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Abstract
The freeze-casting fabrication technique allows for the achievement of a controlled pore structure for different
classes of materials, using different types of solvents, through the criogenic cooling of the slurry. Aiming at
the investigation of the influence of phase composition on sound propagation properties, ceramic Al2O3/MgO
monoliths were fabricated with different starting powders compositions, while maintaining the solid/solvent
proportions and cooling parameters, so that, after sintering, the samples pore morphologies remain similar
although with different phase compositions. Based on preliminarily measured properties and the expected phase
compositions and its resulting properties, the Johnson-Champoux-Allard-Lafarge (JCAL) and the Biot-JCAL
models were implemented for the different sets of properties of the samples and the resulting sound absorptions
are compared. The observed influence of the different properties of the samples is minimal.
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1. INTRODUCTION

Wave propagation in saturated porous medium is
subject of great interest of different areas of re-
search, given the diverse applications of porous
materials, such as noise absorption and control,
and the their natural occurrence in economically
important contexts, such as in geological investi-
gation and oil and gas extraction. Understanding
the mechanisms of wave propagation of these
media is difficult, though, given its inherent ge-
ometrical and mechanical complexity and the
multiplicity of existing porous materials configu-
rations. Although there has been a great develop-
ment in the understanding and modeling of these
materials so far, sometimes even the application
of well established theories is not simple and its
results are not intuitive.

Ever since the release of the fundamental work
by Biot with theory on the propagation of waves
in fluid saturated poroelastic materials [1] [2] [3],
numerous models have been proposed for spe-
cific classes of materials, obtaining its acoustic
properties (e.g. surface impedance, wave num-
ber) from material characteristics (porosity, tor-
tuosity, young modulus). These models are de-
rived based on assumptions of the bulk behavior
of these materials, mainly rigid body [4], limp
body [5] and poroelastic. Thus, it is interesting
to select an appropriate model to study different
class of materials, given the different behaviors
that may or may not be observed based on the
selection.

One class of material which has received atten-
tion in recent research is porous ceramics. The
combination of many of the ceramic materials
qualities with the benefits controlled porosity
may bring yields great results in different ap-
plications [6]. Among these applications, in
various recent studies the sound absorption of
the samples has been evaluated for porous ce-
ramics fabricated following different routes and
using several ceramic materials. These routes
and materials result in different pore morpholo-
gies and porosities, consequently resulting in dif-
ferent sound absorption capabilities. Du et al.
[7] used direct foaming method to obtain highly
porous (more than 80 %) silica ceramic foams
reaching upwards of 0.8 absorption coefficient

for given raw material compositions, with me-
chanical strength and sound absorption charac-
teristics being dependent on such composition.
Yan et al. [8] produced ZrC ceramics via evap-
orating solvent and hot-pressing, developing a
method that allowed porosity and pore size con-
trol, both characteristics that were then corre-
lated to the sound absorption characteristics. He
et al. [9] studied porous ceramic previously pro-
duced via twice foaming coated with a graphene
oxide/styrene- butadiene rubber composite. They
obtained an increase in the low frequency (200
Hz-800 Hz) sound absorption in relation to the
uncoated samples, an improvement, according
to the authors, probably related to the increased
tortuosity, viscoelastic damping and inter-layer
dissipation brought by composite coating. Du et
al, [10] prepared porous silica samples via freeze-
casting method, using TBA as solvent, control-
ling freezing temperature and solid content to
obtain different porosities and pore sizes. The
acoustic characterization found that the smaller
pore size resulted in overall better absorption, the
same for higher porosity.

In similar fashion, we are producing Al2O3
(alumina)/MgO (Magnesium oxide, magnesia)
porous samples (monoliths) using the freeze-
casting method with camphene as solvent. The
freeze-casting method allows for the controlled
creation of open connected porous structures for
various different class materials, with different
types of solvents, through the cryogenic freezing
of the suspension [11] [12]. Solid concentration
and speed of the moving freeze front are exam-
ples of preponderant process parameters for the
connectivity and geometry of the generated pores
[13] [14]. Such porous structures have numer-
ous possible applications, one of which being the
acoustic absorption [10] . Camphene has been
widely used for freeze-casting fabrication given
that it can be frozen and sublimed at room tem-
perature [15] [16], avoiding the need for complex
freezing process.

In order to better understand the sound absorp-
tion, the sample’s structures are being charac-
terized with methods such as archimedes princi-
ple and gas adsorption (Brunauer-Emmett-Teller,
BET). These methods allow for direct analy-
sis and estimation of the porosity and other im-



FIA 2020/22 | XXIX Sobrac Parametric investigation of porous ceramics acoustic properties 3

portant acoustic absorption model parameters
such as thermal characteristic length [17]. Based
on preliminary material characterization results
obtained from the freeze-cast samples with the
above mentioned methods, numerical imple-
mentations of the Johnson-Champoux-Allard-
Lafarge (JCAL) and Biot model were imple-
mented to check the expected sound absorption
properties of the samples and to study the effect
of the parameters that cannot be directly obtained
with experimental setups available to the authors.

2. FREEZE-CASTING

The freeze-casting process consists on the prepa-
ration of a slurry containing the solid compo-
nents of the sample dispersed in a solvent. Such
slurry is then frozen by an externally applied
temperature gradient. The nucleation of solid
crystals generates a freezing front that pushes the
solid content, creating a structure consisting of
connected solid solvent crystals with agglomer-
ated solid content in between such crystals. Then,
the solvent is sublimated and the remaining struc-
ture, consisting of a replica of the solidified sol-
vent, is subsequently sintered [11].

For the monoliths production, the used starting
powders were CT3000SG α-Al2O3 (99.8 wt %/
Almatis Brazil) and Magnesium Oxide ( ≥ 99 %
trace metals basis, -325 mesh, Sigma Aldrich).
The used dispersant was Texaphor 963 (Cog-
nis, Southampton Hampshire, UK) and the sol-
vent was camphene ( 95 wt% /Sigma Aldrich).
Initially, a solution containing camphene and
Texaphor was prepared at 60◦ C inside a closed
vessel to keep the camphene loss due to evapora-
tion to a minimum. After verifying full dissolu-
tion of the dispersant in the solvent, alumina was
added under vigorous stirring. Once the alumina
powder was sufficiently dispersed, maintaining
the stirring, magnesia was added. To promote
adequate dispersion of both solid components in
the solvent, the solution was kept under stirring
for an additional 15 minutes after the inclusion
of both solid components.

After mixing, the suspension was poured inside
a pre-heated PTFE mold on the top of a refriger-
ated copper plate. The plate is U shaped and was
partially immersed on liquid nitrogen to maintain

its temperature. This unidirectional cooling has
been shown to propitiate a unidirectional solidifi-
cation, promoting an alignment of pore channels
parallel to freezing front [18]. Following com-
plete solidification, the slurry was demolded and
left resting for seven days in open air for the
complete camphene sublimation. After the sub-
limation, the green bodies were then sintered at
1300◦C for 2 hours, with a heating rate of 5◦C.

3. POROUS MATERIAL SOUND PROPA-
GATION MODELS

For comparison of the effects on the ceramic sam-
ples, the normal incidence sound absorption of
the samples against an impervious backing will
be obtained. Originally proposed to describe the
complex equivalent fluid density of a rigid (mo-
tionless), isotropic porous material, the model
proposed by Johnson et al. [4] was then comple-
mented with the model by Champoux and Allard
[19] that further elaborated the equivalent bulk
modulus dependence on frequency for the same
materials. Finally, Lafarge et al. [20] suggested
changes to bulk modulus equation in order to cor-
rect lacking description of low-frequency ther-
mal phenomena in the previous models, leading
to the JCAL model. A complete description of
the model may be found in [21].

The equations for the equivalent density and bulk
modulus, both functions of sound frequency ω ,
are given as:
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In equations 1 and 2, P0 is the atmosferic pres-
sure, ρ f is the saturating fluid density, γ is its
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specific heat ratio, ν f its kinematic viscosity and
ν ′

f is defined as ν f /Pr, where Pr is the Prandtl
number. In addition to the saturating fluid prop-
erties, the JCAL model is based on 6 geometrical
parameters of the porous medium, specific to the
pore morphology. These are the open porosity
φ , the tortuosity α∞, static viscous permeability
k0, static thermal permeability k′0 and the vis-
cous and thermal characteristic lengths Λ and Λ′,
respectively.

From the equivalent fluid properties, its charac-
teristic impedance Zc and the its complex wave
number k are obtained:

Zc =
√

(Keqρeq) , (3)

k =
√

ω(ρeq/Keq) . (4)

Finally, from equations 3 and 4 it is possi-
ble to determine the normal incidence surface
impedance of a sample with thickness d:

Z =−i
Zc

φ
cotg(kd). (5)

The Biot model and its different formulations
considers a two phase system of wave propaga-
tion, i.e. the wave propagates in the solid and
fluid phases of a saturated porous material. Two
types of waves propagate in poroelastic materi-
als according to the model: two compressional
(called fast and slow waves [21]) and one shear
wave. In the solid medium, the compressional
and the shear waves can propagate, while only
the compressional waves propagate in the fluid
medium.

For the normal incidence case, there is no shear
wave propagating, given there is no oblique ex-
citation of the frame. In this case, the sample
surface impedance may be obtained from the
characteristic impedance for the compressional
waves in both media, given in Equations 6 and
7, where i = 1,2 and indicates the slow and fast
wave related impedances and f and s indicate the
medium (fluid and solid):

Z f
i = (R+Q/µi)

δi

φω
; (6)

Zs = (P+Qµi)
δi

ω
, (7)

where P,Q and R are elasticity coefficients nec-
essary to the stress-strain relations proposed by
Biot [1] [21], µi is the ratio of the fluid’s veloc-
ity over the frame’s velocity and δi are the wave
numbers. Given the specific impedances of each
propagation medium, the surface impedance of
a sample with thickness d may be calculated by
Equation 8 [21]:

Z =−i
(Zs

1Z f
2 µ2 −Zs

2Z f
1 µ1)

D
, (8)

where D is shown in Equation 9:

D= (1−φ +φ µ2[Zs
1−(1−φ)Z f

1 µ1]tg(δ2d)+

+(1−φ +φ1)[Z
f
2 µ2(1−φ)−Zs

2]tg(δ1d). (9)

In possession of the surface impedances given
by both models, it is now possible to determine
the acoustic absorption of the samples. The re-
flection coefficient r of the sample is determined
and the sample acoustic absorption α can be ac-
quired:

r(ω) =
Z(ω)−Z f

Z(ω)+Z f
, (10)

α = 1−|r|2. (11)

With the models set, it is possible to implement
their solutions computationally. The numerical
implementation of the JCAL model was done
with the direct coding of the model equations. A
routine based on the one made available in [22],
which is itself based in [23], was implemented
for the Biot model.
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4. RESULTS AND DISCUSSION

Archimedes principle was used to obtain the total,
open and closed porosities of the sample. Shortly,
the archimedes principle method consists on the
measurement of the dry, water imersed and wa-
ter saturated sample masses. With these three
values, the densities of water and of the solid
content, it is possible to obtain the open, total
and closed pore volume as well as the saturat-
ing water volume and the sample approximate
density.

Three samples were produced for testing of the
sound absorption, each with a different concen-
tration of the magnesia and alumina starting pow-
ders. This choice was done in order to evalu-
ate the possible influence of phase composition
on the sample’s acoustic properties and given
that the alumina/magnesia phase diagram is well
known [24]. The sintering temperature choice
was also done with the purpose of promoting the
growth of the spinel phase (MgAl2O4, magne-
sium aluminate) and have a final phase compo-
sition proportional to the starting powders, thus
mechanical properties equivalent to that of the
predominant phase (Al2O3,MgO or MgAl2O4).

Additionally, for the description of the sample’s
elasticity coefficients, two main considerations
are made:

• the N coefficient (used to calculate the P
parameter) will be considered to be equal
to the shear modulus of the ceramic porous
material, with a complex loss factor of η =
0,01;

• the Young (E) and shear modulus (G) are
calculated based on the predominant phase
mechanical properties and the equations
proposed for open cell foams in [25], pre-
sented in Equations 12 and 13:

E∗ ≈ Es

(
ρ∗

ρs

2
)
, (12)

G∗ ≈ Es
3
8

(
ρ∗

ρs

)2

, (13)

where ρ∗ is the foam density, Es and ρs are the
solid material Young modulus and density, re-
spectively and E∗ and G∗ indicate the equivalent
foam elastic and shear modulus, respectively. Be-
sides these shown properties, [25] points out that
the Poisson Ratio of porous materials is difficult
to obtain and the average value of the obtained
ratios studied foams is ν ≈ 1/3.

The found porosities and densities of the sam-
ples are shown in Table 1, jointly with the found
approximate mechanical properties.

In addition to the properties shown in Table 1,
the JCAL parameters shown in Table 2 were
used to obtain the sound absorption of the mod-
eled samples using Biot-JCAL model and JCAL
(rigid body) model. The sound absorption of the
samples obtained using the Biot-JCAL model
are shown in Figure 1.

To evaluate the influence of the elastic skeleton
condition for the porous ceramic model, the Biot-
JCAL and rigid body JCAL obtained sound ab-
sorptions are compared in Figure 2.

Figure 1: Sound absorption of samples using
Biot-JCAL.

It can be seen from Figure 2, even though there
is a difference in the calculation route for the
impedance and thus sound absorption of all sam-
ples when using both models, the obtained re-
sults are very similar (virtually the same). Al-
though the Biot-JCAL considers an elastic frame,
the elasticity (Young) modulus is very high,
given the mechanical properties of the base ce-
ramic powders used for the manufacturing of
the samples. Both alumina and Magnesia and
the resulting spinel phase resulting from sinter-
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Figure 2: Sound absorption of samples using
Biot-JCAL and JCAL.

ing of these materials have very high elasticity
modulus, and even with the consideration of a
“lowered" modulus due to porous structure and
frame energy dissipation (dissipation not related
solely to the propagation of waves within the
pores), these effects are not sufficient to make
a large diference in the sound absorption of the
materials. It is possible, then, to say that, for
this class of materials, the rigid body model is an
adequate research framework for the evaluation
of its acoustic properties.

5. CONCLUSION

A comparison between the use of the Biot-JCAL
and JCAL model for modelling of the acoustic
properties of porous ceramics built via freeze-
casting method was performed. This comparison

had the objective of verifying one of the possible
influences of the ceramic chemical composition
on the acoustic properties of the samples, i.e. if
the elasticity of the ceramic material frame was
“sufficient" to exert a sensible effect on the sound
absorption, and if so, if so, to what extent did the
different elasticity of a sample affect these prop-
erties. The comparison of the rigid and elastic
frame models for the same parameters, though,
shows that the effects for rigidities in the range
of the analised ceramics is overly high for the
presence of elasticity effects to be noticeable.

For future research, the influence of ceramic base
powders and final phase composition will be eval-
uated within the framework of rigid frame mod-
els, then analyzing the effects of the ontained ge-
ometric parameters, such as tortuosity and char-
acteristic lengths.

REFERENCES

[1] M. A. Biot. Theory of propagation of elastic waves
in a fluid-saturated porous solid. i. low-frequency
range. The Journal of the Acoustical Society of Amer-
ica, 28(2):168–178, 1956. doi:10.1121/1.1908239.
URL https://doi.org/10.1121/1.1908239.

[2] M. A. Biot. Theory of propagation of elastic waves
in a fluid-saturated porous solid. ii. higher frequency
range. The Journal of the Acoustical Society of Amer-
ica, 28(2):179–191, 1956. doi:10.1121/1.1908241.
URL https://doi.org/10.1121/1.1908241.

[3] M. A. Biot. Mechanics of deformation and
acoustic propagation in porous media. Jour-
nal of Applied Physics, 33(4):1482–1498, 1962.
doi:10.1063/1.1728759. URL https://doi.org/10

Table 1: Obtained porosities and assumed mechanical properties

Samples / Solid
conc. φ Es GPa ρs

Kg/m3
ρ∗

Kg/m3 E∗ GPa G∗ GPa

60 wt% Al2O3/40
wt% MgO 64,9 % 320 [26] 3580 2824,4 171,1 64,2

72 wt% Al2O3/28
wt% 76,9 % 273 [27] 3580 [27] 2158,9 99,3 37,2

90 wt% Al2O3/
10 wt% MgO 70,7 % 275 [28] 3600 [28] 2734,1 151,8 56,9

Table 2: Obtained porosities and assumed mechanical properties

h (mm) σ

(Nsm−4)
α∞ λ (µm) λ ′(µm) k0 (m2)

20 120000 2 30 80 23e-10

http://dx.doi.org/10.1121/1.1908239
https://doi.org/10.1121/1.1908239
http://dx.doi.org/10.1121/1.1908241
https://doi.org/10.1121/1.1908241
http://dx.doi.org/10.1063/1.1728759
https://doi.org/10.1063/1.1728759
https://doi.org/10.1063/1.1728759
https://doi.org/10.1063/1.1728759
https://doi.org/10.1063/1.1728759


FIA 2020/22 | XXIX Sobrac Parametric investigation of porous ceramics acoustic properties 7

.1063/1.1728759.

[4] David Linton Johnson, Joel Koplik, and Roger
Dashen. Theory of dynamic permeability
and tortuosity in fluid-saturated porous media.
Journal of Fluid Mechanics, 176:379–402, 1987.
doi:10.1017/S0022112087000727.

[5] Raymond Panneton. Comments on the limp frame
equivalent fluid model for porous media. The Journal
of the Acoustical Society of America, 122(6):EL217–
EL222, 2007. doi:10.1121/1.2800895. URL https:
//doi.org/10.1121/1.2800895.

[6] Yu Chen, Nannan Wang, Oluwafunmilola Ola,
Yongde Xia, and Yanqiu Zhu. Porous ceramics:
Light in weight but heavy in energy and environment
technologies. Materials Science and Engineering:
R: Reports, 143:100589, 2021. ISSN 0927-796X.
doi:https://doi.org/10.1016/j.mser.2020.100589.
URL https://www.sciencedirect.com/science/articl
e/pii/S0927796X20300474.

[7] Zhongpei Du, Dongxu Yao, Yongfeng Xia, Kaihui
Zuo, Jinwei Yin, Hanqin Liang, and Yu-Ping Zeng.
Highly porous silica foams prepared via direct
foaming with mixed surfactants and their sound
absorption characteristics. Ceramics International,
46(9):12942–12947, 2020. ISSN 0272-8842.
doi:https://doi.org/10.1016/j.ceramint.2020.02.063.
URL https://www.sciencedirect.com/science/articl
e/pii/S0272884220303850.

[8] Ningning Yan, Qiangang Fu, Yuyu Zhang, Kun
Li, Wei Xie, Jiaping Zhang, Lei Zhuang, and
Xiaohong Shi. Preparation of pore-controllable
zirconium carbide ceramics with tunable mechanical
strength, thermal conductivity and sound absorp-
tion coefficient. Ceramics International, 46(11,
Part B):19609–19616, 2020. ISSN 0272-8842.
doi:https://doi.org/10.1016/j.ceramint.2020.05.023.
URL https://www.sciencedirect.com/science/articl
e/pii/S0272884220313080.

[9] Chao He, Bin Du, Juan Ma, Hao Xiong, Junjie
Qian, Mei Cai, and Anze Shui. Enhanced sound
absorption properties of ceramics with graphene ox-
ide composites. ACS Omega, 6(50):34242–34249,
2021. doi:10.1021/acsomega.1c03362. URL
https://doi.org/10.1021/acsomega.1c03362.

[10] Zhongpei Du, Dongxu Yao, Yongfeng Xia, Kai-
hui Zuo, Jinwei Yin, Hanqin Liang, and Yu-Ping
Zeng. The sound absorption performance of
the highly porous silica ceramics prepared using
freeze casting method. Journal of the Ameri-
can Ceramic Society, 103(10):5990–5998, 2020.
doi:https://doi.org/10.1111/jace.17300. URL https:
//ceramics.onlinelibrary.wiley.com/doi/abs/10.1111
/jace.17300.

[11] S. Deville. Freeze-casting of porous ceramics: A
review of current achievements and issues. Ad-
vanced Engineering Materials, 10(3):155–169, 2008.
doi:https://doi.org/10.1002/adem.200700270. URL

https://onlinelibrary.wiley.com/doi/abs/10.1002/ad
em.200700270.

[12] Kristen L. Scotti and David C. Dunand. Freeze
casting – a review of processing, microstruc-
ture and properties via the open data repository,
freezecasting.net. Progress in Materials Sci-
ence, 94:243–305, 2018. ISSN 0079-6425.
doi:https://doi.org/10.1016/j.pmatsci.2018.01.001.
URL https://www.sciencedirect.com/science/articl
e/pii/S007964251830001X.

[13] Noah O. Shanti, Kiyoshi Araki, and John W.
Halloran. Particle redistribution during den-
dritic solidification of particle suspensions. Jour-
nal of the American Ceramic Society, 89(8):2444–
2447, 2006. doi:https://doi.org/10.1111/j.1551-
2916.2006.01094.x. URL https://ceramics.onl
inelibrary.wiley.com/doi/abs/10.1111/j.1551-
2916.2006.01094.x.

[14] Christopher M. Pekor, Predrag Kisa, and Ian Net-
tleship. Effect of polyethylene glycol on the
microstructure of freeze-cast alumina. Journal
of the American Ceramic Society, 91(10):3185–
3190, 2008. doi:https://doi.org/10.1111/j.1551-
2916.2008.02616.x. URL https://ceramics.onl
inelibrary.wiley.com/doi/abs/10.1111/j.1551-
2916.2008.02616.x.

[15] Zipeng Xing, Wei Zhou, Fan Du, Linlin Zhang,
Zhenzi Li, Hang Zhang, and Wei Li. Facile syn-
thesis of hierarchical porous tio2 ceramics with en-
hanced photocatalytic performance for micropol-
luted pesticide degradation. ACS Applied Mate-
rials & Interfaces, 6(19):16653–16660, Oct 2014.
ISSN 1944-8244. doi:10.1021/am5034236. URL
https://doi.org/10.1021/am5034236.

[16] H. X. Zhang, C. Z. Zhao, and C. Q.
Hong. Aligned and porous alumina ceram-
ics prepared by camphene-based freeze-casting
route: microstructure and properties. Materi-
als Research Innovations, 19(sup4):S34–S38, 2015.
doi:10.1179/1432891715Z.0000000001512. URL
https://doi.org/10.1179/1432891715Z.0000000001
512.

[17] Michel Henry, Pavel Lemarinier, Jean F. Allard,
Jean L. Bonardet, and Antoine Gedeon. Evaluation
of the characteristic dimensions for porous sound-
absorbing materials. Journal of Applied Physics,
77(1):17–20, 1995. doi:10.1063/1.359366. URL
https://doi.org/10.1063/1.359366.

[18] Kiyoshi Araki and John W. Halloran. Porous
ceramic bodies with interconnected pore channels
by a novel freeze casting technique. Jour-
nal of the American Ceramic Society, 88(5):1108–
1114, 2005. doi:https://doi.org/10.1111/j.1551-
2916.2005.00176.x. URL https://ceramics.onl
inelibrary.wiley.com/doi/abs/10.1111/j.1551-
2916.2005.00176.x.

[19] Yvan Champoux and Jean-F. Allard. Dynamic
tortuosity and bulk modulus in air-saturated porous

https://doi.org/10.1063/1.1728759
http://dx.doi.org/10.1017/S0022112087000727
http://dx.doi.org/10.1121/1.2800895
https://doi.org/10.1121/1.2800895
https://doi.org/10.1121/1.2800895
http://dx.doi.org/https://doi.org/10.1016/j.mser.2020.100589
https://www.sciencedirect.com/science/article/pii/S0927796X20300474
https://www.sciencedirect.com/science/article/pii/S0927796X20300474
http://dx.doi.org/https://doi.org/10.1016/j.ceramint.2020.02.063
https://www.sciencedirect.com/science/article/pii/S0272884220303850
https://www.sciencedirect.com/science/article/pii/S0272884220303850
http://dx.doi.org/https://doi.org/10.1016/j.ceramint.2020.05.023
https://www.sciencedirect.com/science/article/pii/S0272884220313080
https://www.sciencedirect.com/science/article/pii/S0272884220313080
http://dx.doi.org/10.1021/acsomega.1c03362
https://doi.org/10.1021/acsomega.1c03362
http://dx.doi.org/https://doi.org/10.1111/jace.17300
https://ceramics.onlinelibrary.wiley.com/doi/abs/10.1111/jace.17300
https://ceramics.onlinelibrary.wiley.com/doi/abs/10.1111/jace.17300
https://ceramics.onlinelibrary.wiley.com/doi/abs/10.1111/jace.17300
http://dx.doi.org/https://doi.org/10.1002/adem.200700270
https://onlinelibrary.wiley.com/doi/abs/10.1002/adem.200700270
https://onlinelibrary.wiley.com/doi/abs/10.1002/adem.200700270
http://dx.doi.org/https://doi.org/10.1016/j.pmatsci.2018.01.001
https://www.sciencedirect.com/science/article/pii/S007964251830001X
https://www.sciencedirect.com/science/article/pii/S007964251830001X
http://dx.doi.org/https://doi.org/10.1111/j.1551-2916.2006.01094.x
http://dx.doi.org/https://doi.org/10.1111/j.1551-2916.2006.01094.x
https://ceramics.onlinelibrary.wiley.com/doi/abs/10.1111/j.1551-2916.2006.01094.x
https://ceramics.onlinelibrary.wiley.com/doi/abs/10.1111/j.1551-2916.2006.01094.x
https://ceramics.onlinelibrary.wiley.com/doi/abs/10.1111/j.1551-2916.2006.01094.x
http://dx.doi.org/https://doi.org/10.1111/j.1551-2916.2008.02616.x
http://dx.doi.org/https://doi.org/10.1111/j.1551-2916.2008.02616.x
https://ceramics.onlinelibrary.wiley.com/doi/abs/10.1111/j.1551-2916.2008.02616.x
https://ceramics.onlinelibrary.wiley.com/doi/abs/10.1111/j.1551-2916.2008.02616.x
https://ceramics.onlinelibrary.wiley.com/doi/abs/10.1111/j.1551-2916.2008.02616.x
http://dx.doi.org/10.1021/am5034236
https://doi.org/10.1021/am5034236
http://dx.doi.org/10.1179/1432891715Z.0000000001512
https://doi.org/10.1179/1432891715Z.0000000001512
https://doi.org/10.1179/1432891715Z.0000000001512
http://dx.doi.org/10.1063/1.359366
https://doi.org/10.1063/1.359366
http://dx.doi.org/https://doi.org/10.1111/j.1551-2916.2005.00176.x
http://dx.doi.org/https://doi.org/10.1111/j.1551-2916.2005.00176.x
https://ceramics.onlinelibrary.wiley.com/doi/abs/10.1111/j.1551-2916.2005.00176.x
https://ceramics.onlinelibrary.wiley.com/doi/abs/10.1111/j.1551-2916.2005.00176.x
https://ceramics.onlinelibrary.wiley.com/doi/abs/10.1111/j.1551-2916.2005.00176.x


8 Parametric investigation of porous ceramics acoustic properties FIA 2020/22 | XXIX Sobrac

media. Journal of Applied Physics, 70(4):1975–
1979, 1991. doi:10.1063/1.349482. URL https:
//doi.org/10.1063/1.349482.

[20] Denis Lafarge, Pavel Lemarinier, Jean F. Allard,
and Viggo Tarnow. Dynamic compressibility of air
in porous structures at audible frequencies. The
Journal of the Acoustical Society of America, 102
(4):1995–2006, 1997. doi:10.1121/1.419690. URL
https://doi.org/10.1121/1.419690.

[21] Jean F. Allard and Noureddine Atalla. Propagation
of Sound in Porous Media: Modelling Sound Absorb-
ing Materials. John Wiley & Sons, Ltd, 2009.

[22] Luc Jaouen. Biot’s theory of poroelasticity. URL
https://apmr.matelys.com/PropagationModels/Bio
tTheory/index.html.

[23] O. Dazel, J.-P. Groby, B. Brouard, and C. Potel.
A stable method to model the acoustic response of
multilayered structures. Journal of Applied Physics,
113(8):083506, 2013. doi:10.1063/1.4790629. URL
https://doi.org/10.1063/1.4790629.

[24] Anthony R. West. Solid state chemistry and its
applications. Wiley, 2nd edition, 2022.

[25] Lorna J. Gibson and Michael F. Ashby. Cellular
Solids: Structure and Properties. Cambridge Solid
State Science Series. Cambridge University Press, 2
edition, 1997. doi:10.1017/CBO9781139878326.

[26] T. VASILOS, J. B. MITCHELL, and R. M.
SPRIGGS. Mechanical properties of pure,
dense magnesium oxide as a function of
temperature and grain size. Journal of the
American Ceramic Society, 47(12):606–610,
1964. doi:https://doi.org/10.1111/j.1151-
2916.1964.tb13115.x. URL https://ceramics
.onlinelibrary.wiley.com/doi/abs/10.1111/j.1151-
2916.1964.tb13115.x.

[27] I. Ganesh. A review on magnesium aluminate
(mgal2o4) spinel: synthesis, processing and appli-
cations. International Materials Reviews, 58(2):63–
112, 2013. doi:10.1179/1743280412Y.0000000001.
URL https://doi.org/10.1179/1743280412Y.000000
0001.

[28] William D. Callister and Rethwisch David G. Mate-
rials science and engineering: An introduction. John
Wiley & amp; Sons, 9 edition, 2012.

http://dx.doi.org/10.1063/1.349482
https://doi.org/10.1063/1.349482
https://doi.org/10.1063/1.349482
http://dx.doi.org/10.1121/1.419690
https://doi.org/10.1121/1.419690
https://apmr.matelys.com/PropagationModels/BiotTheory/index.html
https://apmr.matelys.com/PropagationModels/BiotTheory/index.html
http://dx.doi.org/10.1063/1.4790629
https://doi.org/10.1063/1.4790629
http://dx.doi.org/10.1017/CBO9781139878326
http://dx.doi.org/https://doi.org/10.1111/j.1151-2916.1964.tb13115.x
http://dx.doi.org/https://doi.org/10.1111/j.1151-2916.1964.tb13115.x
https://ceramics.onlinelibrary.wiley.com/doi/abs/10.1111/j.1151-2916.1964.tb13115.x
https://ceramics.onlinelibrary.wiley.com/doi/abs/10.1111/j.1151-2916.1964.tb13115.x
https://ceramics.onlinelibrary.wiley.com/doi/abs/10.1111/j.1151-2916.1964.tb13115.x
http://dx.doi.org/10.1179/1743280412Y.0000000001
https://doi.org/10.1179/1743280412Y.0000000001
https://doi.org/10.1179/1743280412Y.0000000001

	Introduction
	Freeze-Casting
	Porous material sound propagation models
	Results and discussion
	Conclusion

