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ABSTRACT

This work aims at studying acoustic properties of a novel
bio-based porous epoxy resin obtained by an adapted
combination of cationic photopolymerization and porogen
leaching technique. A multiscale framework was applied
to characterize numerically the sound absorption perfor-
mances of a plate-like panel made of this kind of mate-
rial. Within this framework, the asymptotic homogeniza-
tion method was first used to estimate the effective proper-
ties of the elaborated material, which has fillet-edge cubic
pore shapes according to the SEM (Scanning electron mi-
croscope) images. The finite element method was used to
solve the cell problems and compute the effective proper-
ties. The sound absorption of a plate made by the equiv-
alent poroelastic material with rigid impervious backing
under a normal incidence was then studied. The valida-
tion was done by comparing the numerical estimation of
equivalent dynamic density and bulk modulus to corre-
sponding experimental results obtained by using the three-
microphone impedance tube testing on several elaborated
samples. A parametric study was then carried out to in-
vestigate influences of the porosity, the pore arrangement,
and the pore size on sound absorption performances of the
material. The obtained results should be very useful for im-
proving the elaboration process of the material in order to
optimize, in particular, the sound absorption performances
of isolation structures.

1. INTRODUCTION

Porous materials are widely used in acoustic applica-
tions such as protection and isolation. However, most of
them are petro-based polymers obtained by using solvents
and toxic amine-type hardeners, raising environment and
health problems. In order to tackle this concern, a novel
bio-based porous epoxy resin resulting from an adapted
combination of the cationic photopolymerization of a re-
sorcinol derivative extracted from biomasses [1] and the
porogen leaching technique [2] has been developed.

To characterize acoustic properties of porous materials,
one can carry out experimental methods such as impedance
tube testing involved in transfer functions. Nonetheless,
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conducting acoustic experiments normally needs specific
facilities and enormous effort, especially when parametric
studies are expected. Additionally, the measurement meth-
ods in the acoustic domain are not always capable of cap-
turing relations between microstructures and properties of
materials. Therefore, the application of modeling tools to
characterize numerically acoustic behaviour of porous ma-
terials becomes a crucial demand, especially for the stage
in which materials are being developed.

Among the methods of modeling porous materials, the
asymptotic homogenization is one of the most convenient
and commonly accepted methods which allow to estimate
all effective properties of a poroelastic medium. This
method has been used with success in several recent pa-
pers to characterize new materials [3,4]. Based on the ef-
fective properties obtained by the asymptotic homogeniza-
tion, one can deal with sound absortion problems related
to the studied porous material with boundary conditions
of interest. The fact that the homogenization theory starts
at the microscopic scale with the linearized equations of
elasticity and the linearized equations of fluid dynamics,
accompanied by the availability of a detailed microstruc-
ture of the pores with the assumption of periodicity (see
for instance [5] for a mechanical point of view and [6] for a
mathematical point of view), enables to establish relations
between microstructural parameters and sound absorption
performance of the material.

It is well-known that the material properties of the solid
phase, the pore size, the porosity and the pore arrangement
have substantial impacts on the acoustic performance of
porous materials. Research works in the literature have
mainly concentrated on the idealized microstructures with
spherical, cylindrical, cross-type or sometimes polyhedral
pores [7,8]. To the best of our knowledge, there is a short-
age of studies of the influence of microstructural parame-
ters related to the case of interconnected fillet-edge cubic
pores which imitate the pores of the aforementioned novel
porous bio-based epoxy resin and generate more complex
morphology than the ones previously cited.

The main objective of this study is to perform numeri-
cal characterization of acoustic properties of the novel bio-
inspired porous epoxy resin, which is produced by combin-
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ing adequately the cationic photopolymerization and the
porogen leaching technique. The paper provides original
insights into the influences of the microstructural charac-
teristics, namely the pore arrangement, the porosity, and fi-
nally, the pore size on the acoustic behaviour of the porous
material possessing interconnected pores with the specific
fillet-edge cubic shape. To the authors’ knowledge, the fea-
tures of this microstructure resulting from the application
of the porogen leaching technique have been considered
merely in a very limited number of studies in the litera-
ture. The obtained results may allow us to make essential
suggestions for improving the acoustic performance of the
material of interest.

For numerically characterizing the elaborated porous
material, a multiscale approach based on the asymptotic
homogenization has been employed. The resolution of cell
problems derived by this method has been conducted by
considering idealized cell structures obtained from exper-
imental pore characterizations of sample microstructures.
Using homogenization results, the normal incidence sound
absorption problem of a porous plate made of the studied
material has been studied. The mechanical model has been
validated by a comparison between the numerical results
of acoustic properties, namely equivalent dynamic density
and bulk modulus, and the corresponding measurements
obtained by the three-microphone impedance tube testing.
The multiscale approach has been then applied to investi-
gate the effects of microstructural features on the acoustic
behaviour of the material. For this purpose, four different
ordered pore arrangements as well as systematic variations
of the porosity and the pore size have been taken into ac-
count.

2. MATERIAL ELABORATION AND
EXPERIMENTAL PORE CHARACTERIZATION

The porous epoxy resin synthesized from resorcinol digly-
cidyl ether was elaborated by means of the cationic pho-
topolymerization in conjunction with the porogen leach-
ing technique which involved the use of chloride sodium
(NaCl) particles as solid porogens. The key idea of intro-
ducing NaCl particles in the formulation is that the removal
of these salt particles by water after cross-linking will leave
the empty space, generating porosity in the obtained mate-
rial. Cylindrical NaCl templates with a diameter of 5.1 cm
and a height of 0.5 cm were fabricated by the Spark Plasma
Sintering (SPS) technique using 250-400 pm NaCl par-
ticles. This sintering technique consists in simultaneous
variations of heat and pressure on NaCl particles, creating
the contacts among these particles and hence enabling the
pore interconnection of the obtained porous material [9].
Based on NaCl mass and the dimensions of the templates,
salt volume fraction is about 82%.

Pore features of the obtained porous material was then
characterized by Mercury Intrusion Porosimetry (MIP) and
Scanning Electron Microscopy (SEM). According to MIP
results, the distribution of pore size is centered at about
180 pum. This value is smaller than the size of NaCl parti-
cles used in the fabrication of templates (i.e., 250-400 pm)
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(left) on cross-section;

Figure 1.
(right) on external surface

SEM micrographs:

due to the fact that during the tests by MIP, at each level
of mercury pressure, one measures the largest entrance to-
wards a pore, but not the actual inner size of a pore [10].
The dimension of this entrance is smaller than the inner
pore size which is similar to the particle size. The analysis
of SEM micrographs (see Fig. 1) gives the average value
of entrance dimension which is about 192 ym, showing a
good agreement with the profile obtained by the MIP. The
porosity of the synthetic porous material was identified by
gravimetric and geometric methods, giving the value of ap-
proximately 83% which correlates with the NaCl volume
fraction of 82%.

3. MULTISCALE APPROACH

In this work, a two-scale asymptotic homogenization pro-
cedure is applied and its details can be found in many stud-
ies such as [11, 12]. Within this procedure, physical vari-
ables are expanded asymptotically in terms of functions
which are periodic with the period of a unit cell and a scale
ratio which is the ratio of the unit length of periodicity
and the macroscopic characteristic length. The introduc-
tion of these asymptotic expansions to linearized equations
of elasticity, of fluid dynamics and of the thermal field fol-
lowed by consideration of terms corresponding to specific
orders of the scale ratio leads to cell problems. The reso-
lution of these cell problems performed by using the finite
element method on the unit cell with periodic conditions
allows to obtain characteristic funtions which are used to
compute effective properties of the porous material such as
effective elasticity tensor, effective dynamic density ten-
sor and effective dynamic bulk modulus. The equivalent
dynamic density and bulk modulus can be expressed in
terms of effective dynamic density and bulk modulus as de-
scribed in [13] and [14], respectively. The homogenization
procedure also enables the derivation of macroscopic con-
stitutive equations and macroscopic governing equations
of the homogenized medium.

Based on the homogenization results, a normal inci-
dence sound absorption problem is then considered for a
plate of a given thickness which is made of the studied
material with a rigid impervious backing at one side and
surrounded by the air from another. Such a problem is de-
scribed in detail in [15,16] concerning the determination of
the surface impedance at the front surface of the plate and
then the calculations of the sound reflection and absorption
coefficients from the computed surface impedance.
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4. CONSTRUCTION OF IDEALIZED
ELEMENTARY PORE AND MATRIX

The construction of a unit cell was based on three factors:
pore shape, pore entrance dimension and porosity. In the
context of the NaCl leaching technique, the pore shape is
associated strictly with the shape of NaCl particles. The
fact that NaCl crystals used in this work have the cubic
shape as confirmed by the SEM image of NaCl particles in
Fig. 2a allows to consider the shape of resulting pores as
cubic, more precisely cubic pores with fillet external edges
(see Fig. 2c¢).

Because the mode “face to face” of the fusion of NaCl
cubic particles has been more frequently found in SEM mi-
crographs (see Figs. 1 and 2b), this mode was chosen to
construct the unit cell, leading to square-shaped pore en-
trances. From the MIP profile, these square entrances were
considered to have the side dimension /; = 180 pm (see
Fig. 2d). To make the fillet-edge cubic pore for a poros-
ity of 83% as mentioned above, an elementary cube with
a side length | = 305 pm and three orthogonal cylinders
with a radius of 177 pym and a length of 305 um were cre-
ated with the same center point. The elementary pore was
then the intersection of the elementary cube and the three
cylinders. Subsequently, the elementary matrix was the
difference between the elementary cube and the elemen-
tary pore, (see Fig. 2d). The term “pore size” is hereafter
used to refer to the side length of the elementary cube.

cross-section

Figure 2. Construction of the elementary pore and matrix
by the idealized periodic microstructure. (a) SEM image
of sintered NaCl particles; (b) SEM image of the present
porous material; (c) Elementary cubic pore; (d) Elemen-
tary cubic matrix.

5. NUMERICAL RESULTS AND DISCUSSION
5.1 Experimental validation

The cell problems are solved numerically with the use of
a unit cell formed by the elementary cubic matrix (for
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the solid phase - Fig. 2d) and the elementary cubic pore
(for the fluid phase - Fig. 2c). In the study, it is as-
sumed that each external plane surface of the unit cell
is orthogonal to a basis vector of the Cartesian coordi-
nate system. Note that this unit cells are cubic symmet-
ric and this characteristic ensures its periodicity in three
directions. The epoxy matrix is isotropic and its elastic-
ity tensor is characterized by two independent coefficients,
Young’s modulus E* = 4.5 x 10° Pa and Poisson’s ra-
tio v* = 0.34. Its density is given by p* = 1318 kg/m3.
The fluid phase is taken to be the air with following prop-
erties: density pf 1.225 kg/m®, dynamic viscosity
n = 1.81 x 107 Pa.s, characteristic thermal conductivity
/@(J; = 2.41 x 10~2 W/(m.K), specific heat ratio v/ = 1.4 at
the pressure at rest Pf = 101325 Pa. The sound velocity
in the air is given as ¢y = 331.6 m/s.

The experimental validation of the model is performed
by implementing three-microphone impedance tube exper-
iments on the porous material for which the acoustic prop-
erties including equivalent dynamic density and bulk mod-
ulus are measured. The configuration of the experiments
is shown in Fig. 3. Two samples having the cylindrical
shapes with a thickness of 0.5 cm and a diameter of 4 cm
were tested. For each sample, two experiments were con-
ducted for two opposite incidence surfaces. The experi-
ments were carried out for the range of frequencies from 4
to 4500 Hz, in condition of rigid impervious backing and
normal incidence with acoustic plane waves.

Micro 1
Loudspeaker H H backing
‘ “ALALAAD Micro 3
AARAA
Porous sample

Figure 3. Configuration of three-microphone impedance
tube experiments.

Micro 2 Rigid impervious

The numerical and experimental results of the equiv-
alent dynamic density and bulk modulus are plotted in
Fig. 4. In this figure, the experimental results are pre-
sented in terms of mean values along with corresponding
error bars at each frequency. The green and cyan colours
are used for the standard deviation. A good agreement be-
tween modeling results and corresponding measurements
is figured out for these two parameters in the frequency
range beyond 1000 Hz. For lower frequencies, there ex-
ist fluctuations in the experimental values of both param-
eters and accordingly the deviations of modeling results
from experimental ones. These divergences may be at-
tributed to the lack of accuracy due to edge constraints
on small samples. In addition, the mismatch occuring be-
low 1000 Hz may be explained by the dependence of the
three-microphone impedance tube testing on the upstream
microphones inter-spacing which becomes too small com-
pared to large wavelengths and lowers the accuracy of
the testing method [17]. Despite a little mismatch below
1000 Hz, the above numerical results are considered as
satisfying enough so that the multiscale approach can be
applied in the next step to investigate the influences of mi-
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crostructural features, namely pore arrangements, porosity
and pore size, on the acoustic behaviour of the material.

5.2 Effect of pore arrangements on sound absorption

Based on the obtained elementary cubic pore and elemen-
tary matrix presented in section 4, the unit cells corre-
sponding to four different ordered arrangements of pores
are established (Fig. 5). It is noted that the unit cell used
in section 5.1 implies the consideration of arrangement 1.
This choice allows to simplify the geometry of the unit
cell and to validate the model with ease. In this section,
for deeper understandings of effects of pore arrangements
on the effective properties and the sound absorption per-
formance of the material, other arrangements with more
complex unit cells are taken into account. Because the use
of the elementary cube as a unit cell is enough to express
arrangement 1 and the symmetry of the cube ensures the
periodicity in three directions, the unit cell in this case has
the side length of {. For the other arrangements, the corre-
sponding unit cells are cubic volumes with side length of 2/
and are constructed in a manner so that each arrangement
is well represented and the periodic conditions are satis-
fied. All considered unit cells possess the orthotropic sym-
metry in which there are 3 mutually orthogonal planes of
reflection symmetry; especially, the unit cell for arrange-
ment 1 refers to the cubic symmetry with also 90° rotation
symmetry with respect to those planes while the unit cells
for arrangements 3 and 4 involve the transversely isotropy
with additional axial symmetry about an axis (in Fig. 5,
it is the axis orthogonal to the square-marked surface for
arrangement 3 and to the star-marked surface for arrange-
ment 4). It is also worth noting that all of unit cells have
the porosity of 83%, meaning that the porosity in case of
cubic pores is independent on pore arrangements.

The dependence of sound absorption on pore arrange-
ments is illustrated in Fig. 6. In this figure, the sound ab-
sorption coefficient has been calculated for different inci-
dence directions which are orthogonal to the star-, square-
and circle-marked surfaces defined in Fig. 5. From Figs. 6,
it is noted that the symmetry characteristics for different
pore arrangements are well represented. Arrangement 1
with cubic symmetry gives the material with the same
sound absorption coefficient for all three directions. Two
arrangements with transverse isotropy result in materials
of which sound absorption coefficient is the same for 2 di-
rections orthogonal to the axis of rotation symmetry.

Regarding arrangement 1, a remark is made for the low
sound absorption coefficient in this case compared to those
in other arrangements. This result is related to the fact
that the microstructure of the material resulting from ar-
rangement 1 has a larger pore entrance dimension com-
pared to those for other configurations. This leads to the
decrease of viscous damping and thermal dissipation, and
therefore, results in less effective sound absorption. This
phenomenon is also observed in some parametric studies
carried out in two dimensions for fibrous media [18] as
well as in three dimensions for foams [8]. Because the pore
arrangement duplicates the arrangement of porogen parti-
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cles, we can link the porogen arrangement and the sound
absorption. Although the porogen arrangement is not con-
trolled yet in the present elaboration process, the results of
this section suggest that the arrangement of porogen parti-
cles should fall into types 2, 3 or 4 for the possibly highest
sound absorption.

5.3 Effect of porosity on sound absorption

Three cases of porosity, namely 69%, 83% and 96%, are
under consideration in the context of arrangement 1 in or-
der to investigate the influence of porosity on acoustic be-
haviour of the material. The porosity is varied in a manner
so that the pore size which is also the unit cell size remains
unchanged and has the value | = 305 pym.

The effect of porosity on the sound absorption coeffi-
cient of the material is highlighted by Fig. 7. While the
absorption coefficient increases slightly according to the
rise of the porosity within the range of frequencies be-
low 1000 Hz, a noticeable improvement on the sound ab-
sorption is observed with the decrease in the porosity for
higher frequencies. These results suggest that for a bet-
ter sound absorption at frequencies lower than 1000 Hz,
there needs more porosity, which can be achieved by rais-
ing the pressure and the temperature during the SPS pro-
cess to have more porogen constituents in a volume. On the
contrary, within the range of higher frequencies, a reduc-
tion in porosity is expected to favour the sound absorption
performance of the porous material, which can be made
available by a decrease in SPS pressure and temperature.
Nevertheless, pressure and temperature should not be too
low in order to allow porogen fusion and ensure the pore
interconnection. This implies the existence of optimal val-
ues of pressure and temperature during the SPS process for
attainment of materials with interconnected pore networks
exhibiting the best sound absorption performance at higher
frequencies.

5.4 Effect of pore size on sound absorption

The relation between the pore size and the acoustic be-
haviour of the resulting material are studied through sim-
ulations in which arrangement 1 is taken into account and
the pore size is varied while keeping the porosity at 83%.
Because the pores are obtained by the NaCl removal, so the
pore size can be considered ideally equal to the NaCl par-
ticle size. A variation of the pore size from 45 to 710 pm
with a step of 5 um is taken into account, based on the
sieve sizes available on the market for sieving NaCl parti-
cles. To assess the sound absorption capacity of the ma-
terial at low frequencies, a single number rating, namely
normal incidence sound absorption average SAA, is cal-
culated for each case of the pore size. This parameter is
defined in the standard ASTM C423 [20] as the average,
rounded off to the nearest 0.01, of the sound absorption
coefficients of a material for the twelve one-third octave
bands from 200 through 2500 Hz inclusive, namely 200,
250, 315, 400, 500, 630, 800, 1000, 1250, 1600, 2000 and
2500 Hz. The SAA varies from 0 to 1: SAA = 0 indicates
a perfect sound reflection, whereas SAA = 1 indicates a
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Figure 4. Comparison of numerical and experimental results of equivalent dynamic density component p.q 33 (left) and
equivalent dynamic bulk modulus K., (right). The sample thickness is 0.5 cm. The green and cyan colours are used for

the standard deviation.

Arrangement 1

l l
I

Top view
l

Side view

Fluid phase
of unit cell

Solid phase
of unit cell

Arrangement 2

Arrangement 3
2 1 1

Arrangement 4

2 1
—

2.4 l

Figure 5. Unit cells of different pore arrangements. The star-, square- and circle-marked surfaces correspond to the surface

orthogonal to the normal sound incidence direction.

perfect sound absorption [21]. The results of these simu-
lations are presented in Fig. 8 where the evolution of the
SAA for different cases of the pore size together with the
porous plate’s thickness is illustrated.

When the plate thickness is 0.5 cm, the SAA is rela-
tively low with the maximum value of 0.12 at the pore size
of 45 pum. For this plate, the increase in the pore size from
45 to 710 pm provokes the decrease in the SAA. This be-
haviour is explained by noting that the increase in the pore
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size enlarges the cross-sectional area of the fluid phase,
weakening the viscosity effect as well as the thermal dis-
sipation and thus reducing the sound absorption capabil-
ity [12].

When the plate becomes thicker, i.e. 2, 10 and 20 cm
thickness, the SAA is considerably enhanced. This im-
provement in sound absorption performance is attributed
to the increase in the plate thickness which means more re-
striction on the propagation of sound waves from the front
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Figure 6. Dependence of sound absorption coefficients on different pore arrangements. The plate thickness is 0.5 cm.
Solid, dashed and dashed-dot lines correspond to cases in which star-, square- and circle-marked surfaces of unit cells are

orthogonal to the normal incidence direction, respectively.
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Figure 7. Dependence of sound absorption coefficient on
porosity. The plate thickness is 0.5 cm.

to the back of the plate and hence more attenuated sound
energy. Moreover, the attention is paid to the appearance
of the peaks of the pore size versus SAA curves for these
three cases of plate thickness. Generally, the increase of
the pore size leads to the entrance of more sound waves.
When the pores size is not too large for a given plate thick-
ness and the viscous as well as thermal effects are still
important to afford these entering sound waves (left-hand
side of the peaks), increasing the pore size leads to more
attenuated sound energy, meaning the improvement of the
SAA. Conversely, when the pore size continues to increase
(right-hand side of the peaks), the cross-sectional area of
the fluid phase becomes too large, reducing viscous damp-
ing together with thermal dissipation and therefore result-
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Figure 8. Normal incidence sound absorption average
SAA for different cases of the pore size and the porous
plate’s thickness. The porosity is fixed at ¢ = 83%.

ing in less effective sound absorption. One can also ob-
serve similar peaks with two opposite trends in [22] for
pores of cylindrical cross-section shape and in [8] with
Kelvin’s cell (tetrakaidecahedron) for high porosity foams.
Furthermore, Fig. 8 shows that the peak of the curve has a
tendency to occur at the higher pore size according to the
increase in the thickness of the plate. This trend of peak
movement depicting the correlation of the pore size and
the plate thickness supplies an idea for the material design.
Because the pore size in this work refers to the porogen
size, for a given porogen size (or a given plate thickness),
one can choose the appropriate plate thickness (or an ap-
propriate porogen size) based on Fig. 8 to obtain the best
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sound absorption performance.

6. CONCLUSION

The acoustic behaviour of the new bio-based porous epoxy
resin obtained by the environmentally friendly combina-
tion of cationic photopolymerization and porogen leaching
technique was numerically characterized within this work
through a multiscale approach. This approach consisted
in using the asymptotic homogenization method to ob-
tain macroscropic equations with effective properties of the
porous material from pore-scale equations, and based on
these results, a normal incidence sound absorption prob-
lem of a structural plate made of the studied material was
taken into account to study the acoustic performance of the
material. The fact that homogenization calculations were
performed on unit cells comprising idealized fillet-edge cu-
bic elementary pore and matrix obtained from experimen-
tal pore characterizations of the elaborated porous epoxy
resin allowed to disclose the microstructure-acoustic be-
haviour relation associated with this material.

After validated by a good match between numerical es-
timation of equivalent dynamic density and bulk modu-
lus and corresponding experimental results obtained by the
three-microphone impedance tube testing, the multiscale
framework was used to study parametrically the effects of
microstructural characteristics, namely pore arrangements,
porosity and pore size, on the sound absorption perfor-
mance of the materials. Based on these results, sugges-
tions related to the material elaboration process were made
to attain porous epoxy resins with good sound absorption.
Firstly, if porogen particles could be packed through an or-
derly way to prepare the template, the arrangements 2, 3
and 4 would be recommended rather than the arrangement
1 to get better sound absorption. Secondly, the increase in
porosity by raising the pressure and the temperature during
the SPS process is necessary to improve the sound absorp-
tion at very low frequencies, whereas the inverse effect is
predicted for higher frequencies. Finally, because the pore
size in this study also refers to the porogen size, the ob-
tained pore size versus SAA curves corresponding to vari-
ous plate thicknesses provide a practical guide for material
elaboration: for a given plate thickness (or a given poro-
gen size), an appropriate porogen size (or an appropriate
plate thickness) can be determined to obtain the best sound
absorption performance.
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