 16
(4]
&=
o 14
2
g 12 1+
o a A
2 101 R O
m L

8 " I L 1 L 1 " I L 1 " 1

0.00 0.02 004 006 008 010 012 0.14
Pressure [N/'mm?]

(d)

o
=
o

7.0

««@++SA P200 - 70mm
«sk++SA P300 - 70mm
O ~SA P200 - 70mm - high load T 50
A ~SA P300 - 70mm - high load

o

o

o
'

O
T 3
£ o
= 3
2 5
0N —
$ 0.06 A 140 Z8
£ 3 13036
W 0.04 1 é O T o
(&) )
E @ T 2.0 %
8002 1 e @
> T 1.0 'g
a =
0.00 : : T 00 =
0.00 0.04 0.08 0.12 0.16
Pressure [N/mm?]
()
0.35
o) SA P200 - 70mm
SA P300 - 70mm
. 025 10) © ~SA P200 - 70mm - high load
3 o A ~SA P300 - 70mm - high load
3
L
» Q353)0000
0 3 O
2 015 o
4
DUAAAN A~ 5
o N
0.05 + +
0.00 0.04 0.08 0.12

Pressure [N/mm?]

Fig. 10. Off-resonance forced vibration tests at static loads up to 0.12 N/mm?. Resonance frequency for samples with thicknesses of (a) 35 mm, and (b) 70 mm.
Dynamic stiffness and dynamic modulus for aerogel granules for samples thicknesses of (¢) 35 mm, and (d) 70 mm. Loss factor for aerogel granules thicknesses of (e)

35 mm, and (f) 70 mm.

the P200 and P300, but quite substantially different at 23, 33 and 40%
compression with a load of 0.025, 0.050, and 0.075 N/mm?,
respectively.

Static compression-decompression loading cycles with beds of silica
aerogel granules have been investigated in quite some detail [68]. Two
densification mechanisms act during the compression of a packed bed of
silica aerogel granules, as observed by in situ X-ray tomography [68].
During the first stages of compression, the silica aerogel granules reduce
in particle size (Fig. 4) and rearrange accompanied by an increase in
packing efficiency. This can be quantified by the amount of reduction of
the free, inter-granular pore volume: The pores between the aerogel
grains get smaller and are filled with fragments of broken larger gran-
ules. In a second step, at higher levels of compaction, this mechanism
alone can no longer keep up with the increasing strain, and the aerogel
granules themselves densify even more through a reduction of the intra-

granular pore volume. The strain range at which this compression
mechanism becomes dominant depends on compressive modulus, the
brittleness of the silica aerogel, and the density of the packed bed before
compression. However, at the very latest stage, the densification of the
silica aerogel itself must occur once the nominal inter-granular porosity
becomes negative (Fig. 12b, S4), i.e., once the packed bed density be-
comes equal to the uncompressed envelope density of the silica aerogel
granules. In addition to these changes in particle size and particle
arrangement, in situ X-ray tomography during compression of silica
aerogel beds [68], indicates that at intermediate and high strain values,
the contact area between the granules increases.

Note that most of the changes in the vibroacoustic properties (e.g.,
resonance frequency, loss factor) occur in the strain regime where the
dominant compression mechanism is a reduction in the inter-granular
porosity, with almost no further changes at higher strain values where
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the densification of the aerogel grains itself is dominant. Thus, the low
resonance frequency is a feature of the silica aerogel itself, rather than a
feature associated with the form of the granules. This is consistent with
the demonstrated insensitivity of the vibroacoustic properties on the
particle size.
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The stress relaxation (Fig. 13) and creep strain (Fig. S5) behavior of
silica aerogel and rubber granule beds were also evaluated. Stress
relaxation was determined after a (rapid) compression from 0 to 40%
strain in 3 s followed by a hold time at 40% strain of 60 min (Fig. 13a).
The silica aerogel and recycled rubber granule beds both display a rapid
initial stress relaxation of about 5-10% during the first 2 s (after
established straining of 40%). Because the loading and the initial stress
relaxation occur within a short time frame of about 5 s, it is not clear if
the data reflect the relaxation of the sample alone, or if the data are
affected by a response of the instrument after such a sudden change in
conditions. Thus, we do not consider this initial response further. During
the subsequent hour at rest with 40% strain, the silica aerogel granule
beds show a power-law behavior (6 ~ t% linear on the log-log plot,
Fig. 13b) with an equal exponent a of 0.017 (MPa/min). The recycled
rubber granule bed does not show such a clear power law behavior, and
the overall stress relaxation is higher. Because monolithic silica aerogels
of the investigated density behave elastically with fast strain recovery,
we hypothesize here that the relaxation behavior of the silica aerogel
observed is predominantly a behavior of its form as a packed bed of
granules. The mechanism behind this is probably a rearrangement of
particles and a reduction in particle size, rather than a feature of the bulk
material of the silica aerogel. Separating any relaxation effects of the
silica aerogel bulk material itself, which could potentially complement
the interpretation of the vibroacoustic data above, is probably not
feasible and was not attempted here.

4. Potential of silica aerogels for vibration isolation

Until now, the vibration isolation and damping properties of silica
aerogels had not been evaluated systematically. The first dataset from
this study, acquired over a wide range in static loads, indicates that silica
aerogels outperform recycled rubber granules and expanded cork, and
may be competitive with polyurethane foams.

The data indicate that silica aerogels have a low resonance frequency
which is below 20 Hz at static loads in a typical range of relevance for
application in building floors and under-screed structure-borne sound
insulation applications. A further decrease to 15 and even 11 Hz are
possible for aerogels with a thickness of 70 mm and at loads beyond
0.010 N/mm?. As the load increases up to 0.125 N/mm? and more, the
silica aerogels maintain this low resonance frequency. These interme-
diate and high loads are in the relevant range for application in the
foundations of buildings in situations where the building has to be
protected against vibrations from the surroundings. Typical solutions for
such demanding structure-borne sound vibration isolation applications
are currently highly engineered polyurethane foams. While these
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Fig. 12. A) compression-decompression cycles for all materials in 70 mm thickness up to 40% strain. b) Nominal inter-granular porosity during static compression of

silica aerogel beds of 70 mm thickness.
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Fig. 13. Stress relaxation after a three-second loading in compression from 0 to 40% strain. (a) the linear plot, (b) log-log plot.

materials do offer high performance, they are expensive and are per-
forming well only in a very narrow band of static loading. This means,
that a large portfolio of products, each optimized for a specific static
loading, is required to cover the highly variable loads found in building
foundations, e.g. very high loads under pillars, high loads under carrying
walls, and low to moderate loads elsewhere. Silica aerogels may offer
solutions using only a single material covering the vibration insulation
over a wide loading range. This would greatly simplify the planning of
the vibration isolation concept of buildings. In addition, whilst silica
aerogels are not inexpensive itself, there may be a cost-benefit, partic-
ularly for the higher loads where the cost of the polyurethane foams
rapidly increases. In addition, the ultra-low thermal conductivity of
silica aerogels, as low as 0.012 W/(m'K) for a compressed bed of gran-
ules [68], may provide an additional benefit: Since in many building
projects, additional thermal insulation layers must be installed in
addition to the vibration isolation materials. These parts have 4 to 12
times higher thermal conductivities than the silica aerogels, namely on
the order of ~ 0.10 W/(m' K) for rubber granulate mats, and 0.05-0.15
W/(m'K) for vibration-damping polyurethane foams.

Although a simple bed of silica aerogel granules is still far away from
a product ready for entering the market, such materials could be used
now for special niches of application. Further research and development
work is required before market entry can be considered for aerogels
including:

- Extended vibroacoustic characterization and simulations beyond the
simple 1-DOF framework

Research targeting mechanistic insights into the cause of the reso-
nance frequency being so low for silica aerogels. The data here
indicate that the effect is due to the silica aerogel itself, rather than
the bed of granules used here since the performance is insensitive to
the porosity between the grains. Vibration damping is often consid-
ered in terms of internal friction, which could be high in aerogels due
to their large specific surface area. However, our data indicate that
the loss factor and the damping ratio are actually low. Currently, we
have not yet a clear understanding of the cause of the low resonance
frequency of these materials. Potential insights could be gained by
more vibroacoustic characterizations of different types of aerogels,
having significantly different pore structures and mechanical prop-
erties, e.g. silica aerogels with variable density and consequently
highly variable compressive stiffness [59,60]. Other materials of
interest could be irreversibly compressible nanofibrous cellulose
aerogels [69,70], polymethylsilsesquioxane, related organo-silica
aerogels, and foams with a wide variety of particle and pore sizes
and mechanical properties [71-74]. Deeper insight, however, will
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probably also require numerical simulations of the dynamic me-
chanical response of aerogel structures.

Aside from the more scientific questions, there is of course also the
challenge of developing products that can satisfy the requirements in
terms of static compression, creep, dust release and long-term stability,
without deteriorating their vibration isolation performance. Here, we
see a wide range of possibilities, including fiber reinforcement [2],
aerogel impregnation in foams, the use of binders and/or the combi-
nation of silica aerogel granules with other fillers. A good starting point
for further promising developments could be a vibroacoustic charac-
terization of current commercial aerogel products optimized for thermal
insulation.

5. Conclusions

Silica aerogels, as the most popular industrial aerogels, have
attracted the attention of researchers and developers in the industry not
only for their record-breaking low thermal conductivity, but increas-
ingly also for their outstanding acoustic properties. Despite the rapidly
increasing research on air-borne sound absorption, structure-borne
sound, and vibration isolation have not been studied in detail yet. In
this study, we have addressed this important knowledge gap and con-
trasted the performance of silica aerogels to that of recycled rubber and
expanded cork. The vibro-acoustic data presented here indicate a very
strong potential of aerogel-based materials for vibration isolation: it was
revealed that silica aerogels have a low dynamic stiffness and very low
resonance frequencies over a wide static load range. The vibration
isolation properties outperform those of rubber granules by an order of
magnitude, and are similar to those of highly engineered, costy poly-
urethane foams. Hence, vibration and structure-borne sound isolation
has the potential to become a unique selling point of silica aerogel
products, perhaps more so than its air-borne sound absorption proper-
ties, which are also good, but not exceptional. Further studies on the
physical mechanisms behind the observed low resonance frequency, the
evaluation of other aerogel materials, and targeted R&D to develop
products for the market are still required to make this a reality, including
data interpretation beyond the single degree of freedom framework,
mechanistic insight through modeling and measurements on other types
of aerogels and the use of binders and fibers to produce composites that
meet market demands.
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