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Abstract 

This paper presents a method for the characterisation of two-layered structures in one measuring process with 
ultrasound. This is, in particular, necessary if the dimensions of the specimens are not known, and the layers are 
not accessible. The main approach is the simultaneous determination of thickness and sound velocity for both 
layers. This is achieved by evaluating the amplitude beside the time of flight (TOF). The amplitude of a reflected 
sound wave depends on the position of the interface in the sound field and is maximal, if it is located in the focus. 
By the use of an annular array, the focal position is varied and the amplitude as a function of focusing is 
evaluated. The determination of density and shear wave velocity is performed, with known layer thicknesses and 
pressure wave velocities. 
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1 Introduction 

Ultrasound is widely used for material characterization, for thickness measurements or for the 
localization of defects in nondestructive testing. In all cases either the specimen dimensions 
(thickness d) or the sound velocity c has to be known. All these methods can not (or only 
under strong limitations) be performed, if neither sound velocity nor thickness are known. 

Gust [1] determined sound velocity and thickness of one layer simultaneously with a scanning 
acoustic microscope via moving a probe vertically to the surface in water. The echo of each 
interface is highest if the focus is located at the interface. So the displacement between the 
positions, where the echoes of the first and the second interface become strongest, and the 
TOF between the interfaces are used to determine sound velocity and thickness 
simultaneously. Moving the focus can also be realized by an annular array at a fixed position 
via driving the elements with time lags. In this case, the amplitude of the focused signal is 
analysed as a function of focusing [2]. 

In this contribution steel, aluminium and brass plates after a 25 mm water delay line are 
inspected. The first layer is the water layer, the second layer the metal plate. Since the 
presented method of simultaneous determination of sound velocity and distance acts very well 
for the first layer, and the sound velocity of water does not change in all performed 
measurements, it is assumed as known and in this work only the second layer is considered. 
First, the sound velocities of longitudinal waves and thicknesses of all plates are determined. 
If these parameters are known, the determination of shear wave velocity is possible. 
Additionally, the densities were determined with a multiple reflection approach. 

2 Methods 

2.1 Simultaneous determination of sound velocity and thickness 

2.1.1 Configuration 

In this work, an annular array is used to vary the focal position without moving the probe. The 
main advantage of annular arrays in contrast to linear or matrix arrays is, that only a few 
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elements are needed for good focusing in a wide range. This reduces the requirements on 
control- and evaluation electronic. Furthermore, with annular arrays a circular focus in the 
plane parallel to the transducer surface can be realised, whereas the focus of a linear array is 
highly expanded in one direction. 

The presented results are achieved with a self-developed pulser system [3]. It allows do drive 
up to 16 channels simultaneous or time shifted (time lag increment: 0.25 ns) with pulses 
(duration: 4 or 6 ns, amplitude: 10-350 V). For digitizing a PCIe digitizer of with 8 chanels, 
14 bit resolution and a sampling rate of 125 MS/s was used. 

Since the sound velocities of the investigated specimens are not known, focusing has to be 
realized after the measurement (synthetic focusing). Therefore, each and any element is 
excited with pulses and each and every element receives the echo signals. The used array has 
a centre frequency of about 6 MHz and 6 ring elements (fig1, Table 1), so that 36 different 
sending-receiving combinations can be recorded. 

 
Figure 1. Structure of the used annular array 

Table 1. Correct inner- (ri) and outer radii (ra) of the ring elements 

Element 1 2 3 4 5 6 

ri [mm] 0,6 2,4 3,39 4,16 4,83 5,43 
ra [mm] 2,3 3,29 4,06 4,73 5,33 5,87 

 

2.1.2 Calculation of time delays 

The delay times ∆�n (n = 1, 2, ..., 6) are required, for focusing in an arbitrary depth along the 
acoustic axis. For that, the sound travel paths from each sending element to the focal point 
and back to each receiving element are calculated. The origin of each element n is  

�n = �
�� 	
2�	�	�a,n�i,n = ��

�� �	a,n� − 	i,n� � ......................................(1) 

with the active sensor area A and the inner- �i,n and outer �a,n radii of transducer element n.  

The sound propagation time from an element to a focal point in the second layer under 
consideration of diffraction (Figure 2) can be calculated with:  

�� = ������ !��
"� + �� $% !���
&fok%���

"�  .......................................(2) 

Here, �� denotes the thickness of the first layer, *� and *� the sound velocities of the first and 
the second layer, +fok the position of focal point and �, the point there the sound travel path 
transmits the interface between the two media. This point can be calculated with FERMAT's 
principle: 

�-$� ! = 0 ..................................................................(3) 
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In the second step the control sound velocities are varied and the focus curves are determined 
(Figure 4a). Every curve gives a distance which is related to the chosen sound velocity. In 
Figure 4b the reflector distance is shown as a function of the control sound velocity (red 
crosses). These points are interpolated with a polynomial (blue dotted curve). The TOF 
provides additional information (black curve), so that sound velocity and thickness can be 
determined from the intersection point of both curves. 
 

 
Figure 4. a) Focus curves for different sound velocities; b) determination of sound velocity and distance - red crosses: 

maxima of focus curves for different control sound velocities; blue dotted line: fit; black curve: TOF; red point: intersection 
point 

2.2 Density 

The density was determined with a multiple reflection method [5]. The sound pressure p of 
the echoes signals can be expressed with 

9SE = 9inc=�� ...............................................................(5) 

for the surface echo (SE),  

9BWE1 = 9inc/��=��/��A%��B ...............................................(6) 

for the first backwall echo (BEW1) and 

9BW2 = 9inc/��=���=��/��A%��B ............................................(7) 

for the second backwall echo (BWE2), with the transmission 

/�� = �C�C��C�  ..............................................................(8) 

and reflection coefficient 

=�� = C�%C�C��C�................................................................(9) 

with the acoustic impedance Z of the respective layer, and the sound pressure 9inc  of the 
incident wave. The coefficient denotes the number of layer. Equation 5 to 9 can be formed to 

,BW2 ,BW1D,BW1 ,SD = − 
C�%C��EC�C�  ..................................................(10) 

so that the acoustic impedance of the second layer can be determined. The density of the 
second layer can be calculated with the formula of the characteristic acoustic impedance: 

F = G* ............................................................(11) 

This method acts on the assumption of plane waves. 
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Figure 6. Sound velocity map of 6 mm steel 
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measured density G . In line two of each table, densities, longitudinal and shear wave 
velocities given in literature [5], [6] are shown. 

Table 2. Results steel 

Plate No. dcon [mm] dsim [mm] csim [m/s] cs [m/s] ρ [g/cm
3
] 

Literature - - 5790[5]-5920[6] 3100[5]-3230[6] 7.8[5]-7.85[6] 

1 3.98 3.95 ± 0.03 5955 ± 39 - 7.0 ± 0.2 
2 5.88 5.77 ± 0.03 5913 ± 34 3209 ± 77 7.3 ± 0.2 
3 7.89 7.84 ± 0.04 5943 ± 33 3291 ± 38 7.5 ± 0.3 
4 9.82 9.97 ± 0.05 6004 ± 31 3360 ± 40 7.6 ± 0.3 

Table 3. Results aluminium 

Plate No. dcon [mm] dsim [mm] csim [m/s] cs [m/s] ρ [g/cm
3
] 

Literature - - 6380[5]-6420[6] 3040[5]-3100[6] 2.7[5,6] 

1 3.80 3.77 ± 0.03 6488 ± 29 - 1.9 ± 0.0 
2 6.10 5.84 ± 0.04 6251 ± 34 3095 ± 33 2.1 ± 0.1 
3 7.89 7.57 ± 0.04 6253 ± 33 3074 ± 45 2.1 ± 0.1 
4 9.59 9.32 ± 0.06 6281 ± 37 3112 ± 31 2.2 ± 0.1 

Table 4. Results brass 

Plate No. dcon [mm] dsim [mm] csim [m/s] cs [m/s] ρ [g/cm
3
] 

Literature - - 4430[6]-4700[5] 2100[5]-2140[6] 8.4[6]-8.6[5] 

1 4.12 4.24 ± 0.14 4593 ± 142 - 7.6 ± 0.7 
2 5.98 6.14 ± 0.19 4603 ± 131 - 8.2 ± 1.0 
3 7.81 8.12 ± 0.28 4605 ± 147 - 9.9 ± 2.0 
4 9.84 10.59 ± 0.79 4753 ± 107 - - 

 
 

4 Discussion 

All determined sound velocities deviate from the values from the literature at most of about 3 
percent. Due to the simultaneous determination of sound velocity and thickness, the same 
deviation occurs for the thicknesses. All determined densities are partially much smaller than 
the values from the literature. This can be explained, that for the discussed multiple reflection 
method plane waves are assumed. For better results a more longer water delay line is 
necessary. 

The shear wave velocity for the smallest plates was not able to determine, since no shear wave 
echo could be identified. Here, the shear wave echo may be superposed from different signal 
components, which occurs due to different sound propagation paths caused by receiving with 
rings [7]. Also, no shear wave echo could be found for all brass specimens. This can be 
explained with the high attenuation of brass. The attenuation is also an explanation for the 
high standard deviation of the simultaneous determined values of thickness and sound 
velocity of brass. 

5 Summary 

This contribution presents a method for the simultaneous determination of sound velocities 
and thicknesses of two-layered structures. It acts with an annular array, no additional 
transducers or reflectors at known positions are necessary. The method is fast and suitable for 



monitoring of production processes, since no mechanical displacement of the probe is 
required. If the longitudinal wave velocities and thicknesses of the layers are determined with 
the method, for material characterization, shear wave velocity and density can be estimated 
with conventional methods. 

The simultaneous determination of thickness and sound velocity is demonstrated for the 
second layer of a fluid-solid system, the implementation for the first layer is analog. It is also 
applicable to solid-solid systems, however, since additional problems like bad coupling, 
multiple reflections and mode conversions occurs, in this paper water was used for the first 
layer. The benefit of this approach is the determination of material parameters and thickness 
of both layers, which means that an inspection of hidden objects is possible. 

Deviations between the determined values and values from literature occurs due to the 
geometric approach, no wave properties are considered. For the calculation of diffraction at 
the interface between the first and the second layer, SNELLs law is used. This is only 
approximately valid and, therefore, a model based on sound field simulations for the 
diffraction correction is developed currently. 
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