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ARTICLE INFO ABSTRACT

Keywords: Aerogels are quasi-stable, nanoporous, low-density, three-dimensional assemblies of nanoparticles. In this paper,
Polyurea aerogel an extremely high sound transmission loss for a family of ductile polyurea aerogels (e.g., over 30 dB within 1 to
Metamaterials 4 kHz at bulk density 0.25 g/cm® and 5 mm thickness) is reported. The fundamental mechanisms behind the
Porous materials aerogel acoustic attenuations are investigated. Sharing striking similarities with acoustic metamaterials, in-
:COU(S;ICS ission 1 itially, aerogels are studied via a one-dimensional multi degree-of-freedom mass-spring system. Different effects
P(;lrl:el;r;lzis:; 1sston foss such as spring constant disparity are investigated in regards to the structural vibration wave transmission loss.
Results are given for different configurations consistent with the aerogel nano/microstructures. A significant
wave attenuation is observed by considering a random spring distribution. In the next step towards modeling
such a complex hierarchical and random structural material, the continuum Biot's dynamic theory of por-
oelasticity is implemented to analyze the experimental sound transmission loss results. In this framework, a two-
dimensional plane strain analysis is considered for the interaction of a steady state time-harmonic plane acoustic
wave with an infinite aerogel layer immersed in and saturated with air. The effects of bulk density and thickness
on the aerogel sound transmission loss are elucidated. By comparing the theoretical results with the experi-
mental observations, this study develops a qualitative/quantitative basis for the dynamics of the aerogel na-
noparticle network as well as the air flow and solid vibroacoustic interactions. This basis provides a better
understanding on the overall acoustic properties of the aerogels that might also be helpful in the design of the

future hierarchical materials.
1. Introduction insulating materials has been a central interest of the engineering
acoustics community. The challenge primarily originated from the in-
For decades if not longer, the quest for light-weight, sound sufficient acoustical performance of the traditional bulky materials,

Abbreviations: PUA, polyurea; pDCPD, polydicyclopentadiene; STL, sound transmission loss; TL, transmission loss; DOF, degree of freedom; w, frequency; n, number of degree of
freedoms; X; and X,,, the first left and the last right mass displacements; 8; and 35, spring constants; v, fluid particle velocity vector; p, acoustic pressure; V, gradient operator; co, speed of
sound in fluid medium; k, acoustic wave number; 6, incident angle; Iz and Ir, reflected and transmitted wave amplitudes; 7(w, 8), sound transmission coefficient; v; and v,,, normal fluid
velocities in the fluid mediums 1 and 2; p; and p,, acoustic pressures in the fluid mediums 1 and 2; pj, bulk density of the porous material; p;, skeletal density of the porous material; po,
fluid density; p;, bulk density of the solid phase of the porous material; p,, bulk density of the fluid phase of the porous material; h, porosity; oy, solid stress components of the porous
material; s, mean pore fluid pressure of the porous material; e, solid strain components of the porous material; e and ¢, solid and fluid volumetric strains of the porous material; u and U,
vector solid and fluid displacement fields of the porous material; N, solid bulk in-vacuo shear modulus of the porous material; E;, solid bulk in-vacuo Young's modulus of the porous
material; 7, solid phase loss factor of the porous material; A, Lamé constant of the solid phase of the porous material; v, in-vacuo Poisson's ratio of the porous material; E,, fluid bulk
modulus of elasticity in the porous material; Q, coupling between fluid and solid phases in the porous material; vy, ratio of fluid specific heats of the porous material; ¢, geometrical
structure factor of the porous material; o, steady state macroscopic flow resistivity of the porous material; b, viscous coupling factor of the porous material; p,, inertial coupling parameter
of the porous material; p11%, p12" and pa.”, effective complex mass coefficients associated to the viscous energy dissipation in the porous material; C; to Ce, unknown coefficients; Kn,
Knudsen number; Pr, Prandtl number; A, mean free path of air molecules; I', characteristic length of the porous medium (average pore size diameter); 1D, one dimensional; J, and J;, the
first kind Bessel functions of zero and first orders; f,, fundamental longitudinal resonance frequency; L, panel thickness
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specifically in the low frequency range, which is more important in
speech comprehension [1,2]. Empirically, at the low-frequency range,
the mean sound transmission loss of a single-layer conventional mate-
rial increases at an approximately constant rate of 6 dB by doubling the
mass per unit area due to the increasing forces of inertia. This phe-
nomenon is referred to as “The Mass Law” [3]. As a result, the current
lightweight materials (e.g., acoustical foams) are not able to solely
address the realistic engineering demands, and therefore had to be
employed in appropriately designed multilayered structures, which are
not always an efficient engineering solution due to either thick panels
or heavy structures.

In contrast with traditional acoustic materials, aerogels are quasi-
stable, low-density 3D assemblies of nanoparticles which are primarily
pursued for thermal insulations and often nanoporous hosts of func-
tional guests [4,5]. Aerogels are typically derived from drying wet-gels
by turning the pore-filling solvent into a supercritical fluid [5]. Tradi-
tional aerogels are mainly based on silica [6]. Interestingly, the ex-
perimental and theoretical results on the sound absorbing properties of
the silica aerogel structures have revealed a huge improvement com-
pared with their commercial counterparts [7-11]. But, in spite of their
very attractive attributes, the application of the silica aerogels has been
mostly confined to space exploration due to their structural fragility
[5]. The other major limiting factor is the production cost of aerogels,
mainly due to the supercritical drying which even limits the size of the
final product. To overcome those problems, a new class of aerogels has
recently emerged using major polymeric sources, like polyurea.

Polyurea (PUA) aerogels were first reported by De Vos-Biesmans in
a 1996 U.S. Patent [12]. Due to the environmental impact concerns,
Leventis et al. proposed an alternative synthesis for PUA aerogels by
replacing expensive amines with water [13]. Recently, using this ap-
proach, we discovered extremely high acoustic attenuation properties
in a family of purely organic aerogels, including not only PUA aerogels,
but also polydicyclopentadiene (pDCPD) aerogels as well [15]. The
acoustic attenuation that was reached was in the 20-40 dB range, in
contrast to traditional sound insulation materials, such as polyurethane
foam, which can reach up to 5dB only [15]. Thereby, the main moti-
vation of this work was to study the sound transmission loss (STL)
behavior of this family of purely organic aerogels, specifically on PUA
aerogels, in pursuit of a better understanding on their main acoustic
insulating mechanisms.

In order to make a material with higher sound transmission loss, the
sound reflection and/or sound energy absorption should be improved.
In the aerogel case, the material is highly porous and therefore the
sound energy absorption property is more important to consider as the
incident sound pressure wave can penetrate into the material. The
sound energy is partly converted into heat within a porous medium via
a huge number of internal reflections with the solid network.
Meantime, the dimensionless Knudsen number (Kn) can characterize
the air flow regime in a porous medium, Kn = A/I', where A is the mean
free path of air molecule (m) and I is the characteristic length of the
porous medium (m) [16]. The characteristic length can be approxi-
mated as the average pore size of the porous material. In most aerogels
the average pore size is on the order of 2 to 50 nm, i.e., on the same
order of magnitude with the air molecules mean free path [17-19]. In
this picture, the Knudsen number becomes close to 1 meaning that both
viscous and molecular flows are dominant in the air flow thus facil-
itating the wave energy dissipation in air saturated aerogel materials.
On the other hand, solid-phase sound energy dissipation features can be
characterized by their dynamic mechanical properties. Bulk polyurea
has been used commercially for more than a decade and is well known
as a highly viscoelastic material with strong frequency dependency
[20]. Its time dependent properties have been favorably emphasized in
different applications, such as blast mitigating coatings [21,22] and
acoustic dampening [23].

However, from a different perspective, our aerogels have striking
similarities with certain acoustic metamaterials, but their
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nanostructures are orders of magnitude smaller than those of the latter.
Within this framework, the central hypothesis of this work that porous
nanostructured materials with multiscale, random, heterogeneous
structural elements and porosities would provide highly tortuous paths
and synergistic dynamic mechanisms for broadband acoustic attenua-
tion. Using a finite one dimensional (1D) mass-spring model, Jensen has
shown that the disparity in spring constants can introduce a phononic
band gap in a periodic structure [24]. This is a very promising basis for
understanding the physics behind the STL characteristics of aerogels.

In this work, the normal incidence STL of the light-weight eco-
friendly synthesized PUA aerogels at different densities are measured
and studied using a modified impedance tube technique. In order to
study the sound wave propagation in the aerogels, two different mod-
eling perspectives are considered. First, the aerogels are modeled with a
conceptual linear monoatomic random mass-spring system in which the
identical masses are connected by varying linear elastic springs.
Understanding the wave propagation in those 1D structures can shed
light on exploring the fundamental mechanisms behind the acoustic
attenuation of aerogels. Second, taking advantage of the continuum
Biot's dynamic theory of poroelasticity, a quantitative framework on the
sound insulating properties of the aerogels is provided to compare them
with the experimental normal incidence STL values. The theoretical
results and the experimental observations generate a qualitative/
quantitative basis for the understanding of the effects of the nano-
particle solid network and its interaction with air flow on the overall
acoustic properties of aerogels.

2. Experimental section
2.1. Material synthesis and characterizations

The PUA aerogels of this study were synthesized according to pro-
cedures developed and published by the co-authors previously [13].
PUA aerogels at different densities, porosities and morphologies were
synthesized by varying the monomer concentration. Bulk densities (p5)
were determined from the weight and the physical dimensions of the
samples. Skeletal densities (p,) at different bulk density were previously
measured and owing to the low variations, here we use the average
reported value (1.24 g/cms) [13]. Porosities, h, were determined from
pp and p; according to h =100 x [(ps — pp)/ps]. SEM micrographs were
obtained from Au-coated samples on a Hitachi model S-4700 field
emission microscope.

2.2. Acoustic measurements

The normal incidence STL is the quantity of interest in this research.
In order to increase the sensitivity of the standard impedance tube
measurement, the three-microphone impedance tube methodology de-
veloped by Salissou et al. [25] was implemented here. For geome-
trically symmetric specimens, as with our aerogel disks, the measure-
ment technique is reduced to three-microphone one-load method with a
rigid backing [26], simplifying the measurement and increasing accu-
racy. Accordingly in this method, referring to Fig. 1a, the test specimen
(i.e., material) is mounted at one end of a long, narrow tube, with an
acoustic source placed at the opposite end. In addition to two micro-
phones (Mic 1 and 2) in the tube wall upstream, a third microphone
(Mic 3) is located in the downstream in a rigid termination directly
behind the test sample (see Fig. 1a). The characteristic impedance of
the test sample can be determined by measuring the normal-incidence
complex reflection coefficient of the material. For more details, one can
check [27].

For these measurements, the PUA aerogels are cut in a disk shape
(thickness 5 mm and diameter 4 cm) fitted inside the sample holder (a
PVC ring, see Fig. 1b). The impedance tube can measure the acoustical
properties within a range of frequencies 1 to 4 kHz.
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Fig. 1. (a) Schematic of a three-microphone impedance tube for STL measurements; (b)
The image of PUA aerogel sample (p, = 0.1 g/cm®) made in panel form (the test sample
cut in a disk shape is shown in the corner).

3. Theoretical modeling
3.1. Random mass-spring model

The structural dynamics of aerogels inherently includes a high level
of complexity and randomness due to the aerogel amorphous and
hierarchical structure. Fig. 2 shows such a candidate, whereas 2 pm
polyurea particles, are connected by a nanofibrous polyurea web,
forming a highly random and complex spring-mass system. The random
structures can be efficiently abstracted with lower dimensional models
with some random structural parameters.

For the sake of simplicity, the aerogels are modeled with a 1D mass-
spring system as shown in Fig. 3a [28]. The forced vibration of the
system when a time harmonic mechanical force with frequency w
subjected to the left end is analyzed in order to calculate the dis-
placement at the other end mass. The displacement amplitudes can be
readily formulated using standard forced vibration analysis. The
transmission loss (TL) is then simply introduced as:

X,
TL = 20log, | =2 |,
g“’(Xl) 6))

where X; and X,, are the displacements for the first left mass and the last
right mass respectively. The number of degree of freedom (DOF) is
denoted here by n. In the particular case of a 2-DOF system, the

Fig. 2. SEM image of a polyurea aerogel at 0.25 g/cm® bulk density [14].
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transmission loss can be written as:

Ay )
By + By — ma? ’ 2)

where 8; and 3, are the spring constants, and m is the mass. Here, a 60-
DOF system is considered. The value of the masses are set to
4.02 x 10~ ** kg which is the mass of a solid polyurea particle with
2 um radius. Two situations are taken into account. First, a homogenous
system where all the spring constants are set equal to each other (i.e.,
B =7.8 x 10~ *N/m), and second, a non-homogenous system with a
Gaussian random distribution for the spring constants. Fig. 3b and c
show the spring constant history of the homogenous and random ar-
rangements. Using the given material properties, the structural vibra-
tion transmission loss calculated by Eq. (1) can be analyzed.

TL = 20 loglo(

3.2. Wave propagation in poroelastic aerogels

In order to consider the effects of air flow and fluid-solid structural
interactions on the wave propagation properties of aerogels, a different
approach from discrete mass-spring aerogel model is required. In this
research, following the standard techniques of acoustics wave propa-
gation and the Biot's dynamic poroelasticity theory, the wave propa-
gation properties of the porous organic aerogels are modeled and stu-
died. The formulations and the implemented methodology are
summarized below.

3.2.1. Acoustic field equations

The Cartesian coordinate system, {0;x,y,z}, used in this work is
shown in Fig. 4. A plate is infinite in the xz-plane and submerged in an
unbounded acoustic medium, and the y axis is normal to the plate
boundary. An incident time-harmonic plane acoustic wave at an angle 6
with respect to the normal of the plate is impinging to the plate.

The field equations for an inviscid ideal compressible fluid medium
may be simply expressed in terms of a scalar velocity potential as [3]

v=-Vg, (32)

P =09, (3b)

where py is the fluid density, v is the fluid particle velocity vector, p is
the acoustic pressure and V is the gradient operator. The scalar velocity
potential satisfies the classical wave equation [3],

4

in which ¢, is the speed of sound in fluid medium, and V?= 9%/
9x* + 0°/0y? is the Laplacian. The normalized harmonic solution of Eq.
(4) with respect to the incident wave amplitude in the upper and lower
fluid mediums may respectively written as [29],

¢1 = e—ikxx(e—ikyy + IReikyy)’ (5a)

¢2 — ITe_i(kxx+kVY),

(5b)

where k, = ksin0 and k, = kcos@ are the wave numbers in x and y
directions, k = w/cy is the acoustic wave number, Iz and I are the
amplitudes of the reflected and transmitted waves respectively. Here we
have assumed harmonic time variations throughout with the e'®* de-
pendence suppressed for simplicity.

Using the field equations in Eq. (3), the normal fluid velocity and
the acoustic pressure in the upper and lower fluid mediums can be
expressed as follows [29]:

vy = —0,/0y = —ikye X (=TI + Iel), (62)
Vyy = —0¢,/8y = ik, Ipe~iterth) (6b)

and
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Fig. 3. (a) One dimensional multi-DOF mass-spring system; (b)
homogenous and (c) random distributions of the normalized spring
constants.
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p1 = iwpyp; = iwpyehe¥ (e + Irel),

(7a)

P, = iwpyg, = iwpyIpe=itexth), (7b)

where vy, and v, are the normal fluid velocities and p; and p, are the
acoustic pressures in the fluid mediums 1 (upper) and 2 (lower) re-
spectively.

3.2.2. Poroelastic model

The presented theoretical model is based on Biot's dynamic theory
of poroelasticity [30,31] which is an efficient two-phase modeling
method that can address several important physical properties such as
wave speed, attenuation and dispersion. Here the aerogel material is
considered as an air-filled porous structure with comparable fluid and
solid densities. This theory can formulate the appropriate constitutive
equations and equations of motion for the poroelastic media and thus
can predict the existence of two types of dilatational (compressional)
waves along with one rotational (shear) wave in the coupled fluid-solid
network. The theory is summarized below (for more details [30-36]).

39

The Biot's stress-strain relationship between the fluid and solid
strains and applied stress on the solid (o) is written as [32]:
g = (Ae + Qe)J; + 2Ney, ®)
where e = V.u and ¢ = V.U are the solid and fluid volumetric strains
respectively, u and U are the vector solid and fluid displacement fields
respectively, e; = (u;,j + u;,;)/2, is the solid strain components, N = E;/
2(1 + v), is the solid bulk in-vacuo shear modulus, E; is the solid bulk
in-vacuo Young's modulus, v is the Poisson's ratio, A = vE1/(1 + v)
(1 — 20), is the Lamé constant of the solid phase, Q = (1 — h)E,, is the
coupling between fluid and solid phases, h is material porosity and E, is
the bulk modulus of elasticity for the fluid in the pores. The mean pore
fluid pressure (s) can be also written as [32]:
s = Re + Qe, (©)]
where R here is assumed to be hE,. For air filled cylindrical pores, E,
can be written in terms of air bulk modulus as [34,35]:
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Fig. 4. Two dimensional wave problem geometry of an infinite poroelastic layer in
contact with two semi-infinite fluid mediums impinged by plane harmonic acoustic
waves.

—1

2(y = DR (Pr2A.=1)
Prl/22 /=1 Jy (Pr'/2A.+/=1)

where Eq = poco®, v is the ratio of specific heats, Pr is the Prandtl
number, 12 = Bp “El, Jo and J, are the first kind Bessel functions of zero
and first orders respectively. Also ¢ is the geometrical structure factor
and o is the steady state macroscopic flow resistivity.

Following the standard methods of continuum mechanics, the
equations of motion (linear momentum balance) governing the solid
and interstitial fluid displacements under harmonic excitation can be
written as [32],

NV2u + V[(A + N)e + Qe] = —?(p);u + p50),

E,=E|1+

(10)

(11a)

V[Qe + Re] = —w?(p}5u + p;,U), (11b)

in which the effective complex mass coefficients (p;1", p12” and py5™)
which are associated to the viscous energy dissipation in the porous
material due to the relative motion between the phases are written as
[32]:

Py =Py + P, + bliw, (12a)
pry = —p, — b/iw, (12b)
Py, =Py + 0, + b/iw, (12¢)

where b is a viscous coupling factor related to the macroscopic flow
resistivity of the porous material, p; and p, = hp, are the bulk densities
of the solid and fluid phases respectively and p, = po(¢ — 1) is the in-
ertial coupling parameter between the fluid and solid phases. For cy-

lindrical pores, the coefficient b can be expressed as b = iwe'p, (i—: - 1)
0

in which p.* can be defined as [34]:

SR PO 1)

AR R RN N AP INE) as)

For an isotropic porous material, from the equations of motion, Eq.
(11), one can derive a fourth order wave equation for dilatational
waves in the solid phase as [36]:

V4€ + Alvze + Aze =0, (14)

where A; = ©*(p11"R — 2p12"Q + p22"P)/(PR — Q?), Az = 0*(p11"p2o” —
plz*z)/(PR —Q» and P=A + 2N. Eq. (14) has two plane harmonic
solutions associated to the two dilatational waves with the
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wavenumbers given by kZ, = (A + A — 44,)/2, [36]. Furthermore
the governing wave equation for the rotational wave in the solid can be
written as [36]:

V2w + k2w =0, (15)

where @ =V xu is the solid rotational strain and k2= (w?/N)/
(p11* — p12"%/p22™). The volumetric and rotational strains of the fluid
phase can be expressed as [36]:

eV U= (PR — Q) V% + w?(0;;R — p}5Q)e
@?(03,Q = p5R) (16a)
Q=VxU —p—lf ,
Py (16b)

By solving wave equations, Egs. (14, 15), and subsequently Eq. (16),
volumetric and rotational strain fields in fluid and solid phases can be
obtained. Boltan et al. have previously showed the plane strain dis-
placement fields for the solid and fluid phases as [36]:

u. = ik, e ikxx Qe—ilqyy + &eiklyy + ge—ikaY + geikay
A k? k? k2 k2
1 1 2 2

ky . . .
k_[ﬁe—lkxx (CS e—lklyy _ C6 elk[yy),

{ (17a)

—1i

. k; . K ) k; . k; .
= etk 1§ ey — 2V o eibyy 4 2 ety _ 20 eikayy
ki ki k3 k3
Ky ) )
+ lle—lkxx(CSe—lkWy + Céelk[yy),
k 2
t

(17b)

. ; C C, . Cy . C, .
U, = ik e kx| b, —;e“"lyy + by —ie‘klyy + b, —;e“kay + bz—;elbyy
kp ky k; k;

L ky . .
_ lgk_t-;e—lkxx(cse—lktyy _ Céelk[yy),
t

17¢)
) k; ) k; ) k; )
Uy = ie_‘kx" bl%cle_lklyy - b] %Czelklyy + b2 i;c:;e_lkzyy
kl kl k2
k2y .
— bz k_22C4e1k2yY]
+ igﬁe‘ikxx(cse‘ikfyy + Cgelkn)

ki (17d)

where C; to Cg are the unknown coefficients, by » = a; — a2k1,22, a; =
(P11°R — P12 Q/(p22"Q — p12*R), a2 = (PR — Q))/(0*[pa2"Q — p12"R]),
k1 )2),2 = k1,22 —kZandg= — p12"/p22”. The stress components in solid
and fluid phases can be determined using Eq. (17) substituted into Egs.
(8) and (9) as follows [36].

. k2 . .
o, = e—'kxx[[ZNk—lg +A+ le](cle-lkw + Cyefhny)
1

k3, ) .
+ ZNF + A+ bQ |(Cze ¥y 4+ Cueiky)
2
kik ) )
- zty (Cseky — Cgelk),
% (18a)

+ 2N

. 2k, k; . . 2k, k; ) .
Gy = N [— (Cremthr — Cpeh) 4+ =52 (CreTta — Cuela)
1 2

k2 — k2 ) .
+ %(Cse—‘kw + Coelle),
t

(18b)
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s = e %[ (Q + byR)(Cre Y 4+ C,elkny)

+ (Q + by,R)(Cse Y 4 Cuefy)]. (18¢)

3.2.3. Boundary conditions

The unknown Biot's coefficients are calculated by setting a set of
appropriate boundary conditions at the interface of porous layer with
the surrounding fluid medium. The specific boundary conditions for
this type of interface can be proposed in four conditions:

L. Compatibility of the mean pore fluid pressure (s) with the acoustic
pressure (p) in the surrounding fluid:

s = —hp, 19

II. Compatibility of the normal stress in the solid phase (o,) with the
acoustic pressure in the surrounding fluid:

o= -1 - h)p, (20)
III. Vanishing of the tangential stress component:
0y =0, (1)

IV. Compatibility of the normal volume velocities between the sur-
rounding fluid and the porous material:

v, = iw(d = hu, + iwhU,. (22)
Egs. (19) to (22) can be readily written in a matrix form as:

[M]sxs [XTsx1 = [Blsxi, 23)

in which

[X]T=[C, C, C3 C4 Cs5 Cs I It], (24a)

[B]T = [- ihpyw i(h — 1)p,w ik, 0 0 0 O O], (24b)

where [X]T and [B]” are the transpose of X and B, respectively. The
components of the matrix M are listed in Appendix A. Therefore, by
solving the matrix equation, we obtain the reflected (Iz) and trans-
mitted (I7) sound intensities as a function of incident angle and fre-
quency.

3.2.4. Sound transmission loss
The field quantity of interest in this problem is the sound trans-
mission loss that can be determined as [37]:

STL(dB) = 10log,,(1/7), (25)

where the sound transmission coefficient, 7(w,6) = |Ir|?/|I;|?, is the
ratio of the transmitted to the incident sound intensities. The incident
sound intensity in this problem is assumed to be one. In the case of
normal incidence STL, the angle is set to zero. This completes the ne-
cessary background required for the analysis of the problem.

3.2.5. Material parameterization

For this application, PUA aerogels are considered as air saturated
porous materials. The air properties used in this paper are listed in
Table 1.

The steady state macroscopic air flow resistivity of the aerogels are
estimated using the relation o = 8p/F2h [32], where I is the average

Table 1
The air properties used in the present calculations.

Density (po, kg/m?) 0.909

Speed of sound (co, m/s) 328.6

Shear viscosity (i, Ns/m?) 1.84 x 10~ °
Prandtl number (Pr) 0.715

Ratio of specific heats (y) 1.2
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Table 2
The aerogel material parameters used in the present calculations.

Bulk density (pp, g/cm®) 0.11 0.25 0.45
Skeletal density (p,, g/cm®) 1.24 1.24 1.24
Porosity (h) 0.91 0.80 0.64
Average pore size diameter (/', nm) 40.33 40.33 40.33

Static Young's modulus (E;, MPa) 11.92 61.78 200.62
Average Poisson's ratio (v) 0.22 0.22 0.22

Loss factor (1)) 0.125 0.125 0.125

Air flow resistivity (Ns/m*) 9.93 x 10"  1.13 x 10**  1.42 x 10"
Geometrical structure factor (&) 1 1 1

pore size diameter of the aerogel. The change in the average pore size
diameter with aerogel bulk densities was found to be negligible and so
its average value (I" = 40.33 nm) is considered in this study [13]. A
similar scenario exists for the Poisson's ratio of the aerogels and
therefore average Poisson's ratio of 0.22 is used here [13]. However, the
bulk Young's modulus significantly changes with bulk density. Experi-
mental studies have shown a power-law relationship (E; = ap*) between
aerogel Young's modulus and the aerogel bulk density [38]. Power law
fitted parameters, aand «, for our PUA aerogels are obtained as
967.94 m?/s*> and 2.004 respectively [13]. In this study, a complex
Young's modulus, E;(1 + i), is considered where 7 is the solid phase
loss factor in order to include the internal friction losses [3]. Typical
loss factor at audio frequencies for polyurea ranges from 0.1 to 0.5 [39]
and here we used 0.125. The last parameter is the geometrical structure
factor of the aerogel (&). This value is normally close to 1 for most of
the porous materials [32]. All the parameters of the studied aerogels are
listed in Table 2.

4. Results and discussion

Fig. 5 shows the morphology of the PUA aerogels at different bulk
densities. The SEM images reveal that the morphology of the aerogels
change from nanofibrous form at low bulk density (0.11 g/cm?), gra-
dually transitioning to a nano-particulate form in the medium bulk
density (0.25 g/cm®). In that range, nano-fibers evolve into strings of
clusters and finally form a predominately nano-particulate pattern at
higher bulk densities (0.45 g/cm®). The structure of pores is highly
random in all three samples.

The normal incidence STL measurements of the PUA aerogels at
three different bulk densities are shown in Fig. 6. In order to compare
the STL values of our aerogels with other relevant materials, we carried
out the same experiments on a commercially available aerogel
(Spaceloft® Blanket by Aspen Aerogels) consisting of a traditional silica
aerogel monolith with embedded glasswool fibers through its bulk, as
well as on an acoustic foam (polyurethane based) at similar densities.
The STL values of our organic aerogels reached the 20-40 dB range, in
contrast to other materials, which can only provide 5dB or less (see
Fig. 6). All acoustical measurements were made in a very high quality
condition (i.e., high signal to noise ratio) over the entire frequency
range and the repeated experiments on the same material had no sig-
nificant uncertainty.

As mentioned earlier, in order to find the mechanisms behind this
extraordinary sound insulation properties, at the first step, the forced
vibration behavior of the aerogels are modeled via a linear mass-spring
model. Fig. 7 shows the comparison between the transmission losses as
a function of the frequency for the monoatomic configuration when all
the spring constants are identical and evenly distributed with the
random arrangement, when the spring constants are not identical and
randomly distributed (see Fig. 3). This result clearly reveals the idea
that in a system with high level of structural randomness, as in our
aerogels, there is indeed a super-gap in structural vibration transmis-
sion induced by random distribution of the nanoparticles that can
eventually lead to a significant reduction in sound transmission loss
values. It is worth mentioning that no damping effect was introduced at
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Fig. 5. SEM images of PUA aerogels at different densities: (a) 0.11 g/cm?®, (b) 0.25 g/cm®
and (c) 0.45 g/cm®. Higher resolution is given in the subset.

this stage, thereby the super-gap did not originate from any damping
energy mechanisms. On the contrary, by introducing viscous damping
effects, it was found that the transmission loss resembled the undamped
system with slight improvement at low frequencies.

The band-gap that appeared in the random mass-spring system
might have originated from the following two wave attenuation me-
chanisms. First, backscattering might have been introduced by the
differences between spring-constants, just as in phononic crystals.
Phononic crystals have band gaps because of Bragg scattering due to
their periodicity, and acoustic metamaterials due to their local resonant
modes. In our 1D model, none of those conditions exist, and thus the
random distributed system can be identified as a new potential ap-
proach to introducing stop bands. Another reason for the existence of a
super-gap is the so-called evanescent wave effect, which generates a
wave propagation cut-off frequency above the highest natural fre-
quency [40]. Having a high disparity in spring constants of the random
distributed system, the evanescent wave effects induced by the soft
springs (smaller spring constants) will dominate and thus attenuate the
wave propagation at higher frequencies. For aerogels, the material
contains relatively soft springs, and therefore the evanescent wave
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Fig. 6. Experimental STL values of PUA aerogels in comparison with common commercial
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Fig. 7. Vibration transmission loss as a function of frequency for the 60-DOF mass-spring
system.

effects induced by them can be amplified tremendously, especially at
high frequencies in high DOF systems, by working synergistically with
stop bands (backscattering) effect introduced by the disparity in spring
constants. All those mechanistic details render aerogels capable of
having a super band-gap for acoustic wave propagations.

Although the mechanisms related to the mass-spring model are very
interesting, that model is not predictive in terms of providing a quan-
titative comparison with actual experimental STL results. In order to
rectify that issue, aerogels were considered at face-value, namely as air
filled porous materials, and the STL of a thin aerogel layer was calcu-
lated using Biot's dynamic theory of poroelasticity.

For three 5-mm thick PUA aerogel disks at different bulk densities,
Fig. 8 compares the experimental normal incidence STL values with
those predicted by Biot's theory for an infinite aerogel layer in plane
strain condition with similar density. Biot's theory, despite all the
complexities in the molecular structure of the aerogels, have an overall
agreement with the experimental results. This agreement is very good
at the high frequency range of the results (2500 Hz and above), while
an increasing deviation exists at lower frequencies. For all samples, the
average percent error between the experimental results and the theo-
retical predictions over the entire high frequency range (2500 Hz and
above) is about 1% while this error is about 18% at lower frequencies
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Fig. 8. Experimental and theoretical STL values of PUA aerogels at different densities.

(2500 Hz and below). The reason for that deviation can be attributed to
low-frequency airborne sound waves, which are directly related to the
air flow properties of the aerogel. Therefore, material parameters such
as the flow resistivity, and a structure factor should be calibrated more
precisely for that range of frequencies. However, the very good agree-
ment in high frequency region supports sufficiently the applicability of
Biot's dynamic theory to the study of sound wave propagation through
ductile (i.e., polymeric) aerogels.

In order to illustrate the sensitivity of the STL values to changes in
the bulk density of the aerogel, all parameters required by Biot's theory
are determined as a function of the bulk density. Fig. 9 shows the
contour plot for the normal incidence STL values of a 5-mm thick
ductile aerogel infinite plate as a function of bulk density and fre-
quency. It is revealed that the transmission loss gradually increases with
aerogel densifying through the whole frequency range. This rate of
increase is higher at high frequencies. The variation of STL with the
bulk density is very important in the process of the design and manu-
facturing of potential aerogel-based sound barriers and structures.

Furthermore, the effect of aerogel panel thickness on the normal
incidence STL values is studied and the results for the constant bulk
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Fig. 9. Contour plot of STL in dB as a function of frequency and bulk density at constant
thickness (5 mm).
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density of 0.25 g/cm® are shown in Fig. 10. The STL values initially
increase by thickening the aerogel panel, but later, they are affected by
a resonance feature, which leads to decrease STL values. This resonance
area is highlighted by white contour lines in Fig. 10.

The nature of that resonance feature can be related to the long-
itudinal resonance characteristics of the aerogel panel. Considering
only the solid phase, the fundamental longitudinal resonance frequency
of an infinite porous layer can be approximated as:

_ [Ba=-nm
f;_\j PSLZ

’

(26)

where L is the panel thickness. Eq. (26) can predict the fundamental
longitudinal resonance frequency of the aerogel consistent with the
results in Fig. 10. For the three different aerogel thicknesses of 7, 8 and
9 cm, Eq. (26) estimates the fundamental longitudinal resonance fre-
quencies to be 3175.93 Hz, 2778.94 Hz and 2470.17 Hz, respectively.

5. Conclusion

In this paper, we have reported an extraordinary sound transmission
loss for a family of polyurea aerogels. The goal of this work was to present
some preliminary analytical models on the porous aerogel materials with
nanoscale morphologies, in order to help us understand their significant
acoustical behavior. Using a one dimensional mass-spring system with a
random spring constant distribution, the aerogel random and amorphous
structure was modeled. The vibration transmission loss results revealed a
broadband vibration gap feature for such systems originated mainly from
their structural randomness. This simple model clearly indicates that a
nanostructured random and amorphous material (i.e., aerogels) can act as a
wave transmission attenuator for a certain frequency range. Then, the
acoustic wave propagation in aerogels was modeled based on the Biot's
theory of dynamic poroelasticity. The theoretical normal incidence sound
transmission loss values were compared with the experimental results at
different aerogel bulk densities. An overall good agreement was obtained
for all densities, which supports the feasibility of the Biot's theory based
implementation on the aerogel wave propagation modeling applications.
The effects of bulk density and panel thickness on the sound transmission
loss behavior were studied. Some longitudinal resonance features were
obtained in the sound transmission loss results of the aerogel panels.

Lastly, we should mention that there is still a need to establish a
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direct connection between the true micro/nanostructure of each syn-
thesized aerogel sample with the theoretical model. The presented
models and methodologies are only able to model a general picture of
this complex and hierarchical problem. Despite of the acceptable Biot's
performance, for instance, the low frequency deviation between the
theory and the experiment needs to be fully understood. Either more
detailed and accurate Biot's based material characterizations or gen-
erating micro and nanoscale simulation results based on MD or first-
principle based models can expand our understanding and lead us to a
better and more clear picture of the wave propagation properties of
aerogels.

Appendix A

The nonzero elements of [M] are listed below.
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