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which are classically of two main types: the micro-inclusion technology and the Alberich-
type coating. In both cases, resonances of inclusions are exploited. Here, the concepts are
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Acoustic coatings extended to configurations with several layers of periodic arrangements of soft and rigid

Underwater acoustics inclusions. The analysis is done using the finite-element technique. The results show a wide

Resonant phenomena variety of acoustical phenomena, allowing us to customise the design according to different
applications.
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1. Introduction
1.1. Acoustic coatings in maritime applications

In the context of naval operations, passive and active sonar systems are commonly used to detect ships or submarines
using acoustic wave propagation and signal processing. One of the most efficient technological solutions to reduce the
threats is the use of hull external acoustic coatings, mainly of two types [1], as shown in Fig. 1:

e decoupling coatings consisting in surrounding the radiating parts of the hull by a layer of compliant material. The role
of a decoupling coating is to reduce the radiation factor, or radiation efficiency, of the hull;
e anechoic coatings, whose role is to reduce acoustic reflection from the hull, by absorbing incoming waves.

We must also stress that there is currently an increasing concern about the protection of marine life regarding underwa-
ter sound emitted by human activity at sea. Indeed, the Maritime Strategy Framework Directive adopted in 2008 by the
European Union [2] requires that the member states ensure a good environmental status in European maritime areas, in-
cluding the introduction of energy, underwater noise being one of these. As a consequence, the reduction of underwater
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Fig. 1. (Colour online.) The two main types of acoustic hull coatings: (on the left) decoupling coating and (on the right) anechoic coating.

200
-

Fig. 2. (Colour online.) (On the left.) Schematic view of a viscoelastic slab incorporating inclusions, corresponding to the micro-inclusion technology. (On
the right.) Microscope view of the actual inclusions in a slab (reproduced from [3]).

noise from any civilian maritime system, such as commercial ships, marine renewable energy systems, or more generally
the exploitation of ocean resources, and the availability of related technical solutions is of increasing interest.

1.2. Frequency range of interest

Underwater acoustics cover a wide frequency range of interest. For example, the characterisation of sea bottom or the
detection of objects on the sea floor generally involves systems operating with frequencies from a few kHz up to several
hundreds of kHz, whereas long-range detection sonars use lower frequencies. The size order corresponding to the wave-
length is that of the centimetre. Thus, the design or the choice of an acoustic coating will depend on the application and of
the frequency range of interest.

1.3. Technology

On the technological aspect, these coatings generally consist in viscoelastic layers, a few centimetres thick, with some
repartition of voids and other inclusions in the matrix.

The technology can be split into two main types: micro-inclusion technology consisting of micro-voids and/or other very
small micro-inclusions (<1 mm) randomly distributed in a viscoelastic matrix, and macro-inclusion technology, which uses
inclusions still smaller than the typical wavelength but on the same order of size (cm). The latter can itself be split into two
categories:

- macro-inclusions randomly distributed in a viscoelastic matrix, which is the extension of the micro-inclusion technology
where local resonances of the inclusions are observed in the frequency range of interest,

- Alberich-type coatings, consisting generally of macro-inclusions arranged periodically in a viscoelastic matrix. In this
case, additional phenomena occur in relationship with the periodic arrangement of inclusions.

These different technologies can be used for the realisation of both absorbing and decoupling coatings, depending on the
design.

In the micro-inclusion technology, the absorption or attenuation is obtained by incorporating micro-voids, generally in
the form of micro-balloons with soft walls (Fig. 2). Besides, in order to obtain the desired performance for the coating,
several layers of viscoelastic slabs with different properties or volume ratio of inclusions can be used. The presence of air
inclusions, if any, renders the material dependent on hydrostatic pressure, which has to be taken into account for underwater
applications [3,4]. In most current realisations, these inclusions are microscopic, but it would be possible to realise materials
with larger inclusion sizes, allowing one to obtain acoustical effects at lower frequencies.

Alberich-type coatings generally use a periodic arrangement of inclusions in a viscoelastic matrix, either in two or three
dimensions, as shown in Fig. 3. In most current realisations, there is only one layer of inclusions. However, it is possible to
realise coatings formed with several layers. Some examples will be given in Section 3.
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Fig. 3. Alberich coating made of inclusions equally spaced in a rubber layer: (on the left) using a 2D geometry or (on the right) a 3D geometry.
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Fig. 4. (Colour online.) Schematic view of a test panel measurement in a water tank. Dots stand for transducers.

However, it should be noted that in case of presence of air in a soft material (such as polyurethane or rubber) the struc-
ture is deformable under hydrostatic pressure. Therefore, this structure is compressible and subject to geometry changes,
causing changes of coating properties [5,6] related to a frequency shift of the resonances of the inclusions. This may be a
problem for underwater applications where hydrostatic pressure is important.

Instead of using air or gas inclusions in the viscoelastic layer, it is possible to use materials such as steel or other metals.
In that case, the advantage is a small influence of hydrostatic pressure. This type of inclusion can be considered to design
and realise absorbing coatings, but is not well adapted for efficient decoupling coatings. The reason is that the efficiency of
decoupling coatings is obtained if the dynamic stiffness of the coating is sufficiently low by comparison to water, and for
that the incorporation of air or gas is necessary.

1.4. Characterisation

The commonly used method to determine the performance of an acoustic coating is the measurement of a test panel in a
water tank (Fig. 4). Acoustic waves are generated in water using a transducer, generally in the form of sinusoidal signals with
a time window. Hydrophones are placed on both sides of the test panels, in near field, to measure the acoustic pressure.
A reference measurement without panel is done, then a measurement with test panel. Comparison allows determining
reflection and transmission coefficients (both amplitude and phase) as a function of frequency, by varying the frequency of
the emitted signal.

The measurement needs to be done with care, in particular to deal with the disturbances related to the finite size of the
sample [7]. Besides, the use of special post-processing methods allows one to estimate the actual anechoic and decoupling
performance [8].

2. Coatings composed of viscoelastic materials with micro-inclusions
2.1. Physical phenomena

Due to the random distribution of inclusions in a viscoelastic matrix, and assuming that both the inclusion size and
the average distance between adjacent inclusions are small with respect to the wavelength, the coherent acoustic waves
propagating in a micro-inclusion material can be characterised in the same way as for an isotropic elastic material, i.e.
through an equivalent density p, longitudinal speed of sound c; and transverse speed of sound ct. Because of the behaviour
of viscoelastic media, these speeds of sound are complex-valued and vary with frequency (and also with temperature). It
should be noted that in the case of viscoelastic matrices without inclusions, cr is low and ci is close to sound speed in
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Fig. 5. (Colour online.) Evolution with frequency of longitudinal speed of sound (C'L) and dissipative part of it (EtaL) of a test anechoic material.

water, and that their density is also close to the one of water. As a consequence, a layer of viscoelastic material immersed
in water is nearly acoustically transparent, without any significant absorbing or decoupling property.

The incorporation of air and/or other micro-inclusions in the viscoelastic matrix will alter significantly the acoustic
properties of the latter. In the low-frequency domain, i.e. in the quasi-static regime for wavelengths much larger than the
inclusions’ size, the effective acoustic properties of the composite can be predicted by different models or theories, such as
those of Kuster and Toksdz [9]. It is observed that the longitudinal speed of sound decreases and that the corresponding
attenuation coefficient increases. Besides, the incorporation of heavy mineral micro-inclusions allows adjusting the density.
Therefore, depending on the composition of the composite, it is possible to design materials with adequate anechoic and
decoupling properties. As an example, Fig. 5 taken from [4] shows the evolution with frequency of the longitudinal speed
of sound of a test anechoic material. In this figure c| represents the real part of ¢, = w/ki, where ki is the longitudinal
wavenumber and  the circular frequency, and Eta; is the ratio of the imaginary part over the real part.

2.2. Recent developments

Some studies regarding micro-inclusion materials have dealt with the modelling of the influence of the walls of the
micro-balloons and of hydrostatic pressure on the acoustic properties [3,10]. This topic is of continuing interest, as all
phenomena are not yet properly described by the models.

Other recent studies have considered the case where the size of inclusions is no more negligible with respect to the
wavelength and where local resonances of the inclusions in the matrix appear in the frequency range of interest. Conse-
quently, quasi-static models are not applicable, and higher-order developments in multiple scattering theory must be taken
into account. For example, in references [11] and [12], some composites made with a polyurethane matrix and either soft or
rigid inclusions with sizes up to 1 mm have been studied. Predictive models for the effective speed of sound in the material
and sound transmission through a layer in water have been developed and compared with experiments. As shown in Fig. 6,
taken from reference [11], a variation of the transmission coefficient with frequency is directly related to the resonance
of the inclusions in the matrix. The upper curve corresponds to the matrix only, for comparison. For the same concentra-
tion, the transmission coefficient with soft inclusions is much lower, the phenomenon being similar to the resonance of air
bubble curtains in water [13].
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Fig. 6. Theoretical (solid lines) and experimental (crosses) transmission coefficient through a 15-mm-thick layer of polyurethane with inclusions. Left: 5%
volume fraction of soft inclusions (2 mm diameter). Right: 10% volume fraction of rigid inclusions (1 mm in diameter).
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Fig. 7. (Colour online.) Representation of the 2D phononic crystal made of a triangular lattice of void/steel cylinders embedded in a matrix.

3. Acoustic coatings with macro-inclusions

Coatings made of periodic inclusions are known since World War Two, when a German submarine was coated with
rubber panels with voids [5], introducing the now commonly used terminology “Alberich coatings”. This technology has
considerably increased stealth and has been extensively studied since then [6,14-17].

3.1. Physical phenomena

In the case of classical decoupling materials, the presence of air inclusions in a relatively high volume ratio allows
obtaining much lower acoustic impedance than water, a phenomenon which can be enhanced by the resonances. This
property is adequate for the design of decoupling coatings.

Absorption mechanism in Alberich coatings is related to the resonance of the inclusions in the viscoelastic matrix, the
latter being chosen with a high damping coefficient. In the case of short cylinders in a polymer matrix, the resonance mech-
anism related to a radial in-and-out motion coupled to a drum-like oscillation of the cover layer can increase significantly
panel absorption [18]. In that case, the frequency range corresponding to strong attenuation is due to the resonance of
the inclusion and is referred to as ‘hybridisation gap’. Another way to increase absorption is to use several layers, in order
to benefit from the periodicity of the structure, commonly named Phononic Crystals (PC). Depending on the geometry of
the inclusions, the materials and the type of the lattice (square, rectangular...), the dispersion curves, that represent the
variations of the eigenfrequencies versus the wave number, may exhibit Bragg band gaps, i.e. frequency ranges where waves
are strongly attenuated [19,20]. Indeed, for wavelengths comparable to the lattice constant, waves are evanescent inside the
crystal due to interference effects, and the transmission spectrum is strongly attenuated in this specific frequency range.

In the following sections, we focus on phononic crystals and their periodical structure effects. We consider the cases
of void or steel cylinders of infinite length embedded in a polyurethane material (Fig. 7). Thanks to judicious choices of
cylinder diameter, periodicity, and lattice, a Bragg band gap is observed for void inclusions in the frequency range of the
study. On the other hand, for the same geometry but with the void inclusions replaced by steel inclusions, we show that
hybridisation gaps appear below a Bragg band gap. Moreover, this second structure is compatible with underwater pressure,
contrary to the highly compressible void inclusions.

3.2. Results for void inclusions

The structure under study is a triangular lattice of cylindrical void inclusions embedded in a polymer matrix (Fig. 7). The
matrix is a polyurethane material, whose properties are a density of 1.1, a longitudinal wave velocity ¢; = 1513 m/s and a
transverse wave velocity cy = 174 m/s. The diameter of the cylinders is 1.9 mm and the spacing a is 10 mm. The structure
is analysed using the finite-element method, with the help of the ATILA code [21]. Because the cylinders are supposed to be
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Fig. 8. (Colour online.) (a) Dispersion curves of the infinite crystal with void inclusions: for normal incidence, longitudinal modes (in dark grey/blue) are
distinguished from transverse modes (in light grey/green). (b) Transmission spectrum of a 7-layer crystal under normal incidence. Red arrows indicate the
position of local phenomena effects.

Fig. 9. Amplitude of the displacement fields near interface when the incident wave comes from the bottom at (a) f = 13.4 kHz and (b) f = 26.8 kHz.
Arrow size and orientation indicate the total displacement magnitude and displacement vector orientation, respectively. The displacement magnitude is
also shown as a grey scale map, for clarity.

infinite in length, a two-dimensional mesh is used, with a plane strain condition. In a first step, the infinite PC is studied in
order to calculate the dispersion curves. In that case, only one unit cell of the PC is meshed and specific periodic conditions
are applied on the boundaries of the unit cell [22]. The calculation gives, for each wavenumber in the first Brillouin zone,
the corresponding eigenfrequencies, shown in Fig. 8a. Solutions corresponding to longitudinal and transverse modes are
distinguished. Note that we can safely remove the transverse modes from the picture, since we only consider operation
under normal incidence and, in this case, they cannot couple with the incident pressure waves in the fluid region. We can
see that there is no solution for the longitudinal wavenumber at normal incidence in the [18-26 kHz] frequency range,
apart from two narrow pass-bands around 18 and 23 kHz related to resonant modes of the void inclusions. This frequency
range corresponds to the partial Bragg band gap for propagation along the I' K direction. Due to the periodic distribution of
inclusions, the waves at these frequencies cannot propagate through the infinite structure.

We now consider a panel made of seven layers of this structure, surrounded by water, neglecting losses in the elastic
matrix. The transmission spectrum, shown in Fig. 8b, clearly confirms the band-gap effect. Two sharp dips are indicated by
arrows. They are due to local phenomena around the panel interfaces. For these frequencies, the incoming wave strongly
couples with a resonant interface mode. Therefore, displacement fields remain localised at the interface and vanish rapidly
inside the panel, as shown in Fig. 9.

These mechanisms will be studied later in Section 3.4. If the viscous losses in the matrix are taken into account, the
transmission spectrum is smoothed (Fig. 10), but the band gap is still pronounced. It can be noted that the dips related
to interface effects become hardly distinguishable. Moreover, we see that the transmission coefficient level remains low at
high frequencies, even outside of band gaps because of viscous effects.
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Fig. 10. (Colour online.) Transmission and reflection spectra of a 7-layer crystal with void inclusions considering viscoelasticity.
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Fig. 11. (Colour online.) (a) Dispersion curves of the infinite with steel inclusions: for normal incidence, longitudinal modes (in dark blue) are distinguished
from transverse modes (in light green). The grey band represents the hybridisation gap. (b) Transmission spectrum for a 5-layer crystal.

3.3. Results for rigid inclusions

The structure is kept unchanged except for the inclusion material, as now they are made of steel. As previously, the
first step is to calculate the dispersion curves of this phononic crystal. Results are presented in Fig. 11a. We can see that, if
transverse modes are discarded, there are no solutions in the 14-16-kHz frequency range. Displacement maps for the modes
at the I" and K points of the band diagrams surrounding this gap (Fig. 12) clearly show that a resonant oscillation mode of
the steel rods is present in this frequency range. It hybridises with the mode propagating mainly through the elastic matrix
to create the gap, which can thus be labelled as a “hybridisation gap”. Indeed, the Bragg band gap associated with this
periodic structure occurs at much higher frequencies (around 80-90 kHz). Considering now a panel made of five layers of
PC surrounded by water, the transmission coefficient (Fig. 11b) calculated using the finite element method confirms that the
transmission is strongly reduced in the 14-16-kHz frequency range. A 5-layer structure corresponds to a crystal thickness
of 43.3 mm. It is inside a panel of total thickness equal to 61 mm. We can notice that the lattice constant a is ten times
shorter than the wavelength in the polyurethane at 15 kHz (101 mm).

3.4. Perspectives

Periodic structures with steel inclusions exhibit a strong resonance-related band gap. However, its width is relatively
narrow. This band gap can be enlarged with the help of interface modes. Indeed, periodic arrangements of steel inclusions
show specific resonance effects near fluid interfaces.

In order to illustrate this phenomenon, let us consider panel A presented in Fig. 13. It contains seven layers of a PC made
of a triangular arrangement of steel cylinders. The interfaces delimiting the panel are close to the first and the last rows of
inclusions. The transmission spectrum of the panel surrounded by water is presented in Fig. 15. Structure A is then split into
structures B and C. B does not contain the first and the last rows of inclusions, whereas C only contains those two rows.
Fig. 15 presents the transmission coefficients for panels B and C. As expected, waves are attenuated in panels A and B in
the 14-16-kHz frequency range, due to the hybridisation band gap. Case C considers inclusions near interfaces exclusively.
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Fig. 12. Displacement field for longitudinal modes around the hybridisation gap of the crystal with steel inclusions. The same arrow/grey scale representation
as in Fig. 9 is used.
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Fig. 13. (Colour online.) Schematic of different cases of inclusions (in grey) embedded in the matrix (in orange) surrounded by water (in blue). The black
rectangle in C indicates the location of the field maps shown in Fig. 14.

In the most simple hybridisation scheme, it is assumed that the inclusion resonance does not depend on its surroundings,
and therefore we should see a transmission dip centred on 15 kHz, even for panel C. However, the displacement maps
of Fig. 12 clearly show that the resonant mode involved here is strongly localised in the matrix (the steel cylinders are
much denser and almost incompressible with respect to the polymer matrix). In this case, resonance is greatly influenced
by the presence or absence of neighbouring rows of inclusions. This is evidenced in the transmission spectrum by a large
frequency shift of the main dip, from 15 kHz to 12.3 kHz, along with the apparition of a secondary dip around 21.4 kHz.
The displacement maps in the first row of inclusions at these two frequencies (Fig. 14) allow us to clarify this behaviour. At
the first frequency, the map bears a strong similarity with the mode in the infinite crystal (as shown in the second graph of
Fig. 12 for instance), but modified by the presence of an interface on one side and a matrix with no inclusion on the other
side. At the second frequency, we observe that displacement fields are mainly localised between the matrix interface and
the first row of inclusions. Note that this second resonance is completely absent from the transmission spectrum of panel
B, which does not possess inclusions located close to the interface, whereas it is clearly visible in the spectrum of panel
A. In summary, the transmission spectrum of panel A is the result of three effects, namely (a) the hybridisation with an
inclusion resonance, (b) the periodic arrangement of those inclusions (which strongly modifies the hybridisation effect), and
(c) the presence of resonant interface modes.

The displacement fields presented in Fig. 14 suggest that frequencies and resonance amplitude can be tuned by changing
the geometry for the first and the last layers of inclusions. Therefore, a parametric study has been performed in order to
improve the transmission coefficient of the panel. Fig. 16 presents the improved configuration, where the inclusions near
interfaces are larger and located further apart. In this case, the first resonance frequency is outside the band gap (11.3 kHz)
and strong enough to reduce significantly the transmission coefficient (Fig. 17). The second resonance frequency (21.8 kHz)
also helps to enlarge the frequency range where transmission is lower than —5 dB.

4. Conclusions

The presence of inclusions in a viscoelastic matrix, either randomly or periodically distributed, alters strongly its acoustic
properties, which allows the design of anechoic or decoupling coatings for underwater acoustics applications.
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Fig. 14. Displacement fields close to the front interface for panel C under normal incidence at (a) 12.3 kHz and (b) 21.4 kHz, with the same arrow/grey
scale representation as in Fig. 9.
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Fig. 16. (Colour online.) (a) Schematic view of the optimised structure. The black rectangle indicates the location of the field maps in the first row under
normal incidence shown in (b) and (c) at 11.3 and 21.8 kHz respectively, with the same arrow/grey-scale representation as in Fig. 9.

In the micro-inclusion case, the material can be represented by equivalent properties. When frequency increases, acous-
tical effects related to the resonances of the inclusions in the matrix appear. In particular, by using a few percent of air
inclusions, low transmission coefficients can be obtained in a wide frequency range.

In the macro-inclusion case, different phenomena appear. The analysis can be conducted using finite element models,
for example here with the ATILA code. First, the classical PC pass-band or stop-band effects appear, in relationship with
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Fig. 17. (Colour online.) Transmission spectrum for the optimised structure.

the geometry (periodic arrangement of inclusions). A second class of phenomena is related to the resonances of inclusions
in the matrix, allowing obtaining transmission effects at lower frequencies. In this paper, we have shown that additional
effects can be obtained with particular arrangements of inclusions and interface effects. Several examples and the result
from an optimisation study have been shown in the case of steel inclusions in a polyurethane matrix. It should also be
noted that, unlike the use of air inclusions, the use of rigid inclusions allows the design of materials whose characteristics
are not affected by hydrostatic pressure. It has also been shown that in the case where the material of the matrix is
lossy, some effects are less visible. In any case, it is important to take into account the lossy character of this type of
material.

The variability of acoustic phenomena with geometry, arrangement of layers, matrix properties and type of inclusions
opens wide possibilities for the design of acoustic coatings adapted to different applications. This is a challenging research
topic for the future.
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