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ABSTRACT

Understanding the propagation of elastic waves in ultra-light porous solids is essential for linking their microstructure to
macroscopic properties and mechanical performance. In this work, we present first an experimental study of longitudinal
sound velocity in aerogels spanning a wide range of chemical structures and mesoscopic architectures, including polyurethane,
polylactic acid, polyimide, flexible organo-silica, classica! silica, and phenolic (resorcinol-formaldehyde) aerogels. Compression
wave velocities were measured and correlated with bulk density to establish scaling relations across aerogel material families.
While classical elasticity implies direct coupling between sound velocity in isotropic solids and elastic moduli, we then examine
the extent to which such continuuni relations remain valid in aerogels, whose structure is governed by hierarchical porosity,
nanoscale connectivity, and bending-dominated network mechanics. Finally, we suggest measuring the Young modulus of
aerogels from the acoustic wave speed as a non-destructive testing alternative.

Introduction

Aerogels are ultra-lightweight, highly nanostructured porous solids derived from gels in which the liquid phase is replaced
by gas while preserving the solid network. Typical porosities exceed 90%, with pore sizes ranging from a few nanometers to
micrometers. This unique nano- to meso-scale porous architecture is the key reason why aerogels exhibit exceptional thermal,
mechanical, and acoustic properties. The thermal insulation characteristics of aerogels have been the focus of the majority of
the classical literature on aerogels. This is owing to the extremely low thermal conductivity arising from the dampening of the
gaseous thermal transport which is a consequence of the Knudsen effect.! However, in the past decade, investigations on the
mechanical and acoustic properties of aerogels have been gaining significant attention.”

Aerogels are particularly attractive for sound insulation and acoustic damping, especially at low to mid frequencies where
conventional porous materials often underperform. Aerogels have exhibited high sound absorption coefficient and low sound
transmission. Sound propagation in aerogels is fundamentally different from dense solids or open foams due to strong solid-fluid
coupling.” The dominant mechanisms in sound propagation in aerogels are linked with viscous dissipation, thermal losses,
solid-gas coupling, scattering and multiple reflections. At sufficiently small pore sizes, Knudsen effects can emerge, modifying
classical acoustic damping models and making aerogels particularly effective at higher frequencies.®’ Controlled synthesis of
aerogels with a monomodal narrow pore size in the mesoporous range may shed more light on these possibilities, but most
aerogels often exhibit macropores.

Consistent with open-porous materials, aerogels exhibit scaling laws for their mechanical properties such as the elastic



modulus. Gibson and Ashby® demonstrated a quadratic dependence of the density on the elastic modulus for open cell
foams. Most aerogels show deviations from this quadratic behaviour, possibly because of differences in the architecture and
deformation mechanisms in aerogels. While Gibson and Ashby linked the quadratic dependence to the bending dominated
deformation of the cell wall struts, Aney et al.,” for aerogels, explained the deviations to be resulting from the topology of the
network. Comparable to the mechanical properties, the thermal conductivity also exhibits scaling behaviour of both the solid
and gaseous components with the density.'%!! Weigold and Reichenauer'® empirically proposed a factor of 2 between the
scaling exponents of the elastic modulus and the solid component of the thermal conductivity for a model system of densified
polyurea aerogel. Aney and Rege!! confirmed this by proposing a network decomposition model where they additionally
provided an explaination for the scaling behaviour of the gaseous component of the thermal conductivity.

The velocity of sound in a material is directly governed by its elastic stiffness and density for homogeneous isotropic
solids. For a structured material with statistical isotropy, wave speed for wavelength much longer that the length scale of
heterogeneity is likewise dependent on the apparent elastic moduli and the apparent density. In 3D isotropic elastic solids,
propagation of elastic wave (i.e., sound in solid) is characterised by two fundamental velocities — velocity of longitudinal
p-waves and transverse s-waves respectively, associated with compressive and shear waves in an infinite medium. Here we have
used the term velocity of sound synonymously with the so-called bar velocity. Bar wave velocity is associated with longitudinal
compression waves in a rod with free external surfaces and scales as (E/p) 1/2 where E is the Young’s modulus and p the
density. For all wave types, stiffer materials transmit mechanical disturbances faster, while higher-density materials slow them
down. The relationship between s-wave speed (c7), p-wave speed (cr), and bar wave speed () is that the bar wave speed is
described in terms of functions that depend on the Poisson’s ratio alone. Having made this distinction, we will restrict ourselves
to the bar wave speed ¢r.

In this paper, we explore, both theoretically and by means of experimental measurements, the density-dependence of
the sound velocity in aerogels. For this purpose, classical silica, flexible organo-silica marshmallow-like (here on termed
marshmallow) (MA), polyimide (PIA), phenolic (resorcinol-formaldehyde) (RFA), polyurethane (PUA), polylactic acid (PLA)
aerogels were synthesised and tested for their sound velocity. Given the recent interest in acoustic insulation characteristics of
aerogels,” we build upon earlier foundational studies,'? and revisit this topic as well as extend it.

Theory

Gibson and Ashby first addressed the structure-property relationship for porous materials when investigating the apparent
mechanical properties of foams. Within their open-cell foam model, proposed in 1982, they make use of a unit cell, cubic in
nature whose edges are made up of prismatic bars.® Subjecting the bars to bending and considering the Euler-Bernoulli beam
theory for slender beams, the following relations are deduced. The relative density scales with the dimensions of the bars as

(1)
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where p is the apparent density (also known as bulk density) and py is the skeletal density, namely the density of the constituent

material making up the bars (cell/pore walls). Here, [ is the characteristic length of these bars, and ¢ their thickness. Applying
the Euler-Bernoulli beam theory, one can show for 3D solid foams with bending-dominated architecture that
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where E is the apparent Young’s modulus of the porous material and E; is the Young’s modulus of the constituent solid material
making up the slender bars within the solid network. One can, therefore, express the relation between E and p as
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This quadratic relation is found to be correct in many open-porous foam-like materials. However, it has been observed that
the scaling is not always quadratic. Two primary reasons for this departure from the quadratic exponent are: (i) the network
topology may be kinematically (fully or partially) rigid, leading to a stretch-dominated deformation mechanism, and (2) the
bars may not be slender, so an inevitable shear deformation that is not associated with quadratic scaling may exist. If one only
considers buckling of the bars (cell walls), one gets an exponent of 1. Therefore, it seems reasonable to get a near quadratic
relation for rigid foam-like materials and between 1 and 2 for more elastic foams. However, some materials exhibit scaling



beyond an exponent of 2 or even 3 or in some cases nearing 4.5% 1314 In these cases, the cell wall morphology or the mode of
deformation of the wall does not play a significant role in this deviation from 2, rather the topology of the network is crucial.
Therefore, in general, it is convenient to express the scaling law in a more generalised form

E ﬁ m
E " (p) ’ @)

where m is the scaling exponent for modulus-porosity scaling. The acoustic properties are closely related to the elastic properties.
For continua, the longitudinal bar velocity (to be referred to as the sound velocity) is given by
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One can similarly express the bar velocity for long waves in porous media, by replacing modulus and density by the apparent
modulus and the apparent density, as

E
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If the quotient (E/Ey) ~ ¢™, where ¢ is the relative density, namely, ¢ = p/p; then the bar velocity for long waves in a porous
material would scale as per
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This equation is valid for waves with wavelengths A > I, where /. denotes the characteristic length of non-homogeneity. Else
when the wavelength starts becoming comparable with the length scale of heterogeneity then Eq. 6 is no longer valid due to
several reasons, e.g., scattering. Since the measurements were performed at f = 0.5 MHz, the corresponding wavelength A can
be estimated from

CL
A 7 ®)
Using the measured range of bar velocities, the wavelengths lie between 0.1-1.5 mm. This range is orders of magnitude higher
than the mean pore size of SA, RFA, PUA, PLA, PIA (typically mesoporous materials, namely pore sizes between 2-50 nm),
and 1-2 orders of magnitude higher than MA. This establishes the validity of the long wave assumptions inherent in our work.
Therefore one can define the relation between the scaling exponent, say a in the power-law scaling for the compression wave
speed and the scaling exponent m from the scaling of the elastic modulus as

-1
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Results

Aerogels of different chemical composition, nanoporous structures, and porosities were synthesised and tested for the com-
pression sound waves propagation through them as outlined in the Methods section. Results are displayed in Fig. 1. Sound
velocity measurements on 22 samples of aerogels — each in triplicate (thus for 66 measurements), with uncertainties mapped by
error bars in the plot — are organised in one place here, relating wave speed with porosity for each material. To establish this
relationship experimentally, porosity was the only parameter varied, while all other material and processing parameters were
kept strictly constant. This ensured that the measured relationship reflects the effect of porosity alone. Given that bulk density
is more intuitive and directly measurable, we plot compression acoustic wave speed, in particular, the bar velocity (¢1) vs. bulk
(or apparent) density (p). The exponent a remains unaffected whether ¢y, is plotted against p or the relative density ¢ (Eq. 8).
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Figure 1. Compression sound wave speed (bar velocity) vs. bulk density plot of all measured aerogels. For every density,
measurements were done in triplicate resulting in 66 measurement points. The uncertainties are reflected from the error bars.
The trendlines demonstrate the power-law fit for each aerogel type. The exponents are tabularised in Table 1. PUA:
polyurethane aerogels, PLA: polylactic acid aerogels, PIA: polyimide aerogels, MA: marshmallow aerogels, SA: silica
aerogels, and RFA: resorcinol-formaldehyde aercgels.

Aerogel type | Measured a | Theoretical a | m from Eq. 4
W e TGZiO.Ol 1.60.40.25 4.2(0%0-5 (ref. own work and™)
PLA 1.4419 00 1.46.10.06 3'92i0.12 (ref. own work and'®)
PIA 0.5410.06 0.5540.08 9 2(£0-15 (ref. own work and'”'%)
MA 0.8510.09 0.8040 10 2.60i0'20 (ref. own work and!®)
SA 1.2740.05 1.2540.10 3.50~0-20 (ref. own work and?*-2%)
RFA 0.860.06 0.85.40 10 9 7(£0-20 (ref. own work and*)

Table 1. Comparison of the scaling exponent in the relation between the sound velocity and density as measured
experimentally and as derived theoretically using Eq. 8. The exponent m from Eq. 4 is also tabularised to show the value being
input in Eq. 8. PUA: polyurethane aerogels, PLA: polylactic acid aerogels, PIA: polyimide aerogels, MA: marshmallow
aerogels, SA: silica aerogels, and RFA: resorcinol-formaldehyde aerogels.

An immediate observation is that SA and PUA demonstrate high compliance having very low sound velocities around or below
100ms~!. A power-law fit was generated for each of the aerogel dataset. The results are presented in Table 1.

The exponents for the experimentally measured values were obtained from the power-law fits for each directly measured
sound velocity-porosity trend in Fig. 1. For the theoretical calculations, Eq. 8 was used in conjunction with independently
measured apparent modulus and apparent density, ensuring that porosity is the only changed parameter for a given material.
The exponent m for the elastic modulus vs. density for the different aerogels was used from our own data in validation with
previously reported measurements as follows. PUA exhibited m = 4.2 which falls close around a 10% error to e.g., 3.7 as
reported by Diascorn et al.!> PLA showed m = 3.92 which is very close to the reported value of 4.04 by Lledé et al.'® An
exponent of m = 2.2 was obtained for PIA, which is also in agreement with the results from Meador et al.'® and Filiminova



et al.'” MA exhibited m = 2.6 which agrees with the results from Steffens et al.'> For SA synthesised with this recipe, it is

well known from a vast source of literature that the scaling exponent m = 3.540.2.2%:2%2% For RFA synthesised from this
recipe, the exponent m = 2.7+ 0.2 was reported.>> These above-mentioned values were used within Eq. 14 that provides an
indirect but independent "theoretical" estimate for cz. The theoretical scaling exponents for the compression sound waves thus
calculated are displayed in Tab. 1. The directly measured experimental results for the sound velocity are in excellent agreement
with the theoretical calculations.

Discussion

The results establish the validity of Eq. 7 for aerogels that are nanostructured materials. Important is also the validity of
Eq. 6 that makes assumptions of an apparent medium replacing the aerogels that possesses complex skeletal architecture.
Aerogels, in principle, violate almost every assumption behind classical elasticity. They exhibit extreme porosity, hierarchical
non-homogeneity, and strong solid-fluid coupling. The aerogels studied in this paper exhibit totally different morphologies
with respect to each other and span over different pore scales (refer to scanning electron microscopy images in Fig. S1 of
the Supplementary Material). Despite these features, the use of such simple models remain valid for estimating the relation
between acoustic and mechanical properties. However, to understand sound propagation in aerogels including the role of the
microstructure, one might have to look into Biot’s poroelastic model as well as frequency-dependent dispersive behaviour of
aerogels and derive explicit expressions for the compression and shear wave speeds.> 2’

From another perspective, one can exploit the validity of Eq. 6 for aerogels, to calculate the elastic modulus in those
aerogels, given that majority of the aerogels, and all reported in this study, exhibit isotropic properties at the macroscopic scale.
While a seemingly simple problem, it is challenging to obtain perfect cubes or cylinders for most types of aerogel monoliths, and
even when produced, they are seldom crack or defect free. Due to these challenges, the stress-strain curve obtained for aerogels
under uniaxial compression measurements is often not perfectly linear in the infinitesimal deformation regime. Moreover,
initially warped coupons due to the practical difficulty in fabricating perfectly flat samples lead to measured stress-stress
response that is much softer than the actual. Compressive tests are also frequently cairied out on polymer aerogels, which suffer
from the aspect ratio of the sample being limited by the possibility of buckling, thus resulting in a measurement that does not
well represent unidirectional state of stress. These lead to estimating a value for the Young’s modulus from the slope of the
stress-strain curve in the infinitesimal strain region which does not correctly represent material stiffness. An interested reader is
referred to the chapter on Mechanical Characterization of Aerogels in the Springer Handbook of Aerogels.”® By contrast, no
significant geometric constraints apply to testing the sound velocity. It can, therefore, be recommended to test sound velocity in
aerogels, and use it to indirectly measure their elastic modulus using Eq. 6. Furthermore, the Young’s modulus reported in this
work is inferred from the measured longitudinal bar-wave velocity using one-dimensional elastic wave theory. For materials
exhibiting viscoelastic behaviour, the modulus obtained by ultrasonic measurements may differ from the quasistatic modulus
determined from conventional compression tests because of possible frequency dependence. Accordingly, the proposed method
provides a rapid, non-destructive estimate of the effective elastic modulus under the measurement conditions and should not be
interpreted as a universal replaceinent for quasistatic mechanical testing without appropriate validation.

For homogeneous isotropic materials, the p-wave velocity ¢y, depends on two independent elastic constants (any two of
Young’s modulus, Poisson’s ratio, bulk modulus, or shear modulus, or Lame’s constants, for example) the bulk modulus k and
shear modulus p, and not only on E. Therefore, one needs to know the apparent Poisson ratio (or another additional apparent
elastic constant) of the material, the aerogel in this case, in order to determine this second fundamental wave speed. Therefore,
it is recommended, in addition to ¢y, to either measure the Poisson ratio V also, or to measure the shear wave speed cr. Future
work will investigate the feasibility of measuring cr, which, in principle, would enable direct determination of the effective
shear modulus and complete elastic characterization. However, owing to the extremely low shear stiffness, high attenuation,
fragile microstructure, and challenges associated with shear-wave coupling and signal identification in highly porous aerogels,
such measurements are expected to be experimentally demanding. Accordingly, this remains an important direction for future
research. Measuring cr under the above-mentioned assumptions would yield the shear modulus

I
cr =4[ =. (10)
p
Therefore, if one measures cr and Vv, the apparent Young’s modulus
E=2u(14V)=2pck(1+V). (11)

On the other hand, if one measures cr and ¢, the Young’s modulus
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E= 12
3x+p’ (12

where K can be expressed as

. 4 _

K:pc%—gpc%. (13)
Therefore, one can express E purely in terms of the compression and transverse sound velocities as
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The above-proposed ideas rely on the applicability of continuum (classical) elasticity, which may not be considered a priori
for aerogels because of their extreme porosity, hierarchical microstructure, and pronounced structural heterogeneity. The
measurements, however, as shown in this study for a diverse range of aerogels, demonstrate alignment with classical elasticity.

Another brief point stemming from the discussion above and in relation to the significant literature by the then team of
Fricke is as follows. Fricke et al.!> used the following relation to compare stiffness and ¢;,

Ci1 = pci. (15)

While this is correct, one must note that Cj; is not the Young’s modulus E. C;; is the longitudinal stiffness component of
the fourth-order stiffness tensor C. Since we experimentally measure E and not C1, it is recommended to use the Eq. 13 to
calculate the Young’s modulus from ¢y and cr for comparative purposes against experimental data.

The measurement of moduli of elasticity, e.g. Young’s modulus, Poisson’s ratio, shear modulus, etc., using static testing is
particularly demanding given the constraints encountered in sample preparation for soft materials such as aerogels. By contrast,
these limitations are less severe for the measurement of sound velocity. Thus, our methodology here provides a convenient
approach for the metrology of material properties for this class of materials, especially when the sample quantity and the
possibility of shaping them into samples for static testing (such as coupons or in dog bone shapes) are limited. Alternatively, the
wave speed-porosity scaling could be calibrated to measure the porosity of aerogels indirectly from density and sound velocity
measurements, thus enhancing the value of our work.

Conclusions

In this short paper, we experimentally determined the longitudinal compression wave velocity in a series of aerogels bars,
selected to span a broad spectrum of chemistries and structural architectures, including polyurethane, polylactic acid, polyimide,
marshmallow, silica, and resorcinol-formaldehyde systems. The materials studied cover both organic and inorganic aerogel
families, enabling a comparative assessment across distinct network morphologies. Among the tested systems, silica and
polyurethane aerogels exhibited the strongest sound-insulating characteristics, with longitudinal wave speeds as low as 84 m
s~! and 64 m s~!, respectively, for the lowest-density samples. These remarkably low wave velocities highlight the extreme
mechanical compliance of ultra-light aerogel networks.

A central focus of this work was the investigation of density-dependent scaling laws governing acoustic wave propagation.
Porous solids, including aerogels, are known to follow power-law scaling relations between elastic modulus and density,
typically with exponents between 2 and 4, reflecting bending-dominated network mechanics. By combining classical elasticity
relations for compression waves with experimentally determined density-modulus scaling, we established a direct relationship
between the scaling exponent of the acoustic wave velocity and that of the elastic modulus. The theoretical predictions derived
from continuum elasticity were found to agree remarkably well with experimental observations. This agreement demonstrates
that the effective macroscopic elastic response of the investigated aerogels can be accurately described by homogenized
continuum elasticity, despite their extreme porosity, hierarchical microstructure, and broad distribution of pore and ligament
sizes.

Finally, we discussed the potential of sound velocity measurements as an indirect and non-destructive method for estimating
elastic modulus in aerogels. This approach is particularly attractive given the experimental challenges associated with
conventional mechanical testing of ultra-light porous materials, where sample preparation, microcracking, and structural defects
often compromise reproducibility. Acoustic characterization thus offers a robust non-destructive alternative route for probing
the effective stiffness of fragile aerogel networks.



Methods

Synthesis and structural characterisation of aerogels

Polyurethane aerogels

Polyurethane aerogel (PUA) samples were synthesized following the procedure reported by Merillas et al.>*3° via poly-
condensation of pentaerythritol (purity >98 % - Alfa Aesar) and polymeric diphenylmethane diisocyanate (IsoPMDI 92140
- BASF Polyurethane) in solution with varying contents of potassium octoate (KOSMOS 75 MEG - Evonik) as a catalyst.
Pentaerythritol was dissolved in dimethyl sulfoxide at a concentration of 100 g/L. and was poured into a p-MDI solution of
44 g/L in 65:35 acetonitrile/tetrahydrofuran (molar ratio polyol/isocyanate of 0.43). The amount of a catalyst solution (70
g/L in THF) varied from 1 to 15 wt.% with respect to the total mass of precursors. The resulting mixture was stirred at 500
rpm for 20 s at room temperature and poured into a container. The resulting gels were subsequently covered with acetonitrile
for 24 h and washed twice with the same solvent. Finally, gels were dried by supercritical CO, drying at 50 °C and 100 bar.
The fabrication of PU aerogels followed a robust and standardized sol-gel procedure, consistently yielding materials with
high structural integrity and reproducibility. The resulting particulate structures are intrinsically isotropic, exhibiting a narrow
particle size distribution.’%-3!

Polylactic acid aerogels

Polylactic acid aerogels (PLA) were produced as described by Lled6 et al.'® via thermal-induced phase separation (TIPS).
Different PLA contents with a molecular weight of 138 kg/mol (PLA LUMINY L130 provided by TotalEnergies Corbion
(Gorinchem, The Netherlands) with L-isomer content >99 %) were dissolved in a solvent mixture (63:37 1,4-dioxane/EtOH) at
65 °C. The PLA content was compressed between 0.03 and 0.14 g/L. Then, the solution was poured into a container, which was
placed in a freezer at —32 °C for 3 h. After solvent exchange by immersing the gels in cold ethanol at 8 °C for 24 h, samples
were supercritically dried with CO, at 32.5 °C and 150 bar. PLA aerogels produced via a TIPS method driven by spinodal
decomposition (liquid-liquid phase separation) exhibit highly homogeneous architectures, composed of nanofibrillar networks
that show no directional dependency within the porous matrix.

Polyimide aerogels

Polyimide aerogels (PIA) were synthesized by the sol-gel method following the procedure from Meador et al.>* 4,4’-oxidianiline
(4.05 g, 20.2 mmol) was dissolved in 78.6 mL (0.816 mol) of aithydrous N-methyl-2 pyrrolidinone (NMP) under continuous
moderate stirring, which was maintained throughout the synthesis until casting. Biphenyl-3,3’,4,4” - tetracarboxylic dianhydride
(6.27 g, 21.3 mmol) was then introduced into the solution and stirred until a clear and homogeneous mixture was obtained.
Separately, 1,3,5-triaminophenoxybenzene (0.183 g, 0.456 mmol) was dissolved in 25.1 mL (0.260 mol) of anhydrous NMP
and subsequently added to the reaction mixture. Chemical imidization was initiated by the simultaneous addition of acetic
anhydride (16.2 mL, 0.172 mol) and pyridine (13.8 mL, 0.172 mol). After 1-2 min, once complete dissolution was achieved, the
resulting homogeneous sol was carefully poured into Teflon moulds, which were then sealed with Teflon lids. Gelation occurred
within approximately 15-20 min. The formed gels were demoulded and aged in fresh NMP for 24 h. Solvent exchange was
then carried out every 24 h using progressively higher acetone concentrations. Residual water was removed using a continuous
solvent extraction and regeneration system. Acetone was initially extracted with liquid CO, at 50 bar and room temperature,
followed by supercritical CO; drying at 90-100 bar and 60 °C. By adjusting the solid-to-solvent ratio in this synthesis protocol,
three polyimide aerogels with distinct bulk densities were obtained, as summarized in Table 2. The synthesis protocol employed
for the preparation of the PI aerogels is a well-established, validated, and highly reproducible method that has been used
for decades in numerous studies.!”>3*33 The samples prepared in this work are highly reproducible regarding both structure
and properties. PI aerogels are isotropic, as no directional dependence has been observed either in their microstructure, or
mechanical, optical, thermal properties.'’-3%33

Marshmallow aerogels

The marshmallow aerogels (MA) were prepared following the procedure of Fener and Niemeyer,® which is based on the original
discovery by the team led by Hayase and Kanamori in 2011.37 First, urea granulate (4.06 mol equivalent to methyltrimethoxysi-
lane) was dissolved in a mixture of demineralised water (40.67 mol eq.) and glacial acetic acid (3.56x 1073 mol eq.) at 50 °C
under continuous stirring. Once a homogeneous solution was obtained, a hexadecyltrimethylammonium chloride solution (25
wt. % in water, 0.12 mol eq.) and methyltrimethoxysilane (1.00 mol eq.) were added and stirring was continued for 15 min at
50 °C. Then, dimethoxydimethylsilane (0.69 mol eq.) was added and the mixture was stirred for an additional 45 min at 50 °C.
The solution was poured into a 3D-printed cylindrical casting mould (90 mm inner diameter, TPU filament) where gelation
occured during heat treatment at 80 °C for 24 h. After gelation, the cylindrical sample was carefully demoulded and subjected
to a six-step washing procedure: twice with demineralised water, twice with ethanol and twice again with demineralised water.
Each step lasted approximately 8 h, with continuous stirring of the solvent for faster exchange. Within each step, twice the
sample volume of solvent was used. Finally, the sample was dried in an oven at 80 °C for 24 h and cut using razor blades



and a 3D-printed cutting template to yield cylindrical discs with a height of 12 mm. The recipe for synthesising MA is well
established and reproducible, as shown in our previous works.> '* The aerogels produced are isotropic and show no directional
dependency for their mechanical properties.’

Silica aerogels

Tetraethyl orthosilicate (TEOS) aerogels (SA) were synthesized by hydrolysing TEOS in an ethanol-water mixture. The molar
ratios of precursor, water and solvent were varied within the following ranges 1.00 : 7.7-11.6 : 9.4-7.7. The upper and lower
bounds correspond to the tuning of the aerogel network density. First, TEOS was dissolved in ethanol (EtOH) and stirred
magnetically at 150 rpm at room temperature. Subsequently, the mixture was then heated to 50°C, at which point an aqueous
solution of 0.01 M HCI was added to initiate hydrolysis. After the addition, the solution was stirred for another 40 min while
maintaining 50 °C, followed by five minutes of cooling while continuously stirring. Due to addition of 0.1 M NH3 the gelation
was initiated. The resulting mixture was placed in an air-tight container, in an oven at 50 °C for 24 h to allow gelation and
aging. After these steps, the wet gel was carefully transferred to an ethanol washing bath. The solvent exchange was carried out
in three 24-hour cycles at room temperature. Finally, the samples were dried by supercritical CO, extraction. The method for
SA preparation aligns with majority of the classical literature and the reproducibility is outlined in a multitude of studies.?®
These aerogels are well-known to be isotropic at the macroscopic level.*+?

Aerogel | Bulk density | Skeletal density
[gem ™3] [gcm ™3]
PUA 0.101
0.131
0.141 1.170
0.154
0.163
PLA 0.082
0.104 1.240
0.117
0.148
PIA 0.088
0.118 1.444
0.134
MA 0.068
0.088 1.239
0.098
SA 0.090
0.100 1.690
0.120
0.200
RFA 0.050
0.160 1.400
0.220

Table 2. Apparent (bulk) densities and skeletal densities of the measured aerogels. PUA: polyurethane aerogels, PLA:
polylactic acid aerogels, PIA: polyimide aerogels, MA: marshmallow aerogels, SA: silica aerogels, and RFA:
resorcinol-formaldehyde aerogels.

Phenolic (resorcinol-formaldehyde) aerogels

Resorcinol-formaldehyde (RF) gels were synthesized by reacting resorcinol R (98 %, Aldrich) with formaldehyde F (24 % w/w
(Carl Roth) in deionized water W, using sodium carbonate C as a catalyst. The R/W molar ratios were tailored from 0.003-0.021,
while the R/C and R/F molar ratios were kept constant at 200 and 0.5, respectively. Following initial homogenization at room
temperature (150 rpm), the solutions were sealed in polypropylene containers and cured at 60 °C for 7 days (Memmert GmbH,
Germany). The resulting wet gels were cooled and submerged in an acetone bath; the solvent was replaced six times over
3 days to ensure complete water removal. Supercritical drying was performed with CO, (purity > 99.995%, Praxair) in an
autoclave of 60 L volume (Eurotechnica, Germany) at 60 °C and 110 bars for about 21 h. The degassing rate was adjusted to
0.2 bars per minute. The recipe used to prepare RF aerogels is well established in the literature and is reproducible.*>** These



aerogels were proven to exhibit isotropic properties.*’

Density measurement

The bulk densities were measured using a GeoPyc instrument based on displacement measurement techniques (Micromeritics,
Germany). The skeletal density was measured using an AccuPyc gas pycnometer (Micromeritics, Germany) with helium as the
displacement gas.

Sound velocity testing setup

The sound velocity measurements for the PIA, MA, SA, and RFA were performed using an ultrasonic transit time equipment,
developed in-house at CAE in Wiirzburg, Germany, consisting of two piezoelectric crystals serving as a transmitter and a
receiver, respectively.*® A major challenge lies in achieving effective acoustic coupling between the ultrasonic transducers and
the aerogel specimen, since conventional wetting agents can damage the delicate porous structure. Therefore, the measurements
were performed without the use of any coupling medium. This approach required some special constructive efforts to ensure
effective coupling of waves into the highly porous aerogel. The receiver is mounted on a sled (see Fig. 2), allowing controlled
application of variable contact loads onto the specimen. This also is useful for adjusting according to the sample size. Since
many aerogels are highly susceptible to compression and only small loads could be applied, particular attention was paid to
minimising friction in the sled mechanism. The aerogel sample is clamped between the transmitter and the receiver during
the measurement. The transmitter piezoelectric crystal is excited to longitudinal oscillations by a high-frequency pulse, while
the second crystal (the receiver) detects the arrival of the pulse excitation, so that the sound velocity can be calculated from
the quotient of travel time and distance. The travel time of the ultrasonic pulse is determined using an oscilloscope with a
relative measurement accuracy of 5 %. The sample thickness is measured with a dial gauge mounted between the transmitter
and receiver with an accuracy of 0.2 mm. The frequency of the longitudinal sound waves is 0.5 MHz.
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Figure 2. Ultrasound measurement set-up at CAE: the sample is clamped between transmitter and receiver (1) where the
receiver is mounted on a rail (3). The sample thickness is measured with a dial gauge (2) and the runtime determined with an
oscilloscope (4).

The sound velocity measurements for PUA and PLA were obtained by a pair of non-focused air-coupled ultrasonic
transducers (developed at ITEFI-CSIC*”-48) with the same frequency as that used for the other aerogel samples of 0.5 MHz,
—20 dB relative bandwidth of 75 % and 20 mm aperture. These measurements were carried out at the ITEFI-CSIC, in Madrid,
Spain. The transducers operate in a through-transmission configuration, positioned face-to-face, and the aerogel specimen
is located between them at normal incidence. Signals with and without a sample between transducers were received and
acquired, allowing the calculation of the ultrasound velocity in the sample from the velocity in the air, sample thickness, and
the difference in time of flight between both cases. This difference can be calculated from the edge detection, the maximum in
the cross-correlation between both signals, or the phase difference.

All the aerogel samples were prepared ensuring parallel surfaces for the sound velocity tests. All sound velocity measure-
ments were made in triplicate. The reported error bars in Fig. 1 represent the standard deviations calculated from data obtained
through independent measurements of 3 different aerogel specimens.
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