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Abstract

Several porous materials, especially natural fibres and polyurethane foams, are frequently used as sound absorbers in mul-
tiple noise reduction applications. Notwithstanding their excellent absorption performance, these materials usually lack the
structural strength and fire resistance required for use in aggressive environments or situations requiring structural stability.
This paper proposes the design of open-pore polymer and aluminum cellular materials with non-stochastic structures for
sound absorption. These materials were fabricated using additive manufacturing (polymeric materials) and the replication
method (aluminum materials), which involves infiltrating porous preforms formed by compacting spheres of a martyr mate-
rial, such as NaCl, with liquid aluminum. The proposed materials can be employed as a resonator system when backed by
an air cavity, with the change in cavity depth used to tune its sound absorption peak. Following the standard ASTM E1050,
the sound absorption of these materials was investigated. In addition, the sound absorption performance of the materials
was predicted using an Equivalent Circuit Method model. The experimental results are consistent with those predicted by
the model, highlighting the potential of the microstructural and configurational design of these materials as sound absorbers.
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1 Introduction

Sound absorption has become a challenge that conditions the

P4 J. Carbajo . . o1
jesus.carbajo@ua.es progress of many technological applications due to its direct
1. M. Molina impact on people's health and quality of life [1]. Persistent
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can convert sound energy into other forms of energy, most
commonly heat. For sound absorption, porous materials such
as fibreglass, Kevlar, polyesters, polyurethane, and open-cell
porous metallic structures are frequently utilized [1-3].
Porous metallic materials with an open cell structure
combine one or more solid phases with a gas phase. While
the gas phase is capable of transporting sound energy into
the material, the solid phase normally acts as an acoustic
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techniques have microstructures with variable sound absorp-
tion properties. Typical absorbent cellular materials have
bottleneck structures, permeabilities, and porosities in the
range of 0.4—1.5x 10 m? and 60%—80%, respectively, and
single-sized pores [5]. Several works can be found in the
literature dealing with the study of the acoustic properties of
metallic foams from a microstructural approach [6-9]. As an
acoustic wave propagates through these microstructures, the
primary visco-elastic dissipation mechanisms are viscous
friction losses generated in the interconnection windows
between pores and thermal losses on the pore walls. Despite
these advantages, due to their stochastic microstructure, their
pore sizes, porosity, and wall thicknesses are all regulated
over a relatively wide range, making it difficult to tune their
sound absorption to a specific frequency.

In this regard, advancements have been made in open-
cell cellular materials with additively manufactured periodic
structural patterns [10]. Many works can be found in the
literature ranging from the design of an ultra-thin metamate-
rial panel for perfect sound absorption [11] to a hollow core
sandwich structure with tuned vibration insulation prop-
erties [12]. In this context, a metamaterial consisting of a
network of interconnected resonant cavities is a microstruc-
tural design that has aroused significant attention in recent
years. Cheng et al. [13] demonstrated the capabilities of
such a metamaterial through both a theoretical approach and
experiments involving metallic sound absorbers fabricated
by selective laser melting. Similar work was carried out by
Kennedy et al. [14] to study its acoustic behaviour through
numerical modeling and experimental validation using three
different polymer-based printing technologies. Recently,
Secgin and Baygiin [15] determined the effective medium
parameters of these metamaterials using an inverse method,
and Sailesh et al. [16] analysed the effect of using spheres
of various sizes on the sound absorption performance of 3D
printed biodegradable materials. Even though these valu-
able works demonstrated the potential of such structures as
sound absorbers, there are still some issues that deserve fur-
ther study, such as their applicability in severe environments
where polymer-based technologies may not be appropriate
(eg. high-temperature or high-speed flow scenarios).

This work demonstrates the capacity of traditional repli-
cation processing to generate periodic structures in alumin-
ium cellular materials. The manufacturing of sound-absor-
bent materials with a metal matrix is also a great challenge
and frequently requires expensive production techniques.
These materials have several advantages over previous mate-
rials. On the one hand, they have multiple levels of control
over their microstructures, including pore size and distribu-
tion as well as window size and distribution, which enables
them to be tailored to induce absorption at specified frequen-
cies. On the other hand, their replication-based fabrication
approach makes them particularly attractive for applications
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requiring vast quantities of material. As for their use in
aggressive scenarios, their higher durability and resistance
to environmental agents make these materials a great choice
in terms of sustainability for the sake of environmental pres-
ervation. Several polymeric and metallic cellular specimens
were fabricated using additive manufacturing techniques on
polyacrylate-based resin and the replication method on high-
purity aluminium, respectively. Impedance tube experiments
were carried out to assess the sound absorption performance
of these materials following the ASTM E1050 standard. In
addition, a prediction model based on the Equivalent Circuit
Method (ECM) was implemented, with results for sound
absorption agreeing well with those obtained experimen-
tally. The derived model was also used to conduct a paramet-
ric study as a function of the microstructural characteristics
of the cellular materials, which may be of great utility in
the design of these materials for optimal sound absorption
performance.

2 Background Theory

2.1 Basic Theory of Sound Absorbers: The Acoustic
Resonator

A sound absorber may be considered any device or sys-
tem which attenuates sound energy when an acoustic wave
propagates through it. Among these, porous absorbers such
as fibrous media, foams, and perforated panels, are exten-
sively used in many noise reduction applications. The main
loss mechanisms in air-saturated porous media are attributed
to viscous friction and thermal conduction in its pore net-
work [17], being the sound absorption features determined
by its microstructure. When a porous material is backed by
an air cavity and a rigid wall an acoustic resonator system
can be achieved. In this case, the effective sound absorp-
tion bandwidth of the resonator can be tuned, its resonance
frequency determined by the air cavity depth. To assess
the sound absorption performance of an acoustic resonator
under plane wave incidence it is necessary to determine the
surface impedance of the whole system either theoretically
or from experiments in an impedance tube. Once the surface
impedance of the resonator system is obtained, it is straight-

forward to derive its sound absorption coefficient a as
Zx B ZO g
Zx + ZO

a=1-

ey

where Zg is the frequency-dependent complex surface
impedance of the resonator system, and Z,= pc is the char-
acteristic impedance in air, being p, the air density, and ¢
the sound speed in air.
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In general, the surface impedance of an acoustic reso-
nator can be theoretically determined from the acoustic
properties of its components (i. e. the porous layer and
the air cavity). Several approaches exist to predict the
acoustic properties of porous media whose pore size is
much smaller than the wavelength of the acoustic wave
propagating through it, being the most extensively used
fluid-equivalent theory [17] and the Equivalent Circuit
Method (ECM) [18].

2.2 Modeling of Acoustic Resonators Using
the Equivalent Circuit Method (ECM)

The Equivalent Circuit Method (ECM) is commonly used
to analyse the acoustic performance of a series and/or
parallel assembly of acoustic elements and was chosen in
the current work because of its ease of use in the analysis
of simple acoustic resonators. In this method, an acoustic
resonator can be represented as a set of interconnected
lumped elements using an equivalent circuit that allows
obtaining its surface impedance by following an imped-
ance analysis. For this purpose, the acoustic impedances
of the elements that make up the resonator must be known
beforehand. There exist some basic acoustic elements (eg.
acoustic mass, compliance, and resistance) that may serve
to in turn describe simple acoustic components such as
a narrow tube or an air cavity. The expressions for the
acoustic impedances of these components in the linear
regime can be easily found in the literature [17, 18].

The acoustic impedance for a uniform circular cross-
section tube of finite length ¢ accounting with viscother-
mal loss mechanisms is given by
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where s = d(wpy/(41))"?, being d the diameter of the tube,
w the angular frequency, and 7 the dynamic viscosity of air;
being J, and J, the Bessel functions of the first kind and
zeroth and first order, respectively.

On the other hand, the acoustic impedance of an air
cavity of depth [ reads

-1
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where ky=wl/c is the wavenumber in air.

Hence, the ECM is a simple method for handling sim-
ple acoustic systems whose geometrical characteristics
can be directly measured, as is the case of the structures
to be described next.

3 Materials
3.1 Cellular Material Structures Under Study

Figure 1 shows a schematic representation of the three
different types of cellular structures under study (Types
A, B, and C), which consist of a bi-dimensional periodic
array of spherical cavities of diameter D (pores), and their
corresponding unit cells.

While Types A and B were fabricated using an addi-
tive manufacturing procedure over polymer material, Type
C was prepared using a replication method over metallic
material. All structures feature cylindrical openings (pore
windows) with diameter d and length ¢ on each side of
the pore normal to the bi-dimensional plane, while Types
B and C also show cylindrical in-plane interconnections
between pores with the same dimensions as the openings
except in the case of Type C, whose length may be consid-
ered negligible (see Fig. 1c). The pore windows on each
side of the pore normal are laterally spaced a distance b,
that being b =D + 2¢ for Types B and C. The materials, of
thickness e, were then trimmed to obtain circular cross-
section specimens with an average diameter of 29.30 mm
to be mounted in the impedance tube.

3.2 Raw Materials

Polymeric cellular materials were manufactured with pol-
yacrylate-based resin provided by Liqcreate (Utrecht, The
Netherlands). The metallic cellular material was manu-
factured using high purity aluminium (99.999 percent)
acquired from Alfa Aesar (GmbH & Co KG—Karlsruhe,
Germany) and analytical grade sodium chloride particles
(99.5 weight percent) purchased from Panreac Quimica
S.L.U. (Barcelona, Spain).

3.3 Additive Manufacturing of Polymeric Cellular
Materials

Micro-manufacturing processes offer an excellent work-
bench for the prototyping and design of sound-absorb-
ing materials [19]. A commercial 3D printer (Autodesk
Ember, USA) was used in this work to fabricate the poly-
meric cellular materials using Projection micro-stere-
olithography (PuSL) printing technology. Unlike other
common additive manufacturing processes such as Fused
Deposition Modeling, PuSL technology allows overcom-
ing limitations on the slope of the overhang, which is of
great importance in spherical geometries like those under
consideration. This technique was successfully used by the
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Fig. 1 Schematic representa-
tions of the three types of cel-
lular materials under study and
their corresponding unit cells:
a Type A (polymeric mate-

rial with unconnected pores);

b Type B (polymeric material
with interconnected pores); and
¢ Type C (metallic material
with interconnected pores). Pore
window diameter, d; spherical
cavity diameter, D; thickness
of the material, e; pore window
length, ¢

Type A
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Fig.2 Steps in the processing of cellular materials by the replication
method

authors previously in the fabrication of perforated panels
with oblique perforations for sound absorption [20].

3.4 Fabrication of Aluminium Cellular Materials

To fabricate the cellular aluminium material (Type C)
depicted in Fig. 1c the replication method was followed,
which appears to be the most interesting as it allows for
proper material control. In this traditional method, sche-
matically represented in Fig. 2, a porous preform, usually
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Type C

Type B

(b) (c)

of packed particles, is prepared with a templating agent
(sodium chloride, carbon, etc.) and then infiltrated with
molten metal or any other matrix liquid precursor to pro-
duce a composite material. After solidification of the liquid
precursor, the preform is removed via dissolution or con-
trolled chemical reaction (eg. by combustion) to leave an
interconnected porous structure that can be considered as the
"negative" of the initial preform. The versatility of the repli-
cation method allows for the control of volume fraction, size,
shape, and pore size distribution. With this precise control,
the properties of the manufactured cellular materials can
be easily adjusted to the desired range. The sections below
develop in-depth the processing steps followed to obtain the
aluminium cellular materials.

3.4.1 Fabrication of NaCl Spheres Template

The initial stage in fabricating the aluminum cellular mate-
rials is to make the spheres that will serve as templates for
the cell cavities [21-23]. Due to its simplicity, the method
described in the patent [23] for hand-forming NaCl spheres
of varying diameters was chosen for this purpose. An initial
mixture of NaCl particles 20-38 pm in diameter (Fig. 3a),
organic binder (flour), and wetting agent (distilled water)
with a mass ratio of 6:2:2 was placed in a vessel. The result-
ing material was manually shaped into spheres. An average
sphere diameter of 5.7-6.7 mm was selected by sieving with
standard stainless steel sieves. After being dried at room
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Fig.3 a Scanning electron
microscopy (SEM) micrograph
of NaCl particles of 20-38 pm
average diameter and b photo-
graph of NaCl spheres prepared
by the method described in [19]

(a)

temperature, the spheres were subjected to a two-step heat
treatment: (i) carbonization of the organic binder for 60 min
at 200 °C, and (ii) oxidation of the residual carbon for 6 h at
500 °C. To avoid structural cracking, both processes were
conducted at a heating rate of 4°Cmin~". Figure 3b illus-
trates the NaCl spheres produced in this investigation.

3.4.2 Fabrication of Porous Template Preforms

The porous preform was prepared by carefully packing NaCl
spheres into a graphite crucible. The packing must permit
the spheres to fit into the specified packing structure while
maintaining the structural integrity of the particles. The
intended packing structure for the spheres is a simple cubic
packing, resulting in a solid volume fraction of approxi-
mately 0.52. Notably, simple cubic packing does not occur
naturally when particles are arranged on top of one another,
as particles in the upper layers tend to lodge in the voids left
between particles in the lower layers, forming compacts with
a volume fraction of 0.60 [24] in random compaction mode
(via vibration, for example). Therefore, the simple cubic
structure necessary to achieve the desired arrangement of
cell cavities must be imposed. For this purpose, graphite
crucibles with interior dimensions of 31.0x 6.2%x31.0 mm,
which are multiples of the average diameters of the spheres
(6.2 mm), were considered to accommodate an integer num-
ber of 25 spheres in a plane defining planar compaction in
which the coordination between spheres is 4.

3.4.3 Obtaining Aluminum Cellular Materials by Infiltration
of NaCl Porous Preforms

The preforms were infiltrated with liquid aluminium by
pressure-assisted infiltration (see [25, 26] for infiltration of
liquid metal into porous preforms formed by the compac-
tion of ceramic particles). For this purpose, a solid piece of
aluminium was placed on top of the packed porous preform,
and the entire structure was placed in a pressure chamber.
The chamber was evacuated to a pressure of 2 mbar before

(b)

being heated to 760 °C at a rate of 5 °C min~'. After ten
minutes at a steady temperature, the vacuum was released
and the chamber was pressurized to 2 bar with argon gas to
inject molten metal into the porous preform. The pressurized
chamber was then cooled to room temperature by immersion
in water to facilitate rapid, directional solidification of the
metal. The resulting material was machined into a circular
cross-section of 39.30 mm average diameter by grinding
with SiC sandpaper of successive grit sizes of 80, 240, 400,
and 600 mesh. According to [27], the NaCl preform was
subsequently dissolved in water to obtain a metal matrix
material with an interconnected porous structure.

4 Methods

4.1 Microstructural Characterization of Cellular
Materials

The microstructures of polymeric and metallic cellular
materials microstructures were examined using an Olym-
pus PME-3 optical microscope. Image analysis was used to
determine the sizes of pore windows, pore window lengths,
and spherical cavities. Nevertheless, estimating the cavity
diameter in the metallic cellular material is a complicated
task since the cavities exposed to the surface of the material
are sectioned into different planes and do not represent their
true size. Bearing in mind that the replication method repro-
duces the geometry of the particle template in the cavities
(and that the aluminium/NaCl system is non-reactive [23]),
an indirect study of the cavity features was performed using
image analysis of the NaCl spheres. Their sizes were deter-
mined after averaging the maximum and minimum Feret
diameters over 100 particle measurements. The same pro-
cedure was followed to determine the size of the pore win-
dows in the metallic sample (here, by measuring the exposed
windows of the material). Since the NaCl particles in the
preform are in touch either at a single point or in a small area
due to their relative spherical irregularity, the infiltration
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of the metal generates pore window channels of negligible
length when compared to the idealized polymeric samples.

Insomuch as most prediction models used to describe the
acoustic wave propagation in sound absorbers make use of
physical parameters which depend on their microstructure,
it was found useful to briefly outline the determination of
these parameters for the cellular materials under study. A
well-known approach for the description of porous sound
absorbent media on a macroscopic scale is the Johnson-
Champoux-Allard (JCA) model [28, 29], which relies on
the determination of five physical parameters, to list: flow
resistivity (o), tortuosity (a.,), porosity (¢), viscous charac-
teristic length (A), and thermal characteristic length (A’).
Hence, the determination of these so-called non-acoustic
properties constitutes a key point to address porous media
characterization. In this work, experimental data obtained
from microstructural characterization was used to obtain the
porosity and the viscous and thermal characteristic lengths
of the samples. The remaining parameters (i. e. tortuosity
and flow resistivity) were retrieved using an inverse meth-
odology which has become very popular among acousticians
[30-32] because of its immediacy and simplicity, its use
being of great interest to cope with limitations in laboratory
equipment availability, even though special care must be
taken on its applicability to guarantee a robust identification
procedure [33]. Alternatively, a microstructural analysis like
that described in [34] could be used. The inverse method-
ology herein implemented makes use of the Nelder-Mead
direct search optimization method [35] to minimize the dif-
ference between the sound absorption coefficient predicted
using the JCA model and that measured using the standard-
ized procedure to be described next.

4.2 ASTM E1050 for the Determination of Sound
Absorption Coefficient

The ASTM E1050 [36] is a test method for the determina-
tion of the sound absorption coefficient of acoustic materials
under normal incident plane waves. To this end, the sam-
ple to be analysed is placed at the end of an air-filled tube
and the sound pressure field is measured with two micro-
phones flush-mounted on it when a speaker positioned on
the other end of the tube generates a random noise signal.
The surface impedance and sound absorption coefficient
of the tested material can be easily calculated by follow-
ing the so-called transfer function method, which uses the
pressure frequency spectrum data at both microphone posi-
tions. In this work, the measurement system used to perform
the experiments consisted of an impedance tube apparatus
BSWA SW470 with an inner diameter of 30 mm, an acqui-
sition card MC3522, a power amplifier PA50, and two 1/4"
microphones type MPA416. The calculation of the surface
impedance and the sound absorption coefficient is performed
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by the VA-LAB2 software provided by BSWA. It should be
noted that the impedance tube rig includes a graded plunger
to measure the air gap between the sample and the back-
ing wall (i. e. the cavity that forms the acoustic resonator).
Besides, the contour of all the samples was wrapped with
very thin tape to avoid undesired air leaks.

5 Results and Discussion

5.1 Geometrical Characterization of the Cellular
Materials

Figure 4 shows pictures of the polymeric cellular samples
prepared using the PuSL technology and the aluminium cel-
lular material fabricated using the replication method, their
average geometrical characteristics summarized in Table 1.

Figure 5a and b show the distributions of window and
pore size, respectively, of the manufactured materials. Both
plots show very similar values for the type A and type B
specimens, with mean deviations at d and D of less than
2.25 and 1.05 percent, respectively. These low error per-
centages, as well as the fact that the distribution curves
are narrow, are the result of the high precision achieved by
the PuSL technology used to produce the polymer matrix
materials. The metallic sample, on the other hand, has a
wider distribution of values and a larger mean pore diameter
than the polymeric materials, which is due to the size of
the spherical NaCl particles used as templates in the fab-
rication of the replicable preforms. Similarly, the window
sizes are determined by several factors such as the intrinsic
properties of the metal in liquid form, the particle diameter,
the metal-particle interface, and the pressure at which the
metal is infiltrated into the porous preform. The distributions
obtained for the distance between windows in polymeric and
metallic samples are shown in Fig. 5c. As a result of the
processing techniques, these values show similar tendencies
as those in Fig. 5a and b.

It should be clarified that the Gaussian curve fitting over
experimental values distributions yields an average value
of b larger than D, thus involving that the spherical cavities
in the case of material Type C are not laterally intercon-
nected, which is not correct and may be attributed to the
slight deviation in the fitting procedure.

Once the geometrical characteristics of the samples were
measured, the physical parameters that let describe these
porous structures on a macroscopic scale were determined.
The porosity was determined from the experimental data
obtained following the procedure described in Sect. 4.1,
whereas the viscous and thermal characteristic lengths were
obtained directly from geometrical data in Table 1 given
that viscous effects occur mainly in the inter-connection
between the spherical cavities [28] and the thermal effects
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Fig.4 Photographs of the fabri-
cated cellular materials: a Type
A (polymeric material with
unconnected spherical cavities),
b Type B (polymeric material
with interconnected spherical
cavities), and ¢ Type C (metallic
material with interconnected
spherical cavities)

Table 1 Average design geometrical characteristics of the fabricated
cellular materials

Cellular structure b (mm) d(mm) D (mm) e(mm) 7(mm)’
Type A 5.82 0.92 4.90 5.77 0.436
Type B 5.84 0.90 4.85 5.81 0.478
Type C 6.26 1.16 6.20 6.11 -

*Obtained indirectly from measured parameters D and e

are related to the largest size of the pores [29]. The remain-
ing parameters were retrieved using the inverse methodology
described in Sect. 4.1 with a relative error lower than 6.5%
(tortuosity and flow resistivity) and from the direct relation
o=nlq,, where g, stands for the static permeability. Table 2

(¢

summarizes the results obtained for the different cellular
structures under study.

Results indicate that the polymeric samples fabricated
using additive manufacturing technology show lower porosi-
ties and higher tortuosity values than the metallic samples,
which results in a lower frequency resonance peak when
used as a part of a resonator system, as it will be shown in
Sect. 5.3. As for the flow resistivity and permeability val-
ues, the polymeric samples showed higher (lower) values
and consequently a higher sound absorption (see Sect. 5.3),
which may be also attributed to the smaller characteristic
lengths that describe the microstructure of the materials.
Even though the above parameters could be used in the
JCA model to study the acoustic behaviour of the materials
under study by using the corresponding expressions for the
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Fig.5 Measured (markers) and Gaussian fit (lines) of the fabricated cellular material structures (Type A: red; Type B: blue; and Type C: Green):
a pore window diameter, d; b spherical cavity diameter, D; and c lateral distance between pore windows, b

Table 2 Macroscopic Cellular structure @, () A (um) A (um) b & (Ns/m®) 7o (m?)

parameters of the fabricated

cellular materials Type A 7.1 460 2450 0.34 54441 3.18+1071°
Type B 8.6 450 2425 0.35 116740 1.57010710
Type C 5.3 580 3100 0.56 32979 555010710

*Obtained using an inverse methodology

Equivalent acoustic circuit

Fig.6 Schematic representation of the acoustic resonator system and
the proposed equivalent acoustic circuit

complex dynamic density [28] and bulk modulus [29], a
simplified approach based on the ECM was chosen instead
as it will be described next.

5.2 Proposed Approach for the Modeling
of the Cellular Structures

In what follows, a prediction approach to obtain the surface
impedance of the acoustic resonator systems under study
using the ECM is outlined. For this purpose, a description
of the absorber in terms of its acoustic components is first
given. From visual inspection of Fig. 1, the unit cells of the
cellular material structures can be described in a simplified
way as two short cylindrical tubes coupled through a large
spherical cavity. Besides, the rear face of the materials is in
turn coupled to the backing air cavity of the resonator by
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one of these tubes. Figure 6 shows a schematic representa-
tion of the resonant system under analysis and the proposed
equivalent acoustic circuit for a unit cell of the absorber.

In that circuit, the acoustic impedance Zp corresponds
to the inlet/outlet tubes (i. e. the pore windows), Z to the
spherical cavity of depth D, and Z,,, to the backing air cav-
ity of depth L. Besides, to account for the inertial effect and
the viscous dissipation at the inlet/outlet of the pore win-
dows, a reactance term, and a resistance term must be added
to the acoustic impedance of each tube such that

Zp = Zrypg + 2R + jwp0.85d 4)

being 6 a factor that accounts for the pore window type (6=4
for sharp-edged case) and Rg= (rp,@/2)"* the surface resist-
ance, which is accounted twice for each pore window as
energy dissipation occurs when the flow enters and exits the
tube [13]. Note that additional branches would be necessary
for that circuit to account for the pore windows interconnect-
ing the spheres with each other, herein not being considered
for the shake of simplicity although these may have a slight
influence on the tortuosity of the cellular structure as con-
firmed in the experimental data to be presented in Sect. 5.3.

Once the acoustic components that make up the acoustic
resonator were identified, their respective acoustic imped-
ances can be directly calculated by substitution of the cor-
responding geometrical characteristics of Table 1 in Egs. (2)
and (3) provided the backing air cavity depth L is also set. It
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must be noted that Eq. (2) was used for the narrow cylindri-
cal pores (i. e. the pore windows) while Eq. (3) was used for
the air cavities with /=L for the backing air cavity (Z,y)
and /=0.806D for the spherical cavities (Z;) as proposed in
[13]. Thereby, after some basic circuit theory analysis, the
surface impedance under plane wave incidence of the whole
absorber (i. e. cellular material structure and backing cavity)
can be written as follows

. Zy(Zp/ b+ Zcyy)
= 2ol b Zy+Zp/ b+ Zeay ®

where ¢ = z(d/2)*/b* is the open area ratio necessary to
account for the fraction of pore open area on the front/rear
face of the material, being b the lateral distance between pore
windows [17]. Finally, by substitution of the surface imped-
ance calculated with Eq. (5) in Eq. (1) the sound absorption
coefficient of the acoustic resonator can be obtained.

5.3 Sound Absorption Results

Predictions of the sound absorption performance of the
different cellular material structures under study were per-
formed by using the measured geometrical characteristics
of the fabricated specimens and the proposed modeling
approach previously described. Additionally, the fabricated
samples were mounted in the impedance tube and their
sound absorption coefficient was measured by following the
procedure described in the standard ASTM E1050. Further-
more, to confirm the tuning capabilities of these materials
when used as resonator systems, different air cavity depths L
in the range from 5 to 30 mm were tested both in the predic-
tions and the experiments. Figure 7 shows a comparison of
the measured and predicted sound absorption coefficient of
the analysed materials for different values of L.

In general, results show both the good sound absorption
performance of the analysed cellular structures in addi-
tion to their tuning capabilities, being the resonance peaks
shifted from around 2000 Hz in the polymeric samples
(2700 Hz in the metallic one) for an air cavity depth of
5 mm to down below 800 Hz (1200 Hz in the metallic
one) for an air cavity depth of 30 mm. On the other hand,
predicted sound absorption shows a good agreement when
compared to the experiments, the discrepancies in the case
of the metallic material (Type C) being attributed to a
higher variance in its geometrical characteristics when
compared to additively manufactured ones (see Fig. 5)
which results in an overestimation of the peak absorption
amplitudes, these being more significant as the air cavity
depth increases. In this regard, the factor § can be fitted
to be frequency-dependent and account for the non-sharp
edge following a procedure similar to that described in
[36]. It should be also recalled that the pores connecting

——Type A (measured) —— Type B (measured) —— Type C (measured)
——-Type A (predicted) ——-Type B (predicted) — - -Type C (predicted)

Fig.7 Comparison of the predicted (discontinuous lines) and meas-
ured (continuous lines) sound absorption coefficient spectrum of
the cellular material structures (Type A: red; Type B: blue; Type C:
green) for different air cavity depths L: a 5 mm, b 10 mm, ¢ 15 mm, d
20 mm, e 25 mm, and f 30 mm

the spheres were not taken into account in the proposed
approach because this effect was considered negligible in
the frequency range of analysis for the geometrical char-
acteristics of the material, further research on this point
is worth investigating in the future. Also, note that in all
cases the baffle conditions in the impedance tube setup
differ from the infinite lateral extend commonly assumed
in most prediction models [17]. Moreover, unlike statisti-
cal methods for predicting sound-absorbing properties of
stochastic porous metal materials as that presented in [37],
the proposed approach can be used for cellular materials
with a specific non-stochastic structure. All the same, the
above results verify the usefulness of this approach for

@ Springer
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the modeling and design of cellular material structures in
a simple manner.

To further analyse the sound absorption performance of
the fabricated materials, several sound absorption indicators
were calculated from the experimental curves depicted in
Fig. 7, specifically the Noise Reduction Coefficient (NRC),
the Sound Absorption Average (SAA), the Half-bandwidth
(HBW), and the resonance frequency peak amplitude (a,,,)-
These parameters were shown to be very useful to compare
the impact of different microcellular structures on the sound
absorption spectra for automotive exhaust performance muf-
flers [38]. The sound absorption indicators of the three cellu-
lar structures for the different resonator configurations under
study are listed in Table 3.

Results indicate that cellular structure Type B shows
higher NRC and SAA values when compared to the other
structures for most resonator configurations under study,
which may be attributed to the extra dissipation mechanisms
occurring in the lateral interconnection tubes between spher-
ical cavities. It should be noted that the SAA improves as the
air cavity depth increases, which highlights the potential of
these structures to be used as acoustic resonators in practical
applications as will be discussed in Sect. 5.5. On the other
hand, the cellular structure Type C show a higher HBW than
the polymeric samples due to the higher porosity values and
larger pore windows and spherical cavities. Conversely, the
resonance frequency peak amplitude is lower in the case
of the metallic sample whereas it almost reaches perfect
absorption in the polymeric ones.

Table 3 Sound absorption indicators of the fabricated cellular materi-
als

L(mm) Cellular structure  NRC ~ SAA  HBWHz) a4
5 Type A 038 030 840 0.97
Type B 040 038 928 1.00
Type C 021 025 2060 0.73
10 Type A 025 035 746 0.93
Type B 035 044 798 0.98
Type C 033 032 1790 0.69
15 Type A 037 038 716 0.91
Type B 046 046 762 0.97
Type C 032 033 1520 0.65
20 Type A 0.40  0.39 698 0.88
Type B 046 047 760 0.96
Type C 030 034 1434 0.65
25 Type A 039 041 654 0.87
Type B 045 049 718 0.95
Type C 031 035 159 0.60
30 Type A 038 042 640 0.88
Type B 044 049 694 0.96
Type C 032 035 1350 0.60

@ Springer

5.4 Parametric Study

The above results both confirm the good sound absorption
performance of the cellular material structures and the utility
of the different techniques in the fabrication of such struc-
tures. However, the resulting porous media may still exhibit
enhanced sound absorption features if its microstructure is
properly designed. To confirm this assertion, a parametric
study of the sound absorption performance of the material
in terms of its geometrical characteristics was carried out by
using the derived model. The influence of both the diameter
of the pore windows and the diameter of the spherical cavi-
ties was analysed. In doing so, the average sound absorp-
tion coefficient (a,,,) over the frequency range between 500
and 5000 Hz was calculated for pore window and sphere
diameters ranging from 0.1 to 0.5 mm and 0.5 to 5 mm,
respectively. The remaining geometrical parameters were
kept constant with values of #=0.5 mm for the pore window
length and L =35 mm for the backing air cavity depth, being
the lateral distance between pores equal to the diameter of
the spherical cavities (i. e. b= D). Figure 8a shows the pre-
dicted average sound absorption coefficient resulting from
varying the corresponding geometrical parameters.

Results show that maximum sound absorption can be
reached for a pore window size of 0.18 mm and a sphere
diameter of 0.8 mm (white circle). In Fig. 8b, a more detailed
analysis of the corresponding sound absorption coefficient
curve reveals that the “optimum” case outperforms the ones
analysed in Sect. 5.3, especially in the mid-high frequency
range. It should be mentioned that the pore window length
and the air cavity depth could also be modified, the expected
effect when these are reduced being a shift of the resonance
peak towards lower frequencies [39]. This feature turns out
of great utility for such applications requiring tuning the
resonance in a specific target frequency as will be discussed
next.

5.5 Remarks on the Potential Applications
of Cellular Material Structures

Even though the main objective of this work was to inves-
tigate the sound absorption performance of cellular mate-
rial structures fabricated using different techniques, it
was also considered of great interest to highlight the wide
range of acoustic applications for this type of material.
Some examples of this particular metamaterial structure
in the field of acoustics are the design of modular acous-
tic filters for musical wind instrument prototyping [40]
or automotive silencers for sound attenuation [41]. Given
the metallic nature of the fabricated materials, these may
become a valuable alternative to conventional additive
manufacturing processes because of the higher durabil-
ity and robustness required normally in the validation
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Fig.8 a Contour map of the
predicted average sound absorp- 5
tion coefficient a,,, for a resona-
tor system with L=5 mm over
the frequency range between
500 and 5000 Hz as a func-

tion of the diameter of the pore
windows, d, and the diameter

of the spherical cavities, D. b
Sound absorption coefficient
curve of the reference configu-
ration (see results for Type C in
Fig. 7a) versus the “optimized”
configuration obtained in the
parametric study (d=0.18 mm,

a,,, (500 - 5000 Hz) | |

>

D=0.8 mm)

stage of industrial product fabrication. Moreover, these
materials could be also conceived under severe conditions
such as for noise reduction during the launch of rockets
[42]. Obviously, these are far from easy tasks and much
research would be needed, but the fire resistance features
of the fabricated materials make it an excellent candidate
when compared to conventional porous media and further
encourages this research.

6 Conclusions

An open-pore aluminium cellular material with a non-
stochastic structure was designed to yield a resonant sys-
tem for sound absorption. An equivalent acoustic circuit of
such a system was derived by using the Equivalent Circuit
Method (ECM) and verified experimentally by measuring
the sound absorption coefficient following the procedure
described in the ASTM E1050. The effect of the air cavity
depth on its sound absorption performance was also evalu-
ated both theoretically and experimentally, being the reso-
nance peak shifted towards lower frequencies as the cavity
depth increases. Finally, it was theoretically shown that the
average sound absorption coefficient of these cellular struc-
tures can be further improved within the frequency range
between 500 and 5000 Hz by appropriately selecting the
design characteristics of the non-stochastic structure, spe-
cifically the diameters of the pore windows and spherical
cavities. Compared to other conventional sound-absorbing
materials, the proposed material is expected to maintain its
sound-absorbing properties in extreme conditions (eg. high
temperature). Overall, preliminary results demonstrate the
potential of these materials as sound absorbers and encour-
age further research on their development for noise reduction
applications.

1
0.8+
0.8
06 0.6
3
04 04+
0.2 02¢f /
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0 0==
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