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Abstract. The article examined the problem of the experimental setting of incidence angles
for the generation of Lamb waves in plate-type parts by the non-contact ultrasonic control
method. This type of control is mainly done by the use of two types of waves: Rayleigh,
which detects invisible defects on the surface of parts, and Lamb waves mode Ao and So.
Mostly used is the mode Ao due to the propagation over distances of interest in the tested
materials. One of the primary aim during the testing process is to position the ultrasonic
transducers (transmitter and receiver) at oblique angles of incidence on a surface. The
transducers should be positioned on an access face of the plate, as is common in industrial
practice, at a fixed distance from the measured plate, and leaving an air gap between
transducers and the tested plate. The ultrasonic transducers are moved simultaneously
linearly or in zigzag on the surface of the plate-type part to measure the hidden defects
(cracks, pores, inclusions) that appear in the composite materials during the manufacturing
process or during the operation. The presented work brings new insights into the setting of
the angle of incidence for generating lamb waves by non-contact method.

Keywords: non-contact ultrasonic control, invisible defects measurement, Lamb waves, ultrasonic
transducers, angle of incidence.

Introduction

First applications of composite materials in the automotive industry were those in the
field of car bodies manufacturing: in 1953 the body of the Corvette Chevrolet (USA) was
entirely made of glass-epoxy; in 1968 the rims of the Citroen SM were made of epoxy glass;
in 1970 - the bumper of the Renault R5 was made of epoxy glass; in 1980 John Barnard, an
engineer in the McLaren Formula 1 team, built the first carbon Kevlar chassis and from other
composite materials; in 2002 the body of the McLaren Mercedes SLR series car was made
entirely of carbon fiber. As regarding to the use of composite materials in the aircraft
manufacturing industry, it is worth mentioning the Boeing 787 Dreamliner passenger plane,
which was made of the following materials: 50% - composite materials based on carbon fiber,
20% - aluminum, 15% - titanium, 10% - steel, and 5% other materials [1]. Composite materials
are also widely used in the aerospace industry, such as the thermal shield of the HERMES
spacecraft (Heliophysics Environmental and Radiation Measurement Experiment Suite) which
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"tiles” are composed of composites, based on reinforcements of carbon fibers and matrices of
silicon carbide (called C/SiC or C/C-SiC composites). This heat shield resists to at least thirty
landings [2].

Main advantages of composite materials are economic and qualitative aspects because
the use of these materials allow saving significant amounts of expensive and traditional
materials, the latter once becoming deficient. Herein, composite materials demonstrate
continuously improving quality and increased duration of operation in conditions of high
performance [3]. Therefore, for industrialized countries composite materials represent a
priority area, occupying the forefront of the continuous process of technological innovation
in the construction of cars, planes, ships due to mechanical strength and rigidity (increased
tensile strength Rm, Kevlar composite has Rm twice larger than glass), resistance to corrosion,
chemical agents and high temperatures (ex. Kevlar, Teflon up to 500°C, and ceramic fibers
such as SiC, SisN4, and AL,Os between 1400°C and 2000°C). Low density (composites with
epoxy resins reinforced with Si, B, C fibers, have a density less than 2 g/cm?), dimensional
stability (low coefficient of thermal expansion), resistance to variable stress and wear and
high durability in operation (under the same operating conditions 1 kg of Kevlar replaces 5
kg of steel, at an equal service life) represent other important advantages of composite
materials [4].

Previously published researches showed different methods to test composite and non-
composite materials. For instances, there has been widely described non-contact ultrasonic
control but without mentioning about angle of incidence for generating Lamb waves [5, 6].
The study conducted by Gheorghe I. Gheorghe et al (2011) showed the practical application
of the Intelligent Mechatronic Equipment for dimensional control of non-composite materials
[7, 8]. Others published the results of another type of mechatronic equipment use for the
tightness checking of non-composite materials [9]. However, these methods are not reliable
due to easy damage of the tested material because the process of control applies the
immersion when the contact with water may cause the damage of the material, or
compressed air.

Gholizadeh S. reviewed non-destructive testing (NDT) methods of composite materials
which use contact and non-contact control technologies [10]. These methods have been
successfully used for a long period of time due to the fact that composite materials are mostly
used in critical-safety applications for example in aircraft primary constructions. Assuming
that factors such as efficiency and safety should be used in analyzing the best method to be
used, the method chosen should minimize the costs incurred in the operation. Therefore, it is
important to bring to the light inexpensive but highly efficient method to test composite and
non-composite materials by the non-contact ultrasound method [11]. This engineering
innovation is based on an equipment that doesn’t need special qualification of the operator,
as compared to other non-destructive testing methods. In particularly, an advantage of this
method is the possibility to determine the damage of the material structure that may occur
under the load, the effect of the damage on the load-bearing capacity of structures, as well
as the analysis of the behavior of composites in difficult working conditions (temperature and
humidity variations, vibrations, the effect of chemical agents, mechanical impact, etc.).

Nowadays are described various techniques of the non-contact ultrasound control
method. For example, Petroni P. et al. (2006) proposes to place the transmitter transducer in
transmission configuration, but the receiver to be placed obliquely on the same side of the
emitter, in order to let it acquire the scattered waves generated by the defect [12]. Authors
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investigated Delta configuration using non-contact probes in an attempt to evaluate
potentials and performance of the studied techniques, and defect identification capabilities.
The research team concluded that an important issue for defect detection capability is the
determination of the optimal probes position.

Experimental part

Lamb waves represent elastic waves which were first described in 1917 by the English
mathematician Horace Lamb. They propagate in solid plates in two wave modes, and their
velocities depend on the relationship between wave length and plate thickness. The
symmetrical mode So of the Lamb waves is easier to be transmitted and received as compared
to asymmetric mode Ao through the non-contact technique [13]. The mechanism of detecting
the defect in solid plates consists of "scattering” the Lamb waves in the defect area. This
process forms an increased attenuation of the ultrasound with respect to a defect-free plate,
similarly, the phase speed reaches a lower level in the defect plate than in the defect-free
one [14].

The defect index represents the change of amplitude on the axis of movement of the
transducers. However, for the excitation of Lamb waves in a plate, it is necessary to know the
oblique angle of the incidence [15]. The relationship between the excitation angle and the
phase velocity of Lamb waves can be written according to Snell's law by the Eq.(1) [16]:

b, = (C“ir sin ¢>2) = arcsin (i"—;) 1)

cf

Where: ¢,=¢,- is the excitation angle of the n Lamb waves; (; - is the phase velocity of the n
Lamb wave; G4 — is the propagation speed of ultrasound in the air.

According to Snell's law, if excitation angle ¢, is known, the phase velocity of Lamb
waves mode Ao can be found out. For this reason, was designed and manufactured a device
to help find experimentally the excitation angle of Lamb mod A, waves in the plates
(Figure 1):

244

Figure 1. Schematic presentation of the device for finding the optimal excitation angle of
Lamb waves asymmetrically mode Ao in plates.
1 - wheel; 2- the main rapporteur; 3 - needle; 4 - needle support; 5 - wheel support;
6 - bush; 7 - axle; 8 - axle snap ring; 9 - support for emission transducers; 10 - support for
reception transdu-cers; 11 - secondary rapporteur 1; 12- secondary rapporteur 2;
13 - plate holder; 14 - guides; 15 - base plate; 16 - non-contact ultrasonic emission
transducer; 17 - non-contact ultrasonic reception transducer; 18 - plate to testing.
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To find the optimal excitation angle of the Lamb waves mode Aqin the plate, proceed as
follows:

a) insert a sample (Figure 1, p. 18) with maximum dimensions of 180 mm x 200 mm
(plates with relatively small thicknesses compatible with non-contact control such as
aluminum, reinforced composite plates, or sandwich plates in the plate holder (Figure
1, p. 13).

b) Non-contact ultrasonic transducers (Figure 1, p. 16 - 17) are fixed in transducer
supports (Figure 1, p. 9-10) at the beginning at a maximum distance from the plate,
and it's connected by wires (Figure 2, p. 19) to the ultrasonic equipment SITAU
32:128:2 LF (Figure 2, p. 20) which in turn is connected to the computer (Figure 2, p.
22) by wires (Figure 2, p. 21) for viewing, recording and processing signals with the
maximum amplitudes obtained (Figure 2).

¢) By rotating the wheel (Figure 2, p.1) together with the non-contact transducers (Figure
2, p. 16 - 17) with minimum possible rotation step 0,5° stops when the maximum
amplitude is observed on the monitor. Record the angle obtained (the value on the
main rapporteur (Figure 1, p.2) opposite the indicator (Figure 1, p. 3) is ¢..

EREEEA -,..Ej——zo
Utrasound Equipment
SITAU 32:128:2 LF
Figure 2. Ultra-acoustic system for finding the optimal excitation
angle of Lamb Apmode waves in the plate.

d) The next step consists of rotating the
transducer supports (Figure 3, p. 9 - 10)
around their axis to find the ¢; and ¢;
angles, also the transducers approach or
their removal from the plate to obtain
the maximum amplitude, the values A
and B (Figure 3).

e) The obtained values (A, B, C, ¢;, ¢1, and
¢, ) will be used later for the positioning
and fixing of the non-contact ultrasonic
transducers (Figure 3, p. 16 - 17) in the
manual non-contact investigation device
with ultrasound of the plates (Figure 10) [ [

with larger dimensions but with the Figure 3. Device for experimental
same structure and thickness, with and  determination of the values A, B, C, ¢,
without defects. @; and @,
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In the first experiment, was used an aluminum plate with dimensions of 180 x 200 x
2.5 (mm) and a pair of non-contact ultrasonic transducers with the optimal frequency of 450
kHz positioned in the transmission respectively reception mode (Figure 2). The transmitter
was energized with rectangular pulses and a current voltage of 750 V using the ultrasonic
system SITAU 32: 128: 2 LF. The received signal was amplified to 34 dB using the built-in
noise reduction amplifier in the SITAU 32: 128: 2 LF ultrasonic system. To obtain a better
signal/noise ratio (SNR), 54 signals were emitted at each measurement step. The
experimentally obtained signals were stored in the PC for further processing in MATLAB and
the formation of ultrasound images.

An aluminum plate (Figure 1, p. 18) was inserted into the plate holder
(Figure 1, p. 13) between the transducers (Figure 2, p. 16 - 17), the wheel (Figure 1, p. 1) was
rotated in an angular field from +30° till-30°, step by step with 0.5°.

Experimentally, a type B image was obtained, which shows a dependence between
the received signal and the rotation angle ¢; of the non-contact transducers for 450 kHz
(Figure 4).
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Figure 4. Type B image of Ay asymmetric mode
Lamb waves obtained by rotating the wheel
from -30° till +30° using non-contact
transducers at f=450 kHz
(@luminum plate 2.5 mm thickness).

Figure 5. Obtaining the shortest

time of wave propagation in the

plate by rotating the wheel at the
@i max ANglLe.

It was observed that the shortest time of the propagation of the ultrasonic waves
corresponds to the maximum angle ¢; mex (Figure 5):

This is explained by the fact that the speed of ultrasound propagation in the
aluminum plate is much higher than the speed of ultrasound in the air [17].

The optimal angle of excitation of the Lamb waves mode A, in the aluminum plate
with 2.5 mm thickness obtained experimentally at the frequency of 450 kHz corresponds to
the maximum amplitudes (Figure 6).

A type B image was also obtained to shows a dependence between the received
signal and the rotation angle ¢, of the non-contact transducers for 250 kHz (Figure 7).

The phase velocity of the Lamb waves asymmetric mode A, can be measured with an
uncertainty of 2.5% in the case of non-contact investigation techniques.

From the diagram, figure 8, it can be seen that in the aluminum plate there are only
Lamb waves asymmetric mode Ao, the optimal excitation angle respectively reception is
10,7°.
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Figure 6. The maximum amplitudes Figure 7. Type B image of the signals
obtained by rotating the main wheel from received by rotating the main wheel from
+30° till -30° at the frequency of 450 kHz, -300till +30° by using non-contact

@; == 9%are the optimal angles for transmission and reception transducers
excitation and reception. with f= 250 kHz.
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Figure 8. Maximum amplitudes of Lamb waves mode Ao obtained at f= 250 kHz.
@1,=%10.7° are the optimal oblique angles of incidence for excitation and reception.

Given the optimal angle, according to Snell's law showed in Eqg.(1), can be calculated
the phase velocity of propagation Lamb waves mod Ao through the aluminum plate at the
frequency of 250 kHz, the result is 1850 m/s. The speed of propagation of ultrasound in the
air during the measurements was 345.4 m/s at 22.3° C and relative air humidity of 35%. In the
Table 1 is shown the data of the experimental measurements and the calculated data:

Table 1
Incidence Experimental Calculated
angle () measurement
cmode So, ¢, modeA,, ¢, modeS, ¢, mode Ao,
f, kHz Degree
m/s m/s m/s m/s
250 kHz 10,7° 5470 1850 5481 1893
450 kHz 90 5190 2250 5222 2253

Dispersion curves of the phase velocities and of the group velocities of the Lamb
waves in the 2.5 mm aluminum plate thickness are presented in the Figure 9. They were
calculated according to the analytical solution, considering that the propagation speed of the
longitudinal ultrasonic waves in aluminum is 6320 m/s and of the transverse
ones 3130 m/s [18].
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Figure 9. Dispersion curves of the measured velocities phase (continuous lines) and of the
group (dashed lines) propagation velocities of Lamb mode Ao and S, waves.

It was observed that the asymmetric group speeds increase and the symmetric ones
decrease with the frequency. The influence of frequency can also be mentioned on the angle
of generation of Lamb waves in plates. After recording the obtained constants (A, B, C, ¢i, ¢4,
and ¢;) the transducers can be removed and fixed in the manual device (Figure 10) with the
same values for the investigation of 2.5 mm thick aluminum plates.

The same procedure will be done for each material, for example: must to find the
optimal excitation angle of the Lamb Ao waves for the carbon fiber reinforced plate, record
the values A, B, C, ¢, @1, and ¢, remove the transducers and fix them manually with the
same values for the investigation of carbon fiber reinforced plates with or without defects,
with the same structural composition and thickness.
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Figure 10. Manual device of investigation (left),
fixing non-contact acoustic transducers (right).

In the next experiment, the transmitting transducer was inserted into the hole no.2
and the receiving one into the hole no.3, so the distance between the axes of the non-contact
transducers reached 25 mm. The one-way carbon fiber reinforced plate 1.1 mm thick was
inserted into the composite plate support (Figure 11):
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Figure 11. Non-coaxial placement of the non-contact ultrasonic transducers.

The transmitter was energized with rectangular pulses at a current voltage of 650 V
using the ultrasonic system SITAU 32:128: 2 LF at the frequency of 250 kHz and the receiver
signal was amplified by 45 dB. The wheel (Figure 1, p. 1) was rotated step by step with 0.5°.
The maximal amplitudes were obtained in an angular field from +25° till -25° with the
adjustment of the values A, B, C, ¢, @1, and @,. As a result, was obtained the angle of 15.5°,
which is optimal angle of excitation of Lamb waves asymmetric mode Ao (Figure 12):
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Figure 12. The optimal incidence angles

for generating Lamb waves mode Ao, the  Figurel3. Type C image of received Lamb
distance between the axes of the mode Ao waves, f =250 kHz.
transducers 25mm, f= 250 kHz.

Respectively, the phase velocity of the Lamb waves asymmetric mode is 1290 m/s.
Subsequently, with the obtained signals was formed a type C image of the received waves
(Figure 13) which shows the area with the maximal interference of Lamb waves when the
distance between the axes of the transducers is 25 mm and respectively the angles of
incidence ¢ is equal to 15,5°.

Another objective of the experiment was an attempt to move the axis of the
transmitter transducer by 50 mm from the receiver axis, but no consistent results were
obtained.
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Conclusions

The paper addresses the issue of choosing the angles of incidence for the transmission
and reception of Lamb ultrasonic waves during the control of plate-type parts by the non-
contact ultrasound method. The experiment resulted with the design and manufacture of two
devices: the first one was aimed to set the values of A, B, C, ¢i, $1, and ¢2, depending on the
maximum amplitudes of the obtained signal; the second device was used to position the
transducers with the obtained values and to control the plates of the same material and
thickness with or without defects.

An observation of the experiment was that the asymmetric group speed increases with
the frequency and the symmetric ones decreases with the frequency. The frequency of the
non-contact ultrasonic transmitting transductor directly influences the angle of the incidence
of Lamb waves in the plates. A better signal/noise ratio was obtained by moving the axis of
the transmitting transducer with f equal to 250 kHz in relation to the axis of the receiver by
25 mm. Also, velocity phase of the Lamb waves decreased from 1353 m/s to 1290 m/s.
Consecutively, the angle of incidence ¢, of the Lamb waves generation increased from 14.7°
to 15.59,

Concerning materials with complex geometry, such as wings and propellers of the
aircraft, the non-coaxiality of the non-contact transducers is not suitable for the control,
because it may increase the rate of errors in data interpretation regarding the defect position
and size.
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