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Abstract: Based on the finite element method, the angled surface defects have been investigated by using the laser

generated surface acoustic wave (SAW). The feature of laser generated SAW interaction with the angled defect is

analyzed in time and frequency domains. An increase in the amplitude of SAW at the edge of the defect is ob-

served, and the spectral feature is angle dependent. With the angle decreasing from 120° to 30°, the maximum am-

plitude of frequency spectrum of SAW increases gradually. The corresponding experimental results verify the feasi-

bility of numerical analyses and reach a good agreement with simulation results.
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0 Introduction

The non-destructive testing (NDT) of mate-
rials is an integral part of quality control for many
industries, such as aerospace, nuclear, power
generation and petrochemical industries. Both
contact and non-contact techniques have been de-
veloped to detect surface-breaking defects, for ex-
ample various ultrasound techniques, eddy cur-
rent testing, magnetic particle inspection. A-
mong them, laser ultrasonic technique (LUT)
has been widely used because of several advanta-
ges, such as non-contact, high sensitivity, and is
suitable for detection of complex surface and in-

['7) " The incident laser generates

situ inspection
multimode ultrasonic waves such as longitudinal
wave, transversal wave and surface wave at the
same time. Among them, the surface acoustic
wave (SAW) is suitable for surface defect evalua-
tion due to its high sensitivity to the surface de-
fect.

Many researchers have made efforts to inves-

tigate the features of laser-generated SAW and

got some achievements, especially in NDT of de-
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fects which are inclined at an angle to the surface,
such as rolling contact fatigue in rails and stress

1. ¥ proposed a crack

corrosion cracking. Jian et a
depth gauging method using wideband Rayleigh
waves generated by laser, and discussed the pos-
sible mode-converted ultrasonic waves scattering
in different parts of the crack during the propaga-
tion. Matsuda et al. ! developed an adaptive laser
ultrasound system to evaluate crack characteriza-
tion. The position, the depth and the orientation
of the crack were determined using laser-genera-
ted Rayleigh wave. Ni et al. """ analyzed the an-
gled surface-breaking cracks detection by dual-la-
ser source generated ultrasound and provided a
method to calculate the crack-orientation angles.

1. ' explored the interaction of Ray-

Dutton et a
leigh waves with angled cracks, and found the re-
flection and transmission of Rayleigh waves show
some angle dependence. Edwards et al. '* studied
the interaction of laser-generated ultrasonic waves
with wedge-shape samples, and gave the depend-
ence of the arrival times and amplitudes of the re-

flected and mode-converted waves on the wedge

angles. However, the previous researchers on de-
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fects which are inclined at an angle to the surface
have mainly concentrated on wedges, while sel-
dom concerned the angle influence on frequency
characteristics of laser-generated surface acoustic
wave, and the quantitative relationship about dif-
ferent angled surface defects has not achieved. In
this paper, the features of laser-generated ultra-
sonic surface wave interaction with angled surface
defects are analyzed. Moreover, the influence of
different angles on recognizing defects is taken in-
to account, and the quantitative characterization
of defect angles by gauging the frequency compo-
nents of SAW is given.

1 Theoretical Background

1.1 Laser ultrasound generation based on ther-

moelastic mechanism

Thermoelastic mechanism happens when the
specimen surface is illuminated by a laser pulse
with an energy density less than the ablation
threshold of material. It is described as parts of
laser energy absorbed by material, continuously
transferring into surrounding medium which
forms transient temperature field with non-uni-
form distribution, and the stress field induced by
periodic thermal expansion gives rise to ultrasonic
wave excitation. So, thermoelastic mechanism

can be summarized as the thermal conduction e-

quation and displacement control equation as fol-

IOWSUs]
=T KV =Q D
w Vit Q4 V(T - u) —
a(3/1+2#)VT:p(Z);M 2)

where K is the thermal conductive coefficient, Q
is the heat source, T is the temperature field; u is
the displacement field, o is the material density,
C, is the specific heat, A and x are the Lamé con-
stants, and ¢ is the linear thermal expansion coef-

ficient.
1.2 Finite element method

Finite element method (FEM) has already

been used to calculate the generation and propaga-

tion of laser ultrasonic wave in material®*'"?. The
interaction of a surface ultrasonic wave with an
angled defect is also investigated using FEM mod-
els in this paper. The model configuration is set
up as shown in Fig. 1. The FEM dimensions of a-
luminum plate are set to 20 mm X 10 mm, and
the artificial surface defects have the width of
1 mm, the depth of 2 mm and the inclined angle §
of 30°, 45°, 60° and 120°, respectively. The elas-
tic and thermal properties of aluminum plate used
in FE calculations are shown in Table 1. The
power density of 7 MW /cm? and Gaussian tempo-
ral pulse shape of pulsed laser with pulse duration
of 8 ns and 0. 1 mm of the laser spot radius are
used in FE calculations. The distance between the
laser source and a, b, ¢y d, eis 5, 9, 9.5, 10 and

11 mm, respectively.

Laser source  Detector 1 mm
al b cd| |e Crack
g iZ mm

I 5mm | Smm_ |
[ [ |

Fig. 1  Schematic diagram of laser irradiating aluminum

plate with angled defect

The FEM calculation process is divided into
two stages with the quasi-steady assumption. The
first stage calculates the distribution of tempera-
ture field within a specified time range, and the
temperature field is the source of external loads of
the second stage in which the propagation of elas-
tic waves is calculated. The calculations are per-
formed by the software package ANSYS. Ther-

mal analysis step size is set to 0. 1 ns, and

Table 1 Elastic and thermal properties of aluminum plate
Parameter Value
Elasticity modulus E /GPa 71
Poisson ratio v 0.33
Density p /(kg * m™*) 2.7 X10°
Thickness of the plate d /mm 2
Coefficient of heat conduction /
o o 249.5—0.08T
(Wem '+ K™")
Thermal diffusion coefficient/ .
2.31 X107

(Wem 'K
Lam constant A /10" Pa 5.81
Lam constant p /10" Pa 2.61
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the analysis of time is 10 ns. The stress field a-
nalysis time is 0. 01 ys, and the analysis of time is

10 S,

2 Experimental System

In order to verify the validity of numerical
simulation results, a non-contact experimental
system for investigating the interaction of laser-
generated SAW with surface-breaking defects of
aluminum plate is constructed, as shown in
Fig. 2. The excitation device is composed of a Q-
switched Nd: YAG infrared pulse laser with
wavelength of 1 064 nm, the maximum pulse du-
ration of 8 ns and adjustable excitation frequency
covering a range of 1-—20 Hz. It is used to induce
surface acoustic waves and the energy density of
the pulsed laser is controlled under 10 MW/cm?
to ensure that the ultrasonic wave is generated in
the thermoelastic mechanism. For detection, a
multi-channel random interferometer ( Quartet
made by Bossanova) is used to realize non-contact
detection. Based on a translation stage, the inter-
ferometer probe can detect the surface ultrasonic
waves of different locations. The control section
of the performed by
AT89C52 SCM, DAC chip TLC5615 and PC.

experimental setup is

Conditioning
circuit
Y

Collection card

Laser
beam

Interferometer
probe

Fig. 2 Schematic diagram of experimental system

3 Results and Discussion
3.1 Numerical results

Based on the above-described theories and
material parameters, the propagation characteris-
tics of SAW in aluminum plate with angled sur-
face defects are calculated using FEM. Fig.3
shows the numerical simulation results with the

angle of 60°, It can be seen that the incident laser

generates multimode ultrasonic waves at the same
time. L, S and R stand for longitudinal wave,
transversal wave and surface acoustic wave, re-
spectively. Among them, only SAW propagates
along the top surface of the specimen. SAW rea-
ches the position of the angled defect when the
time ¢ is 3 ps. A portion of them is reflected and
propagates back along the top surface of the sam-
ple, while another propagates down along the
boundary of the defect to the defect bottom.
Then, at the bottom of the defect, a part of the
wave will be transmitted underneath the defect,
while another part will have a mode conversion
and scatter into the specimen'™. And most of
SAW is reflected by the defect when the time ¢ is

3.5 pus, only a little can keep going.

(d) 3.5 us

Fig. 3 Numerical simulation results of laser generated ul-
trasonic waves in aluminum plate with angled de-

fect at different time
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Then, in order to explicitly show the interac-
tion of laser-generated SAW with angled surface
defects, the propagation characteristic of SAW at
different positions on the surface of the specimen
with a given angled defect is presented. Fig. 4
shows the time domain signal of SAW interaction
with the angled surface defect with the angle of
60° at different locations, i.e. s a, b, ¢, d, and e
in Fig. 1. Fig.4(a) shows the time domain signal
of SAW at location a.
SAW signal appears at t=1.5 ps, and the reflec-

It can be seen that the

ted signal caused by the surface defect appears at
t=5 ps. The maximum amplitude of the SAW is
about 0. 35 nm. Figs. 4(b),(c) show the time do-
main signals of SAW at locations 6 and ¢. Because
of constructive interference of the incident and re-
flected SAW, the maximum amplitude of the
SAW reduces to about 0. 23 nm. As shown in
Fig. 4(d), the maximum amplitude of the SAW
increases to about 0. 48 nm when SAW arrives at
the edge of the angled defect, and the wave period
also changes. Fig.4(e) shows the SAW signal at
location e. The transmitted wave signal is small.
Based on the above mentioned, the conclusion can
be given that the amplitude of the SAW will en-
hance when the SAW arrives at the edge of the
angled surface defect. In order to understand this

behavior, one can first consider the behavior of

SAW interact with an angled defect. Some au-
thors have reported the increase in amplitude (en-
hancement) at a defect oriented normal to the
sample surface, due to multiple wave interaction:
incident and reflected waves plus a mode conver-
ted surface skimming longitudinal wave, which

[4.1920]  For an

positively interfere with each other
angled defect, as the wave moves into a wedge-re-
gion, the local thickness changes and will affect
what wavemodes can propagate. The LLamb-wave-
like modes were reported™”’, and the interference
of the Lamb-wave-like modes will also lead to sig-
nal enhancement, with the focusing of the wave
energy into the wedge tip giving a large enhance-
ment for shallow angles. This enhancement could
be used as a fingerprint of the presence of such
defect.

Since the signal enhancement appears when
the SAW arrives at the edge of the angled surface
defect, the SAW signal at location d is chosen to
analyze the influence of different defect angles.
Please note that when interpreting the interaction
of a surface ultrasonic wave with an angled de-
fect, both size and angle of the surface defect
need to be considered. It has been shown previ-
ously that the measurement of the depth of a de-
fect must consider the crack angle when choosing
[22]

a suitable depth calibration profile Hence, we
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Fig.4 Time domain signal of SAW interaction with the angled surface defects with angle of 60° at different locations
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consider mainly the effect of the angle of a defect
in this paper.

Fig. 5 presents time domain signals and their
frequency spectrums of SAW interaction with an-
gled surface defects with different angles at loca-
tion d. It is obvious that the magnitude of the en-
hancement for angled defects is angle dependent,
and can be very large for shallow angles as the
wave energy is focused into the angle vertex. For
these types of defect, the incident wave is affected
by the changing frequency-thickness product in
the angled defect, mode-converting into A0 and
SO0-like modes. The large enhancement is then
due to interference of these Lamb-wave-like
modes, in addition to the changes in the in-plane
and out-of-plane displacements due to the differ-
ent thickness of the sample at each measurement

position"*,

1tude / nm

Time / ps
(a) Time domain signal

—=— 3(0°

--- Envelope of 30°
Envelope of 45°
Envelope of 60°
Envelope of 120°

S
[\

Amplitude / nm

5 10
Frequency / MHz

(b) Corresponding frequency spectrum

Fig.5 Laser generated SAW interaction with angled sur-

face defects with different angles at location d

It is clear that in the region of frequency con-
tent the peak value of frequency spectrum of
SAW increases with the defect angle decreasing
from 120° to 30°, and the higher frequencies are
persisted for shallower angles in the range 0°<C

0<<90°. This frequency-dependent behavior is, to

some extent, expected, considering the filtering
action of a defect. As shown in Ref.[24 ], when a
broadband Rayleigh wave is incident on a surface-
breaking defect, the higher frequencies tend to be
blocked (reflected), while the lower frequencies
tend to be transmitted. If considering enhance-
ment due to only interaction of incident and re-
flected Rayleigh waves, it is therefore to be ex-
pected that the enhanced signal will contain sig-
nificant higher frequency content. The addition of
mode-converted waves will complicate the prob-
lem, but these are also likely to tend towards the
higher frequency content™",

Then, the relationship between the peak val-
ue of frequency spectrum of SAW and the defect
angle can be obtained. As shown in Fig. 6, the
maximum peak value of frequency spectrum de-
creases with the increase of the defect angle.
Therefore, it can be speculated that the angle
could be effectively recognized by measuring the

frequency spectrum of SAW.,

0.05 -
0.04 -
0.03 -

0.02 |

Amplitude / nm

0.01}

000 L L 1 1 ]
20 40 60 80 100 120

Angle / (°)

Fig. 6 Relationship between peak value of frequency spec-

trum of SAW and defect angle

3.2 Experimental results

On the basis of the described experimental
system, some experiments are carried out to veri-
fy the physical approach and the accuracy of the
numerical simulation. An aluminum plate with
angled surface defects is chosen as a specimen,
and the artificial defects are finished with the
depth of 2 mm, the width of 1 mm and the angle
of 30°, 60°and 120°, respectively. The positions
of laser source and detection are shown in Fig. 1.

Fig. 7 shows the experimental results of
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Fig. 7 Experimental signal of SAW interaction with angled surface defects with angle of 60° at different locations

SAW interaction with the angled surface defects
with the angle of 60° at different locations. As
shown in Fig. 7, when the detection lies in the lo-
cation a, the laser-generated SAW appears at the
time about 1. 5 ps, the reflected wave caused by
the angled defect occurs at about 5 ps, and the
maximum amplitude of SAW is about 0. 33 nm.
Next, in the locations b and ¢, the maximum am-
plitude of SAW reduces to about 0. 24 nm. Then,
the maximum amplitude of the SAW increases
near to 0. 5 nm in the location d, and the wave
period also changes. And the SAW signal is so
small that it almost cannot be seen in location e.
Therefore, the amplitude enhancement of the la-
ser generating the SAW in the region of a surface
angled defect can be proved.

The experimental waveforms of SAW inter-
action with the angled surface defects with differ-
ent angles at location d are shown in Fig. 8 (a)
and their frequency spectrums in Fig. 8(b). Due
to the limitation of the experimental sample, the
experimental results of the angle of 45° are not
shown here. It can be seen that with the decrease
of the defect angle, the amplitude of the SAW in
time and frequency domains both increase and the
change is obvious. And in the range 0°<(9<C90°,
the spectrum persists higher frequencies for shal-

lower angles. These can confirm the angle de-

4
Time / ps
(a) Time domain signal

—=— 30°
60°
120°

--- Envelope of 30°
Envelope of 60°
Envelope of 120°

[vS)

o
<3
e}

Amplitude / nm

Frequency / MHz

(b) Corresponding frequency spectrum
Fig. 8 Experimental waveform of SAW interaction with
angled surface defects with different angles at loca-

tion d

pendence of the signal enhancement for angled de-
fects in the simulation. The relationship between
the peak value of frequency spectrum of SAW and
the defect angle for both model and experimental
data are shown in Fig. 9. The reduced experimen-
tal enhancement at some angles is mainly due to

focusing issues, leading to a larger detection point
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EO'OZ’_ ously. The relationship between the maximum
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g i the quantitative characterization of angled surface
0.01F defects. This study provides an effective method

0.00 . . . . ) to realize the angled surface defects testing. Be-

20 40 60 80 100 120

Angle / (°)
Fig. 9 Relationship between peak value of frequency spec-

trum of SAW and defect angle

size when compared with the model. It is obvious
that the maximum amplitude exhibits an increas-
ing trend as the defect angle decreases for the ex-
perimental data, just like the simulation results.

Based on the numerical and experimental re-
sults mentioned above, both model and experi-
mental data confirm that the enhanced amplitude
of SAW at the edge of the defect show promise
for use in identifying the position of the angled
surface defect, and the peak value of frequency
spectrum has a significant dependence on the de-
fect angle, which could potentially be used to find
different angled defects in real samples.

The interaction of SAW with a very shallow
angled defect is not included in this paper. For a
very shallow angle, difficulties in producing relia-
ble samples and models with high enough node
densities preclude an extension of the discussion.
In theory, at a very shallow angle the vertical
depth of the defect is very small compared to the
wavelength, the majority of the waves is able to
penetrate beneath the defect, and the amplitude
enhancement may be diminish. More details re-
quire further investigation, which will be dis-

cussed in later work.

4 Conclusions

This paper investigates the interaction of la-
ser-generated SAW with angled surface defects.
The pulsed laser generated SAW is sensitive to
surface-breaking defects. Based on FEM and ex-
perimental results, enhancements in the ampli-

tude of the SAW very close to the defect can esti-

sides, when exploiting the interaction of ultrason-
ic surface waves with surface angled defects, the
defect size such as the length also needs to be con-
sidered, which will be focused in our future

work.

Acknowledgement

This work was supported by the National Natural Sci-
ence Foundation of China (No. 51505220).

References:

[1] KENDERIAN S, DJORDJEVIE B B, Jr R E G.
Point and line source laser generation of ultrasound
for inspection of internal and surface flaws in rail and
structural materials[ J]. Research in Nondestructive
Evaluation, 2001, 13(4):189-200.

[2] BERNSTEIN J R, SPICER J B. Hybrid laser/broad-
band EMAT ultrasonic system for characterizing
cracks in metals[ J]. Journal of the Acoustical Society
of America, 2002, 111(4):1685-1691.

[3] ROSE J L. Boundary element modeling for defect
characterization potential in a wave guide[J]. Inter-
national Journal of Solids and Structures, 2003, 40
(11):2645-2658.

[4] DIXON S, CANN B, CARROLL D, et al. Non-line-
ar enhancement of laser generated ultrasonic Rayleigh
waves by cracks[J]. Nondestructive Testing & Eval-
uation, 2008, 23(1):25-34.

[5] ARIAS I, ACHENBACH J. A model for the ultra-
sonic detection of surface-breaking cracks by the
scanning laser source technique[]J]. Wave Motion,
2004, 39(1):61-75.

[6] LIUS W, HUANG J H. Transient dynamic respon-
ses of a cracked solid subjected to in-plane loadings
[J]. International Journal of Solids and Structures,
2003, 40(18):4925-4940.

[7] ZENG W, WANG H T, TIAN G Y. Application of
laser ultrasound imaging technology in the frequency
domain based on Wigner Ville algorithm for detecting

defect[J]. Optics & Laser Technology, 2015, 74.



No. 5

Guo Ruipeng, et al. Application of Laser Ultrasonic Technique for Non-contact Detection of+-- 865

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

72-78.

JIAN X, FAN Y, EDWARDS R S, et al. Surface-
breaking crack gauging with the use of laser-genera-
ted Rayleigh waves[J]. Journal of Applied Physics,
2006, 100(6):194104.

MATSUDA Y. NAKANO H, NAGAI S, et al.
Surface breaking crack evaluation with photorefrac-
tive quantum wells and laser-generated Rayleigh
waves[J]. Applied Physics Letters, 2006, 89(17);
171902-1-171902-3.

NICY, SHI Y F, SHEN Z H, et al. An analysis of
angled surface-breaking crack detection by dual-laser
source generated ultrasound[J]. NDT &. E Interna-
tional, 2010, 43(6) :470-475.

DUTTON B, CLOUGH A R, ROSLI M H, et al.
Non-contact ultrasonic detection of angled surface de-
fects[JJ]. NDT &. E International, 2011, 44 (4).
353-360.

EDWARDS R S, DUTTON B, CLOUGH A R. In-
teraction of laser generated ultrasonic waves with
wedge-shaped samples[ J]. Applied Physics Letters,
2012, 100(18):75-82.

ZHOU Z G, ZHANG K S, ZHOU J H, et al. Ap-
plication of laser ultrasonic technique for non-contact
detection of structural surface-breaking cracks [ ] ].
Optics & Laser Technology, 2015, 73:173-178.
HASSAN W, VERONESI W. Finite element analy-
sis of Rayleigh wave interaction with finite-size, sur-
face-breaking cracks[J]. Ultrasonics, 2003, 41(1):
41-52.

JEONG H. Finite element analysis of laser-generated
ultrasound for characterizing surface-breaking cracks
[J]. Journal of Mechanical Science and Technology,
2005, 19(5):1116-1122.

GUAN J, SHEN Z, LU J. et al. Finite element a-
nalysis of the scanning laser line source technique[ J].
Japanese Journal of Applied Physics, 2014, 45(45) .
5046-5050.

JIAN X, DIXON S, GUO N, et al. Rayleigh wave
interaction with surface-breaking cracks[J]. Journal
of Applied Physics, 2007, 101(6) ;064907

SUN H X, ZHANG S Y. Study on detection of an-
gled surface cracks with laser-generated Rayleigh
waves| J]. Acta Acustica, 2013, 38(4):405-412. (in
Chinese)

[19] KROMINE A K, FOMITCHOV P A, KRISH-
NASWAMY S, et al.

Laser ultrasonic detection of

surface breaking discontinuities: Scanning laser
source technique[ J]. Materials Evaluation, 2000, 58
(2):173-177.

[20] EDWARDS R S, JIAN X, FAN Y, et al. Signal en-
hancement of the in-plane and out-of-plane Rayleigh
wave components [ J ]. Applied Physics Letters,
2005, 87(19):194104.

[21] EDWARDS R S, DUTTON B, CLOUGH A R, et

al. Scanning laser source and scanning laser detection

surface crack geometries

[C]//AIP Conference Proceedings. [ S. I ]: AIP,

2011, 1430(31):251-258.

ROSLI M H, EDWARDS R S, FAN Y. In-plane

techniques for different

[22]
and out-of-plane measurements of Rayleigh waves u-
sing EMATSs for characterizing surface cracks[J].
NDT &. E International, 2012, 49.1-9.

[23] EDWARDS R S, DUTTON B, CLOUGH A R, et

al. Enhancement of ultrasonic surface waves at
wedge tips and angled defects[ J]. Applied Physics
Letters, 2011, 99(9):094104.

[24] EDWARDS R S, DIXON S, JIAN X. Depth gauging
of defects using low frequency wideband Rayleigh

waves[ J ]. Ultrasonics, 2006, 44(1):93-98.

Dr. Guo Ruipeng received her Ph. D. degree in instrument
science and technology from Shanghai Jiaotong University,
Shanghai, China, in 2011. In the same year, she joined the
College of Automation Engineering, Nanjing University of
Aeronautics and Astronautics (NUAA). Her research is
focused on non-destructive testing, optical measurement,
laser ultrasonic and relevant fields.

Ms. Liu Jinghua received her M. S. degree in measurement
technology and instrument from NUAA in 2017. Her re-
search is focused on laser ultrasonic non-destructive tes-
ting.

Prof. Wang Haitao received his Ph. D. degree in astrophys-
ics from Nanjing Institute of Astronomical Optical &
Technology, the Chinese Academy of Sciences, in 2002.
He joined the College of Automation Engineering, NUAA,
in 2004, where he is a professor. His research is focused
on non-destructive testing and evaluation, photoelectric de-
tection technology, high resolution imaging technology and

SO on.

(Production Editor: Sun Jing)



