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ABSTRACT

Among the plethora of Non-Destructive Testing techniques, the coupling of acoustic and

thermography has emerged as a powerful method, more particularly denoted as sonothermography,

utilizing the principle of energy conversion from acoustic waves to thermal heat sources to reveal

structural abnormalities or create tunable volumic sources in materials. The calculation of the

displacement field induced by acousto-vibrational excitations, using the analytical expression of

energy conversion, has led to the generation and modeling of localized thermal sources in space

over time within a material. By manipulating the input parameters of acoustic signals (frequency,

phase, amplitude), we have demonstrated that it is possible to strategically position these sources

in space and optimize the dissipation of thermal energy. The variation of parameters (creating a

phase shift, a beat, a reversal law, etc.) makes it possible to control and move these internal heat

sources to scan the material (in numerical approach and in the near future experimentally). The

analysis of the resulting fields (acoustic-vibration and thermal), using inverse methods, opens up

new possibilities for measuring the physical properties (mechanical, thermal) or characterizing

defects in a material.

1. INTRODUCTION

Non-destructive Testing (NDT) methods play an essential role in examining and testing the
integrity of materials and structures [1]. Numerous NDT methods are currently deployed
in industry, but they reveal their limitations when the properties sought are manifested at
different scales and are influenced by distinct physical dynamics within the material. Traditional
techniques, relying on thermal [2] [3] [4] and ultrasonic approaches [5] [6] [7], have certain
limitations. By combining these two physical approaches, it is possible to mitigate the drawbacks
of each method. This hybrid method is called sonothermography [8] [9], thermoacoustic [10]
or alternatively vibrothermography [11] [12]. In contrast to purely thermal NDT techniques,
which involve inducing external thermal excitation at the surface of the material [13] [14],
sonothermography allows volumetric heat sources to be generated inside the material. Ultrasonic
NDT methods require the generation of high-frequency waves for defect charaterisation, but
theses waves dissipate rapidly in the material, limiting defect detection to regions close to the
surface. An additional advantage of sonothermography is its ability to excite and defects through
the entire thickness of the material. In the presence of defects or depending on the material’s
inherent thermomechanical properties, such as viscoelasticity, a portion of the mechanical
energy induced by wave propagation can be converted into thermal energy [8] [15] [9], leading
to the generation of heat sources. Examining the resulting mechanical fields, including acoustic
and thermal aspects, enables the estimation of material properties or defect characteristics
using inverse methods [16], [17], [18]. In this publication, only the energy conversion linked to
viscoelasticity will be considered.

Controlling and manipulating the resulting fields, both thermal and acoustic, is therefore the
first step to the 3D characterization of a material. This process will facilitate real-time evaluation of
a part to determine its global or local characteristics. This research focuses on the effect of different
parameters on the efficiency of heat source generation based on acoustic data. In addition, a first
approach is proposed by adding two out-of-phase excitation sources in order to move the position
of the thermal sources.

2. ENERGY CONVERSION

One of the key concepts in sonothermography is the propagation of an acoustic wave in a
material to generate and control heat sources. The wave generated by a piezoelectric transducer
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is propagated through the material. In the presence of a defect, or of the material’s viscoelasticity,
part of the mechanical energy (induced by the wave’s passage) is converted into thermal energy,
resulting in the appearance of heat sources. The Figure 1 diagram illustrates the key points in the
acoustic/thermal transition.

Figure 1: Diagram of the key points in the transition from acoustic excitation to the resulting
thermal response.

2.1. Presentation of the hypothesis and the equations of energy conversion process

Firstly, let us outline the key steps and formulas to transition from deformation induced by
an acoustic excitation source to a temperature field. The expression of the energy dissipation term
(cf. Figure 1) stems from the energy balance [8]. Starting from the local writing of the first principle
of thermodynamics and considering the virtual power theorem, the internal power is written in
Equation 1 as follow:

Pi =°
Z

≠
� : "̇dV (1)

Where ≠ represents the sample volume to which the energy balance applies, æ corresponds to
Cauchy stress tensor and "̇ conform to strain-rate tensor depending to displacement speed upon

the passage of a disturbance (denoted v , where v = @u(x, y, z, t )
@t

) as described in Equation 2 :

"̇= 1
2

°
rv(x,y,z,t)+ (rv(x,y,z,t))T

¢
(2)

It is important to note that the strain rate "̇ is the sum of an elastic "̇e and viscoelastic "̇v

component. The energy dissipation observed in the sonothermography mechanisme derives
from the viscoelastic deformation term. Thus, by developing the energy balance, considering the
specific internal energy per unit mass e = f (s,√) as function of characteristic entropy (called s)
and free energy (as illustrated by √), the heat equation is expressed in Equation 3:

ΩCp Ṫ (x, y, z, t ) =� : "̇v +k¢T (x, y, z, t )+ r +T (x, y, z, t )
@æ

@T (x, y, z, t )
: "̇e (3)

Where Ω,Cp and k respectively represent the mass density in [kg .m°3], the specific heat at
constant pressure [J .kg

°1.K °1], the conductivity [W.m°1.K °1] and thermal volume source terms
� : "̇v [W.m°3]. Solving the heat equation with a source term (finite elements, finite volumes,
analytical) results in the generation of a temperature field T (x, y, z, t )[K ] specific to the imposed
mechanical excitation.

Now, it is necessary to establish the assumptions underlying the deformation source term.
The assumptions are:
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– Monochromatic acoustic excitation (denoted f (t ) in Figure 1). This excitation source
corresponds to either a stress or an imposed displacement.

– Viscoelastic material behavior. Viscoelasticity in a material reflects an intermediate
mechanical behavior between elastic and viscous behaviors. Moreover, viscoelastic
deformation generates volumetric thermal sources. The movement generates friction
between molecules and create volumetric thermal sources. This phenomenon is known as
viscoelastic dissipation. The model used to model viscoelasticity is called hysteretic model
as seen in references [9] [15].

– There is no internal generation of heat from external sources (hence r = 0). Thermomechanical

coupling is negligibled, therefore
@æ

@T (x, y, z, t )
= 0. To simplify the problem, the material will

be considered adiabatic and isotropic.

– Weak coupling between acoustic and thermal behavior. Acoustic variations occur on
the order of microseconds, while thermal variations are on the order of tens of seconds.
Therefore, this timescale difference between the two physical phenomena justifies the use,
for thermal calculations, of an average value of the viscoelastic dissipation rate (as shown
by the term hæ : "̇vi f0 in Figure 1).

According to the previous assumptions, since the excitation is monochromatic [9], it’s possible to
solve the wave equation in the frequency domain (by applying a Fourier transform illustrated by
TF as X̃ = T F (X )) to obtain a volumetric displacement u(x, y, z, t ) field. The viscoelastic strain rate
amounts to a linear viscoelastic behavior, modeled by a complex stiffness tensor [15], is taken into
account for the studied material [9] [16] as follows Equation 5 :

"̃= "̃e + "̃v = Sæ̃= (S
0+ i S

00)æ̃ (4)

S is compliance matrix. Hence,
"̃v = Sæ̃= i S

00æ̃ (5)

In this work, the excitation source UC L is positioned on one of the surfaces of the sample. For the
boundary conditions, a displacement noted UC L will be imposed on one of the sample surfaces
along the z axis, of amplitude A, frequency f0. This boundary condition is represented by the
Equation 6:

UC L = A sin(2º f0t ) (6)

Therefore, for a monochromatic excitation Equation 6 passing into the frequency domain, it’s
possible to express the viscoelastic source term of a material as follows Equation 7:

≠
æ : @t"

v
Æ

f0
=

°!0S
00
ÆØ(!0)

2º
Re

h
æ̃Æ(!0) · æ̃Ø(!0)

i
(7)

With Æ and Ø as indices of Einstein notation, and the symbol æ represents the conjugate of the
variableæ. This Equation 7 is a generic expression for viscoelastic heat sources. As such, it needs to
be applied to a given sample. The behavioral law, material properties and geometry will determine
the type of deformation, depending on the applied excitation.

2.2. Simulation of the temperature fields resulting from the propagation of ultrasonic waves

through a PVC sample.

Figure 2 shows the material used for Finite Element simulation of viscoelastic heat sources.
The model used in the finite element approach with COMSOL Multiphysics software was
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Table 1: Geometric, mechanical and thermal properties of the studied PVC sample.

Material
Geometry

[mm]

Mechanical properties Thermal properties

Complex viscoelasticity modules

[GPa]

Conductivity

[W.m°1.K °1]

Heat capacity

[J .kg
°1.K °1]

Density

[g .m°3]

Polyvinyl chloride

(PVC)

Lx = 3 C11 =C22 = 7.9(1+0.03i )

k = 0.1 Cp = 1000 Ω = 1.17
Ly = 20 C66 = 1.6(1+0.03i )

Lz = 120 C12 =C11 °2C66

developed in [9]. Firstly, by solving the wave equation as a partial differential equation in the
Fourier frequency domain, the displacement field induced by monochromatic harmonic loading
can be determined. Then, using the Heat Transfer module and the viscoelasticity formula
mentioned in Equation 7, the temperature field is calculated.

Figure 2: Schematic diagram of the study area and boundary conditions (in orange).

The sample studied is PVC, the material and physical properties of which are listed in the
Table 1.

Modal analysis was performed at a resonant frequency, facilitating resonance phenomena
within the sample and driving high-amplitude magnitudes. The chosen resonance frequency
maximizes the displacement of the structure. Consequently, the rate of deformation will be
maximum, delivering a significant rise in temperature at the surface of the material. In this study,
only stationary compression/traction waves will be considered. A displacement imposed on the

boundary @≠U in Figure 2 is considered with a frequency of f0 = !0

2º
= 27 kHz and displacement

amplitude of A = 400nm.
By estimating the displacement field resulting from the excitation f (t ) in @≠U , it is possible

to calculate strain rates "̇v throughout the material. Then, by solving the heat equation Equation 3
with a dissipative source term hæ : "̇vi f0 , the Figure 3 depicted the temperature rise obtained at the
surface of the material.

Taking the central line on the upper surface of the sample (red segment in the Figure 3), the
Figure 4 illustrate the links between displacement, deformation and viscoelastic sources. In this
scenario, at a vibrating node, the deformation rate reaches its maximum, resulting in the presence
of a thermal source.

3. RESULTS
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Figure 3: (a) the displacement field calculated for a stationary compression wave along z and (b)

the temperature field at the surface of the material generated by this mechanical excitation.

Figure 4: Displacement, deformation and viscoelastic volume source field along the neutral axis
as a function of beam length.

3.1. Experimental validation of heat source position

Experimental measurements carried out with the set-up (illustrated by Figure 5) confirmed
that the source terms are positioned on vibration nodes. The measuring bench consists of a
PVC sample positioned between two measuring devices. Above the PVC, a FLIR infrared camera
positioned at a distance of 20 cm measures the temperature elevation on the surface of the
material. A 3D laser vibrometer with 3 laser (POLYTECH PSV-500-3D) heads at a wavelength of
534 nm measures displacement velocity fields in 3 spatial directions on the surface of the material.
At the extremity of the PVC sample, a piezoelectric acoustic actuator excites the structure. The
latter receives the excitation signal via a GBF (low-frequency generator), which is then amplified
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by an amplifier (CEDRAT TECHNOLOGIES LA75). To accomplish this, as illustrated in Figure 5, a

Figure 5: Experimental set-up.

PVC sample, with its geometric and physical attributes detailed in Table 1, is utilized. In order to
recover the mode simulated in section 2, due to the coupling conditions, the resonance frequency
is experimentally recovered and corresponds to f0 = 32kH z. All measurements are made at the
surface of the material, as indicated by the red line in the Figure 3, to limit 3D effects.

Using a 3D laser vibrometer, laser interferometry measurements were applied to
characterize in-plane displacement and displacement velocity at any point of the surface of
the sample. Assuming that the cross-section of the (x, y) plane in Figure 2 moves homogeneously,
the final displacement is represented in blue on the Figure 6. Both antinodes and nodes are clearly
visible. An infrared camera placed above the sample (as depicted in Figure 5) enable to observe
the temperature rises linked to the thermal sources generated by acoustic waves. The temperature
rise is shown in figure 6 by red curve. The nodes (i.e. the intersection between the blue and black
lines represented by the black circles in Figure 6) correspond to a local maximum temperature
rise (red curve). Displacement and velocity amplitudes are of the same order of magnitude
as those obtained with the finite element model. However, the difference can be explained by
the experimental boundary conditions. The interaction between the acoustic actuator and the
sample is a hypothesis to explain this difference. Within a NDT framework, obtaining a localized
estimation of the parameter of interest involves relocating the nodes and, consequently, the heat
sources to the desired location. However, experimental control of the positioning and intensity
of heat sources proves challenging. For this reason, a simplified 1D approach is suggested,
employing an analytical model assuming a beam structure. The objective is to explore the impact
of various acoustic signal input parameters such as frequency, phase, amplitude, and others.

3.2. Displacement of sources by varying the phase

In order to move the sources, several strategies are available: the frequency, the phase,
the signal amplitude, number of acoustic exciter sources and the type of excitation. This takes
advantage of the resonance of the structure and assumes monochromatic excitation, the study
will focus exclusively on the phase variation between two signals. As indicated in Figure 7, a
second source is positioned at z = L. This second source emits a sinusoidal wave whose phase
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Figure 6: Superposition of temperature fields and displacement velocities along a neutral line on
the material surface.

shift ¡ can vary between [0 ; º] and over time.

Figure 7: Schematic representation of a beam of length L subjected to 2 phased excitations.

The resulting displacement field is expressed by Equation 8:

Uz(z, t ) = e
i!0.t .(UL

sin(k
0
z)

sin(k 0L)
e

i¡+U0.
sin(k

0(L° z))
sin(k 0L)

) (8)

Where L = Lz cm represents the length of the material, U0 and UL represent the amplitudes
in [nm] of the different sources, and Uz represents the total displacement of the 1D beam along z.

This material being isotropic, knowing the associated behavior law, it is possible to write that
the thermal source field averaged over a one-dimensional period for two excitations is expressed
in Equation 9 as:

≠
æ : @t"

v
Æ
!0

= !0

2º2 .C "
33.|"33(z)|2 = !0

2º2 .C "
33.| k

0

sin(k 0L)
.(UL cos(k

0
z)e

i¡°U0.cos(k
0(L° z)))|2 (9)

Where C
"
33 represents the complex part of the elasticity tensor.

The phase shift occurs over time in Figure 8. Note that the amplitude of the source also
varies according to the ¡ phase of the second source. It is observed that a phase shift of º allows
sweeping half a wavelength. At this frequency, this sweeping allows heating any point of the beam.
The displacement of the center of the sources depends on half the wavelength. In this example,
a displacement of the nodes and consequently of the thermal sources in the material of around
0.018 m (corresponding to a quarter wavelength) is observed (represented by the black arrows in
the Figure 8).
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Figure 8: (a) Displacement of acoustic fields (nodes) and (b) viscoelastic source in the material at
a frequency of f0 = 27K H z.

4. CONCLUSION

In conclusion, this work has demonstrated, either analytically or using finite element
models, the strong correlation between the position of volume sources and vibration nodes within
the framework of a beam under a standing wave hypothesis. Experimental validation has enabled
the deployment of an experimental setup for measuring high-precision acoustic and thermal
fields. In addition, a numerical study was carried out to control and move thermal sources using
purely acoustic data. By varying not only the phase, but also the frequency or amplitude of the
acoustic signals, it is possible to heat sources in the volume and move them over a distance of half
a wavelength. Work is in progress to demonstrate the control and displacement of heat sources
using two phase-shifted excitations on the PVC sample.
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