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Resumo

Investigacdo da absorcéo acustica de mondlitos de Al203/MgO produzidos via
freeze-casting.

Autor: Tome Seichi da Nébrega Guenka

Orientador: Marcela Rodrigues Machado, Dr. Sc (ENM/UnB)
Coorientador: Alysson Martins Almeida Silva

Programa de Pé6s Graduacdo em Ciéncias Mecanicas

Brasilia, 5 de abril de 2023

Absorvedores acusticos sdo materiais de ampla aplicacdo em engenharia acustica e arqui-
tetura. Atualmente inimeras op¢des desses materiais estao disponiveis, enquanto varias
outras estdo sendo pesquisadas. Buscando propor novas solucdes com diferenciais dificil-
mente encontrados, como resisténcia a ambientes agressivos, 0 presente estudo investigou
as propriedades acusticas de ceramicas porosas produzidas via freeze-casting. Baseadas nos
solventes Dimetil Sulféxido (DMSO) e Canfeno, as amostras foram produzidas com variacédo
de parametros do processo de freeze-casting, obtendo assim grupos com caracteristicas finais
(e.g. porosidade e composicéo de fases) diferentes. As amostras de ceramica produzidas
foram caracterizadas utilizando métodos numéricos e experimentais relacionados a acustica
e também relacionados a microstrutura. Obteve-se amostras com coeficiente de absorcéo
sonoro acima de 0,7 dentro da faixa de frequéncia de 1000 Hz-6300 Hz, e caracteristicas
microstruturais observadas nas amostras obtidas, como variacdo de microstrutura dentro
de uma amostra, foram relacionadas as propriedades absorcéo acustica.

Key-words: Freeze-casting, absorvedor acustico, ceramica porosa, espinélio.
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Abstract

INVESTIGATION OF THE ACOUSTIC ABSORPTION OF AL203/MGO
MONOLITHS PRODUCED VIA FREEZE-CASTING.

Author: Tome Seichi da N6ébrega Guenka

Advisor: Marcela Rodrigues Machado, Dr. Sc (ENM/UnB)
Co-advisor: Alysson Martins Almeida Silva

Master in Mechanical Sciences

Brasilia, 2022

Acoustic absorbers are materials with widespread application in acoustic engineering
and architecture, and currently, countless options for such materials are available, and
many more are being researched. In aiming to propose new solutions with hardly found
features, such as resistance to aggressive environments, the present study investigated the
acoustic properties of porous ceramics produced via freeze-casting. Based on Dimethyl
Sulfoxide (DMSO) and camphene, the samples were produced with variations of the
set of freeze-casting process parameters, consequently obtaining sample groups with
di [erent characteristics (e.g. porosity and phase composition). The ceramic samples were
characterized using numerical and experimental methods related to sound propagation
and microstructure. Samples with sound absorption coe [ciehts values upwards of 0.7 in
the studied 1000 Hz-6300 Hz frequency range were obtained, and observed microstructure
characteristics such as porosity grading inside samples, were related to the sound absorption
characteristics.

Key-words: Freeze-casting, sound absorber, spinel, porous ceramic.
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1 Introduction

Porous ceramics (ceramic foams) has been an area of focus inside the ceramic
materials eld of study and is increasingly gaining attention from recent advances in
manufacturing technologies and applications. Controlled porosity allows ceramic materials
to overcome limitations usually found in nearly non-porous ceramics, e.g. strain tolerance,
usually used in common applications such as household utensils and refractories. Aside
from this feature, such porosity improves thermal and acoustic isolation, yields higher
speci ¢ area, and lowers density. Ceramic materials with tailored porosity may thus be
used for a plethora of engineering applications, one of which being sound absorbers.

Sound absorbers are a fundamental part of noise-sound control solutions. One of
the main types of absorbers is porous materials (COX; D'ANTONIO, 2016). For such
materials, absorption traits and e ectiveness are related to the dissipation of sound waves
inside the pore structure due to thermal and viscous e ects and structural coupling
e ects (ALLARD; ATALLA, 2009). Such phenomena are directly correlated to porosity
and pore structure, yet further in materials where the e ects from body vibration are
negligible (cases in which the rigid-body assumption is valid), making the control of these
properties the main investigation subject for the development of new foams. Some sound
absorption applications may depend on the survivability of the absorbent material in
extreme environments and conditions such as corrosion and high temperature. In this case,
using ceramic material in sound control in hazardous conditions can bring a potentiality
of this material over the normally used for sound absorption.

Porosity in ceramic materials can be controlled by varying the method (e.g. direct
foaming, sacri cial template) used for the production of samples and these method's para-
meters, such as component concentration (STUDART et al., 2006). Among the controlled
porosity characteristics are pore size, orientation, and shape. Common applications to po-
rous ceramics are ltering/separation membranes, where pore morphology is a paramount
factor for application, though others such as insulation and absorption (thermal, acoustic,
and even electromagnetic). For further references in applications of porous ceramics, see
Eom, Kim e Raju (2013), Chen et al. (2021).

One of the main processes used to manufacture ceramic materials is freeze-casting
(also known as ice-templating). This method produces a suspension containing the main
material components (e.g. alumina, zirconia), freezing such suspension, sublimating the



frozen uid and sintering the remaining structure. Freeze-cast ceramics give good pore
shape and size control by controlling di erent freezing parameters, such as cooling direction
(e.g. unidirectional, bi-directional, radial) and solid loading in the suspension phase. Like
other fabrication routes, freeze-cast ceramics may be used for tailored applications such
as energy-related ones (e.g. solid oxide fuel cells, gas separation, catalytic membrane
reactors) (GAUDILLERE; SERRA, 2016), acoustic absorption (RIES et al., 2013), emulsion
separation (USMAN; KHAN, 2021) and even the production of piezoelectric ceramics for
ultrasound transducers (RYMANSAIB et al., 2022). In matters of cost-e ectiveness, the
additional freezing and sublimation steps necessary for this route summed to higher-cost
solvents commonly used (e.g. camphene), may raise the cost of ceramic processing when
compared to other possible routes. Nevertheless, there are cost-reducing options such as
the use of lower-cost solvents like water (e.g. (TANG et al., 2014)), and hydrogenated
vegetable oil (VIJAYAN; NARASIMMAN; PRABHAKARAN, 2014) (which also will
reduce costs associated with freeze-drying, due to its sublimation in ambient atmosphere).
Another matter of this route is the scalability of the process, as pointed out in Scotti e
Dunand (2018), due to the already mentioned issues of process intricacies and ingredients
which will also a ect the viability of large-scale production. Options such as tape-casting
(REN; ZENG; JIANG, 2007) allow production on greater scales, though research is still
necessary in this regard.

This work aims to investigate the acoustic absorption properties of freeze-cast
corundum (Al,O3- )/ MgO ceramics. Such properties will be correlated to the obtained
samples' physical and microstructural properties to acquire a solid basis for future research
on freeze-cast ceramics in sound-absorbing applications.

1.1 Porous material acoustic modeling

With widespread use for noise control in multiple contexts, porous materials are
very diverse in their microstructural and mechanical properties hence having di erent
acoustic absorption behaviour among their possibilities. For more e cient prediction
and optimisation of porous material performance (and also an understanding of the
phenomena responsible for sound dissipation of these materials), theoretical models of
acoustic propagation through porous materials were developed.

One of the rst models of wave propagation in poroelastic media saturated by
viscous uid was proposed by Biot in 1956 (BIOT, 1956a; BIOT, 1956b) where three
types of waves are said to propagate through the solid- uid medium: two compressional
waves and a shear wave. The compressional waves propagate as separate waves through
the frame and air when there is no while coupling between the two. When weak coupling
happens, the wave which propagated solely through the frame now also propagates via
the air phase. The shear wave will propagate solely through the frame when appropriately



excited. This model was fundamental for analysing di erent porous media, though it is
very complex and di cult to implement. From this, other simpler models were created,
departing from Biot's model using assumptions relative to characteristics of the porous
materials, such as rigid or limp skeleton assumption. These simpli ed models are further
discussed in Section 2.1.

1.2 Porous ceramics

In the literature, several papers have proposed di erent ways for the obtention
of porous ceramics have been published. These methods may be divided into four main
categories (STUDART et al., 2006; CHEN et al., 2021):

Partial sintering;
Direct foaming;
Sacri cial template;

Replica (template).

The four categories have within their reports methods capable of producing ma-
croporous ceramicsPartial sintering  consists of lowering the sintering temperature or
increasing the heating rate to promote reduced densi cation of the green body and thus
allow for forming pores between grains. lnlirect foaming , the slurry is subjected to the
dispersion of gas bubbles, stabilising the structure formed by these bubbles so that they
don't coalesce and later treating the formed ceramic structuré&acri cial templating
is de ned by the dispersion of sacri cial inclusions in the green body that are removed
during a later process (e.g. freeze-drying, heating) through a di erent physical process (e.g.
sublimation, melting), leaving a negative replica of the templateReplica templating is
similar to sacri cial templating, although now using the template (usually a polymeric
foam) as a mold to which the ceramic material adheres, forming a coating. The template is
removed, and the ceramic foam (now a replica of the former template) is sintered. Figure
1.1 shows an illustration of the main steps involved in these routes.

Studart et al. (2006) and Chen et al. (2021) include freeze-casting in the family of
sacri cial templating. Some of the main aspects common to sacri cial templating routes are
the direct relation of the template shape and dimensions to the pore shape and dimensions
and of template concentration to nal ceramic total porosity (CHEN et al., 2021). Similarly,
for freeze-casting, where the template is initially liquid, the formed pores are molded to
the shape and dimensions of the solid structures created during freezing, and the porosity
is dependent on the solvent proportion to the solid phase in slurry preparation. Hence, the
solidi ed solvent geometry de nes the nal pore structure. Di erent parameters determine
them, like the type of solvent, freezing speed and direction, and slurry solid concentration,
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Figure 1.1 Main categories of porous ceramic fabrication routes. Adapted from Eom,
Kim e Raju (2013)

among others (DEVILLE, 2008). Di erent types of solvent have been shown to produce
various shapes of pores, e.g. water has been shown to produce lamellar structures (PAPA
et al., 2015), prismatic pores have been obtained from Tert-Butyl-Alcohol (XU; WANG,
2016), and varying pore shapes from solvent mixtures (FU et al., 2008; RAHAMAN; FU,
2008).

1.3 Literature review

Early studies on the sound absorption of porous ceramics already pointed out
the aforementioned bene ts of ceramic foams but focused on the acoustical modelling of
the sound absorption based on the evaluated properties of the ceramic samples (mainly
porosity and ow resistivity), paying little attention to fabrication route. Takahara (1994),
aiming at investigating the possibility of open pore ceramics use for sound absorption,
evaluates the absorption coe cients, ow resistivity and porosity of Al,O3/ SiO, samples
with di erent grain sizes. The grain size was controlled mostly by the initial ceramic powder
particulate size. The ow resistivity and porosity measurements are used to examine the
relation between these properties and sound absorption while also being fed to the model
presented by Beranek (1947) to compare the t of experimental and theoretical results. In
the work of Shirahatti e Munjal (1987), the authors perform a similar analysis of Takahara



(1994), using experimental porosity and ow resistivity values in theoretical models and
comparing the resulting sound absorption coe cients to experimentally obtained curves.
Therefore, the authors use two additional models (namely those by Mechel (1976) and
Attenborough (1983a)) to evaluate the best model to describe ceramic tile absorption. It
is interesting to notice that in these studies, the missing ceramic material information
necessary to the models ( not available through direct measurements) is simply assigned
by the authors with no mathematical tting method (e.g. least squares), rather by visual
evaluation.

Since then, more studies have been conducted with a greater focus on controlling
nal microstructure properties through adjustment of process parameters and on the
relation between such microstructure and the evaluated acoustic properties. Cuiyun et al.
(2012) produced zeolite samples using the sacri cial template, achieving porosity up to
76 % while maintaining good control of pore size by using controlled-size polymer foam
spheres as a template. In their study, Cuiyun et al. (2012) also evaluated the samples' air
ow resistivity and used it associated with the measured porosity to obtain the sound
absorption coe cients through the Johnson-Champoux-Allard (ALLARD, 1993) and
Delany-Bazley model (DELANY; BAZLEY, 1970), reaching a decent t of numerical
and experimental results for all samples. Also, using the sacri cial template, Chen, Liu e
Sun (2020) produces zeolite samples with pore size controlled by varying the diameter of
spheres used as templates, showing better absorption by the larger pore samples when
compared to the smaller pore samples.

Research on gelcasting method studied the consequences of di erent process com-
ponents and fabrication route variations, showing ways to obtain higher total porosity
associated with larger pore size, which was shown to improve sound absorption (FUJI
et al., 2006; ZHANG et al., 2006). Later, both Frank, Christian e Dietmar (2011) and
Carlesso et al. (2013) used freeze-gelation, a sol-gel route modi ed by a freezing step whose
nal in uence in the pore structure follows the same principle as that of freeze-casting,
combined with sacri cial templating to obtain samples with bimodal porosity, resulting
in sound absorption coe cients above 0.6 and up to greater than 0.9 in low frequencies
( 800Hz).

Another fabrication route, commonly used to produce porous ceramics for sound
absorption studies, is direct foaming. This method involves mixing chemical pore-forming
agents in the slurry during its preparation. These agents will expand, forming spaces
between the ceramic powders during either mixing or ring. Studies based on this kind
of method can obtain pores with large average size (50 m) within a broad range
of porosities, from intermediate to very high and consequently reach sound absorption
coe cients upwards of 0.8 (WANG,; LIU; GU, 2017; WANG et al., 2017; DU et al., 2020a).

Some distinct methods that do not necessarily t into the aforementioned four
fabrication route categories have also been studied in acoustical applications. Hot-pressure
sintering is used by Yan et al. (2020) to produce porous zirconium carbide samples, and
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variation of fabrication parameters are shown to shift absorption peaks and increase/decre-
ase their maximum value, a change associated with pore size variation. Another category
of porous ceramic that has attracted extensive attention is aerogels. These ceramics have
porosities upwards of 95 % and consequently can obtain high absorption coe cient values
even at lower frequencies while having di erent attractive properties such as high thermal
insulation and compression resistance (YAN et al., 2020; JIA et al., 2020; HE et al., 2021;
XIE et al., 2021; CAO et al., 2022; ZONG et al., 2022; DONG et al., 2022).

Finally, freeze-casting is attractive for sound absorption due to its various possible
pore structures and good control of porosity, although the literature on freeze-cast ceramics
for such applications is scarce. Aside from the mentioned freeze-gelation cited studies,
silica foams were produced using unidirectional freeze-casting by Du et al. (2020b) with
TBA as a solvent and investigated the correlation of average pore size and porosity to
sound absorption and air ow resistance.

1.4 Objectives

Using diverse experimental and numerical methods, the present work aims to
investigate the acoustic properties of experimentally produced porous ceramilbOs/ MgO
samples. The speci c objectives are:

Understand the main models used for porous material sound propagation, its theore-
tical aspects, and applications;

Produce porous ceramic samples via the freeze-casting route with possible applications
in sound absorption solutions;

Investigate the correlation between fabrication parameters and obtained acoustic
behavior through theoretical models.

Investigate the correlation between sample chemical phases and material e ciency
in sound absorption.

1.5 Methodology

A brief theoretical review of available models for rigid-frame porous material
acoustic properties is conducted. Due to its completeness in the description of material
microstructure in uence on sound absorption when compared to other simpler models,
the Johnson-Champoux-Allard-Lafarge (JCAL) model (JOHNSON; KOPLIK; DASHEN,
1987, CHAMPOUX; ALLARD, 1991; LAFARGE et al., 1997) was chosen for our studies.
A description of its parameters (and methods for their estimation) is provided. The
main method chosen for estimating model parameters, inverse characterization (model
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calibration), is implemented, and testing on di erent approaches to this calibration is
conducted using numerically generated (synthetic) results. Additionally, a small study is
conducted on applying inverse methods to multi-layer systems.

Experimentally, samples with di erent mass ratios ofAl,O3/ MgO are produced
via freeze-casting using two di erent unidirectional freezing setups that enable di erent
freezing temperatures. The freezing procedure used in the present work is similar to the
unidirectional one reported by (ARAUJO et al., 2018). Aside from di erent chemical
compositions and freezing temperatures, samples are produced using di erent solvents,
namely Dimethyl Sulfoxide (DMSQO) and camphene, and di erent solid loading in slurry
preparation.

Final sample acoustic properties are evaluated using impedance tube testing asso-
ciated with the implemented inversion method. Material properties are also characterized
using Archimedes' principle porosity testing, Scanning Electron Microscopy (SEM, Quanta
FEI 450), X-ray powder Di raction (XRD, Shimadzu XRD-6000), and Micro Computed
Tomography ( -CT, Heliscan Mk 1).

1.6 Text Organisation

The present work is organised into 6 chapters. The rst chapter presents an
introduction to the modelling of porous materials as sound absorbers and to the production
of porous ceramics, besides presenting an overview of the conducted studies. Chapter
two presents the theoretical aspects of modelling porous materials, and delves into the
JCAL model formulation, measurements of its parameters, and application to multi-
layer systems. Chapter three consists of a brief overview of the main aspects of the
experimentally produced ceramics, the freeze-casting method, and porosity assessment
using Archimedes principle. Chapter four presents the numerically obtained results for
inverse characterisation techniques applied to single and multi-layer systems. Finally,
chapter ve shows the experimentally obtained acoustic and material characterisations for
di erent types of samples and discusses the relations between those. Chapter 6 presents
the conclusion of the present work.



2 Acoustic Modeling

2.1 Categories of models

Many sound propagation models are available in the literature, each focusing
on di erent aspects of the acoustic phenomena and paths to obtain its mathematical
formulation. There are four main categories for the models that use the assumption of rigid
frame: empirical, analytical (phenomenological), semi-phenomenological and microstructure
(MAREZE, 2013).

Empirical models are those obtained by associating experimental impedance results
of samples to other properties measured from them. The main example of empirical models
is that presented by Delany e Bazley (1970) and its proposed variations (MECHEL, 1976;
MIKI, 1990). The authors relate characteristic impedance and wave number (propagation
coe cient/constant) obtained from numerous brous material samples to their respective
static air ow resistivity. A power-law relation is observed between the experimental results
for wave number and characteristic impedance and the measured resistivity, enabling the
formulation of a one-parameter (resistivity) model for the acoustic properties of brous
materials.

Analytical models are based on the solution of uid ow and acoustic eld equations
for simpli ed pore geometries, such as cylinders and slit channels. Available simplifying
assumptions enable analytical solutions using pore shape and bulk properties. The seminal
work by Zwikker e Kosten (1949) is a great demonstration of this type of model, simplifying
the sound propagation equations in tube obtained by Kirchho (1868) and de ning an
equivalent density and equivalent bulk modulus, both complex quantities, used for obtaining
tube characteristic impedance and wave number. These properties can later be used to
obtain the impedance of a layer of a porous material composed of straight cylindrical
tubes.

Considering that it is virtually impossible to propose analytical models that des-
cribe sound propagation through common porous materials in all their intricacy, semi-
phenomenological models extend analytical models by proposing analogous properties
representative of large-scale samples to obtain wave propagation parameters. These proper-
ties are available experimentally from accessory tests, showing an average behaviour of the



full sample without considering the intricacies of the varying complicated microstructure.
Attenborough's model (ATTENBOROUGH, 1983b), for example, departs from Zwikker &
Kosten's model and expands it into a model descriptive of granular and brous media,
depending on porosity, pore shape factor, air ow resistivity and static tortuosity of the
material.

Microstructure-based models follow the same principle as the analytical ones,
although the solution is obtained using numerical procedures of the necessary equations of
sound propagation. The evolution of numerical methods allows solving those equations for
complex pore geometries in computational replicas. Often called Representative Elementary
Volume (REV) or Periodic Unit Cell (PUC) (ZIELINSKI et al., 2020), these replicas four
are constituted by idealised small volumes representing approximations of the geometry
of porous materials. Once numerical solutions are obtained, the found pore properties
are usually applied to semi-phenomenological (DOUTRES; ATALLA; DONG, 2011) or
empirical models (SOLTANI; NOROUZI, 2020). The resulting impedance/absorption
may be used for di erent applications: simple comparison to experimental results (REN
et al., 2022), material absorption prediction (SOLTANI; NOROUZI, 2020) or used for
optimisation (BOULVERT et al., 2019). In other instances, the dynamic permeability and
tortuosity are obtained directly from PUC geometry through the solution of harmonic uid
ow. In cases where the geometry is simple enough, the ow equations are solved for a
complete layer of material adjacent to a boundless uid, obtaining its response to acoustic
excitation. This method has grown in popularity, and many papers have been published
recently. Nevertheless, a good example of the early works that use this method is that by
Gasser, Paun e Bréchet (2005) where the author uses the Finite Element Method (FEM)
to obtain the parameter of a semi-phenomenological method, reaching nal results close
to those of other previous works that analyse material described by similar geometries.

2.2 Equivalent Fluid Modelling

For this present work, the main model used for evaluating the produced porous
ceramic samples was the JCAL model, one of the most important and widely used in the
semi-phenomenological category. Its extensive application provides signi cant literature
and references on the topic, besides proving its e ectiveness in describing these materials.

The JCAL model pertains to the equivalent uid models category. The work of
Zwikker e Kosten (1949), besides having importance as a model in itself, brought the
important contribution of equivalent uid modelling. This class of models replaces the
absorber material layer with an equivalent uid layer whose properties are calculated
based material related parameters.



2.2.1 Sound Propagation in a uid layer

Before proceeding to the description of equivalent uid models, it is necessary
to understand the propagation of sound in an unbound uid. The equations of sound
propagation in an inviscid, compressible uid are an important starting point. Considering
small disturbances, the wave equation may be written as in Eqg. 2.1, considering the
stress-strain relations for an isotropic elastic medium (ALLARD; ATALLA, 2009)

" #
@
r Kar? — =0; 2.1
whereK; is the uid adiabatic bulk modulus, is the displacement potential, and ; is
the uid density.

The wave equation may also be expressed in terms of pressure variation around
equilibrium pressure (FAHY; GARDONIO, 2007), shown in

2p= 1OP
¢ @t
wherec is the speed of sound given bg? = ( P o= ¢), Py the mean ambient pressure, and
the temperature-independent speci c-heat ratio of the uid (PIERCE, 2019). This
form of the wave equation is obtained from two fundamental uid motion governing laws:
the continuity equation (Eq. 2.3) and the Euler momentum equation (Eq. 2.4) as

r (2.2)

gtﬂ (v)=0; (23)
Dv _ .
T rp: (2.4)

Equations 2.3 and 2.4 are the starting point of the works that constitute the
discussed semi-phenomenological models. Moreover, from the di erent forms of the equation
of motion presented in Egs. 2.1, 2.2, the characteristic wave number and impedance of
a uid can be obtained from their solutions - two fundamental concepts that will be
expanded to the analysis of porous materials' acoustic behaviour. From Eq. 2.1, we can
develop the stress-strain relations of a uid. The pressure relative to potential is

p= Kar ? ; (2.5)

while the uid velocity, from the de nition of displacement potential, yields

_ @

\

) (2.6)
For a wave propagating in a directionx, the solution for is presented by

A
— ( kx+1t)+ 1.
= ie“ x ; (2.7)
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whereA and are arbitrary constants,! is the wave frequency and is the wave number.
Considering Eqg. 2.1, the wave numbek is found to be

=1 (=K)z: (2.8)

Additionally, the characteristic impedanceZ. of uid is obtainable from Eqgs. 2.5
and 2.6, yields
Z.=(K)z: (2.9)

In the situations where viscosity e ects are non-negligible, Egs. 2.8, 2.9 and their
relations to uid velocity and pressure still apply. Nevertheless, in such cases, the density
and bulk modulus are complex quantities (ALLARD; ATALLA, 2009).

2.2.2 Zwikker & Kosten Model

The equations used in the Zwikker & Kosten model for a porous material are
analogous to those of an unbound uid. As mentioned, this model is restricted to materials
whose pores are straight cylindrical tubes with a speci ¢ radius. However, further models
would use the equivalent uid modelling for more generalised pore geometries.

To achieve the material equations, rst the tube properties are necessary. As in the
case of a uid layer, characteristic impedanc&. and wave numberk of a tube is given by
(STINSON, 1991)

Z.=| eq(! )Keq(! )]1:2; (2.10)

k=12 (1 )=Keg(!); (2.11)

where ¢4 is the equivalent uid density and K ¢q its bulk modulus. Both these quantities
are complex and functions of frequency, with parameters related to pore geometry (may
be obtained analytically for simpli ed pore geometries such as cylinders and slits) and
saturating air properties.

As presented in Allard e Atalla (2009), the tube acoustic properties may be extended
to obtain the impedance surface of a material composed of parallel tubes. Here, porosity
is de ned as the ratio between interconnected pore volum¥; inside a porous sample

and its total volume V5, as shown in

= 2 (2.12)

The porosity de nition presented in Eq. 2.12 may di er slightly from the open poro-
sity de ned in Eq. 3.7 due to dead-end pores, i.e. pores with connection to the atmosphere
that does not form an interconnected network with other pores, that inevitably will be
measured in open pore volume de ned in Sec. 3.3. Some studies have been conducted on
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the dead-end pore e ect on sound absorption (CHEVILLOTTE; PERROT; PANNETON,
2010), and measurement of its volume (DUPONT; LECLAIRE; PANNETON, 2013).

Under the consideration of a pore structure composed of homogeneously distributed
pores through the bulk, the porosity, a volume property, also re ects the material/air
surface relation, which is the case of the materials covered by the Zwikker & Kosten model.
Then, to calculate the surface impedance of this material layer, two points of the surface
are chosen: a pointM; inside the material and a pointM, in free air, as shown in Fig. 2.1.

Figure 2.1 Simpli ed transverse cut of the porous material layer.

In the case of normal incidence, assuming the non-normal components of velocity
close to the solid surface to be negligible (plane eld) and the air velocity to be the same
in all pores, the pressure and velocity continuity relations at the boundary are presented

by
p(M2) = p(M1); (2.13)

v(Mz) = v (My); (2.14)

wherep(M,) and p(M) are the air pressures in free air and inside the pores, respectively,
and v(M;) and v(M;) the average air velocities for the same regions close to the surface.
The impedances at pointdVi; and M, are given by

Z(My1) = p(M1)=v(M1); Z(M2) = p(M2)=v(M>); (2.15)
and are, considering Eqs. 2.13, 2.14 correlated by

Z (My) = Z(M,): (2.16)
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Finally, using the impedance translation theorem applied to a uid layer with
height h backed by a rigid impervious backing (ALLARD; ATALLA, 2009) and considering
Egs. 2.11,2.10, the impedance of at poi¥l, is given

Z(My) = jZ_cotg(kh): (2.17)

Consequently, the impedance at poinM, is given by

Z(My) = 1Z<cotg(kh): (2.18)

2.3 Johnson-Champoux-Allard-Lafarge model

Although the Zwikker & Kosten model presented a very important contribution,
its applicability is restricted. Posterior to the presentation of such a model, further models
aimed at expanding the scope of their use to other more complicated and thus more realistic
(common) pore geometries. These may be semi-phenomenological or microstructure based,
as mentioned in Section 2.1.

One of the main semi-phenomenological models with widespread use is the so-called
Johnson-Champoux-Allard-Lafarge (JCAL) model. It is an equivalent uid model and is
the result of contributions by multiple researchers. Originally proposed to describe the
complex equivalent uid density of a rigid (motionless), isotropic porous material, the
model proposed by Johnson, Koplik e Dashen (1987) was then complemented with the
model by Champoux and Allard (CHAMPOUX; ALLARD, 1991) that further elaborated
the equivalent bulk modulus behaviour at high frequencies for the same materials. Finally,
Lafarge et al. (1997) suggested changes to the bulk modulus equation to correct the lacking
description of low-frequency thermal phenomena in the previous models, leading to the
JCAL model.

2.3.1 Johnson's dynamic permeability and tortuosity

In the work of Johnson, Koplik e Dashen (1987), the authors state that for a porous
medium saturated by an incompressible Newtonian uid, whose pores and grains are much
smaller than the sound wavelength and under a macroscopic pressure gradiefte ' |
the following equations relate the pressure gradient and the velocity as

(') fgt: r P; (2.19)

V= @r P; (2.20)
f

where ; is the saturating uid density, ¢ its dynamic viscosity. Variablev is the average
uid velocity over an area A such that v AA is the uid ow rate, where f is the outward
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Figure 2.2 Representation of average velocity.

unit vector normal to the material surface, as shown in Fig. 2.2 (JOHNSON; KOPLIK;
DASHEN, 1987).

Equation 2.19 is obtained from the momentum equations presented in Eg. 2.4, and
Eqg. 2.20 from Darcy's law, both applied to porous materials following the assumptions
mentioned above and both containing functions dependent of frequenty thus describing
sound propagation in that domain. These functions are the dynamic tortuosity (! ),
related to the e ective density by the relation ¢, = (!) ¢ (ALLARD; ATALLA, 2009);
and the permeability k(! ), analogous to the permeability of Darcy Law for ow through
porous media (SCHEIDEGGER, 1974). Johnson's model presents two nal equations for
the dynamic tortuosity and the permeability, respectively, by

( ) L

_ J o1 4 fk§ !
()= e L T e (2.21)
k
k()= ;61— : (2.22)
1 4tk 2 ikl

f f
where ; is the high frequency limit of the tortuosity, ko is the static viscous permeability,

is the viscous characteristic length, is the material's porosity,! is the frequency, ; is
the uid density, ¢ the uid's dynamic viscosity. These are the porous material acoustic
parameters that describe the wave propagation inside the pore channels.

Although the porosity parameter has been de ned as the ratio between pore
volume and total material volume, it is important to notice that for sound absorption and
propagation, only open pores and interconnected pore channels are interesting, once no
propagation (and hence no dissipation) occurs in closed pores (COX; D'’ANTONIO, 2016).
Therefore, for the presented models, porosity is referent to open porosity.

The parameter , , called the high-frequency limit of tortuosity, is a dimensionless
guantity representative of deviation in pore orientation from the axis parallel to sound
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propagation direction and pore constriction variation (MAREZE, 2013). It describes the
inertial e ects of an ideal non-viscous uid ow through porous media (COX; D'ANTONIO,
2016) and it is equivalent to the dynamic tortuosity for an ideal inviscid uid saturating a
porous medium, thus obeying the relation¢q = 1 ¢ for such a case (JOHNSON; SEN,
1981). For very high frequencies, the viscous skin depth, given by (LAFARGE et al., 1997)

2¢
¢!

1
2

; (2.23)

where ¢ is the uid kinematic viscosity, becomes much smaller than the pore diameter,
and the uid ow is equivalent to that of the ideal uid except for the narrow boundary
layer. Thus, since the model is validated for both the high and low-frequency limit, the
parameter ; arises as a minimum value for the dynamic tortuosity as the frequency limit
goes to in nity.

A mathematical de nition of ; is given by Johnson, Koplik e Dashen (1987) and
the simpli ed version of it is given by Allard e Atalla (2009)

_ ha(M)iv

PR (2.24)

where thehi brackets represent averagey,,(M ) is the microscopic inviscid ow velocity
inside a pore at a pointM, v(My) is given by the average/(Mg) = v, (M )iy inside a
representative volumeV around a pointMg. The inequality between the average of squares
and the square of averages may be a reason for the 1.

The static thermal permeability ko has similar signi cance to tortuosity in the sense
of its obtention for a low frequency (close to 0); the frequency-dependent permeability will
become the conventionally measured permeability for a steady ow, used in Darcy Law
as

!Ii!mo K(!) = Ko: (2.25)

This parameter is commonly substituted by the air ow resistivity (also called
air ow resistance) in applications of the JCAL model once its value is directly obtainable
from the static air pressure drop experiment. The relation between the two parameters is
given by

ko= —: (2.26)

Finally, the last parameter shown in work by Johnson et al.(JOHNSON; KOPLIK;
DASHEN, 1987) is the viscous characteristic length, related to the energy dissipation
rate per volume at high frequency, where2= is essentially the surface-to-pore-volume
ratio of the pore-solid interface in which each area or volume element is weighted according
to the local value of the eld u,. Equation 2.27 shows the mathematical representation
for this parameter, whereu, is the velocity of an inviscid uid inside the pores.

2 jugdA.

NEE (2.27)
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2.3.2 Champoux and Allard’s bulk modulus

Continuing the work by Johnson, Champoux e Allard (1991) points out the
dependency of a uid bulk modulus on its thermal behaviour and introduces an equation
for the equivalent uid bulk modulus. It is obtained through the high-frequency behaviour
of the thermal skin depth (just as the viscous skin depth goes to very small dimensions
and high frequencies), also using a newly de ne parametef - the thermal characteristic
length. It is de ned as R

dv
0_ .
=2/ 5 (2.28)

similarly to the viscous characteristic length, though now without weighting by the velocity
inside pores and now representative of the volume-to-pore surface ratio. For irregular pores,
the viscous and thermal characteristic lengths have di erent values. Additionally, the
thermal characteristic length is always higher than the viscous (ATALLA; PANNETON,
2005).

The nal equation for the bulk modulus proposed by Champoux & Allard is

8 9 ,
2 =
1
Keg(!)= Po ; (2.29)

g
J!f1Pr 1+4J % ffPr!: 2022?

wherePr is the uid's Prandtl number.

In possession of the equations necessary to obtain both the equivalent density and
the equivalent bulk modulus speci c to a porous material, it is then possible to obtain
its characteristic impedance and wave number, having a full description of the material
acoustic behaviour. Thus, these two contributions constitute the Johnson-Champoux-Allard
(JCA) model.

2.3.3 Lafarge's correction

In an attempt to improve the description of thermal exchanges in saturating
uids, Lafarge et al. (1997) suggests the use of static thermal permeabili) as an
additional parameter. To describe sound propagation through a porous material, a dynamic
compressibility (!) is de ned as a function of the dynamic thermal permeabilitk{! ),
correspondent to the viscous permeabilitig(! ) presented in Eq. 2.20. As so, it is represented
as

k(") @
eb

where is the macroscopic excess temperature in saturating uid, and its heat conducti-
vity.

(2.30)

Analogous to viscous permeability, a more thorough description of low-frequency
limit behaviour in Eqg. 2.30 is available by using a thermal low-frequency parameter. To
obtain it, the principle is equivalent to static viscous permeability: for very low frequencies,
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the lim,, okY! ) = k3 - hence the static thermal permeabilityk§. Like those previously
shown, this parameter is dependent only on pore geometry and not on uid properties.

With the newly de ned parameter, a detailed behaviour of the equivalent bulk
modulus is available. The dynamic compressibility (! ) is related to the equivalent bulk
modulus by K¢q = Ka=( (1)), and it is de ned as

M= D= (2.31)

where Cis the thermal analogous to the dynamic tortuosity (! ) (ALLARD; ATALLA,
2009; ZIELI«SKI, 2015) and is represented by :

\

u ) 5

0 I 2k0

0_ ¢ J 0 .

=1+ —— 1+~ —( (2.32)

;
o

where Cis given by ;=Pr.

With the parameters presented so far, it is possible to reconstruct the JCAL model.
Combining Egs. 2.31, 2.32 and 2.21 to obtain equivalent density and bulk modulus, both
nal functions of sound frequency! , are given as

2 \lﬂ i 3
2 0k C
q(!)= (4 1+.”f( tiejl 21k 7. (2.33)
J’)K o f
8 9
3 . : '
Kegl!)= Po ————y (2.34)
- 1+m ij; 0+

2.4 Direct Parameter Measurement

All semi-phenomenological and empirical models are dependent on di erent microstructure-
related parameters. In total, the JCAL model requires six, while Delaney-Bazley, needs one.
These parameters are referent to the average properties of a material, re ecting its bulk
and not necessarily speci c local geometries. Therefore, the tests necessary to evaluate such
properties are conducted on large samples taken from the material of interest, searching
for the most representative average properties. Di erent tests may simultaneously obtain
results for more than one parameter, though other parameters require speci c tests. In the
present study, only porosity measurement tests were available to the authors - Archimedes's
principle, the main method used in the present study is better detailed in Sec. 3.3.

2.4.1 Porosity

Besides the main Archimedes principle-based method presented in Sec. 3.3, some
others have been proposed to evaluate porosity using di erent principles. One of the
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earliest procedures reported by acousticians was that presented in Beranek (1942), with
later suggested improvements by Champoux, Stinson e Daigle (1991) and Leclaire et al.
(2003), that uses a sample holder connected to a U tube manometer. By enclosing a porous
material sample with known total volume inside the holder, closing and pressurizing it,
and evaluating the height/volume change at the manometer, it is possible to determine
the sample open pore volume and thus the total open porosity using Boyle's law. Salissou
e Panneton (2007) presented a method also based on Boyle's law, but with no U-tube
manometers. Instead, four mass measurements are done on a closed vessel with know
volume. Two are done with the empty vessel, and another with the sample held inside.
Each of these is done either with high pressure or under a vacuum. Using the four
measurements and knowledge of the sample's total volume, it is possible to determine its
solid phase volume using the pressure-volume relations from Boyle's law.

Another interesting option also reliant on Archimedes principle is the missing
mass method, presented by Panneton e Gros (2005). It measures a sample's mass under
a vacuum and in a normal atmosphere. Knowing air's density; and the total sample
volume V;, the mass under vacuunm®, in atmospherem and porosity are related by

(m m)

=1
Vi

(2.35)

Although the balance precision has to be high to detect the small mass variation
from the vacuum condition, and very low pressure needs to be achieved to assure the
precision of the buoyancy condition, it is a simple method compared to those presented
previously.

2.4.2 Static viscous permeability

As mentioned, the static viscous permeability is related to the air ow resistivity
by Eqg. 2.26. This parameter has long been obtained due to its simplicity in concept and
evaluation, also showing direct relation to sound absorption performance by researchers
since early studies (DELANY; BAZLEY, 1970; BERANEK, 1947).

Focusing on the ow resistivity of a sample, Cox e D'Antonio (2016) de nes it as
the ease of ow through the sample and resistance to this ow presented by the material.
For a sample with heighth subject to a steady ow with velocity U and pressure drop of

P after passage through the sample, the resistivity is given by

_P.
Uh’

(2.36)

Air ow resistivity, as shown in Eq. 2.36, is written as a function of material layer
thickness, allowing its use as an intensive property, assuming it is a homogeneous material.
Air ow resistance is the measure speci c to a sample, shown in Eq. 2.37. Resistangds
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measured in unit ofN s=m? and thus resistivity  unit is N s=m*.
= — = h: (2.37)

Two main standards o er instructions on methods of air ow resistance measure-
ments: ISO 9053-1/ISO 9053-2 (INTERNATIONAL ORGANIZATION FOR STANDAR-
DIZATION, 2018; INTERNATIONAL ORGANIZATION FOR STANDARDIZATION,

2020) and ASTM C522 (ASTM INTERNATIONAL, 2016). These explain the evaluated
properties, suggesting test setups and good practices associated with testing. All pass
to the same testing principle with slight test method and apparatus variations. Basic
components may be de ned as

An air ow source, either negative or positive pressure, able to produce a steady
velocity ow;

Flowmeters to evaluate volume velocity of air ow during testing;
Di erential manometers to detect the pressure drop from ow through the sample;

An appropriate sample holder with measuring devices to report sample height in the
testing position.

Figure 2.3 shows the basic organisation expected from a testing apparatus for air ow
resistivity. It is worth noting that ISO 9053-2 presents slightly di erent testing, where
instead of static ow, the evaluation is done on an alternating ow with controlled frequency
- the measured properties remain the same, though (INTERNATIONAL ORGANIZATION
FOR STANDARDIZATION, 2020).

2.4.3 Tortuosity

The earliest methods of tortuosity measurement were based on the saturation of
the material of interest with a conductive uid and further evaluation of its electrical
resistance. This method, proposed by Brown (1980), depends on previous knowledge of
material porosity and gives the tortuosity value as

r
1= = (2.38)
It
whererg and r¢ are the electrical resistivities of the material saturated by conducting uid
and the uid, respectively.

Another method proposed by Johnson et al. (1982) involves saturating the sample
with super uid helium. At temperatures below T = 2 ;17 K, “He goes through a phase
transition and becomede Il (Helium 2), a super uid phase at which it has no measurable
viscosity, and its bulk modulus is much smaller than that of most solids, allowing the rigid
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Figure 2.3 Basic organisation of the ow resistivity apparatus (INTERNATIONAL
ORGANIZATION FOR STANDARDIZATION, 2018).

structure approximation for a large range of materials (JOHNSON; KOPLIK; DASHEN,
1987) (THUNEBERG, 2005). These two conditions permit the measurement of a high-
frequency limit of tortuosity using acoustic measurements of slow wave velock,,, due

to the fourth sound phenomena (JOHNSON, 1980), represented in Eq. 2.39, that reveals a
simple relation between slow wave velocity, speed of sound in the uid and tortuosity.

Voow = (K1= 92 = 2 T (2.39)
where V; is the speed of sound in the super uid. The main problem with this approach is
the di culty accessing the equipment necessary for using the super uid.

2.4.4 Ultrasound techniques

There are a few reports in the literature describing ultrasound-based methods,
relying on measurement of mainly uid phase speeds in ultrasound frequencies (JAOUEN,
2021), to nd the high-frequency limit of tortuosity ; , and both characteristic lengths

, % A representation of the basic apparatus necessary to perform these ultrasound
measurements is presented in Fig. 2.4.

The rst reported method, presented in Allard et al. (1994), requires measurements
for the free uid and when it is saturating a sample. For this method, the author points
out that the principle behind it is equivalent to that of the aforementioned super uid
method. In Leclaire et al. (1996), measurements of sound phase velocity and attenuation
are performed to obtain parameter values, using the variation of phase and amplitude
of ultrasound evaluated for samples with di erent heights. As for Leclaire et al. (1996),
helium and air are used to obtain di erent curves of acoustic properties (propagation index
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Figure 2.4 Representation of the testing setup for ultrasound measurements (ALLARD;
ATALLA, 2009).

and the product of the quality factor and the viscous skin depth) of porous materials
and, taking advantage of the linear dependence on controlled variables and asymptotic
behaviour of these properties, nd all the parameters.

All these methods are derived from the complex wave number equation, shown in
Eq. 2.40, for very high-frequency behavior, as discussed in Lafarge et al. (1993)

#

[EEN

| |
k=P e & DL,

o 2 Pr © !
wherec is the uid sound speed.

(2.40)

These methods have shown good results for highly porous and smooth materials. Re-
ports show that low porosity materials with rough pores form an overly dissipative medium
for ultrasound propagation, hampering any methods based on ultrasound (BOTTERMAN
et al., 2016; ATALLA; PANNETON, 2005).

2.4.5 Static thermal permeability and bulk modulus based methods

From direct equivalent dynamic bulk modulus and density measurements, it is
possible to nd approximate values for di erent parameters based on the known behaviour
of both these dynamic properties for certain frequency ranges, including the static thermal
permeability, which has no other direct measurement routes. These methods have been
named analytical methods in some reports (BONFIGLIO; POMPOLI, 2013; NISKANEN
et al., 2017) due to the use of analytical relations to reach parameter values.

Tarnow (1995) presents a tube con guration to evaluate compressibility (related
to bulk modulus, as mentioned in Sec. 2.3.3), positioning the microphone away from the
loudspeaker at a quarter of the resonance frequency wavelength, where the pressure is
minimal. This method is mentioned in Lafarge et al. (1997), and its experimental results are
compared with predicted behaviour using the model based on static thermal permeability.

Another means of obtaining the dynamic bulk modulus is impedance tube testing,
as presented in Panneton e Olny (2006) and Olny e Panneton (2008). Both these works show

21



the viability of parameter extraction from bulk modulus and density measurements using
the known relation between parameters and acoustic properties. In the proposed techniques,
not all parameters are extracted, requiring previous knowledge of other parameters, such as
open porosity. It has been shown by Jaouen, Gourdon e Glé (2020) that all six parameters
of the JCAL model are obtainable from impedance tube measurements of the bulk modulus
(e.g. two microphones impedance tube with multiple sample thicknessess method (SMITH;
PARROTT, 1983), two microphones with two cavity depths (UTSUNO et al., 1989), apud
(JAOUEN; GOURDON; GLe, 2020)). In the same manner as the previous works, frolieq

and ¢q, the parameters are obtained out of relations between these equivalent properties,
known/controlled uid properties, and the parameters through semi-phenomenological
models. These known relations also show asymptotic behaviours that enable a parameter
estimation for certain frequency ranges. They also show that many di erent methods to
obtain K¢q and ¢4 are available in literature using di erent impedance tube con gurations
and sample positioning variations. Besides necessary equipment, some drawbacks of these
estimations are the need for clear asymptotic behaviour represented in data on the results
and also the dependence all other parameter estimations have on porosity and static ow
resistivity estimations (the equations necessary to obtain the other parameters are still
dependent on previous knowledge of these two).

2.4.6 Model calibration methods

One nal method commonly used to evaluate all parameters of the JCAL model is
the model calibration (inverse characterization (ATALLA; PANNETON, 2005)) option.
It consists of tting the model to any sample's experimentally measured impedance
curves using a nonlinear problem solver to minimise cost function between numerical and
experimental values. It will be later subjected to an in-depth description in Chapter 4.

2.5 Multilayer systems

Another numerically studied aspect of sound propagation through porous media
in the present work was the absorption of multilayered systems. These are interesting
solutions for the design of sound absorbers since combining di erent absorber materials
may result in better absorption performance compared to a simple material layer with the
same thickness as the combined materials (COX; D'ANTONIO, 2016). Modelling these
systems is made simple by the use of the Transfer Matrix Method (TMM), well described
in Allard e Atalla (2009) and Bruneau e Potel (2009).

Sound propagation modelling will depend on the assumed layer type for a multilayer
system with n layers, as illustrated in Fig. 2.5. As an example, for poroelastic layers it is
necessary to describe the three waves predicted by Biot's model propagating through the
uid and solid parts of that layer using the velocity and stress components of both these
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media. Only uid layers will be analysed in this work since the materials studied here are
modelled under the rigid material assumption. An equivalent uid layer describes sound
propagation through a porous material layer. This description only needs two uid ow
properties, pressure and velocity, at each point speci ed adjacent to the borders of a given
layer. In turn, for two di erent points, these two properties are related by the relation

V(M) =[T]V(Mn+1); (2.41)

where V(M,) is the uid ow property vector at point M,, T is the transfer matrix
between these two points. Considering the uid velocity component;(M,) perpendicular
to the layers and uid pressurep(M,), both at a point M, the V(M) vector is given by

V(Mp) =[p(Mn)  VE(M)]™: (2.42)

It is necessary to use sound propagation equations to obtain the matrix relating
the properties at each pointM,. Considering the one-dimensional propagation of sound in
the x3 direction, the pressure equation may is given by

P(xa;t) = [Agel o) 4 pglikexaiglitt ), (2.43)

whereks is the wave number of the propagating wave, is the frequency, andA,,A, are the
waves' amplitudes related to the negative and positive going elements of the propagating
wave. Similarly, the uid velocity is described by

K | R
V;(Xg) = %[Ale( jk 3x3) Aze(lk3X3)]e(l-t ) (2.44)

Considering a steady state sound response, the time-dependent part of Eqs. 2.43
and 2.44 may be ignored. Referent to Fig. 2.5, one may obtain the relations of two adjacent
points, sayM; and M, by de ning the position of M, to be x3(M,) = 0 and of its adjacent
point x3(M;) = h. At My, the pressure and velocities are de ned by

P(M2) = A1+ Ag; (2.45)
k
Vi = %(Al Ay): (2.46)

Hence, to achieve the relation of Eq. 2.42, EQs.2.43, and 2.44 are applied to the
point M, (at position x3 = h). Using Euler's formula applied to Egs. 2.43 and 2.44, the
transfer matrix [T] is thus given by

2 3
cosksh) —'sin(kgh)5

[T]=4 %

j fesin(ksh)  cosksh) (2.47)

Thus, the transfer matrix is de ned as the interface between adjacent points at the
borders of the same layer. It is necessary to evaluate the global transfer matrix, which
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Figure 2.5 Representation of a multilayer system (adapted from Allard e Atalla (2009)).

describes the whole multilayer system. For systems composed of layers of the same nature
(uid, solid, poroelastic, etc.), the transfer matrix is simply composed of the multiplication

of individual transfer matrices. The presented modelling only applies to systems composed
solely of uid layers, however, this rule should be applied. Nevertheless, as these uid
layers represent porous materials, it is necessary to consider the continuity equations
between two di erent porosity media. Take the interface between points, and M3 in

Fig. 2.5, which connect the layers with porosity ; and ,, respectively. The continuity
relations there are given by

pP(M2) = p(M3);

2.48
WVE(Mp) = ovh(My): (249)

Given these conditions, one may build a matrix that relates the vectov at the two
interfaces. This matrix called |, is shown in Eq. 2.49. Besides the interfaces between
equivalent uid layers, this matrix will also be used for the interface between the rst
porous layer and the atmosphere uid.

2 3

V(M2) = 112V(My); l12=4 055 (2.49)

1
0

l—“l\)

Now that the relations between layers are determined, following a similar procedure
to that presented in Allard e Atalla (2009), they may be written in as a matrix equation.
For this, Eq. 2.50 relating the atmosphere uid to the rst layer using the interface matrix
I + f1, and Eq. 2.51 relating the following layers, are used.

[111V(A)  [TPIV(M) =0; (2.50)
Doy V(M) [TV (Mogany) =0; k=1;:5n L (2.51)

From these equations, we aim at obtaining the matrix equatiofD][V,] = 0, where
the matrix [D], containing information of each layer and its interfaces, must be associated
with the vector V, descriptive of all the system's uid ow properties. A matrix [Do] is
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de ned as 3

i [  [TO]  [0] [0] [0]

[0]  [142] [T@] [0] [0]

[Do] = : : : : ; (2.52)
[0] [0] [0] [T D] [0]

[0] [0 [0] [l yml  [TM]
h

Vo= V(A) V(Mz) V(My) V(M2, 2) V(MZn)IT: (2.53)

Looking at Eq. 2.42, it can be noted that the vectoN, will have, in the present
case,2n + 2 elements, two for each layer plus two for the atmosphere layer. Matr{o)]
though will have only 2 n. With this lacking information, the system is lled with
boundary conditions, namely the impedance relations at the open surface and the material
termination.

The hard wall termination condition is at the rigid border, so the pressure is that
of the point adjacent to it, and the velocity of the uid is zero. This condition may be
de ned in the same way as the other layer points, using the vectof(™ as shown by

[Y®IV(Ma) =05 [Y™]=[0 1] (2.54)

This information can be added to the[D,] matrix, as
2 3

3 [Do] ,
[m'4m WWf

(2.55)

Finally, the last equation to be added to this system is the surface impedanZg
at the rst layer. As presented in Eq. 2.15, the surface impedance relates pressure and
velocity at a point, i.e. Zs = p(A)=V;(A). Thus, this relation may be de ned as

[ 1 ZJV(A)=0: (2.56)

As in the case of the hard wall termination condition, the relation presented in Eq.

2.56 is used to de ne the matrix|[D], is presented as
2 3
D] = 4 1 zs [0] O] 5.
[D]

(2.57)

Now matrix [D] is square, and the system is fully determined, meaning that
[D]Vo = 0. As pointed out by Allard e Atalla (2009), the impedance may be obtained from

[Da].

= Dy (2.58)

where[D;] is the matrix obtained when the rst column of the matrix [D] as presented in
Eq. 2.55, and[D,] is that obtained performing the same procedure for the second column.
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3 Ceramics

In the present study, the acoustic properties of porous ceramics are studied. The
present chapter is dedicated to presenting the main details related to the material element
of the conducted research, discussing the freeze-casting fabrication route and its main
aspects, theAl,03/ MgO system, and Archimedes principle testing.

3.1 Freeze-casting procedure

Freeze-casting has been researched as a means to achieve porous ceramics with a
wide range of properties relating to microstructure. These successful uses of the technique
on ceramics allow it to be an attractive choice for di erent applications such as lItration
(FUKASAWA; ANDO; OHJI, 2002; SOFIE, 2007), bioactive structures (QIN; PARISI;
FERNANDES, 2021), and even piezoelectric transducers (RYMANSAIB et al., 2022).
The vast literature available on the process o ers well-de ned relations between process
parameters and nal ceramic properties. Thus to obtain the desired set of microstructural
properties optimal for each of these applications, the parameters of each freeze-casting
process step are adjusted.

The fabrication route may be divided into four main steps: slurry/suspension pre-
paration, freezing (solidi cation of solvent), drying (sublimation of solvent), and sintering
(ring). Brie y, the process consists of pouring the prepared slurry on a mold and freezing
it. During freezing, solid crystals (dendrites) will nucleate in the slurry liquid phase and
push away the ceramic particles, creating two di erent solid phases, the frozen solvent
and the concentrated ceramic particles (lamellae). The frozen slurry is then freeze-dried,
obtaining a green body (also called a powder compact in other ceramic applications). The
solidi ed liquid acts as a negative replica (CHEN et al., 2021), leaving behind the green
body porous channels once it is dried. After freeze-drying, the green body goes through
sintering to improve its mechanical resistance, achieving the nal produced sample. A
graphic representation of the four steps is shown in Fig. 3.1. These four steps' main aspects
and some intricacies are discussed to achieve a thorough appreciation of the method.
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Figure 3.1 Graphic representation of the freeze-casting steps (adapted from (SCOTTI;
DUNAND, 2018) and (ZHANG; ZHAO; HONG, 2015)).

3.1.1 Slurry-suspension preparation

Preparing the slurry, also called suspension, is the beginning of the process. This
step is common to plastic forming methods, such as extrusion and slip casting, so its
principles and associated practices are often shared between the two processing categories.
It consists of the dispersion of ceramic raw powders in a liquid (solvent), aiming at
a homogeneously dispersed suspension of the powders to ensure a later homogeneous
structure. Its most de ning aspect concerning freeze-casting is the proportion between
solid and liquid (solid loading). The amount of each component is directly related to the
nal obtained porosity (KOH et al., 2006; ARAUJO et al., 2018) since more solvent will
result in more frozen crystals (consequently higher porosity) and vice-versa. Three main
component categories are used in this stage: raw powders, solvents, and additives.

3.1.1.1 Starting powders

The choice of raw powders will depend on the inherent material properties, and
whether it is tting to the intended use, e.g. hydroxyapatite for bone-tissue engineering
solutions (DEVILLE; SAIZ; TOMSIA, 2006; FU et al., 2008; MACCHETTA; TURNER;
BOWEN, 2009a). Likewise, in conventional ceramic processing methods, some aspects of the
starting powders will signi cantly in uence the nal sample's microstructure. Particle size
distribution, shape, chemical/phase composition, and impurities may all a ect processing
steps and produce di erent nal characteristics. Some of these issues are discussed in the
following steps.

3.1.1.2 Additives

In freeze-casting, the homogeneity of solid particle suspension is of paramount
importance to avoid process-speci ¢ phenomena like particle entrapment and unwanted
density/porosity gradients through the sample’s dimensions or general ceramic processing
problems such as particle agglomerates in the green body. This issue is mainly tackled by
using additives, which may be broadly refered to as dispersants. These act by adsorbing to
the surfaces of the ceramic particles, creating electrically charged layers (ionic dispersants)
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around them and consequently repealing forces between particles. Another possibility is
the absorption of organic chains with functional head groups (nonionic surfactants) to
the surfaces, once again creating repulsion, though now steric. Independent of the type,
these additives stabilise the suspension, preventing undesired phenomena such as settling
or occulation, and help reach lower viscosity in spite of the solid loading (RAHAMAN,
2017), playing a major role in keeping the slurry from becoming too viscous ( thick)
before pouring it into a mold.

Another type of additive is binders. After drying the sample, the formed green-body
will be mostly constituted by loosely joined agglomerates of ceramic powder with little to
no mechanical resistance and structural support. Organic binders can join the particles
and improve the green body strength after drying and preventing structural damage before
reaching the sintering phase (DEVILLE, 2008). These organic binders have a degradation
temperature much lower than those needed for sintering and are normally burned during
(or before) the sintering phase. Finally, it is important to mention that both binders and
dispersants have been shown to greatly in uence the nal microstructure of produced
porous ceramics (LI; LU; WALZ, 2012).

3.1.1.3 Slurry mixing

All additives, solvents, and ceramic powders must be well mixed to obtain a
stable suspension appropriate for the following steps. This mixing can be conducted
through di erent methods such as ball milling (ARAKI; HALLORAN, 2004) (which
will also promote ner particle size distribution and possibly mechanochemical synthesis
(RAHAMAN, 2017)) or magnetic stirring (ARAUJO et al., 2018). The main concern here
is to promote proper dispersion of all components, so mixing times may be longer than 20
hours (ZHANG; ZHAO; HONG, 2015), although some achieve good results within a few
hours (ARAKI; HALLORAN, 2004). Another concern is the formation and entrapment
of air bubbles during mixing, which incurs the formation of non-connected pores. Some
approaches are available, such as mixing under vacuum (DEVILLE; SAIZ; TOMSIA,
2007).

3.1.2 Slurry freezing

The freezing step is the route's most characteristic stage and is responsible for
the most di erentiating outcomes related to other methods. The frozen solvent action
determines its in uence on a nal material structure as a template. Hence, the resultant
characteristics of solvent crystal growth (mainly shape, size, and alignment) de ne the
material porosity characteristics. These growth characteristics, in turn, are related to the
freezing parameters.

Nevertheless, mediating the wanted nal results and the obtained crystal structure
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(a) (b)

Figure 3.2 Ice templated structures obtained with isotropic (a) and anisotropic (b)
cooling (DEVILLE; SAIZ; TOMSIA, 2007).

is the mobile interface between growing dendrites, the liquid suspension and concentrated
solid regions, called the freezing front. Although solute redistribution by freezing is a well-
known phenomenon (UHLMANN; CHALMERS; JACKSON, 1964), the forces governing
the interaction in the interface are not well understood and remain subject to research
(SCOTTI; DUNAND, 2018). Still, there is a good understanding of the consequences
of di erent front velocities on the formed pore channels and their governing parameters
(SHAO et al., 2020). Thus, good control of properties related to that front velocity is
attainable.

Freezing direction

An important factor for applications such as acoustics and Itration, pore alignment
is related to the cooling gradient direction applied to the poured slurry. The freezing front
will start from the cold surface interacting with the slurry, and advance into its bulk,
following the cooling gradient. Therefore, the cooling is often divided into isotropic and
anisotropic. When the mold containing the liquid slurry is placed in a surrounding cold
environment with no speci c preferred cooling direction (e.g. a freezer), it is said to be
isotropic. Anisotropic cooling will have one or more preferred cooling directions.

Unidirectional freezing, for example, is an anisotropic gradient achieved by placing
the slurry-containing mold on top of a cold surface. The resulting geometry is aligned pores
following the direction perpendicular to the plate plane, as shown in Fig. 3.2b. Contrasting
to these aligned pores, Fig. 3.2a shows the microstructure of a sample subjected to
anisotropic cooling, resulting in pores with varying alignments. Many other anisotropic
cooling strategies have been proposed, such as radial (TANG et al., 2014; SU; MOK,;
MCKITTRICK, 2019), bidirectional (BAI et al., 2015), and even using electrical elds
(CHENG; ZHAO; WU, 2015). Each of these will generate di erent pore structures that
follow the cooling pattern.
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(a) (DONG et al., 2016) (b) (ARAUJO et al., 2018)

Figure 3.3 Di erent pore shapes obtained using TBA (a) and camphene (b), respectively.

3.1.2.1 Solvent crystal shape

Di erent solvents will have varying crystal shapes when solidifying. Once again,
as the formed pore channels are replicas of the grown crystals, they will have the crystal
shape. Each one will form di erently shaped crystals due to the reorganization of its
molecules into the solid phase crystals and consequently generate channels with di erent
shapes (DEVILLE, 2008). Some common solvents that generated structures of lamellar
pores are water, camphene with dendritic pores, and Tert-Butyl-Alcohol (TBA) with
prismatic pores. Visual examples of structures obtained from distinct solvents are given in
Fig. 3.3.

3.1.2.2 Freezing related issues

As one might expect, most of the challenges in freeze-casting processing are also
related to the freezing step, and this is due to the complex nature of its working principle.

One of the main problems in the context of freeze-casting is the engulfment of
particles by the freezing front. Instead of being pushed away by the front, solid particles
are entrapped, and dense regions of ceramic material between lamellae arise. These may
become simple structures connecting lamellae called bridges (note that bridge formation
may have di erent causes other than engulfment (DEVILLE, 2008)t), but they may form
dense regions that interrupt the connections between pores and form irregular zones (LlI;
LU; WALZ, 2012). Although engulfment may have di erent causes, one main parameter
predictive of engulfment is freezing front velocity. It has been shown to govern not only
partially the shape and alignment of the crystals but also the entrapment of solid particles
(DEVILLE; SAIZ; TOMSIA, 2007; UHLMANN; CHALMERS; JACKSON, 1964; CORTE,
1962), and it has been shown to exist a critical freezing front velocity, above which
particle engulfment will take place. The extreme opposite of this situation is forming a
planar ice front. For very low freezing front speeds, the formed ice front is planar, and the
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solvent freezes pushing the solid content from it without forming lamellae. Few reports
of this phenomenon are available, but it has been reported for water-ceramic slurries by
Waschkies, Oberacker e Ho mann (2009), who also traces a clear correlation between
lamellae thickness and freezing front velocity.

Figure 3.4 lllustration of the di erent pore morphology regions created during slurry
freezing (HONG et al., 2011).

Although not necessarily a problem, most likely a matter of concern to consider
when working with freeze-casting is the porosity/pore morphology distribution throughout
the sample dimensions, depending on the freezing direction. The complex thermodynamics
of the slurry freezing process creates di erent freezing regimes inside a sample, frequently
resulting in diverse pore structures. This phenomenon is better illustrated by Fig. 3.4. In
their study, Hong et al. (2011) investigates the pore structure distribution through the
sample height, using a camphen@l,0; slurry. The sample contains di erent porosity
regions created by the varying cooling gradient. Near the cold plate, a high-temperature
gradient is present. Thus the crystal growth is randomly oriented, and the freezing front
speed is high enough to engulf most solid particles, creating a dense material region. As
the solvent freezes and the freezing front goes farther away from the cold surfaces into the
sample bulk, the temperature gradient is smaller, slowing the freezing front and forming a
layer with pores aligned to the freezing direction. In this rst layer of aligned pores, the
still high-temperature gradient enables the nucleation of many crystals, creating straight
pores with no dendritic branching allowed due to the pore density. Further ahead, another
transition zone occurs from the aligned pores to aligned dendritic pores. This would occur
due to the temperature gradient reaching a value low enough where not so many crystals
nucleate, allowing the dendrites to grow fully. In Hong et al. (2011), another region on top
of the full dendrites region with equiaxed pores formed due to freezing nucleating on the
cooled mold wall, although studies with other solvents do not report zones alike (DEVILLE
et al., 2009a; DEVILLE et al., 2009b). Finally, di erent dense layers also cover the bulk
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surrounding regions: an open-top associated with a volatile solvent such as camphene will
have high evaporation rates in the beginning, forming a slurry with higher solid loading
in this regions, and the sample faces that contact the mold walls may have a diminished
porosity due to the cooling of the mold that will create the same dense layer e ect as that
of the initial slurry contact with the cold plate.

This matter of pore structure variation through a given axis was thought not
to be a matter of concern for the present study at rst, as other studies showed this
variation to be constrained to small dimension ( 1 mm) regions followed by homogeneous
microstructure regions (DEVILLE; SAIZ; TOMSIA, 2007; HONG et al., 2011), and thus
these regions with non-homogeneous properties were expected to be eliminated in polishing.
As experimental studies advanced, though, such variation proved to be a non-negligible
matter for our samples. This will be further discussed in Sec. 5.

3.1.3 Freeze-drying

The following step to freezing is the removal of solvent from the formed green body,
which is done by freeze-drying, where the solidi ed solvent is removed by sublimation.
This strategy allows the ceramic structure to be maintained during freezing, whereas any
solvent removal that goes through melting would destroy the microstructure. For liquid
solvents in ambient pressure and temperature, such as water and DMSO, the process needs
to be conducted in very low temperatures and pressures (vacuum) to reach a range where
the solvent sublimates. Other volatile solvents such as TBA and Camphene will sublimate
in ambient temperature and environment, so it su ces to simply leave the sample resting
(in an environment with good air circulation ) for a certain amount of time so that the
solvent evaporates.

The freeze-drying procedure is straightforward and is not usually mentioned as
a focus in research since, generally, a poorly conducted freeze-drying will either destroy
a sample or turn its microstructure defects into a non-reproducible one. Hence, a good
drying specimen will allow the structure to be consolidated. One commonly mentioned
aspect is the necessary time to completely dry the samples, varying around 20 hours
(MACCHETTA; TURNER; BOWEN, 2009b; FUKASAWA; ANDO; OHJI, 2002; ARAKI;
HALLORAN, 2004).

3.1.4 Sintering/ ring

Nearly all ceramic processing techniques need to pass through a sintering phase,
where the ceramic particles of the green body will consolidate, reducing the total free
energy of the system. The sintering phase may be included the called ring phase. Firing
refers to the whole heating phase, which may include other process such as additive (e.g.
organic binders) burning, but also includes the sintering stage. Firing is a term commonly
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Figure 3.5 lllustration of pore change in shape with and without densi cation (KIN-
GERY; BOWEN; UHLMANN, 1976).

used in literature, so it is interesting to point out its existence and its di erences regarding
the sintering process.

During sintering, two complex atom di usion processes are available to reduce
particle surface free energy: coarsening and densi cation. The coarsening increases the
average surface area of individual grains without lling pores between particles. At the
same time, densi cation is the bonding of particles with the transport of matter into
the void spaces between grains. Densi cation will result in shrinkage of the green body,
producing a denser sample with reduced pore quantity and total volume (RAHAMAN,
2017). Even though it changes pore shape and, coarsening will not greatly a ect the green
body density or volume, opposite to the densi cation process, which also changes pore
shape, but reduces pore volume. The possibility of change in pore shape with or without
densi cation might be unintuitive and is better represented in Fig. 3.5. Both mechanisms
will eventually create nal samples mechanically stronger than the green body composed
of simply compacted ceramic powders. However, denser samples will generally have greater
strength. The parameters that control the prevalence of each sintering mechanism are well
understood for most ceramic materials, and thus good control of nal sample properties
can be obtained.

Some approaches are available to the sintering process, but the two most commonly
employed can be named: liquid-phased sintering and solid-state sintering. Liquid-phase
sintering uses an additive that will melt during sintering, providing a liquid phase to
enhance di usivity of matter into pores. In contrast, solid-state sintering is carried out
by heating the green body to a temperature around 50-80 % of the starting powder
melting point for a given amount of time, promoting sintering through atomic di usion
(RAHAMAN; FU, 2008).

In the context of freeze-casting, little discussion on sintering is reported. A common
practice described during ring stage is having temperature plateaus well below sintering
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temperatures during heating, to remove any remaining substances from the slurry, such as
binders and dispersants, that were not removed in freeze-drying, though little comment
is made about sintering. Another important aspect is the control of densi cation of the
structure since the main goal for freeze-cast ceramics is the production of controlled
porosity samples, and elevated densi cation of samples will result in greater shrinkage
of the ceramic as a whole, a ecting pore size, a property of interest for many freeze-
casting applications. Fukasawa et al. (2001) show that higher sintering temperatures can
make small pores coalesce and cease to exist, a ecting pore size distribution. Control of
densi cation is mainly done by control of sintering time and temperature.

3.2 Al,03/MgO/Spinel system

Al,O3 (alumina) and MgO (magnesia, or periclase for the mineral) are important
ceramic materials with diverse applications. Alumina is commonly castable but also used for
electronic products as an insulator and an overall good material for applications demanding
high mechanical resistance at high temperatures (SURENDRANATHAN, 2020). Magnesia
is also a refractory material, with a very high melting point 0f2800 Celsius for its dead
burned form (SHAND, 2006).

Figure 3.6 Al,03/ MgO phase diagram (CALLISTER; RETHWISCH, 2020).

The two ceramics may also be combined, either for doping (BERRY; HARMER,
1986) or fully mixed in higher proportions as multi-phase (solid solution) ceramic materials.
Figure 3.6 shows the phase diagram for the two materials. It can be seen that three well-
divided main regions will be formed for di erent proportions of each ceramic: spinel-rich
magnesia, spinel-rich alumina, and pure spinel. The spinel phase, also known as magnesium
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aluminate, is a stable phase originating at the solid solution at molar stoichiometry (in
weight, the proportion is 71.67 wt %Al,03 and 28.33 wt %MgO (BRAULIO et al., 2011)
)with various uses. However, with complex fabrication routes (GANESH, 2013). Each of
these regions will have di erent processing and mechanical properties, depending on the
proportion of each phase. This clear division in the phase diagram and expected easily
detectable property di erences motivated the selection of this system for studies in phase
composition in uence in ceramic sound absorption.

3.3 Archimedes Principle

In the present work, when referring to Archimedes principle porosity assessment, the
reference is relative to the method described here, based on the buoyancy force predicted by
the Archimedes principle. The method shown here is close to that suggested in ASTM C373-
18 (ASTM INTERNATIONAL, 2018), and ASTM B962-15 (ASTM INTERNATIONAL,
2017). Porosity is the ratio between the total pore volume (closed, open or total) and
the sample total (apparent) volume that comprises both pore and skeleton volume. To
evaluate the open, closed and total porosity, three masses are necessary for the same
sample: drymg, damp (saturated) mg, and immersem;. The immerse massn; is obtained
from immersing the sample in deionized water and measuring its mass while immersed (as
shown in Fig. 3.7). After lightly removing excess water, the sample's mass is measured
again, obtaining saturated massns. Before these measurements are done, the dry sample
massmgy may be surveyed by measuring the sample mass in an open atmosphere while it
is dry.

Figure 3.7 The set-up used to measure immerse mass of a sample.
The equations behind the principle assume buoyancy forces exerted by the air on
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the dry sample to be negligible. However, as are the air mass inside closed pores, the dry
mass is related to the solid volum&/,,ig (the volume of a sample's skeleton) by

My = Vsolid s; (3.1)

where s is the density of the dense ceramic material. For the present case, where di erent
phases compose the solid part of the porous ceramic, it is assumed thahas the value
of the prevalent phase.

Assuming that water saturates the open pores in its entirety, the saturated mass
mq is related to open pore volume&/open by

Mg = Mg + HZOVopen; (3-2)

where 4,0 IS water's density. Finally, assuming that the buoyancy partially counteracts
the weight measured by immersing the sample, the measured immerse masss related
to the solid volume Vyqig and closed pore volumé/goseq by

M= Mg H,0(Vsolid T Velosed): (3.3)

In possession of Eqgs. 3.1, 3.2, 3.3, obtaining the equations for each volume is
straightforward. The open pore volume is obtained from Eq. 3.2, reaching Eq. 3.4, while
Eq. 3.5 forVgjig comes from Eq. 3.1.

Mg md_
Vopen - -

(3.4)

H20
m
Veoig = — (3.5)
S

The apparent or total volume V,oiy also has a simple equation, though not as
straightforward to reach as the other two volumes, as shown by

ms m;
Vtotal =
H20

f(mg + H20V0pen) [Mmgq HZO(VcIose + Vsoiia)]9 (3_6)

H20

Vopen + Vclose + Vsolid:

Equation 3.6 gives the closed pore volume by subtracting the volumes of Eqgs. 3.4,
3.5. All porosities can then be evaluated using Egs. 3.1 - 3.6 simply applying them to the
porosities ration shown in

— Vopen . _ Vclose_

Vopen + Vclose_
open — Y, close — - ;-
P Vtotal ’

Vtotal

y total —

3.7
Vtotal ( )
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4 Numerical Studies

4.1 Model calibration

The direct parameter measurement techniques for semi-phenomenological models
are presented in Section 2.4. Another way to evaluate these material parameters is model
calibration (inverse identi cation). It consists of the solution of a curve tting (inverse)
problem, where the goal is to t the results given by an appropriately selected model (e.g.
JCAL, Attenborough) to the experimentally obtained results.

Results obtained using this method have been reported for di erent materials,
showing good t to experimental curves and also close parameter values to parameters
measured from other methods (ATALLA; PANNETON, 2005; SHRAVAGE; BONFIGLIO;
POMPOLI, 2008; ZIELI«SKI, 2012; BONFIGLIO; POMPOLI, 2013). While many studies
present single measurements of the surface impedance of material samples (that su ce in
achieving good approximations), a common improvement suggested to this strategy is the
use of various measurements varying some parameters of the experimental test setup. This
practice provides additional data and thus a reduced uncertainty range in the measures
and estimations (CUENCA et al., 2022). Some examples are varying size air gaps backing
the sample in an impedance tube (ZIELI«SKI, 2015) and using two impedance tubes, one
with an expansion chamber and another without (CUENCA et al., 2022).

One possible division between approaches is the numerical treatment of the tting
problem, as it may be deterministic or statistical. In deterministic methods, tting is done
by variation of the model parameters until an objective cost function is minimised to
a desired level using optimisation techniques. Statistical methods are usually combined
with deterministic ones, but they use methods such as Bayesian inference that take into
account variability, and other statistical measurements of the found estimates and can give
a more precise estimation, besides circumventing commonly found issues in deterministic
methods such as local minima (CHAZOT; ZHANG; ANTONI, 2012; NISKANEN et al.,
2017; CUENCA et al., 2022).

Inversion approaches have also been developed for determining the pro les of
inhomogeneous materials, i.e. materials composed of layers with varying parameters (RYCK
et al., 2008; RONCEN; FELLAH; OGAM, 2022; FACKLER; XIANG; HOROSHENKOQOV,
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2018). This is a more complicated problem than measuring homogeneous materials due to
the combination of di erent absorption behaviour inside a sample and space dependence
of these parameters, so additional information is necessary. This is achieved by using
di erent testing con gurations, e.g., measuring surface impedance for di erent sound wave
incidence angles (RYCK et al., 2008), similar to the proposed methods in homogeneous
materials. For materials in which the rigid approximation applies to all layers, the problem
may be simpli ed by using the transfer matrix method.

4.1.1 Tested numerical approaches

The strategy used in the present work to evaluate material parameters through
model calibration was deterministic. The to-be-minimized cost function is presented by
1X 1

R(@)= 3 | —JZ*P(t)  zZ(; a)i% (4.1)

where Z®*P(1) is the obtained experimental sample surface impedance at frequercy
Z(!; a) is the obtained modelled surface impedance for the vector of model parameters
a at the same frequency and ¢, is the standard deviation of the impedance's real and
imaginary parts. Most deterministic methods are based on a cost function following this
format, varying only sum over other experimental parameters and minor details.

The surface impedance models are non-linear functions of the frequehgythis is
a non-linear regression problem. Di erent numerical optimisation methods are available to
solve this problem, many already implemented in commercial or open-source packages.
These may be divided into constrained and unconstrained methods, where constrained will
consider mathematical constraints among parameters and bounds for parameter minimum
and maximum values, while unconstrained will reach function minima regardless of any
previously de ned limitation.

A few di erent approaches were tested. At rst, the cost function was written
in code, and a complex double variable vector, calleg,,,, containing the impedance
generated from the JCAL function for a given set of parameters, was created. This
generated impedance vector served as the curve to be tted by whichever method was
used. Depending on the results obtained from optimising the cost function with the raw
vector, the noise was added to the raw impedance vector (using the rand function from
MatLab), and optimisation was run again to check the robustness of the algorithm.

Two unconstrained methods were tested in greater depth. The fminsearch function
available in MatLab (FMINSEARCH, ), based on the Nelder-Mead optimization method
(NELDER; MEAD, 1965), as it does not depend on objective function derivatives, since it
is a direct search method. It is also the method used by Bon glio e Pompoli (2013). The
other method, one of the most used unconstrained least square methods, the Levenberg-
Marquardt method, is the resultant of the work by LEVENBERG (1944) and Marquardt
(1963), being the most used approach for the present work. It presents an interpolation
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between the Gauss-Newton method and the steepest descent method, better presented in
Appendix A.

41.1.1 Nelder-Mead

A set of generated noisy data calibrated using the Nelder-Mead method is shown
in Fig. 4.1. Noise was generated using the rand function from MatLab (MATHWORKS,
). For all sets of impedance values shown, values between 0 and 100 were generated using
the rand function and added to both the real and imaginary parts of impedance data.
The calibrated parameters show good agreement with the parameters chosen to generate
the data, as shown in Table 1, although there are disagreements in the found and used

parameter values. The frequency range is from 50 to 6300 Hz with a step size of 2 Hz.

(@)

(b)

Figure 4.1 Generated and calibrated impedance curves resulting from Nelder-Mead
(fminsearch function) parameter optimisation method, where (@) is the real
part and (b) is the imaginary part of such impedance.

Generated Initial Guess Calibrated
0.90 0.60 0.90
80000Nsm 2 | 200000Nsm 2 | 80179Nsm 2
1 1.30 2 1.30
30,0 m 50.0 m 30.0 m
0 100.0 m 60.0 m 98.8 m
k3 | 20.0 10 ¥ m? | 10.0 10 1 m? [ 19.9 10 ¥ m?

Table 1 Generated and calibrated parameters resulting from the Nelder-Mead approach.

Despite the good calibration result shown in Fig. 4.1, the application of this method
is also subject to the problems associated with local minimisation techniques, where the
sensitivity to initial guess and convergence to local minima can induce di erent estimation.
Global minimisation methods are far more complex than the ones presented in this work
and were not tested.
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(@) (b)

Figure 4.2 Incorrect curve tting obtained from Nelder-Mead optimisation method by
changing initial guess, where (@) is the real part and (b) is the imaginary part
of the generated and t impedance.

Both the mentioned issues with the presented optimisation routes are exempli ed
in Fig. 4.2. By simply changing the value of one initial guess parameter (in this case, the
static air ow resistivity from 200000 Nsm 2 to 20000Nsm 2), the obtained tting curve
becomes less accurate, and here the problem of unconstrained methods also makes itself
present. The calibrated value of the high-frequency limit of the tortuosity ; is less than
one, and the viscous characteristic length is nearly the size of molecules (what would
characterise a medium impervious to sound). Given the method knows no constraints, it
might reach values with no physical meaning yet mathematically tting. The used and
obtained parameters related to Fig. 4.2 are shown in Table 2.

Another aspect worth noting is the weight either the real or imaginary component
may have on the tting. In this case, these components' values may vary in order of
magnitude for a given sample, as shown in Figs. 4.1 and 4.2. The optimisation methods
are more likely to reach minimum cost function values by following the path reducing
greater magnitude component, even if the other component reaches non-optimal values
in relation to experimental data. One suggestion presented by Zoltowski (1984) is the
weighting of the data proportional to the impedance values in the cost function, as shown
in Eq. 4.2. This method showed little improvement when tested.
1X Re(@Z® Re(Z) N Im(Z %) Im(Z)#.

R(a) = =

2, Re(Z°) Im(Z ) (4.2)

4.1.1.2 Levenberg-Marquardt

The other unconstrained method tested was Levenberg-Marquardt. A question
concerning this and other methods based on the gradient of the cost function is the usage
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Generated Initial Guess Calibrated
0.90 0.60 0.89
80000Nsm 2 | 20000Nsm 2 | 66696Nsm 2
1 1.3 2.0 8.910 °
30.0 m 50.0 m 1.410° m
0 100.0 m 60.0 m 1049 m
k3 | 20.0 10 ¥ m? | 10.0 10 1 m? | 40.0 10 ¥ m?

Table 2 Poorly approached parameters resulting from using the Nelder-Mead method
with a bad initial guess.

of its second derivative concerning parameters in the called Hessian matriy, given by

_ @R(a?)
- @p@a’

(4.3)

Aside from the uneasy task of calculating the gradient, it may be either insigni cant
to the function or destabilise the tting due to higher sensitivity to noise and outlier
points. The suggestion given by Press, Teukolsky e Vetterling (1992) is using only the
rst derivatives of the cost function, as shown in Eq. 4.4. Also, the matrix is called
Quasi-Hessian in some studies (WILAMOWSKI; YU, 2010). The usage of both formats

was tested.

ki
i=1

X1 @1 9@;a)

@n

@n

(4.4)

This method was used in association with the normalised set of six parameters
proposed by Zielicski (2015). These normalised parameters are suggested as a means of
optimising parameters within approximately the same scale, in contrast to the regular
ones proposed in the original JCAL contributions where the air ow resistivity might be
of the order of 10000(Nsm 2 while the static thermal permeability might oscillate around
values of5 10 1° m2. They are all unequivocally related to porous structure geometry
parameters and air properties, i.e. as in the case of six non-normalized JCAL parameters,
the parameters proposed by Zieli«ski (2015) are directly related to pore geometry.

One problem in using these normalised parameters is that some JCAL parameters
are related to the normalised ones by equations containing square roots (see Appendix
A). Like Nelder-Mead and all unconstrained methods, there are no bounds stopping the
algorithm from obtaining negative values for a parameter as long as it reaches a local
minimum. Then, if a tted normalised parameter has a negative value, the actual JCAL
parameter will have a complex value or another physical impossibility, which can be a
conceptual error. Fitted curves are shown in Fig. 4.3 that represent a very good t to
generated noisy data, but it is achieved with a negative value normalised parameter that
incurs in the parameters shown in Table 3.
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(@)

(b)

Figure 4.3 Generated and calibrated impedance curves resulting from the implemented
Levenberg-Marquardt parameter optimisation method, where (a) is the real
part and (b) is the imaginary part of such impedance.

Generated Initial Guess Calibrated
0.90 1 0.90
80000Nsm 2 | 7439.1Nsm 2 | 81334Nsm °?
1 1.3 2.0 3.0
30.0 m 199.3 m 76.1i m
0 100.0 m 141.4 m 86.7 m
k | 20.0 10 ¥ m? | 10.0 10 1 m? | 18.6 10 ¥ m?

Table 3

Inconsistent approached parameters resulting from using the Levenberg Mar-

qguardt method with an inconsistent initial guess.

Herein it is important to notice that the set of parameters used in the initial guess
does not need to be physically consistent, so even though the normalised and regular

parameters are all related, the normalised initial guess may represent an inconsistent set
of parameters, and the nal result may turn out consistent. This is mentioned because,
even though the results are not physically accurate, the used initial guess to obtain the

results presented in Fig. 4.3 was a vector of ones (the value of every normalised parameter
iS one), representing an inconsistent set that yields, a good curve t. This initial guess is
used throughout Zieli«ski (2015), yielding consistent results for both synthetic data and
real material samples.

The other aspect being investigated is using a full Hessian as presented in Eq. 4.3 or
the approximation presented in Eq. 4.4. As expected, the approximation reached minimum
values in fewer iterations than the full version, given the higher values obtained from
the rst derivatives of the model. This is better seen in Figs. 4.4 and 4.5, where the
iterations until the minimum di erence between tting impedance and experimental data

are reached. Figure 4.4 shows the steps toward the impedance curve presented in Fig. 4.3a,
from the initial guess to the nal approximation as presented in Table 3. Using the
same initial guess, the curves displayed in Fig. 4.5 are also tting the same impedance
values as Fig. 4.3a, yet the number of iterations (1200 vs 20) is far higher than those
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Figure 4.4 lterations of the impedance real part using the approximate Hessian.

Figure 4.5 Iterations of the impedance real part using a full Hessian.

necessary for the approximation using the approximate Hessian. It can be seen that the
full Hessian has a much lower convergence rate and also an apparent higher sensibility
to local minima. Even though the initial results obtained from tting using approximate
Hessian are inconsistent, as presented in Table 3, it is much quicker convergence makes it,
a priori, a better implementation of the Levenberg-Marquardt algorithm for the present
problem. Using a slightly di erent initial guess (a vector of normalised parameters with
value 0,99 instead of one) allows the method to reach closer parameter values to those used
to generate the synthetic data, as shown in Fig. 4.6 and Tab. 4. Henceforth the adopted
strategy for all analyses, including experimental ones, was simple trial and error with the
initial guess for any given to-be- tted impedance curve.

Upon discussing the shortcomings of the unconstrained methods presented, one
main strategy is available to improve their e ectiveness and even constrained methods. This
is to evaluate some parameters directly and only t those not available from direct methods.
This is the case, for example, of the work by Panneton e Gros (2005), where the JCA model
(which only uses ve macroscopical/pore geometry parameters) is tted to experimental
impedance curves of di erent materials, but only tortuosity and the characteristic lengths
are evaluated through the tting, while porosity and air ow resistivity are measured
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(@)

(b)

Figure 4.6 Consistent approached parameters resulting from the use of the Levenberg
Marquardt method with an inconsistent initial guess.

Generated Initial Guess Calibrated
0.9 0.99 0.90
80000Nsm 2 | 7439Nsm ° 79876Nsm °
1 1.30 1.99 1.30
30.0 m 201.3 m 299 m
0 100.0 m 143.4 m 102.1 m
k9 | 20.010 ' m? | 50.0 10 1 m? | 20.2 10 1 m?

Table 4 Consistent approached parameters resulting from using the Levenberg Marquardt
method with an inconsistent initial guess.

directly. Fixating some parameters will reduce the chance of convergence to incorrect local
minima and reduce the necessary number of iterations, besides reducing the problems
associated with di erent magnitude scales.

4.1.1.3 Constrained methods

The Levenberg-Marquardt method is simple, and its implementation allows greater
control and insight into the tting and optimisation procedure. Constrained methods are
considerably more complicated to implement, although many of them are readily available
and implemented in libraries and toolboxes for di erent programming languages.

The rst functions to be tested belonged to the Global Optimization Toolbox from
MatLab (GLOBAL.. ., ). Di erent algorithms are implemented as functions that constitute
this library, which aims to provide tools to nd global minima for di erent functions using
di erent and combined routes. The constraints may be linear equality and inequality when
such relations exist between parameters. Upper and lower bounds are also available, which
are the most interesting to the acoustic impedance tting since all parameters are bounded.
Using the same initial guess to t the same curve as presented in the tested methods
(Fig. 4.1 and 4.3), di erent functions (that use di erent algorithms/approaches) from
this library were tested to t the impedance curve. The obtained results are presented in
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Generated | fmincon MultiStart | PatternSearch ga
0.90 0.90 0.91 0.90 0.93
(Nsm 2) 80000 80340 84276 84166 155640
1 1.3 1.0 2.2 1.7 1.8
(m) 30.0 22.1 400.0 50.0 98.9
9(C m) 100.0 87.6 63.1 60.0 13.0
ki(m? [20.010%|11110%[100010%| 10010% |996101%

Table 5 Approached parameters resulting from use of di erent functions from the Global
Optimization Toolbox.

Generated| L-BFGS-B Powell Nelder-Mead| TNC
0.9 0.99 0.901 0.99 0.76
(Nsm 2) 80000 130060 79142 101076 53398
1 1.3 3.6 2.0 1.5 1.3
( m) 30 199.6 66.9 17.9 100.4
9 m) 100 353.3 17.9 81.6 53.9
k9 (m?) 20.010 | 1.010 ¥ | 382.610 ®| 100.010 1 [ 1.010 I°

Table 6 Approached parameters resulting from use of di erent algorithms inside the
minimize function from scipy.optimize package.

Table 5 with the respectively used functions. The imposed bounds were:

A

ko

Lower bound:
110 10

0:1,

1000Nsm 2,

1,

10 m, ©

10

It can be seen from Table 5 that most ts make good approximations for the porosity
and air ow resistivity parameters and poor ones for the others (tortuosity, characteristic
lengths and static thermal permeability). Besides the di erence in scale that jeopardises
the precision of approximations, there is also the matter of function sensitivity to each
parameter, i.e. in uence a change of parameter value has on the outcome of the function,
and in this case, the impedance curve. This will be brie y discussed in Section 4.2.

The other functions tested belong to the scipy library for Python programming
language, speci cally the minimize function inside the optimize package (SCIPY...,
). Opposed to the Global Optimization toolbox, this function only nds local minima,

although possessing the possibility to establish bounds and constraints. Inside the mi-
nimize function, diverse implemented algorithms are available (for greater insight into
some of these, Andrei (2022) presents the full equations and development for them). The
obtained approximations using di erent algorithm options are shown in Table 6. The results
obtained are not as accurate as those presented in Table 5, but it is worth noting that once
again, those results that converge to close values seem to reach better approximations for
the porosity and air ow resistivity, while other parameters have poor estimations. Once
again, this may be related to the sensitivity aspects of the model associated with the
minimisation algorithms employed.
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4.2 Sensitivity analysis

Di erent sound absorption curves were plotted for individually varying parameters
to understand the behaviour of the JCAL impedance function and the in uence of variation
of each parameter over the obtained sound absorption. While one parameter was varied,
the others were kept constant to isolate the individual in uence of each one. Figure 4.7
shows the obtained absorption curves for variation of each parameter. Table 7 shows the
range of varied parameters and the values of the parameters kept constant. The ranges were
chosen from physical limitations to parameter values and their expected ranges. Porosity,
for example, from the de nition, must have a value between zero and one. The tortuosity
high-frequency limit must have a value higher than one. The characteristic lengths must
have values that re ect porous media pervious to sound propagation (10 m (ALLARD;
ATALLA, 2009)). Both air ow resistivity and static thermal permeability ranges were
determined from literature reports, the same for the upper bounds of the characteristic
lengths and tortuosity ranges.

Notice that, for consistency maintenance in the used parameters, the varying values
are accompanied by varying values of®, always kept higher. Other factors and relations
between parameters, such as those proposed in Johnson, Koplik e Dashen (1987),Champoux
e Allard (1991), Lafarge et al. (1997), and Berryman (1980), since these are speci ed for
common porous materials or speci ¢ cases such as in the relation proposed by Berryman
(1980), limited to rigid spheres.

value/range 1 0 k3
0.05 - 0,95 0.7 0.7 0.7 0.7 0.7
(Nsm 2) 5000 100-2e6| 5000 5000 5000 500000
1 2 2 1-3.5 2 2 2
( m) 20 20 20 10-1000 10 20
O m) 50 50 50 | 15-1005| 20-1005 50
k8 (mz) 5010 1 [ 5010 ° | 5010 9 | 5010 9 | 5010 | 1.5 - 10010 1°

Table 7 Used parameters and the variation range of each speci c parameter.
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Figure 4.7 Sound absorption curves for varying parameters, namely (a) porosity, (b)
air ow resistivity, (c) high-frequency limit of the tortuosity, (d) viscous
characteristic length, (e) thermal characteristic length, (f) static thermal
permeability.

From Fig. 4.7 is seen that parameters related to thermal e ects, thermal characte-
ristic length °and static thermal permeability kJ will exert little in uence in the nal
absorption curves. Contrasting, porosity , and static air ow resistivity — exert great
in uence in all the studied frequency ranges. Tortuosity ; has an intermediate e ect
in the nal curve, mainly dislocating the absorption peaks to smaller frequencies as it
gets higher. It is also interesting to notice that apart from porosity, no parameter has a
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permanently proportional relation to sound absorption, that is, maximising or minimising
it will not mean the absorption coe cient will match this behaviour. For each parameter,
there are optimum values for di erent frequency ranges that maximise sound absorption.

In comparison, Ouisse et al. (2012) presents a full sensitivity analysis for the JCA
model for each parameter in relation to the sound absorption coe cient and the imaginary
and real parts of impedance. Though no study has been conducted on static thermal
permeability due to the choice of model, the author nds that for di erent frequency
ranges, the model has di erent sensitivities to each parameter. Nevertheless, the bounds
used in that study for the parameters are smaller than those presented in Fig. 4.7 (e.g.
0;7 0;99), and the author does nd that up to frequencies of 100 Hz, porosity exerts
the most in uence, while for higher frequencies air ow, resistivity is the most de ning
feature jointly with characteristic viscous length. This is a fundamental conclusion for
inverse characterization purposes. Other more recent studies such as those by Magliacano
et al. (2020) and (TRINH; GUILLEMINOT; PERROT, 2021) use more re ned techniques
such as Monte-Carlo to analyse sensitivity to parameters in speci ¢ models (models
re ecting a speci ¢ porous material geometry with varying characteristics such as pore
width) and also optimize certain material geometries.

4.3 Multilayer systems

In order to evaluate multilayer systems, a routine was implemented in MatLab with
the equations necessary to obtain the surface impedance of a multilayer system. To test
this code, a comparison is made with the rst example shown in section 11.7.1 of Allard e
Atalla (2009). It is the impedance of a sound absorber composed of a sheet of glass wool
bonded to a layer of plastic foam, taken from the experimental results from Rebillard et
al. (1992). Each layer height and the parameters necessary for the JCA model are given
for both materials. The implemented routine has JCA and JCAL models embedded, but
for this case, the JCA model was used since it is the model used at the original reference.

Figure 4.8a shows the impedance ratio plots of the original study compared to those
obtained with our implemented model, and Fig. 4.8b shows comparison of their respective
sound absorption coe cients. The surface impedances (real and imaginary parts) were
normalized to the atmosphere air impedance. Therefore, the values might vary slightly
since there was no available information on the atmospheric conditions at testing. Despite
this, both results seem to match, showing the appropriate behaviour of the implemented
routine.
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(@) (b)

Figure 4.8 (a) Impedance ratios shown in Allard e Atalla (2009) and those obtained
with the presented model, (b) their respective sound absorptions.

As mentioned, the performance of an absorber may be improved by the use
of di erent materials stacked/bonded. Indeed, studies show that a multilayer system
may have equal or improved sound absorption compared to its individual constituents
with the same thickness and even show routes to optimize this approach (TANNEAU,;
CASIMIR; LAMARY, 2006; YAMAMOTO et al., 2008; MAHASARANON et al., 2012).
This enhancement is, of course, resultant of changes in the surface impedance of the
sample. The porous ceramic samples produced in this work are acoustically characterised
mostly through impedance measurements. That freeze-casting fabrication may generate
inhomogeneous microstructures, and this modi ed behaviour in impedance could be present.
It could be detrimental to model calibration methods necessary to describe the material
acoustical properties.

Additional to the testing comparing results shown in Fig. 4.8, generated multilayer
systems were tted using single-layer models. This short experiment was motivated by the
sequence in which characterization procedures were conducted on produced samples. There
was a possibility of obtaining graded porosity systems from the freeze-casting process (as
discussed in Sec. 3.1.2.2) and the e ects this grading exert on sound absorption were likely
to be measured before the pore structure was evaluated using material characterization
methods such as SEM, given these methods were mostly destructive. Since the acoustic
characterization of nal samples was mostly reliant on single-layer model curve tting, it
was likely that eventually graded systems would be initially evaluated using single-layer
models. For this reason, numerical testing was conducted, tting multilayer systems with
single-layer models, with the intention of understanding possible e ects of such a practice.

Using some methods presented in Section 4.1, we wanted to investigate what e ects
would t a given multilayer material impedance with a single-layer model. For that, a
three-layer system was heuristically determined. It is a small dense layer at the bottom,
similar to that expected from unidirectional frozen freeze-cast samples, followed by a
high porosity central layer and a top layer with intermediate properties, approximately
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reproducing the microstructure found in studies such as Hong et al. (2011). The used
properties for each layer are shown in Table 8

Layer 1 | Layer 2 | Layer 3
0.6 0.8 0.2

Nsm 2 900000 | 300000 | 1100000
1 1.2 1.1 1.7
( m) 50 150 20
9 m) 90 200 30

kd (m?) 1510 19| 2010 9| 510 1°

Height (mm) 10 8 2

Table 8 Studied multilayer system properties.

The impedance curves were generated for this system, and the calibration methods
presented in Section 4.1.1 were tested. First, the unconstrained methods (Nelder-Mead
and Levenberg-Marquardt) were used. For various initial guesses, both methods resulted in
physically inconsistent parameters, such as porosities (much) higher than one and negative
characteristic lengths. Due to this apparent ineptitude of unconstrained methods when
applied to this case, the fmincon function from the Global Optimization Toolbox was
used with bounds to every parameter.

While this route did nd parameters within appropriate bounds (as expected)
shown in Table 9, the tted parameters were mostly minimised or maximised within the
allowed bounds, except for the air ow resistivity . Figure 4.9 shows the generated and
tted impedance curves . It can be seen that the found porosity for a single-layer material
is greater than all individual layers, while the resistivity is smaller than that of all layers.
It can be expected from parameter sensitivity as shown in Section 4.2

(a) (b)

Figure 4.9 Real (a) and imaginary (b) parts of the generated and tted impedance of
the de ned multilayer system.

Though the errors in parameter approximation are plentiful and its explanations
are various, an interesting remark that may be done with certainty from the references and
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| | (Nsm?) | 1 | (m)| °( m)|Kk](m?
Fit | 0.99| 218860 | 1 | 400 | 400 |1 10 1

Table 9 Parameters found through the tting of the multilayer impedance curves.

numerical results presented is that the use of inverse methods applied to multilayer will
likely result in a mix of over and underestimation of di erent parameters. This is simply
because the bonding of layers will cause impedance variations (increase and decrease) of
both parts of impedance in di erent frequency bands, as well explained at Allard e Atalla
(2009), and tting algorithms will end up varying the parameters with a greater in uence

of impedance in these bands often minimising parameters or maximising it within bounds
since the values obtained from multilayer systems can be greater than that attainable
from single materials.
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5 Experimental investigation

5.1 Acoustic measurements

The produced sample's surface impedance and sound absorption coe cient were
measured using the SW466 impedance tube from BSWA (shown in Fig. 5.1). The experi-
mental setup comprises two diameter tubes (=30 mm and =60 mm), a loudspeaker,
an ampli er, an acquisition board, four microphones, and the VA-Lab4 software to acquire
the data. The impedance measurements were performed following ISO 10534-2 standard
(INTERNATIONAL ORGANIZATION FOR STANDARDIZATION, 1998).

Figure 5.1 Used impedance tube for acoustics measurements, where (1) is are the mi-
crophones, (2) is the sample holder, (3) is the acquisition board, (4) is the
ampli er, and (5) is the sound source.

The microphones were calibrated using a CA115 114 dB sound level calibrator
before each measurement, and background noise was measured. A thorough description of
the methodology used and its steps can be found in Mendes (2020). All measurements
were performed with no gap behind the sample, i.e. with a rigid backing condition.

5.2 Sample production

Two main ceramic samples were produced, one using camphene as a solvent and
the other using DMSO. The use of two di erent solvents investigates the di erent obtained
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pore morphologies and the consequent changes in sound absorption behavior. This choice
of solvents, nevertheless, impacts directly on the cost of the process. Compared to deionized
water (another viable solvent for freeze-casting), the same mass of DMSO is 4-5 times more
expensive, while camphene may be up to 10 times the price of water. Still in the matter of
cost and scalability of the process, the freezing and freeze-drying process of large batches
and pieces of freeze-cast ceramics can turn its fabrication route very costly when compared
to other process of production of porous ceramics. Therefore, large scale production of
freeze-cast ceramics can be challenging and is likely not an immediate choice for the
production of porous ceramics for acoustic purposes, though unique pore morphologies
obtained from freeze-casting may prove to be worth the higher cost of production, besides
the continuos research dedicated to this method that may eventually decrease its cost.

Going back to the production method used, additional to the change in the used
solvent, the DMSO-based samples were prepared with a di erent array of parameters
(varying temperature and solid loading) from that used for camphene-based samples
(varying ceramic ratio). Table 10 shows the tested parameter variations of each group.

DMSO Camphene
Freezing Temperature 130C, 150C, 170C 180C
Ceramics Al,03; wt%/MgO wt%) 72/28 60/40; 72/28; 90/10
Solid loading (solid vol%/liquid vol%) 80/20 ; 70/30 80/20

Table 10 Evaluated parameter variation according to sample type.

The initial analysis proposed for the camphene samples was a study to understand
the possible in uence of ceramic phase composition on sound absorption performance.
Therefore, every parameter was kept constant except by starting powder proportion. The
three chosen concentrations (60/40, 72/28, 90/10, in weight) were chosen with the aim
of obtaining three di erent nal phase compositions. As it may be veri ed in Fig. 3.6,
these three chosen compositions are in three di erent regions of the phase diagram and,
considering a sintering temperature above 100@, are expected to yield: a magnesium
oxide spinel-rich composition, a nearly pure spinel composition, and an aluminum oxide
spinel-rich composition.

For the DMSO-based samples, the investigation was focused on the freeze-casting
parameter variation, in search of changes in parameters whose relation to acoustic perfor-
mance is well established. In this case, the starting powder proportion was kept, while
varying process parameters.

One of the main challenges of the ceramics production process was the sample's
size and volume because, in most studies presented in the literature, the unidirectional
samples freezing produces were relatively small diameter and commonly a small height,
e.g. =8 mmh =16 mm in Fu et al. (2008), and simple pore structure analysis in
(DEVILLE; SAIZ; TOMSIA, 2007; FU et al., 2008; GHOSH et al., 2016; LEE et al., 2007;
FUKUSHIMA et al., 2010). One of the issues with producing larger and thicker samples is

53



mentioned in Sec. 3.1.1.2. The green body produced after freeze-drying has little structural
strength, and even with additives, large samples are subject to greater tension on the
formed microstructure. Thus producing a sample from start to end without breakage was
one of the main questions in the sample production phase, and the samples necessary for
acoustic evaluation need to have at least = 30 mm to t the sample holder, as shown in
Sec. 5.1.

Though we managed to produce = 30 mm samples, the =60 mm samples
necessary to evaluate the low-frequency behavior of the material using the available acoustic
equipment were unfeasible in practice. The relatively large disks were fragile and placing
such large green bodies on supports for sintering could lead them to fractures due to
imperfections in the supports. Additionally, it is an economically complicated procedure,
both in matters of spent raw materials (solvent and ceramic powders, mainly) and time.
The freeze-drying time necessary for each camphene= 30 mm sample was approximately
one week. A sample with double the diameter could take even longer, besides the lessened
guantity of samples that can t inside the sintering oven, requiring more ring rounds.
Therefore, all the studied samples were = 30 mm, reducing the frequency range available
for characterisation to 1000 Hz-6300 Hz.

5.2.1 Camphene-based samples

The rst samples produced were those using camphene as a solvent. For the
monoliths production, the used powders were CT3000SGAI,O3 (99.8 wt %/ Almatis
Brazil) and MgO (99 % trace metals basis, -325 mesh, Sigma Aldrich). The dispersant
was Texaphor 963 (Cognis, Southampton Hampshire, UK, now called EFKA FA 4663)
and the solvent was camphene ( 95 wt% /Sigma Aldrich). After weighing the necessary
amounts of each system component, a solution containing camphene and Texaphor was
prepared at60 Celsius. After verifying the full dissolution of the dispersant in the solvent,
alumina was added under vigorous stirring. Once the alumina powder was su ciently
dispersed, maintaining the stirring, MgO was added. The solution was kept under stirring
for 15 min. after including both solid components to promote adequate dispersion in the
solvent. The slurry preparation was performed using a closed vessel to avoid signi cant
loss of solvent since camphene is very volatile, and when heated it will evaporate, losing
liquid mass at high rates. An interesting detail is that di erent dispersant concentrations
were necessary depending on the starting powder proportion to maintain the slurries with
low viscosities. To keep the systems similar, a nal Texaphor 963 concentration of 6 wt%
(related to the total solid mass) was evaluated experimentally.
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